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Ecological processes have traditional- 
ly been studied from several vantage 
points. One approach focuses on energy 
flows through ecological communities 
from primary producers to consumers at 
higher trophic levels (1). Another ap- 
proach considers species interactions in 
terms of population dynamics (2). A 
third explores the geographical distribu- 
tion of species and the relationship be- 
tween species diversity and area (3). 

None of these approaches, however, 
explicitly address what some (4, 5) have 
regarded as one of the central problems 
of ecology-the ways in which scarce 
resources are allocated among alterna- 
tive uses and users. This question is, of 
course, fundamental to economic think- 
ing (more specifically to microeconomic 
theory) and it is for this reason that we 
have recently seen the introduction of 
essentially economic models and modes 
of thought in ecology (6-21). In some 
cases economic models and concepts 
have been transferred directly across dis- 
ciplinary boundaries (5, 7, 10-14, 16-18), 
while in other instances ecologists have 
rediscovered economic principles in an 
ecological context (6, 8, 9, 15, 19, 20, 
21). 
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These developments have occurred in 
a number of diverse areas of ecology, 
including models of optimal foraging (6- 
8, 11, 12, 15, 16, 21), reproduction strate- 
gies (9, 12, 19, 20), territoriality (10), 
altruism (20), and social caste systems 
(17). Viewed as a group these and other 
recent contributions may lay the founda- 
tions for an approach to ecology in terms 
of an economics of natural communities. 
In this article we review how economic 
analysis has contributed to our under- 
standing of ecology and show how a 
comprehensive framework for economic 
analysis of ecological phenomena may 
emerge. 

That economic principles are relevant 
to the study of ecology is by no means a 
new idea. H. G. Wells, Julian Huxley, 
and G. P. Wells (22) in their treatise The 
Science of Life defined ecology as bio- 
logical economics or an extension of eco- 
nomics to the whole world of life. For 
these authors, economics is "the science 
of social subsistence, of needs and their 
satisfactions of work and wealth. It tries 
to elucidate the relations of producer, 
dealer, and consumer in the human com- 
munity and show how the whole system 
carries on. Ecology broadens out this 
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inquiry into a general study of the give 
and take, the effort, accumulation and 
consumption in every province of life" 
(22, p. 961). 

In the history of science, biological- 
economic analogies have played a signifi- 
cant role. Malthus (23) borrowed from 
"the laws of natural increase in the ani- 
mal and vegetable kingdom" in forecast- 
ing a dismal economic future for man- 
kind. Darwin (24), as is well known, 
received a critical inspiration for formu- 
lating his theory of evolution by means 
of natural selection from a reading of 
Malthus's essay on population. It oc- 
curred to Darwin that not only man, but 
all other species too, are engaged in a 
struggle for existence owing to their re- 
quirement for limited resources, and that 
those species that evolved ways to use 
resources more efficiently would be fa- 
vored in their struggle for survival. 

Dissatisfied with the predominance of 
mechanical analogies in economic think- 
ing, the economist Alfred Marshall (25), 
writing at the turn of this century, insist- 
ed that the Darwinian concept of natural 
selection is also the most important eco- 
nomic principle, and he frequently as- 
serted that, as economics became a ma- 
ture science, biological analogies would 
displace mechanical analogies. Some 
years later John Maynard Keynes (26) 
made the observation that the Darwinian 
"principle of survival of the fittest could 
be regarded as a vast generalization of 
Ricardian economics." 

Several other examples of biological- 
economic analogies may be cited (27), 
but among the most colorful was Adam 
Smith's frustrated attempt to extend the 
invisible hand to the economy of nature 

inquiry into a general study of the give 
and take, the effort, accumulation and 
consumption in every province of life" 
(22, p. 961). 

In the history of science, biological- 
economic analogies have played a signifi- 
cant role. Malthus (23) borrowed from 
"the laws of natural increase in the ani- 
mal and vegetable kingdom" in forecast- 
ing a dismal economic future for man- 
kind. Darwin (24), as is well known, 
received a critical inspiration for formu- 
lating his theory of evolution by means 
of natural selection from a reading of 
Malthus's essay on population. It oc- 
curred to Darwin that not only man, but 
all other species too, are engaged in a 
struggle for existence owing to their re- 
quirement for limited resources, and that 
those species that evolved ways to use 
resources more efficiently would be fa- 
vored in their struggle for survival. 

Dissatisfied with the predominance of 
mechanical analogies in economic think- 
ing, the economist Alfred Marshall (25), 
writing at the turn of this century, insist- 
ed that the Darwinian concept of natural 
selection is also the most important eco- 
nomic principle, and he frequently as- 
serted that, as economics became a ma- 
ture science, biological analogies would 
displace mechanical analogies. Some 
years later John Maynard Keynes (26) 
made the observation that the Darwinian 
"principle of survival of the fittest could 
be regarded as a vast generalization of 
Ricardian economics." 

Several other examples of biological- 
economic analogies may be cited (27), 
but among the most colorful was Adam 
Smith's frustrated attempt to extend the 
invisible hand to the economy of nature 

Dr. Rapport is environmentalist in the Office of 
the Senior Advisor on Integration, Statistics Cana- 
da, Ottawa, Ontario, Canada K1A OT6; Dr. Turner 
is associate professor in the Department of Mathe- 
matics, McGill University, Montreal, Canada. 

367 

Dr. Rapport is environmentalist in the Office of 
the Senior Advisor on Integration, Statistics Cana- 
da, Ottawa, Ontario, Canada K1A OT6; Dr. Turner 
is associate professor in the Department of Mathe- 
matics, McGill University, Montreal, Canada. 

367 



(28). In an early chapter of The Wealth of 
Nations, Smith concluded that while "a 
philosopher is not in genius and dis- 
position half so different from a street 
porter, as a mastiff is from a greyhound, 
or a greyhound from a spaniel . .. those 
different tribes of animals, however, 
though all of the same species, are of 
scarce any use to one another .... The 
effects of those different geniuses and 
talents, for want of the power or dis- 
position to barter and exchange, cannot 
be brought into a common stock, and do 
not in the least contribute to the better 
accommodation and conveniency of the 
species." 

Numerous economic models have 
made their appearance in theoretical 
ecology within the past decade (6-21). If 
one adopts the classical definition of eco- 
nomic activity provided by Lionel Rob- 
bins (29), namely, that "any act has an 
economic aspect if time and the scarce 
means necessary to the achievement of 
one end involves the relinquishment of 
their use in the achievement of another," 
the applicability of economic concepts 
and models to resource allocation as- 
pects of ecosystems can be shown to be 
rather pervasive. To place these diverse 
economic-ecological concepts and mod- 
els into a coherent framework we group 
them into the three essential components 
of economic resource allocation sys- 
tems-consumption, production, and 
consumer-producer interactions (30). 

Consumer Behavior in 

Natural Communities 

A plethora of theoretical models of the 
economics of consumer choice in natural 
communities now exists (6-8, 11, 15, 16, 
21, 31, 32). Generally, these studies seek 
to determine the optimal feeding strate- 
gies of predators maximizing total ener- 
gy intake, reproduction rates, or some 
other aspect of fitness. 

It has been possible to use directly 
simple microeconomic models to de- 
scribe important aspects of optimal forag- 
ing behavior (7, 11, 16, 31). The problem 
facing a consumer in terms of classical 
microeconomics is to choose the bundle 
of goods that maximizes utility within 
the budget constraints. Figure la illus- 
trates a solution to this problem for the 
two goods case. Here the budget line is 
determined by the consumers' income 
constraints and the prices of goods A and 
B. The budget line forms the boundary 
between those bundles of goods obtain- 
able and unobtainable by the consumer 
in a given time period. Benefits from 
consumption are represented by a family 
of indifference contours or isoclines, 
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Fig. 1. (a) Optimal consumer. Tangency solu- 
tion to maximize utility subject to budget con- 
straint. (b) Optimal forager. Tangency solu- 
tion to maximize fitness subject to consump- 
tion possibilities. Both (a) and (b) are in terms 
of rates of consumption per unit time. 

each isocline indicating those bundles of 
goods A and B of equal satisfaction to 
the consumer. The solution to the di- 
lemma of consumer choice is given by 
the tangency of the "highest" isocline 
with the budget line (33). The ecological 
model in Fig. lb was derived directly 
from this economic model. Here the bud- 
get constraint (denoted as consumption 
frontier) is determined by a complex of 
ecological parameters (time and energy 
allocated to foraging, the ease of prey 
capture, prey abundance, competition 
among predators for prey). As in Fig. la, 
the budget constraint separates the alter- 
native consumptions possible from those 
that are not and the family of fitness 
contours indicates the contributions of 
alternative prey combinations to the 
predators' welfare (34). The predators' 
best strategy is to consume that prey 
combination determined by the tangency 
of the highest fitness contour with the 
consumption frontier (35). The circum- 
stances under which predators may shift 
from "generalist" to "specialist" strate- 
gies or from specialization on one prey 
type to another are readily determined 
within this context. In this regard a 
change in relative prey abundance acts 
as a change in relative prices for con- 
sumers. As Pulliam (31) points out, this 
economic model underscores the impor- 
tance of relative prey abundance. 

The concepts of substitute and com- 
plement resources, so basic to economic 
analysis, also play an important role in 
characterizing a predator's response to 
changes in prey abundance. If prey re- 
sources are "perfect" substitutes, slight 
changes in their relative abundance can 
cause a predator to switch from one prey 
type to another (7, 11, 36). 

Laboratory experiments with preda- 
tor-prey systems offer support for sever- 
al of the assumptions and hypotheses 
derived from the economic foraging mod- 
el. In experiments with protozoa, the 
ciliate Stentor coeruleus was fed on 

paired combinations of four prey spe- 
cies-two algal and two nonalgal species 
(37). Stentor food preferences were high- 
ly consistent (transitive), in that the sten- 

tor preferred nonalgal to algal prey and 
was indifferent in choosing among alter- 
native algal species or alternative non- 
algal species. In another set of experi- 
ments (38, 39), stentors' responsiveness 
to relative prey abundance (correspond- 
ing to relative prices in economics) was 
determined. Stentors increased their de- 
gree of preference for those prey types 
which became relatively more abundant 
(40). If greater abundance is interpreted 
in terms of reduced costs of capture or 
digestion, the stentor acts as a rational 
consumer, increasing its demand for rela- 
tively lower priced goods. 

In order to determine the possible 
adaptive significance of food preference 
in stentor, glycogen accumulation, star- 
vation times, and reproductive rates 
were measured in stentors maintained on 
alternative diets (38). In those cases in 
which stentor was indifferent to alterna- 
tive prey combinations, it reproduced 
equally well on either prey type alone or 
on a combination of prey types fed se- 
quentially. However, in the cases where 
stentor selected a particular combination 
of prey types in a nonrandom fashion, it 
reproduced better on a mixture of prey 
than on either prey type alone. These 
results suggest that stentor food prefer- 
ences are highly adaptive, enabling this 
opportunistic species to increase its 
growth rate by exploiting complemen- 
tary food resources in an economically 
efficient manner. 

Holmberg (41) conducted similar ex- 
periments with the spider predator Par- 
dosa vancouveri feeding on Tenebrio lar- 
vae, Drosophila adults, and young Onco- 
peltus. He found not only consistent 
(and nearly absolute) food preferences 
but also a correlation between food pref- 
erences and indicators of fitness. When 
spiders were fed preferred prey types 
their weight gain and size gain were sig- 
nificantly greater than achieved on alter- 
native prey species. In those cases 
where spiders were indifferent to two 
prey types, there were no significant dif- 
ferences in any of the benefit criteria 
tested. 

Simple microeconomic consumer be- 
havior models have also been used to 
interpret field data on foraging. Tullock 
(16), in analyzing Gibbs' data on the 
predation by coal tits on insect larvae, 
concluded that the coal tit's behavior can 
be compared to that of a careful shopper. 
When the bird locates a region of high 
larval density it expends less energy in 
pine cone tapping per larva consumed. 
Therefore, a downward sloping demand 
function for larva in terms of coal tit 
energy expenditure can be inferred. 

We now turn to examples of foraging 
models developed from within ecology 
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which correspond to aspects of con- 
sumer economics. Among these is Mac- 
Arthur's theory of the economics of con- 
sumer choice (21). MacArthur consid- 
ered the economics of species behavior 
as an essential ingredient for understand- 
ing biogeographical patterns. He postu- 
lated that a forager will have "a fairly 
clear statistical expectation of the re- 
sources it will come upon" and that the 
expected yield to the predator in terms of 
grams of successfully captured prey per 
unit time will be maximized. From these 
postulates he derived the result that pru- 
dent predators should "pursue an item if 
and only if during the time the pursuit 
would take it would not expect to locate 
and catch a better item." This result as 
stated is an ecological equivalent of the 
opportunity cost concept familiar in 
many economic analyses. 

In Schoener's development of the the- 
ory of foraging strategies (15), an explicit 
economic orientation is adopted at the 
outset. His optimal foraging framework 
consists of "choosing a currency-what 
is to be maximized or minimized, choos- 
ing the appropriate cost-benefit func- 
tions, and solving for the optimum." The 
parallel set of ideas in microeconomic 
theory is to specify measures of welfare 
(utility), budget constraints, and solve 
for the optimum (the tangency solution 
in the economic model). Schoener identi- 
fies two extreme strategists: energy maxi- 
mizers and time minimizers. The energy 
maximizer allocates all its foraging time 
to prey capture, selecting prey in such a 
manner as to obtain the maximum net 
energy gain for the time expended on 
foraging. A time minimizer seeks a speci- 
fied energy requirement, minimizing the 
time expended to obtain it. 

In a review of optimality principles in 
ecology Cody (6) develops a model 
which focuses on generalist versus spe- 
cialist strategies. A generalist consumes 
all prey species encountered (no prefer- 
ences) while a specialist consumes only 
the prey type conferring maximum fit- 
ness. Using an economic cost-benefit 
analysis Cody finds that, as the propor- 
tion of preferred prey types available in a 
given habitat declines, a generalist strate- 
gy becomes more profitable to the orga- 
nism. This is due to the increased costs 
(in terms of waiting time and energy 
expended for search) of being a selective 
(specialist) predator. 

The foregoing examples serve to dem- 
onstrate that not only have some optimal 
foraging models in ecology been sug- 
gested by analogous models in consumer 
economics, but also that ecologically de- 
rived models can readily be reinterpreted 
in terms of the economics of consumer 
behavior. These models emphasize as- 
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Fig. 2. (a) Economic cost and revenue per unit 
input as functions of input rate. The firm may 
profitably process inputs, for example, labor, 
land, capital, for some intermediate range of 
input rate where the average cost per unit of 
input is less than the average return on the 
input's contribution to the firm's output. (b) 
Energy cost and gain per unit of consumption 
as functions of consumption rate. Net repro- 
duction can occur in the range where the cost 
of obtaining energy inputs is less than the 
assimilated energy derived from them. 

pects of the problem of choice faced by 
many general predators, and yield in- 
sight into predator strategies such as 
those of energy maximizers, time mini- 
mizers, specialists, and generalists. 

Production in Natural Communities 

The economics of production in natu- 
ral communities covers a very broad 
spectrum of topics. Production to the 
ecologist is generally considered in terms 
of the manufacture of biomass either by 
growth or reproduction processes. From 
an economic perspective one desires to 
know the nature of the production func- 
tion, that is, the relationship between 
factors of production (ecological equiva- 
lents to the economist's land, labor, and 
capital) and growth or reproductive out- 
put. Other questions concern the alloca- 
tion of energy between growth and repro- 
duction (9, 42), the optimal division of 
labor in social caste systems (17), and 
strategies for territorial defense (10). 

As in consumer choice theory, micro- 
economic models have been transferred 
rather directly to ecology in elucidating 
aspects of producer behavior. Consider 
for example the models shown in Fig. 2, 
a and b, in which the theory of the firm 
has been used in a description of the 
relationship between foraging activity 
and population growth (12). Both firms 
and organisms (viewed here as produc- 
ers) are faced with the problem of deter- 
mining the optimal quantities of inputs 
required for production per unit time. 

A predator maximizing its net energy 
gain by consuming the quantity of prey 
that yields the largest difference between 
total energy gain and total energy cost is 
behaving in a similar fashion to a firm 
which seeks to employ the quantity of 
input that generates the largest differ- 
ence between the total value of its prod- 

uct-added and its total costs. This eco- 
nomic perspective when applied to ecol- 
ogy enables one to relate the quantity 
and quality of available food resources to 
optimal consumption rates and popu- 
lation growth. For example, it has been 
shown with this approach that energy 
maximizing and time minimizing strate- 
gies converge as food becomes scarce 
(12). Further, this type of cost-benefit 
model permits one to explore the depen- 
dence of population growth on the quali- 
ty and quantity of food resources and 
energy conversion efficiencies. Oster 
(18), in his development of the econom- 
ics of the intricate relations between for- 
aging and reproduction in bumblebee 
colonies, makes use of this structure of 
ideas. He describes the bee colony as 
analogous to the economy of a firm, relat- 
ing the optimal population to the energy 
gains from harvesting activities (a com- 
plex function of flower density and nec- 
tar quality and quantity) and the energy 
costs of foraging activities and reproduc- 
tion. 

Schoener's optimal foraging models 
(15) should also be recalled here since 
they provide a striking example of the 
discovery in ecology of the economist's 
marginal cost-marginal revenue analy- 
sis of profitability. Schoener measures 
both costs and benefits in terms of off- 
spring. As a predator feeds it incurs de- 
creasing marginal benefits from ingesting 
lower quality foods and from less effi- 
cient conversion of food to offspring. At 
the same time the organism incurs in- 
creasing marginal costs, which here are 
measured in terms of offspring forgone 
by inadequate time for necessary repro- 
ductive activities such as courtship, nest 
building, and defense. The optimal time 
allocated to foraging is determined 
where marginal benefits equal marginal 
costs. Schoener's analysis is also similar 
to one economist's conceptualization of 
the household as a small factory which 
combines "capital goods, raw material 
and labor to clean, feed, procreate and 
otherwise produce useful commodities" 
(43). 

Parental investment theory (20) fur- 
nishes another example of explicit eco- 
nomic analysis in describing aspects of 
production in natural communities. 
Viewing reproduction as an investment 
process, Trivers considers the contribu- 
tion of each parent in terms of time and 
energy expenditures for all activities con- 
cerned with preparing for raising young. 
He suggests that monogamy, polygamy, 
and parental desertion can all be under- 
stood in terms of the relative parental 
investment made by each parent over 
time. For example, if the investment by 
females in offspring is large relative to 
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males, a male may do better (in evolu- 
tionary terms) by deserting the female 
and engaging in polygamous behavior. In 
this case the expected return on a num- 
ber of investments (in offspring of more 
than one female) exceeds the expected 
return of a single extensive investment 
(that is, including not only mating but 
also the care of offspring). Similar eco- 
nomic arguments are used to explain 
why male birds in most cases are more 
brightly colored and aggressive than fe- 
males. Since females bear the brunt of 
the parental investment, they are the 
"scarce resource" in the production 
process and therefore there is a strong 
selective pressure for characteristics en- 
abling males to compete for this limiting 
resource. It is interesting that in those 
species where male investment in a 
single brood of offspring is relatively 
large (Phalaropodidae and polyandrous 
species) the females are more brightly 
colored, aggressive, and exhibit polyga- 
mous behavior. 

Life history strategies of species have 
also been viewed in terms of economic 
principles of investment behavior. Gad- 
gil and Bossert (9) examined the returns 
(again in the currency of offspring) from 
allocations of energy to growth and re- 

production. They pointed out that while 
a higher reproductive effort in a given 
year yields a higher expected number of 

surviving offspring, this is at the cost of 
lower adult survival probabilities and 
less adult growth. These costs reduce 

expected contributions to offspring in 
succeeding years. The exact forms of the 
cost and gain functions yield strategies 
ranging from repeated reproduction 
(iteroparous organisms) to "big-bang" 
reproduction in which a very large num- 
ber of offspring are produced all at one 
time (semelparous organisms) (44). In all 
cases Gadgil and Bossert argue that natu- 
ral selection "would tend to an adjust- 
ment of the reproductive effort at every 
age such that the overall fitness of the life 

history would be maximized" (9). In a 
similar manner, the investment decisions 
of individuals or firms take into account 
the opportunity costs of investment in 
terms of forgone consumption or re- 
duced liquidity, and attempt to maximize 
benefits (profits, utility) over time. 

In extending formal models of optimal 
life history strategies to more complex 
cases, Schaffer (19) has shown that "an 

optimal life history maximizes for each 
age class the expected fecundity at that 
age plus the sum of all future expected 
fecundities, each discounted by an appro- 
priate power of e-m where m is Fisher's 
Malthusian parameter." In this formula- 
tion the Malthusian parameter serves the 
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function of an interest rate. Students of 
economics will recognize that the ex- 
pected returns from a given investment 
are generally discounted to present value 
by the rate of interest. 

Organisms, like firms, may change 
their "technology" in response to 
changes in resource availability. Hein- 
rich (45) describes the foraging activities 
of the bumblebee in these terms. If nec- 
tar is abundant, the bee employs a 
high (energy) cost-gathering technique 
(flight), while the bee switches to a low- 
cost process (walking or crawling) when 
the flower density is low. Another ex- 
ample of the effect of resource availabili- 
ty on techniques of resource acquisition 
is provided by Cody's description of Mo- 
have desert flocks (6). These flocks are 
more cohesive and better organized 
when food supplies dwindle than when 
food is abundant. Cody speculates that 
the change in behavior in response to 
resource scarcity serves to increase the 
success rate of gathering resources by 
regulating the return time of the group to 
the regeneration time of the resource. 

Another aspect of the economics of 
production is the spacial relationships 
between the location of the producer and 
the location of resources gathered. This 
area of microeconomic theory has its 
origin in Losch's classic work on the 
economics of location (46). Using prin- 
ciples developed by Losch, Hamilton, 
and Watt (10) proposed a general theory 
of refuging systems which explores the 
relationships of the size of defended terri- 
tory to the resources available, and spac- 
ing patterns of individuals or groups to 
the temporal and spacial pattern of the 
resource. Their approach enables one to 
account for the empirical finding that as 
the size of the group inhabiting a central 
location increases it becomes less prob- 
able that the foraging territory will be 
defended. In a recent review, Covich 
(47) discusses a wide range of similarities 
between economic and ecological loca- 
tion models, and demonstrates how eco- 
nomic concepts can be used to investi- 
gate the determinants of the shapes of 

foraging areas. 
The division of labor in social insect 

societies is another area of ecological 
production amenable to economic analy- 
sis. In what he terms the "ergonomics" 
of insect societies, Wilson (17) has dem- 
onstrated how classic microeconomic 
techniques of linear programming are 
well suited to explain the division of 
labor among social insect castes. He con- 
siders the optimal number of castes and 
the proportion of workers in each caste 
required for the insect colony to function 
efficiently. This focus is the biological 

equivalent of the choice of types and 
proportions of land, labor, and capital by 
the firm. In social insect societies the 
objective function might be the produc- 
tion of queens at minimal energy cost 
(18). Wilson contends that in relatively 
constant environments the optimal num- 
ber of castes should not exceed the num- 
ber of separate tasks (defense and forag- 
ing, for example), and in general it is 
advantageous for the species to evolve 
so that in each mature colony there is 
one caste specialized to respond to each 
kind of contingency (17). A fluctuating 
environment can make a particular caste 
uneconomical and favors generalists 
over specialists even if the functions the 
caste performs remain as important as 
before. 

Other aspects of the ergonomics of 
social insects have recently been ex- 
plored by Oster (18) using the economics 
of contracts pioneered by the 19th-cen- 
tury economist Edgeworth (48). Within 
this explicit microeconomic framework, 
Oster shows how a reallocation of ener- 
gy and population between castes in a 
given colony can increase the productiv- 
ity of both castes. However, as in the 
standard economic models, after a cer- 
tain degree of trading resources, a given 
caste (or contracting party in economics) 
can only improve its position at the ex- 

pense of another. 

Producer and Consumer Interactions 

as an Ecological Market 

Writing several decades before Dar- 
win, the geologist Lyell described popu- 
lation interactions in terms of a buffering 
effect, recently reinterpreted by Egerton 
(49) as "a biological example of the law 
of supply and demand." Today, refer- 
ence to the role of supply and demand 
factors as elements in the balancing of 
predator-prey interactions is common- 
place (50-52). Holling (53), for example, 
draws a specific analogy between preda- 
tor-prey interactions and the supply and 
demand for land. Unsuccessful bidders 
for land are analogous to unsuccessful 
predators, and the behavior of both de- 
pends on the quality and availability of 
substitute resources. The supply of prey 
is regenerated by a reproduction process 
while land supply is governed by a resale 

process. 
The economist Boulding has raised the 

question: "What, if anything, in the bio- 

sphere corresponds to the concept of a 

price system, and especially to an equi- 
librium price system, in economics?" 
(51). Energy has often been referred to 
as the currency of life, but as an answer 
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to Boulding's query it is cumbersome be- 
cause the energy cost of obtaining a par- 
ticular prey type will differ for every spe- 
cies of predator (54, 55). A conceptually 
simpler approach considers prey density 
as equilibrating the availability of food 
supplies with the demands of predators 
(13, 52). In Fig. 3, the familiar supply-de- 
mand model from economics is com- 
pared with the harvest-yield model in 
ecology. For economic markets (Fig. 3a) 
"partial equilibrium" occurs at the price 
for which supply equals demand. In this 
classical economic model (30) [one 
which pertains to the agricultural sector 
of less-developed countries today as well 
as to foreign exchange and stock ex- 
change markets (56)], if supply exceeds 
demand sellers lower prices to dispose of 
surplus goods. Conversely, if demand ex- 
ceeds supply buyers bid up prices until 
the equilibrium price p is obtained. In 
ecological markets (Fig. 3b) the harvest 
function represents the total demand of 
all predators in a given habitat for a par- 
ticular prey type as a function of prey 
density. The yield function indicates the 
number of prey available to predators at 
each prey density. If the prey harvest ex- 
ceeds yield prey density declines, while 
if yield exceeds harvest prey density in- 
creases. The intersections of harvest and 
yield functions can generate stable, un- 
stable, semistable, and multiple equilibri- 
ums as in the economic market models 
(52). From this representation of ecologi- 
cal producer-consumer interactions, the 
relation between prey density and pre- 
dation rates of a single predator species 
(the functional response) (53) was ex- 
tended to situations involving a commu- 
nity of predator and prey species inter- 
actions (13). The community is described 
in terms of moving attractor points, de- 
fined for each population and for the en- 
tire ecosystem. A change in abundance 
for a given prey species leads to adjust- 
ments in prey densities throughout the 
community through a series of inter- 
related harvest-yield function inter- 
actions. If the time constants of these in- 
teractions were specified it would be pos- 
sible to explore stability and resilience 
properties of natural communities in 
these terms. 

Just as theories of producer and con- 
sumer behavior have given rise to the 
theories of supply and demand, respec- 
tively, in economics, it can be shown 
that theories of biological production (in 
terms of energy gains and costs) and opti- 
mal foraging underlie the yield and har- 
vest functions in ecology. The yield is 
governed by a delicate balance of energy 
gains and costs. As the density of the 
population increases, there may be both 
28 JANUARY 1977 
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E Predator harvest 

a. E 
"> Demand 

C - reI 
Supply yield 

Vf I ni n2\ 
Price Prey density 

Fig. 3. (a) Supply and demand as functions of 
commodity price. In this case there is one 
intersection of the supply and demand curves. 
This intersection determines the market price 
(i) and the quantity of goods purchased. (b) 
Prey yield and predator harvest as functions 
of prey density. There are two intersections of 
the harvest and yield functions in the above 
case. The first of these, n1, is unstable. Should 
the prey population density decline below n1 it 
would become extinct. Thus n1 has been 
termed the extinction threshold. If the prey 
population exceeds n1, it approaches the 
stable equilibrium n2. 

enhancement and competitive effects, 
these altering the profits to each of the in- 
dividuals and, thus, their reproductive 
potential (12). The harvest is affected by 
changes in either the consumption oppor- 
tunities or consumer preferences (11). 
Thus, models of ecological markets de- 
rived from theories of reproduction and 
optimal foraging have a parallel structure 
to models of economic markets derived 
from theories of producer and consumer 
behavior. 

Economic models of consumer choice, 
reproductive strategies, and predator- 
prey interactions that fulfill the functions 
of the basic microeconomic processes of 
consumption, production, and exchange, 
respectively (57), have been described. 
We now turn briefly to a comparison of 
economic and ecological models of com- 
petition. Ecologists have placed primary 
emphasis on the partitioning of resources 
by competitors (21, 58) and the effects of 
competition on population numbers (2, 
5). Economists have been more con- 
cerned with the efficiency of resource uti- 
lization (30). In both areas the stability of 
competitive interactions and the diversi- 
fication of competitors to avoid the di- 
rect effects of competition have been of 
considerable interest. 

Transfers of elements of competition 
theory from economics to ecology and 
from ecology to economics have oc- 
curred (5, 14, 59). Economic competition 
models have provided an energetic sub- 
structure for ecological population dy- 
namics (5, 14), by relating classical Lot- 
ka-Volterra competitive outcomes to pa- 
rameters such as the quality of the 
resource, and the efficiency with which 
the resource is exploited. Ecological 
models of competition (59) have served 
to introduce concepts of resource parti- 
tioning and ecological niche into the eco- 
nomic theory of the firm. 

Uncertainty and Evolution 

In the preceding sections, economic 
models of consumption, production, and 
exchange have been reinterpreted to de- 
scribe corresponding ecological process- 
es. Although these models embodied 
many simplifying assumptions about eco- 
nomic behavior (for example, perfect in- 
formation, rationality) they served to 
provide a rudimentary framework for re- 
lating economic and ecological concepts 
and principles. In this section we consid- 
er how more realistic models of econom- 
ic and ecological behavior take into con- 
sideration factors such as uncertainty 
and habitual behavior. Finally we consid- 
er evolutionary mechanisms in economic 
and ecological systems. 

The assumption of optimal behavior 
on the part of economic agents has 
played a major role in the development 
of simple economic models (60). The va- 
lidity of this assumption has subse- 
quently been challenged in experimental 
studies of consumer behavior, in theo- 
ries of decision-making and manage- 
ment, in economic anthropology, and in 
other areas (61). Consumers obviously 
do not have complete information con- 
cerning the consumption possibilities 
and the benefits of consumption. Pro- 
ducers equally face an uncertain and vari- 
able market for their products. Even 
when information is available, the con- 
sumer or producer may not have the 
computational ability to make optimal 
choices in the time available. 

These objections to the assumption of 
optimal behavior in the narrow sense of 
making the best choice from all possi- 
bilities apply with equal force to other 
species of consumers and producers. Op- 
timal behavior may be a limiting case to 
be expected only in those situations in 
which the consumer or producer does in- 
deed have complete information or in 
which habits of consumption or tech- 
niques of production have evolved (by a 
trial and error procedure) over a consid- 
erable period of time in a predictable en- 
vironment. While the consumption 
choices of predators are subject to natu- 
ral selection, it should be noted that this 
does not imply that consumption choices 
in present environments are necessarily 
the most appropriate for survival and re- 
production. 

Johnson (62) has explored a number of 
ways in which introducing elements of 
uncertainty in economic analysis blurs 
the crisp precision of simple economic 
models. Johnson discusses the fact that, 
in the face of uncertainty, (i) households 
do not know the specific amounts of in- 
come they will receive in any given peri- 
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od in the future, nor do they know the 
time shape of their income stream, (ii) 
the household does not know its exact 
life-span, (iii) household tastes and prefer- 
ences may change because of unforeseen 
and seemingly random events (for ex- 
ample, illness or changes in family size) 
as well as systematic factors such as ag- 
ing, and (iv) the future course of prices, 
interest rates, and other parameters to 
the household are not known with per- 
fect certainty. Analogous phenomena ob- 
viously pertain to consumers in natural 
communities. For example, foragers do 
not usually know their future foraging op- 
portunities with certainty, or their exact 
life-span. Thus, for consumers in both 
natural (21) and human communities 
there may be statistical expectations of 
future conditions. These expectations 
are themselves subject to uncertainty 
and change. 

An alternative assumption to optimal 
behavior of economic agents is satis- 
ficing behavior. A satisficer examines al- 
ternative courses of action and then 
chooses the first one that satisfies a set of 
minimal requirements (61, 63). The satis- 
ficing model is useful in explaining empir- 
ical data such as those collected by Wol- 
pert (64) on farm productivity in one area 
of Sweden indicating that "less than half 
the area had performances more than 70 
percent of the optimum" [see Haggett 
(65)]. This is attributed in part to "the 

simple fact that Swedish farmers were 
not aiming at optimum productivity but 
merely at a satisfactory (but suboptimal) 
level." Haggett points out the necessity 
of developing locational models on satis- 
ficer rather than optimizer principles. 
This approach may also prove useful for 
understanding the economics of popu- 
lations in natural communities subject to 
variable conditions. 

Another modification of traditional 
economic models would include a consid- 
eration of threshold behavior. Since the 
costs of acquiring information and deter- 
mining the responses to changes in the 
environment may be considerable, orga- 
nisms may be responsive only to stimuli 
which exceed thresholds rather than re- 
sponsive to continuous variation in the 
environment. In economic models of 
consumer behavior, the central impor- 
tance of threshold behavior has been ex- 
amined by Devletoglou (66). In ecologi- 
cal models of predator-prey interactions, 
the importance of threshold behavior has 
long been recognized. For example, in 
the concept of search image "a predator 
does not learn and remember the worth 
of a food unless it reaches some thresh- 
old abundance (both relative and abso- 
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lute). Thus foods below this density 
threshold are eaten proportionally less 
than when common . .." (53). 

Alchian (67) has reformulated the theo- 
ry of the firm using an approach that 
"embodies the principles of biological 
evolution and natural selection by inter- 
preting the economic system as an adapt- 
ive mechanism which chooses among ex- 
ploratory actions generated by the adapt- 
ive pursuit of 'success' or 'profits.' " 

Alchian (67), and later Enke (68), Simon 
(61), Winters (69), and Lloyd et al. (59) 
argue that profit maximization is a poor 
single criterion for the behavior of the 
firm because of inadequate knowledge of 
opportunities and the uncertainty of the 
environment. Instead, they develop theo- 
ries of reinforcement of successful (prof- 
itable) behavior and elimination of unsuc- 
cessful behavior. 

A Transdisciplinary Focus 

Economic models of ecological pro- 
cesses contribute a distinctive point of 
view to ecology. Optimal foraging, popu- 
lation growth, competition, life history 
strategies, and other ecological phenome- 
na are brought into a common focus in 
terms of resource allocation processes. 
Natural communities are viewed in 
terms of the economics of consumption, 
production, and mechanisms for bringing 
into balance producer-consumer activi- 
ties. This framework is suggestive of the 
Wells, Huxley, and Wells definition of 
ecology as biological economics (22). Mi- 
croeconomic principles pertaining to the 
household, the firm, and markets have 
been related to their ecological theory 
counterparts. 

Macroeconomic questions-the de- 
terminants of total economic activity 
(ecological productivity), its growth, and 
fluctuations-are also of obvious interest 
to ecologists. Hannon (70) has already 
described the energy and nutrient struc- 
ture of total ecological activity in terms 
of the Leontieff input-output matrix. 

Similarly, macroecological questions 
may prove of some interest to econo- 
mists. For example, a study of how natu- 
ral communities come to grips with re- 
source limitations and achieve a no- 
growth economy (55, 71) may provide 
guidance for the management of human 
communities faced with the challenge of 
making the transition to a steady state 
economy. 

What are the limitations of the com- 
parative approach to economics and ecol- 
ogy? It is readily apparent that at a de- 
tailed level of analysis the fields are hard- 

ly isomorphic. Surely the organization of 
man's technology and society differs 
qualitatively from physiological, geneti- 
cal, or behavioral rules governing the be- 
havior and social organization of other 
species. At a finer level of detail the ecol- 
ogy of each species is unique as is the 
economics of each nation, industry, and 
firm. 

It is at a more general level of descrip- 
tion of ecological and economic systems 
that many similarities have been pro- 
posed. Holling (50) points to the limits to 
resources and limits to the responses of 
organisms to their resources as a funda- 
mental similarity between ecological and 
economic systems. He further asserts 
that the diversity of interactions, histori- 
cal components, spatial characteristics, 
and structural properties give social and 
ecological systems a similar degree of 
complexity.which permits one to use the 
tools, approaches, and languages inter- 
changeably among them. Although our 
exposition has stressed the manner in 
which ecology can be viewed in terms of 
economic principles, it is clear as we 
have noted in passing, that transfers 
have been made in both directions. It is, 
therefore, our belief that deep common 
principles underlie both fields enabling 
both economics and ecology to benefit 
from such transdisciplinary efforts. 

A common framework for economic 
and ecological processes should make 
possible extensive transfers of concepts 
and theories between these fields. In this 

regard, the approach developed here con- 
tributes to the goals of general systems 
theory which attempts to unify areas of 
knowledge by searching for those "mod- 
els, principles, and laws which apply to 
generalized systems irrespective of their 
particular kind, elements, and the forces 
involved" (72). The general systems 
viewpoint has been implicit in the work 
of many authors who have used econom- 
ic or biological analogies in other dis- 

ciplines. The 19th-century sociologist 
Emile Durkheim (73) wrote that the con- 

cept of the division of labor, for ex- 
ample, "applies to organisms as to so- 
cieties . . . [and] is no longer considered 
only as a social institution that has its 
source in the intelligence and will of 
men, but is a phenomenon of general bi- 

ology whose conditions must be sought 
in the properties of organized matter. 
The division of labor in society appears 
to be no more than a particular form of 
this general process, and societies, in 

conforming to that law, seem to be yield- 
ing to a movement that was born before 
them, and that similarly governs the en- 
tire world." 

SCIENCE, VOL. 195 



The existence of common ecological- 
economic models suggests that it is pos- 
sible to unify methodologies, concepts, 
and theories which have independently 
developed in the two fields (74). This 
prospect should be of interest to strate- 
gic planners and managers of our re- 
sources. Communications between those 
whose concerns are with economic well- 
being and those who strive for ecological 
balance would be improved if common 
resource allocation principles were iden- 
tified. 
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