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Abstract

A brief accounting is presented of the evolution of natural ecosystems and human cultures including industrializa-
tion and its ecologically-significant interactions with natural abiotic and biotic processes of the earth. These accounts
show, among other things, that excess resource harvest rates and material releases into the natural environment have
been ecological risks of growing scope and scale throughout the history of political economies. The growing ecological
risks of industrialization are attributed to disparities between the rates and directions of evolution in the ecological
features of process and structure of corporate and political economies relative to the rates and directions of evolution
in their cultural institutions of control. Many social and political organizations are now calling for adaptations
toward sustainable industrialization by promoting evolution in the cultural institutions of control through research,
education, ethics, politics and government. What is required are on-line institutional processes for effectively
translating emerging ecological risk assessments into economic incentives for feasible adaptations throughout the
systems. Institutionalization of such on-line adaptive processes requires broad moral-ethical enlightenment and
social-political commitment to make the emerging scientific, technological and economic dimensions productive
(Faber et al., 1996). This paper presents on-line strategies of ecological risk assessment and control which are believed
to be superior to alternatives that require a prior consensus on economic valuations of natural resource stocks,
natural processes and environmental damages; and incentives have advantages over prescriptive regulations. When
viewed in their greater economic context, the proposed strategies are formulated as coordinated institutions of on-line
ecological and fiscal control processes on what is here defined as the ecological economies of corporate and political
economies. The objective of the proposed control strategies is to pursue trajectories of joint ecological and cultural
evolution toward systems that are ecologically and culturally both satisfying and sustainable. © 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Since the beginning of civilizations, the prod-
ucts of resource acquisition, conversion and trans-
fer have been distributed among the constituents
of human cultures on the basis of social agree-
ments we now call political economies. Then, as
now, these social contracts were critically condi-
tioned by the nature of the ecosystems exploited,
the technical means for exploiting them and the
collective wants, needs and preferences of each
particular culture. Over the past few millennia,
human cultures developed currencies and pricing
mechanisms as a basis for the intra- and inter-cul-
tural exchange of products, resources, and ser-
vices with little or no reference to the workings of
the ecosystem being exploited, or the culture’s
impacts on them (Costanza et al., 1991; Faber et
al., 1996; Faber and Proops, 1997).

During the past few centuries western cultures
discovered how to technologically deploy the nat-
ural laws of the abiotic universe to exploit,
amend, and replace natural ecosystems of the
earth, thereby extending the scope and scale of
ecological risks of industrialization to what are, or
can become, unsustainable levels. But, as yet the
social contracts of western political economies
have not been generally amended to recognize the
limitations of natural earth processes and ecosys-
tems, let alone to ensure their preservation.

Many ecologists, environmentalists, economists,
and others continue to question the ability of the
natural processes and ecosystems of the earth to
sustain the current growth trajectories of global
industrialization (Firor, 1990; Woodwell, 1990;
Costanza et al., 1991; Jelinski et al., 1992; Ham-
mond et al., 1995; Ausubel, 1996; Faber et al.,
1996; Vitousek et al., 1997). The primary concern
is whether the diverse needs, wants and prefer-
ences of a growing world population can be met
in the face of the perceived risks posed to the
atmosphere, hydrosphere and many ecosystems of
the earth by the scope and scale of contemporary
industrial, agricultural and natural resource ac-
quisition technologies (Firor, 1990; Jelinski et al.,
1992; Houghton, 1993; Faber et al., 1996; Chapin
et al., 1997; Vitousek et al., 1997). In addition,
there apparently are also increasing risks to the

health of humans, losses of particular species of
plants and animals, and degradation of built
structures and various human amenities (Council
on Environmental Quality, 1995).

Some of the ecological risks of industrialization
are already being addressed by adaptations in
products, product life cycles, and processing tech-
nologies (Ditz et al., 1995; Ausubel, 1996). Public
awareness of over consumption of resources and
increasing environmental impacts is growing and
in some instances effective public counter forces
are being organized (Faber et al., 1996). But,
much more can and must be done in a timely
fashion if human cultures of the world are to reap
the potential benefits of greater global industrial-
ization without the unwanted and potentially seri-
ous ecological side-effects (Jelinski et al., 1992;
Ausubel, 1996; Farrell, 1996; O’Rourke et al.,
1996; Vitousek et al., 1997).

Costanza et al. (1991), among others, note that
policies that provide economic incentives for re-
ducing the ecological risks can be far more effica-
cious than prescriptive, rigid regulations.
Regarding regulatory approaches, Costanza
states, ‘‘They are inherently reactive rather than
pro-active. They induce legal confrontation, ob-
fuscation, and government intrusion into busi-
ness. Rather than promoting social innovation,
they tend to suppress it. They do not mesh well
with market signals that firms and individuals use
to make decisions and do not effectively translate
long-term global goals into short-term incen-
tives’’. It can be further observed that uncertain-
ties inherent in characterizing complex global
processes are frequently exploited in litigation and
politics. The result is often public confusion and
skepticism which allows political disfunction to
impede corrective action.

The objectives of this paper are: (a) to position
industrialization in the context of what science
has reconstructed concerning the evolution of the
biosphere and the evolving intelligence, informa-
tion, ingenuity and organization of human cul-
tures, thereby establishing reference ties to the
nature of ecological systems and risks that are, or
should be, of concern to modern cultures; (b)
restate the urgency to begin amending the price
structure of open-market political economies to
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modify the ecological flows between economies
and their natural environments according to the
risks they impose on the natural processes and
ecosystems; and (c) to show why and how, in
principle, identified ecological risks can be inter-
nalized to economic balance sheets of the eco-
nomic constituents, thereby economically
motivating corrective technological innovations in
the processes and structure of industrial ecosys-
tems and adaptations in consumer behavior
(Koenig and Cantlon, 1998). The proposed strat-
egy does not require prior agreement on assess-
ments of the economic valuation of natural
resource stocks or the services rendered by natural
systems as discussed by Costanza et al. (1997).
Rather, it is based on the definition of ecological
economics and the principles of dynamic systems
control presented in this paper.

2. Background

2.1. The e6olution of natural ecosystems

Apparently, life emerged on earth nearly four
billion years ago, capable of utilizing energy to
effect new processes of change in the material
state of matter and its spatial location. These
change processes apparently were directed by in-
formation encoded in chemical structures, such as
are characterized now as DNA and RNA
molecules. In replication these genetic systems
apparently varied or mutated, thereby allowing
differential survivorship and setting biological
evolution in motion. In the ensuing millennia,
myriads of life forms, called ecological producers,
evolved with the capability to utilize chemical or
solar energy for reshaping materials into popula-
tions of living organisms. Concurrently, myriads
of other life forms, called ecological consumers,
evolved with the capability to acquire and utilize
the living or dead organic materials and energy
previously fixed by other species (both producers
and consumers) to develop and sustain their own
species populations. The vast stores of coal, oil,
natural gas and other mineralized hydrocarbons
trapped in the geosphere are manifestations of the
ecological imbalances that existed over the ages

between the constituent populations of producers
and consumers.

As ecosystems developed, their constituent spe-
cies populations gathered resources from, and dis-
persed residuals and products into the
atmosphere, hydrosphere, and surface layers of
the geosphere at rates and over durations suffi-
cient to substantially change their composition
and structure, thus forming the biosphere (Verna-
dsky, 1926; Lovelock, 1982). Under-utilized and
unprotected resources in natural ecosystems pro-
vided opportunities for immigration of new spe-
cies populations, or for new populations to
develop through genetic mutations and recombi-
nations. As a result, ecosystems with biotic, chem-
ical and solar sources of energy and genetic and
ecological sources of information formed complex
food webs and mineral cycles.

Old established natural ecosystems are gener-
ally characterized as efficient in their utilization of
non-gaseous nutrients, i.e., the loss of primary
mineral nutrients from the system is very low.
And, most natural ecosystems are said to have a
high degree of process redundancy, i.e., multiple
species with overlapping capabilities in the mate-
rial exchange webs. Since these overlapping spe-
cies populations have different tolerances for
variations in their external environment, the
ecosystems are both relatively resistant and re-
silient to environmental changes (Chapin et al.,
1997). Species populations that failed to adapt to
changing abiotic and biotic environments became
locally or totally extinct. Such extinctions have
occurred many millions of times over the life of
the biosphere, with rates of extinction depending
on the rates of change in the biotic or abiotic
environment. Extinctions continue today, appar-
ently at accelerating rates (Vitousek et al., 1997).

Biological organisms with species-specific cy-
bernetic systems learn by trial and error, or from
others, strategies and tactics for deploying their
internal biotic energy to acquire and utilize re-
sources for sustaining themselves, their progeny,
and as a consequence, their species. Many animal
species have learned to organize social groups
which more effectively and efficiently deploy their
collective biotic energies to acquire resources and
to defend themselves and their resources against
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competitors and predators. Such learned strate-
gies and tactics are transferred by inter-genera-
tional cybernetic learning, rather than genetically.
The depth, breadth, and ecological significance of
cybernetic learning is generally more extensive in
higher forms of animals.

2.2. The e6olution of human cultures

Paleoanthropology is finding evidence that the
modern human genetic line dates from �
120 000–150 000 years ago (Kahn and Gibbons,
1997). Humans, with their evolving cultures, pro-
gressively increased their understanding of natural
ecosystem components, improved their strategies
and tactics (technologies) for exploiting them, and
expanded and strengthened their educational pro-
cedures for transferring this information to suc-
cessive generations. The selective advantages of
deductive reasoning and improved inter- and in-
tra-cultural and inter-generational communication
of technologies accelerated the evolutionary devel-
opment of human intelligence over several million
years (Bodmer and Cavalli-Sforza, 1975).

Early use of fire for hunting and its unintended
escape modified natural ecosystems early in the
expansion and migration of human populations.
Eventually the rate of ecological change induced
in surrounding ecosystems by human cultures be-
gan to out-pace the rates of change induced by
genetic adaptations in the other species popula-
tions. For example, in the past 12 000 years hu-
man cultures began (a) domesticating plants and
animals for food, clothing, protection, and me-
chanical work, (b) clearing and manipulating nat-
ural ecosystems for grazing, farming, and logging,
(c) manipulating water for irrigation and power,
(d) using natural fertilizers, (e) mining and smelt-
ing metallic ores, (f) developing boats, sails, and
wheels for transport, and constructing trails and
roads for travel (Bodmer and Cavalli-Sforza,
1975), and (g) developing cultural institutions of
defense, education and economics, and religious
and ethical systems of personal, interpersonal and
societal values to sustain and expand their cul-
tures over generations.

Aggregations of expanded human populations
created landscape mosaics that included patches

of quasi-natural ecosystems, areas cleared and
maintained for agriculture, grazing, and urban
centers, as well as webs of interconnecting water-
ways, trails and roads. These changes produced
ecological impacts of varying scope and scale
within each area. Some native species were selec-
tively changed, eliminated, or prevented from ma-
turing as a result of clearing, burning, cultivating,
or grazing, thereby modifying and/or disrupting
species populations important to natural nutrient
cycles. Top soil and plant nutrients (notably nitro-
gen, potassium, and phosphorus) flowed into
streams, lakes and marshes as agriculture ex-
panded (Godwin, 1965). Crop yields typically de-
creased significantly after a few years as a result
of soil nutrient depletion and the immigration and
adaptation of insects, plant pathogens and com-
peting weed populations. In many forest regions
these impacts lead to migratory slash-and-burn
agriculture (Harlan, 1995; Matson et al., 1997).

River valleys with dependable sources of water
and annual floods to provide silt deposits and
renew inorganic soil nutrients proved to be eco-
logically more sustainable sites for agrarian hu-
man cultures. As agrarian cultures multiplied and
dispersed, plants, animals, and microbial species,
as well as technologies, were deliberately or unin-
tentionally transferred around the world, thereby
impacting natural ecosystems on local and re-
gional scales. Many of the more ecologically sus-
tainable agrarian sites eventually evolved into
urban commercial, learning, religious, and cul-
tural centers where written languages developed
for accumulating, storing, integrating, transport-
ing and communicating learned information.
These centers also became locales where the now
more diverse ecological and cultural chores where
divided among the inhabitants, with interactions
superficially analogous to species-specific niches in
natural ecosystems (Odum et al., 1960). The prod-
ucts of resource acquisition, conversion and trans-
port were distributed to the inhabitants of the
centers and/or traded with other cultural centers
on the basis of social agreements representing
early forms of political economies.

As social contracts these political economies
have evolved to represent the wants, needs, and
preferences of at least the more powerful social
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elements in human cultures (Faber and Proops,
1997). However, they are critically conditioned by
the nature of the ecosystems exploited, the techni-
cal means for exploiting them, and the social
institutions of the exploiting culture. During the
past few millennia, human cultures developed,
among other things, currencies and currency valu-
ation mechanisms which reflect the relative
scarcity of resources in relationship to the wants,
needs and preferences of those with access to the
currency. Currency systems largely replaced
barter as a basis for intra- and inter-cultural
exchange of products, resources, and services.
However, prices had little or no reference to the
services rendered by nature or significance of im-
pacts on the ecosystems being exploited (Costanza
et al., 1991).

During the last few thousand years, human
cultures developed standardized oral and written
procedures for quantifying and recording infor-
mation, as well as a universal discipline of formal
logic, called mathematics. These developments,
together with growing understandings of natural
forces and processes, provided the basis for ana-
lyzing and organizing cause/effect observations
into generalized characterizations of observed
phenomena, and the development of what are
now referred to as the theoretical and applied
sciences. Particularly in western cultures the sci-
ences, the scientific method, and scientific under-
standings were rapidly institutionalized into
almost all aspects of human cultural life, thereby
increasing the temporal rate of cultural evolution
by many orders of magnitude beyond the rate of
natural biological evolution. Science now provides
the axioms and natural laws that permit interpre-
tation of the evolution of the abiotic universe and
the earth as well as the evolution of the earth’s
biosphere. This evolving sphere of human intelli-
gence and understanding and the expanding scope
and scale of human impacts on the planet was
characterized some years ago by a Russian geo-
chemist as the ‘Noosphere’—the domain of the
human mind—and was noted as complementing
and affecting the geosphere, hydrosphere, atmo-
sphere, and biosphere (Vernadsky, 1926; quoted
in Joffe, 1949).

Until approximately 200 years ago the sources
of mechanical energy available to human cultures
for propelling their growing inventory of tools for
resource acquisition, processing, and transport
were limited primarily to human and domesti-
cated animal muscle. Wood was then the primary
source of heat energy for domestic cooking and
heating and for smelting ores and shaping metals.
Accordingly, the primary material and energy
linkages between the biota of the earth and the
abiotic universe were through green plants. Nota-
ble exceptions were the mechanical harnessing of
wind and flowing water. Thus, the ecological im-
pacts of pre-industrialized human cultures on nat-
ural ecosystems were intense local modifications
of natural features of process and structure, such
as fires, overgrazing, deforestation and the extinc-
tion of species populations, all of which substan-
tially predate industrialization (Vitousek et al.,
1997).

It was not until the use of coal as a fuel, and
the development of abiotic heat engines in their
various technological forms, that human cultures
began to substantially exploit the laws of their
abiotic universe directly as technological processes
of resource acquisition, conversion and transfer.
These new technologies established entirely new
material and energy linkages between the biotic
and abiotic domains of the earth. While they
provided decisively new benefits to human cul-
tures, they also expanded both the scope and scale
of existing ecological risks and introduced entirely
new classes of ecological impacts. Some of the
new impacts are now being cataloged, but their
risks to the natural biotic and abiotic processes of
the earth and its species populations are, as yet,
not fully understood. At present, there is limited
historical experience and much continuing debate
as to the significance of the risks to natural pro-
cesses and ecosystems that are inherently highly
variable (Lynch, 1996; Kaiser, 1997).

2.3. The twentieth century search for sustainable
industrialization

National and international searches have inten-
sified substantially over the past half century for
both cultural and technological solutions to the
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perceived growing global risks of industrialization
to natural processes, regional ecosystems, natural
resource stocks and specific species populations,
including humans and their built facilities and
cultural amenities (World Resources Institute,
1994; Council on Environmental Quality, 1995;
Ditz et al., 1995; Faber et al., 1996; Massarrat,
1997; Vitousek et al., 1997). Four basic areas of
study are generally considered essential to miti-
gate the growing ecological risks and the atten-
dant risks of social de-stabilization resulting from
the impacts of mitigating regulations or perceived
inequities.

2.3.1. Natural processes, natural resource stocks
and ecosystem sensiti6ities

The relevant literature calls for increased effort
to understand cause-effect relationships in natural
processes as required to assess their sensitivity to
impacts from various industrial technologies
(Firor, 1990; Woodwell, 1990; Farrell, 1996;
O’Rourke et al., 1996). However, the complexity
of natural processes, the range of normal field
variations, and substantial time delays in their
responses make unequivocal demonstration of
causal relationships very difficult (Firor, 1990;
Watson et al., 1996; Kaiser, 1997). Agreement,
even among scientists, on the economic value to
society of natural stocks, processes, and ecosys-
tems is extremely difficult to achieve (Faber et al.,
1996; Costanza et al., 1997; Hinterberger et al.,
1997). Further, the different perspectives among
economic beneficiaries of technologies and skep-
tics of environmental impacts make prescriptive
governmental regulation politically very difficult
(Firor, 1990; Costanza et al., 1991; Faber et al.,
1996; Lynch, 1996; Weiss, 1996).

2.3.2. Technological adaptations
It is generally perceived that engineers and cor-

porate management should be encouraged to
adapt their processing technologies so as to
change the quality and reduce the quantities of
undesired products and residuals released to the
environment, and to reduce or avoid significant
ecological impacts associated with agriculture and
the acquisition of natural resources (Repetto et
al., 1989; Heaton et al., 1991; Frosh, 1992; Jelin-

ski et al., 1992; Ausubel, 1996; Faber et al., 1996;
O’Rourke et al., 1996; Hinterberger et al., 1997;
Matson et al., 1997). It is also perceived that new
analytical tools are required to provide timely,
credible, and adequate assessments of both the
ecological and the economic aspects of alternative
technologies. And, there is the perception that the
structure of industrial ecosystems should be
modified toward better integrated, more closed
material cycles as is typical of many natural
ecosystems (Costanza et al., 1991; Jelinski et al.,
1992; Farrell, 1996; O’Rourke et al., 1996; Hinter-
berger et al., 1997). Thus, it is the entire set of
linked enterprises from natural resources through
processors, to final destiny of used products that
must be addressed.

2.3.3. Cultural adaptations
The ecological impacts of cultures on their nat-

ural environment apparently progress geometri-
cally, rather than linearly, with population
numbers and their collective needs, wants and
desires. Kates (1996) and others have recom-
mended increased focus on a more in-depth un-
derstanding of the causal relationships between
improvement in a population’s socioeconomic
well-being and reduction in its birth rates (World
Resources Institute, 1994). Birth rates are believed
by some to be a function of culture-specific eco-
logical and socioeconomic histories, educational
institutions, social security, traditions and beliefs,
and other varied cultural features (World Re-
sources Institute, 1994; Grüber, 1996; Kates,
1996). Whatever the causal relationships, the
growth rates of human populations and their
expanding needs, wants and desires are likely to
continue at rates sufficient to pose increasing risk
to the natural resource stocks, processes, and
ecosystems of the earth.

Faber et al. (1996) note that both the socioeco-
nomic institutions and the ecosystems of human
cultures are open systems, undergoing continuing
evolutionary change. Human information systems
(science, technologies, economics, politics, sociol-
ogy and ethics) may evolve much more rapidly
than biological systems can respond to the ecolog-
ical impacts imposed on them by human cultures
(Costanza et al., 1991; Jelinski et al., 1992;
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Ausubel, 1996; Faber et al., 1996; Chapin et al.,
1997; Vitousek et al., 1997). Both the natural
ecosystems and the human information systems
will ultimately readjust by natural processes. But,
if the implications of the growing disparity be-
tween their rates of evolution is not adequately
addressed in a timely manner, the accumulating
impacts on the natural resource stocks, global
climatic systems, and the biosphere could accu-
mulate to precipitate major disruptions and losses
to human cultures (Firor, 1990; Woodwell, 1990).
What is needed is not a technological or cultural
fix, but flexible, ongoing, adaptive processes that
minimize ecological risks from continuing scien-
tific discoveries, technological innovations and
open-market economics, without curtailing their
cultural benefits (Jelinski et al., 1992; Faber et al.,
1996; Farrell, 1996; Faber and Proops, 1997).

Ecological changes resulting from technological
innovations, for example, sometimes provide so-
cioeconomic benefits to some population groups
while negatively impacting others. Effective pre-
scriptive regulations on technologies can be scien-
tifically formidable to synthesize and politically
frustrating to implement (Kaiser, 1997). And, they
are as apt to elicit resistance and obfuscation as
they are adaptation of activity (Costanza et al.,
1991). As aids to policy formulation and imple-
mentation, some authors have called for more
effective procedures for identifying the interest
groups, and for prioritizing the delivery of credi-
ble ecological and economic information accord-
ing to their specific needs, interests, and/or
ecological and economic understandings or mis-
perceptions (Costanza et al., 1991; Faber et al.,
1996; Farrell, 1996; Lynch, 1996).

The potentials and limitations of resource ex-
traction and pollution taxes as economic incen-
tives for humans to select low-risk technologies of
production and consumption are widely discussed
in the literature (Costanza et al., 1991; Faber et
al., 1996; Costanza et al., 1997; Roush, 1997). In
addition to technical difficulties, the implementa-
tion of pollution taxes can also be a very con-
tentious political process (Faber et al., 1996).
Ad-hoc political approaches to natural resource
extraction and pollution taxes, as currently deter-
mined and administered, are inadequate to ad-

dress the growing generic disparity between the
trajectories of cultural and ecological evolution.
These approaches may replace increasing ecologi-
cally-generated social stress with increasing politi-
cally-generated social stresses within and between
human cultures. Cultural violence and wars over
resource or political stresses represent singular
points to be avoided in the evolution of human
cultures (Kates, 1996; Massarrat, 1997). Neverthe-
less, ecological risk-control pricing in some form
on technological releases to the environment and
on risks to natural resource stocks can be an
important aspect of sustainable economies.

Faber et al. (1996) and Massarrat (1997) cite, as
examples of cultural adaptations, the rapid emer-
gence of politically-powerful green parties in Eu-
rope that have successfully pressed for
environmental regulation. Faber et al. (1996) sug-
gests that the very old agricultural landscapes of
western Europe and eastern Asia demonstrate
that fairly stable man-dominated ecosystems can
emerge given sufficient time. These systems im-
pose less demand on the natural landscape,
whether through lack of societal need or learned
cultural constraints (Sahlins, 1974). It is also pos-
sible that recent advances in the scientific under-
standing of the mechanisms of population
genetics and its manipulation, coupled with mod-
est advances in the understanding of species inter-
actions and the evolution of natural ecosystems,
could eventually provide useful insight on harmo-
nizing the interactions between human cultures
and natural environments.

2.3.4. International trade, aid and protocols
While it has been noted that proposals for large

international transfers of funds gained from natu-
ral resource extraction and pollution taxes are apt
to be met with stiff political resistance (Faber et
al., 1996), the challenge of sustainability will re-
quire international cooperation and help. Policies
to guide international trade and philanthropic aid
and protocol negotiations in support of ecologi-
cally sustainable industrialization are culture-spe-
cific, requiring a broad range of intelligence,
sensitivity, and research to identify informed eco-
logical and socioeconomic interests and credible
personalities and organizations. Further, limited
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funds must always be prioritized on the basis of
expected socioeconomic as well as ecological im-
pacts, usually in the context of both an urgent
now and a less-urgent future (Costanza et al.,
1991; World Resources Institute, 1994; Grüber,
1996; Kates, 1996; Schipper, 1996; Massarrat,
1997). Since some progress has been made on
such issues as CFC releases and whale harvesting,
there is a basis for some optimism.

3. Methods and results

3.1. Toward sustainable industrialization

The twentieth century search for sustainable
industrialization suggests, among other things,
that the economic and technological domains of
cultural evolution are deficient in at least two
important respects. From an economic perspec-
tive, the ecological risks of industrialization
should be internalized to the balance sheets of its
economic constituents along with its benefits, i.e.
economic enterprises should be given ecologically-
rational prices on resources extracted from, and
residuals injected into the natural environment.
From an engineering perspective, enterprise man-
agers must have quantitative measures of produc-
tion technologies, i.e. ex ante quantitative
procedures for assessing both the economic
benefits and the potential ecological risks of alter-
native production and consumption technologies
as constituents of the greater technological net-
work in which they function. The preceding back-
ground sketch notes that neither the requisite
pricing institutions nor the scientific procedures
exist. Nor have subjective concepts of ecologi-
cally-sustainable economies been developed into
operational definitions.

3.1.1. Requisite scientific procedures
A scientific theory of quantitative industrial

ecology and ecological economics has recently
been advanced (Koenig and Cantlon, 1998, 1999)
which complements classical economics as a nor-
mative social science in several crucial respects: (a)
as a general practice, both the ecology and the
economics of enterprises can now be uniquely

quantified in terms their constituent technologies,
their organizational structure and a given set of
currency prices on their ecological variables, as
required for their rational and coordinated eco-
logical and economical design; (b) in principle, the
ecological economics of corporate and political
economies can now be quantified as an explicit
function of the ecologies of their constituent en-
terprises, their organizational structure, and the
prevailing currency prices on the ecological vari-
ables at the boundary of the economy; and (c) in
practice, the ecological risk-generating resource
uses and residual flows in political economies can
be quantified from standardized ecological ac-
counts maintained by the constituent enterprises,
sans the organizational structure of the network.

The theories of industrial ecology and ecologi-
cal economics are based on (a) material flows and
principles of mass balance and includes what are
referred to by economists as economic ‘goods’,
and (b) energetic services and the principle energy
balance, broadly defined to include the energy
deployed and the diverse information for directing
and controlling it, including what is referred to by
economists as ‘services’. Thus, it can be said that
industrial ecology is, among other things, con-
cerned with the evolving functional relationships
between the goods and services in human cultures
as quantified by physical metrics. And, that eco-
logical economics is concerned with industrial
ecosystems wherein intra- and inter-cultural ex-
change of ecological variables is facilitated by one
or more currency systems and culture-specific
policies.

All significant ecological and economic vari-
ables in analytical representations of industrial
ecosystems and ecological economies are opera-
tionally defined, with the dependent and indepen-
dent variables interrelated mathematically as a
discipline of formal logic. The goal is not to
simulate the temporal dynamics of economies, but
to characterize, quantify and control the temporal
evolution of their constituent technologies so that
they become and remain compatible with natural
processes and ecosystems, rather than as growing
hazards to them. System control is defined as a
technical strategy for modifying one or more of
the independent variables over time as required to
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contain one or more of the dependent variables
within a given region or boundary.

Ecologically, an economic enterprise is charac-
terized as a bounded network of ecological pro-
cesses designed and managed by its individual or
corporate manager(s). It has been shown (Koenig
and Cantlon, 1998, 1999) that, as a general prac-
tice, managers of the constituent enterprises of a
given economy can now quantify the ecology of
their respective enterprises in terms of its con-
stituent technological process, 6ij, j=1, 2,..., and
its organizational structure, Ai, as illustrated in
Fig. 1.

3.1.2. Requisite pricing institutions
A corporate or political economy is defined as a

network of diverse economic enterprises for which
currency prices, p6i, on the ecological variables at
the boundary of each constituent enterprise, i, are
operationally defined and quantified over eco-
nomic time by pricing institutions. Thus, open-

market prices represent observable manifestations
of an unspecified population of human decisions
and actions taken by and for the constituent
enterprises (both producers and consumers)
within the context of a given network of enter-
prises, pricing institutions, and cultural values. In
principle, the organizational structure, A, of the
network of enterprises is observable at given
points in time, but it may be both laborious to
articulate and economically and ecologically
volatile, i.e. it changes rapidly with economic
conditions and technological and organizational
innovations. However, articulation of the detailed
organizational structure of the network is not
necessary to institutionally control its evolving
macro-ecological features in pursuit of normative,
open-ended social goals as formulated by and for
the greater culture it serves.

Interest, taxes and allowed capital depreciation
rates, and other fiscal policy-control parameters in
political economies are formulated as institutional

Fig. 1. The ecological economics of corporate and political economies, portraying (a) (between the dashed lines) its features of
technological process and organizational structure, (b) (above the upper dashed line) its ecological risk-control strategy pursuant to
containing the ecological risks as characterized by a vector of monitored ecological states, cn, and (c) (below the lower dashed line)
its fiscal policy-control strategy pursuant to designated socioeconomic goals as characterized by a vector of monitored fiscal
indicators cf. Vectors 7i and 7, respectively, represent the ecological variables of enterprises i and of the ecological economy at their
respective ecological boundaries. Vector pd represents tactical incremental amendments to open-market prices on risk-generating
ecological flows yd, as administered through effluent or resource extraction taxes, for example. Ecological Risk Control Strategy is
policy determined and may be administered by one or more institutions internal to the corporate or political economy, with
informational linkages to observed changes in the ecological states of at-risk natural processes, resource stocks and ecosystems, cn.
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amendments to what has been defined above as
the ecological economics of the constituent enter-
prises, p 6i% 6i. Such amendments are presented as,
f( p 6i% 6i), in the lower part of Fig. 1. In principle,
the fiscal control policies are synthesized from
observed changes in fiscal indicators represented
as the vector, cf, as the subject of control. As in
classical economic thought, the specific objectives
of fiscal policy-control are formulated by political
processes as influenced by normative measures of
economic equity, codes of morality, and other
political forces illuminated by the social and polit-
ical sciences and the humanities, for example.
Thus, in a democratic society, the control objec-
tives, as such, are considered to be representative
of normative cultural values, whereas the strategy
for realizing the normative objectives is consid-
ered to be a deterministic, technical issue. Only
the deterministic, technical aspects of on-line
fiscal-control policy are illustrated in Fig. 1.

Aside from the differences in their objectives,
subjects, and operating tactics, the on-line fiscal
policy-control strategy, illustrated in the lower
part of Fig. 1, functions, or should function,
according to the same basic technical principle
discussed next for ecological risk-control illus-
trated above the upper broken line in the same
figure. Arguably, the operating tactics for on-line
fiscal-policy control are significantly more enig-
matic than those for ecological risk control. But,
fiscal policy-control tactics are not the subject of
this paper, nor are their relationships to classical
economic thought examined.

3.2. The ecological risk-control strategy

The distinguishing quality of engineered pro-
cesses and systems is that their ecological features
of technological process and organizational struc-
ture have been, or can be, readily articulated by
contemporary science and engineering principles.
On the other hand, the significant natural pro-
cesses and ecosystems of the atmosphere, hydro-
sphere, and geosphere, and the ecosystems of the
biosphere are not, as yet, sufficiently well under-
stood to be quantified in these terms. Thus, the
basic procedure in formulating mathematical rep-
resentations of industrial ecosystems is to ac-

knowledge and present natural processes and
ecosystems as elements of the environment of
technological networks. In this context, quantita-
tive articulation of their internal ecological fea-
tures of process and structure is not necessary.
Rather, it is sufficient to quantify and characterize
the ecological exchanges between engineered and
natural processes as potential ecological risk-gen-
erating flows, yd, as illustrated in the upper part
of Fig. 1. These flows can be computed from
standardized ecological accounts maintained by
the constituent enterprises without articulating
their economic organization, A, and without di-
vulging their proprietary information.

Decisions that influence the level of ecological
risk-generating flows are made at enterprise,
rather than economy, levels of organization. This
is where rational and coordinated ecological and
economic decisions must be made and imple-
mented, and where the requisite proprietary infor-
mation is internally available to do so. Strategies
for reducing the risk-generating flows can be syn-
thesized at the enterprise levels of ecological orga-
nization, provided only that (a) they have
adequate tools for the rational ecological and
economic design of technological networks, and
(b) they are given the requisite price structure on
the natural resources ingested and the residuals
released into the natural environment by their
respective enterprises. Without effective analytical
tools to investigate the economics of alternative
risk abating networks of production and con-
sumption technologies, enterprises cannot ade-
quately respond to risk-control price increments
on ecological risk generators. The ecology of net-
works of technologies cannot be adequately char-
acterized in terms of fiscal variables only. Nor can
engineering simulations of technological processes
be extended to investigate the economics of net-
works of technologies. A theoretical framework
for requisite tools in (a) is now available (Koenig
and Cantlon, 1998, 1999). An institutional strat-
egy for establishing the rational price structure in
(b) is considered next.

3.2.1. The control 6ariables
Referring to Fig. 1, the ecological economics,

p 6i% 6i, of the constituent enterprises of a given
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corporate or political economy represents one of
two primary criteria by which the manager(s) of
each constituent enterprise chooses among alter-
native resources and technologies. The other is the
technical and aesthetic features of alternative re-
sources as components of product formation and/
or medium for processing, marketing, and
distribution. Thus, it can be said that open-mar-
ket ecological economies are both ecologically
self-organizing and economically self-pricing.
However, since they have no internal logic or
mechanisms for managing the ecological safety of
their trajectory of technological evolution, the
potential exists for imposing significant ecological
risk to their natural environment. Evolving eco-
logical economies are here characterized as eco-
logically sustainable only if their ecological risks
to natural processes, ecosystems, and resource
stocks are adequately contained over time.

Let observable changes in the ecological states
of at-risk natural processes, ecosystems, and re-
source stocks be monitored and represented by
the vector, cn, as illustrated. Since they are com-
puted from the ecological accounts of the con-
stituent enterprises, the risk-generating flows, yd,
serve indirectly as a measure of the ecological
states of the ecological economy. With proper
calibration, they can also serve as indicators of
the ecological risks posed to at-risk natural pro-
cesses, ecosystems and resource stocks. Thus, the
vector, yd, represents the dependent ecological
variable to be technically monitored and con-
trolled in relationship to the ecological states, cn.
Let the risk-control prices, pd, represent marginal
amendments to the open-market prices of the
risk-generating ecological flows, yd. However ad-
ministered politically (whether as effluent and re-
source extraction taxes or surcharges, for
example), marginal adjustments in the risk-con-
trol prices, pd, are made over evolutionary time in
accordance with the technical control strategy.

3.2.2. The technical control strategy
The dynamic systems control strategy of inter-

est here is manifest in all mobile living organisms,
where it is sometimes referred to as cybernetic
control. Cybernetic control endows living organ-
isms with a limited ability to alter their actions, in

response to feedback cues as required to effect
convergence between desired goals and unfolding
reality. For example, actions by the prey to avoid
capture in prey-predator maneuvers.

Functionally similar control strategies with abi-
otic sensors, logic chips, and actuators are now
engineered into virtually all modern production
and consumption processes, especially since the
second world war. It was then that development
and perfection of automatic sensing and feedback
control mechanisms were accelerated for defense
applications, such as high-speed automatic gun
control and aircraft guidance.

Feedback cues, decision processes, and correc-
tive action are also implicit at all levels of busi-
ness, economic, and other cultural institutions.
However, it is only recently that the basic princi-
ple of dynamic system control is being articulated,
with increasing political probity, as a strategy for
containing certain currency risks in political
economies, for example.

The technical strategy for pursuing a safe tra-
jectory of technological evolution in ecological
economies is analogous to controlling the unfold-
ing path of a bicycle or an automobile, or the
trajectory of a guided missile or aircraft, but on a
much slower time frame. In each instance the
controller modifies one or more control variables
over time and in response to sensory cues, as
necessary to direct the trajectory of the subject of
control along a given pathway toward a given
target or goal. As in each application, one does
not need to know the detailed features of process
and structure of the subject of control to guide its
trajectory. It is sufficient, (a) to monitor the dis-
crepancy between the trajectory of the subject of
control and the specified pathway to the target,
(b) to know the order-of-magnitude and the direc-
tion of the marginal changes in the control vari-
ables required to reduce the discrepancy, and (c)
to execute the required marginal changes and
repeat the sequence over time as necessary to
sustain the desired trajectory. These three ele-
ments of logistics are referred to here as the
on-line technical control strategy, sometimes re-
ferred to also as the feed-back control strategy.
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3.2.3. The operating tactics
Let the vectors, dpvi, i=1, 2,..., represent the

modified open-market prices of the ecological
variables, 6i. In principle, marginal changes in the
economic design criteria, dp 6i% 6i, for the constituent
enterprises can motivate adaptations in human
behavior and promote innovations toward alter-
native technological systems of production and
consumption. Since ecological economies are self-
organizing and self-pricing, it can be inferred that
a sufficient marginal change in the price on one or
more components of the risk-generating flows will
motivate changes in human behavior, as well as in
the technological processes and organizational
structures of production and consumption net-
works at all levels of ecological organization.
Thus, pd qualifies as a technical control variable.

The operating tactics for risk-control pricing
can be written as

p; d= −D(c: n)

where c: n represents the temporal rate of change
in the ecological states of natural processes,
ecosystems and stocks as subjects of control. The
matrix of functions depend upon observed
changes in the objects of control. Since only the
order-of-magnitude and direction of marginal
price change is required to implement the techni-
cal control strategy, the temporal rates, p; d and c: n,
can be estimated as marginal changes from one
control cycle to the next, and D(c: n) can be taken
as a matrix of constants at each of a series of
temporal control points.

Operationally, the technical control strategy
defined in the previous section is executed as
follows: (a) compute the quality and quantity of
the risk-generating flows, yd, from the ecological
accounts of the constituent enterprises, and assess
in broad terms the probable scope and scale of the
ecological risks to the objects of control, cn, from
field data: (b) estimate the marginal changes in
marginal price, p; d, required to reduce the risk-
generating flows, yd, over the next control cycle,
given the results of previous cycles: and (c) imple-
ment the estimated marginal change, monitor the
results, and repeat phase (a) as required. Since the
control cycle is repeated as necessary to contain
the risk, and since each control cycle represents a

correction on the past, the on-line risk-control
strategy is technically self-learning and goal-seek-
ing, requiring relatively modest data to contain
ecological risks. It is inferred only that the ecolog-
ical-risk generators, yd, will vanish as risk-control
prices, pd, increase without bound.

Neither the control strategy nor the operating
tactics require ex ante economic valuations of
natural processes, ecosystems and resource stocks,
nor the valuation of their ecological degradation.
Such valuations are not scientifically feasible,
though non-testable empirical estimates and infer-
ences are sometimes presented in the context of
given cultures (Costanza et al., 1997). Rather,
marginal amendments to the open-market prices
are based on assessed temporal changes in aggre-
gate risk-generating ecological flows between tem-
poral control points, in relationship to any
perceived consequential changes in ecological risk,
thereby providing feed-back cues for subsequent
marginal amendments.

Information regarding the marginal change in
price, p; d, required to effect an incremental change
in the ecological risk-generating flows, yd, is con-
tained in the fiscal and ecological accounts of the
constituent enterprises of the economy. In this
sense, risk-control pricing strategies are techni-
cally feasible. And, they require less information
than that required to synthesize, defend, imple-
ment, and enforce classical environmental regula-
tions, especially those that attempt to reflect
estimates of economic valuations of natural pro-
cesses, ecosystems, and resource stocks and/or
their degradation.

3.3. Risk identification, assessment and
monitoring

In contrast to ex post impact assessments, the
objective of ex ante ecological risk assessment is
to identify the nature of the ecological risks,
estimate their scope and scale, and the time re-
quired for taking action to avoid significant eco-
logical impacts. The basic hypothesis is that the
at-risk natural processes, resource stocks and
ecosystems, the risk-generating ecological flows,
yd, and the marginal price increments, pd, can be
identified without quantifying their ecological fea-
tures of process and structure.
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The ecological features of process and structure
are discernable in many semi-natural processes,
such as engineered agricultural production sys-
tems. Agriculturists have learned over the cen-
turies how to isolate and maintain crop species
populations as above-ground mono-cultures, ig-
noring many of the complexities of below-ground
ecosystems. In fact, the mechanical, chemical, and
genetic techniques for doing so represent the tech-
nologies of modern agriculture, forestry, and
aquaculture. But, for the most part, the ecological
features of process and structure for relatively
natural ecosystems have thus far been character-
ized only in terms of broad hierarchical communi-
ties of producers, consumers, and decomposers.
The difficulties in quantifying the ecological fea-
tures of process and structure are compounded by
natural spatial and temporal variations in the
chemical composition and other elements of the
abiotic or biotic environments, responses of popu-
lation genetics to selective forces, extensive time
delays in impacts, the accumulative nature of
risks, and the long-term, far-reaching conse-
quences of exceeding certain thresholds of risk.

The subject of ecological risk assessment de-
serves far more consideration than can be pro-
vided here. Identification of the at-risk natural
processes, resource stocks and ecosystems, the
scope, scale and temporal delays in discernable
risks, and the time frame for corrective action
can, and should, be based on the best understand-
ings that the world’s institutions of environmen-
tal, ecological and natural resource sciences have
to offer. Even so, given the inherent intricacies of
natural processes and ecosystems, their seasonal
and year-to-year variations, and the noise effects
inherent in sampling and monitoring, it seems
prudent, rational and ethical to begin selectively
deploying risk-control pricing as a fail-safe hedge
against the many uncertainties.

4. Conclusions

The growth of human populations and their
expanding needs, wants and preferences will most
likely continue at rates sufficient to pose growing
risks of depleting economically significant natural

resource stocks and altering natural processes and
ecosystems of the earth. It is now generally known
that the political economies of modern cultures
are negligent in assigning economic valuations to
risk-generating ecological flows between
economies and the natural processes and ecosys-
tems of their environment. Thus, the environmen-
tal issues of our time are basically institutional in
origin, rather than technological, as sometimes
perceived.

Material flows between technological processes
and natural processes, resource stocks and ecosys-
tems clearly can, and do, impose ecological risks.
The scope, scale, and temporal urgency of the
risks are arguable, but how to best internalize
them to the balance sheets of the economic partic-
ipants is a resolvable technical issue. Modern
human cultures have the technical, economic, and
management capabilities to cope with natural re-
source and environment constraints and to hedge
against risks and uncertainties. What is missing is
an adequate political consensus to economically
motivate these capabilities.

Like natural ecosystems, the technological net-
works and the socioeconomic institutions of hu-
man cultures are evolutionary in nature and open
in time (Faber and Proops, 1997). Therefore,
what is needed is not technical and/or institu-
tional fixes, but adaptations in pricing institutions
as required to internalize both the benefits and the
risks of industrialization to the balance sheets of
its economic constituents according to emerging
ecological incompatibilities and risks. Such adap-
tations provide an institutional, rather than tech-
nological, basis for an open-ended operational
definition of sustainable economies.

Open-market ecological economies have been
characterized as networks of ecological enterprises
with open-market pricing institutions. As such
they are ecologically self-organizing, economically
self-pricing, and structurally evolving. Histori-
cally, open-market pricing institutions have been
very effective in stimulating technological innova-
tion and industrial development. But, they have
no intrinsic logic for responding to ecological
risks, sociological objectives and/or fiscal con-
straints. In principle, the requisite logic is pro-
vided in this paper by two on-line feed-back
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control strategies. The first is pursuant to open-
ended, politically-established fiscal policy-control
objectives. The second is pursuant to open-ended,
politically-established ecological risk-control ob-
jectives. The tactics for fiscal policy-control strat-
egy are believed to be synonymous with much of
classical economic thought as a social science.
But, they are not discussed in this paper. Only the
tactics for the ecological risk-control strategy are
presented.

Given the requisite theories of quantitative in-
dustrial ecology and ecological economics recently
advanced (Koenig and Cantlon, 1998, 1999), it
has been shown why technological innovation and
change must take place at enterprise levels of
industrial organization, and how and why it can
be systematically redirected by strategically and
tactically amending the open-market prices in
pursuit of open-ended ecological risk-control ob-
jectives. It has also been shown how and why the
on-line risk-control pricing strategy does not re-
quire economic valuations of natural processes,
ecosystems and resource stocks, nor the valuation
of their ecological degradation.

On-line incremental adjustments on the mar-
ginal prices of ecological risk-generating flows are
based on estimated changes in the risks they pose
to natural processes, resource stocks, ecosystems
and species populations at local, regional, and
global scales of ecological organization. And, they
can hedge against uncertainties, such as those
surrounding the impacts of accumulating indus-
trial greenhouse gases, and/or the harvest rates
for renewable and non-renewable stocks of re-
sources, thereby providing technological, ecologi-
cal, and financial lead times heretofore not
achieved without galvanizing cultural catastro-
phes (Schipper, 1996).

The ecological risk-control strategy advanced
here has been shown to be technically feasible,
requiring less information than required to syn-
thesize, defend, implement, and enforce classical
environmental regulations based on economic val-
uations. It is potentially more flexible and com-
patible with fiscal policy-control tactics because it
is based on coordinated fiscal and ecological ac-
counting systems (Koenig and Cantlon, 1999).
Coordinated ecological and fiscal accounting can

better inform domestic policy deliberations re-
garding technological alternatives, thereby provid-
ing potentially more credible data than current
endeavors to manage environmental impacts. To
the extent that similar accounting systems become
available for the major industrial nations of the
world, they potentially can better inform interna-
tional protocol negotiations.
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