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Foreword

The Report of the World Commission on Environment
and Development, also known as the Brundtland
Commission, has directed the attention of the
international development community and the
ecologically concerned to the goal of sustainable
development. This goal was the focus in June
1992 of the United Nations Conference on Envi-
ronment and Development, which resulted in the
Rio Declaration, Agenda 21, and the UN Com-
mission on Sustainable Development.

The true significance of this term presents dif-
ficulties because it involves two concepts that
may appear incompatible at first sight:
sustainability and development. Some have come
to associate various aspects of development with
destruction and degradation of the environment,
while forothers sustainability connotes economic
stagnation. If the goal of sustainable develop-
mentis to be achieved, a rethinking and reorgani-
zation of some widely-used concepts of develop-
ment will be needed, as well as a rethinking of the
views that equate sustainability exclusively with
protecting flora and fauna.

Before a new paradigm for development
emerges, a better scientific understanding of the
requirements for sustainability is essential. We
must be able to compare development and
sustainability at different times and in different
places to ensure that both are being achieved. To
carry this out, clear definitions and practical mea-
suring scales are required. The concept of devel-
opment has been studied in great detail, and its
definition, measurement scales, and the prob-
lems of the indicators in current use have been
debated at length. However, comparatively little
efforthasbeen devoted to how sustainability isto
be defined and measured.

As an international community of scholars
working on the problems of human survival,
development, and welfare, the United Nations
University (UNU) was established, with its head-
quarters in Tokyo, Japan, to bring the best minds
to bear on global problems of this nature. The
World Bank has been pursuing the basic goals of
development and poverty eradication for five
decades. It was for this reason that we were
pleased when the other sponsoring organizations

agreed to join us in assembling a group of out-
standing scientists in an International Confer-
ence on the Definition and Measurement of
Sustainability: the Biological and Physical Foun-
dations, held at the World Bank in June 1992. The
primary goal of the conferenc? was to explore the
prospects of establishing a scientifically rigorous
definition and set of measures for sustainability.

The sustainability of human economies in so-
cial, economic, and environmental termsrequires
the continuous and uninterrupted production of
a minimum amount of natural biological prod-
ucts for food. In addition, we have come to rely
heavily on a wide var‘ety of organic products for
medicines, fibre, energy, and construction mate-
rials. Thus, the net primary production generated
by photosynthesis is a major pillar that sustains
human beings as well as almost all other forms of
life on Earth. Maintaining biological productiv-
ity is a key to sustainability.

A major problem that we are now facing for
having neglected this cardinal principle emerged
in the 1980s when it was estimated that a signifi-
cant proportion of the net primary production of
all terrestrial ecosystems was being diverted di-
rectly or indirectly to human use. With the antici-
pated doubling of the human population by 2050
and the urgent need for development, if present
patterns of consumption persist, humanity will
soon face the problems arising from diverting
for its own use an ever increasing and
unsustainably high volume of natural resources.
In the face of such over-exploitation, the qual-
ity of the environment and of human life is
likely to declinerapidly, accompanied by wide-
spread suffering.

The factors necessary for the maintenance of
biological production include fertility or nutrient
availability, energy, adequate moisture, proper
substrates, subcritical levels of toxic substances,
and an adequate and genetically varied stock of
biological organisms. Such factors form the
biogeophysical foundationof sustainability. Only
through biogeophysical measurements can the
statusand trends of natural and managed ecosys-
tems be established and the true effectiveness of
sustainable management practices be assessed.
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The tasks before the conference participants
weredifficult ones—to make significant progress
in: (a) agreeing on a scientific definition of
biogeophysical sustainability; (b) providing the
biogeophysical framework to complement the
social and economic dimensions of an overall
measure for sustainability; and (c) recommend-
ing indicators and biogeophysical measures for
monitoring and predicting the sustainability of
the major managed ecosystems.

The participants were presented with an even
greater and more important challenge—to rec-
ommend, after careful consideration, a scientifi-
cally sound and practical set of indices of
biogeophysical sustainability. The ecological
equivalent of the system of national accounts and
the gross national product employed in econom-
ics would be of immense use in identifying over-
stressed regions, comparing management prac-
tices, and monitoring the effects of policy deci-
sions. To be practical, suchindices would have to
be based on data that can be readily and fre-
quently obtained and be applicable to regions
with landscape, national and continental dimen-
sions. Yet the indices would have to be transpar-
entenough for policymakers and citizens alike to
comprehend their fundamental significance in
the same way that people intuitively understand
the meaning of the GNP. Thus, it appears that
these measurements would somehow have to re-

Hecitor Gurgulino de Souza
Rector, United Nations University
Tokyo

flect net primary productivity, biological diver-
sity, and perhaps other factors integrated over a
mosaic of different ecosystems. Recent work on
environmental indicators at the World Bank and
elsewhere underlines the formidable problems of
defining, measuring, analyzing, and interpreting
such indicators.

This volume, which presents the highlights of
the conference, shows that the participants have
indeed taken a major step forward toward realiz-
ing the tasks set before them. At the same time,
the ten conference recommendations indicate
the formidable problems that still remain in
attempting to agree on a practical scientific
definition of and set of measures for
sustainability. The volume contains a wealth of
thought, discussion, and debate that will have
tobe taken into account in the final formulation
of the practical definition and set of measures.
For taking time from their important responsi-
bilities to focus for a few days on this important
aspect of sustainable development, the United
Nations University and the World Bank extend
their appreciation to all the distinguished par-
ticipants who took part.

As this volume is the result of a cooperative
effort, we would like to conclude by thanking all
the co-sponsors and collaborators listed in the
acknowledgments who made the conference suc-
cessful and this publication possible.

Ismail Serageldin

Vice President

Environmentally Sustainable Development
The World Bank, Washington, D.C.
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An Introduction to the Definition and Measurement
of Biogeophysical Sustainability

Mohan Munasinghe and Walter Shearer

This volume is based on papers prepared for the
International Conference on the Definition and
Measurement of Sustainability: The Biophysical
Foundations, which was convened at the World
Bank in Washington, D.C. from June 22 to 25,
1992.

The conference was conceived as an exercise to
advance thinking on the biogeophysical founda-
tions for defining and measuring sustainability
and to provide useful policy considerations for
the international development community. In
addition to the formal papers and written re-
sponses in the volume, this introductory chapter
is an attempt to describe the general context in
which the conference took place and to capture
the highlights and salient points of the many
papers presented and the discussions that tran-
spired. The papers themselves have been up-
dated and revised in light of the conference delib-
erations and subsequent developments.

Origins of the conference

The motivation for the conference derives from
the age-old concern about humanity’s impact on
theenvironmentand the ultimate carrying capac-
ity of the earth. Many thinkers, from Thomas
Robert Malthus onwards, have expressed con-
cernabout the material limits to the magnitude of
human consumption and the support system re-
quired for its sustenance. Others, most notably
the so-called technological optimists, have ar-
gued that scientific progress and the increasing
efficiency of resource use would help overcome
this problem. This debate naturally led to theidea
of sustainability and a search for ways to measure
and monitor it. One example of the importance of
such indicators emerged in 1986 when Peter
Vitousek, Pauland Anne Ehrlich,and R.A.Matson
(in their well-known article in BioScience) esti-
mated that the organic matter equivalent to about

40 percent of the net primary production of all
terrestrial ecosystems wasbeing diverted directly
or indirectly for human use. Thus, if the global
population were to triple while production and
consumption patterns remained the same, hu-
manity would be faced with trying to co-opt for
human use more than the total global net annual
production of organic matter. This in turn would
rapidly lead to diminishing production because
of areduction of the resource base. In this context,
itappears that net primary production offers one
basis for understanding thelimits of sustainability,
as well as some hope for developing from among
all the variables a set of indicators (and perhaps
an index) of one fundamental aspect of
sustainability—its biogeophysical component.

In 1987 the Report of the World Commission on
Environment and Development (the Brundtland
Commission) and the popular version,Our Com-
mon Future, proposed the concept of sustainable
development. The adoption of this idea by the
international development community and its
promotion as the theme of the UN Conference on
Environment and Development (the Rio Confer-
ence)in 1992 furtherinspired an attempt to define
and measure sustainability. The basic challenge
presented by sustainable development is in finding
ways to define, measure, and operationalize it. The
purpose of the conference was to contribute to-
ward the development of a practical way of mea-
suring movement, if any, toward greater
sustainability.

As defined by the Brundtland Commission,
sustainable development must meet the needs of
the present without compromising the ability of
future generations to meet their own needs. This
implies using resources today without limiting
the options for succeeding generations; of neces-
sity, this must involve environment and natural
resources as well as social dimensions. However,
this relatively new and attractive concept is im-
possible to satisfy in literal terms because, on the
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one hand, the current generation has to continue
altering the biosphere in order to develop, and on
the other hand, each time a history-dependent
system such as an ecosystem is modified, future
optionschange as well. This makes consideration
of such impacts one of the most important issues
in sustainable development. Therefore, a com-
promise is required between current uses and
future options. Furthermore, it is important that
sustainable development be understood not as
decreeingasubsistence economy for Third World
countries, nor as freezing landscapes ina particu-
lar configuration, but as conscious development
within bounds determined through the best sci-
entific evidence.

Such discussions must avoid confusing the
termssustainable developmentand sustainability.
The former is about promoting developmentand
ensuringthatitissustained. Itinvolvestwo seem-
ingly incompatible concepts: sustainability and
development. Sustainability means maintenance
orevenimprovement, withoutdegradation, over
the very long term. After decades of research,
intervention, and observation, profound scrutiny
of many aspects of development is occurring.
However, the current state of understanding re-
garding sustainability is poor, and it is this con-
cept that needs the urgent attention of the intel-
lectual community.

In preparing for the 1992 meeting, it was
recognized that sustainability involves complex
interactions—biogecophysical, economic, social,
cultural, and political—and that sustaining the
global life-support system is a prerequisite for
sustaining human societies. This is why defining
and mcasuring the biogeophysical foundations
of sustainability became the theme of the confer-
ence. [tisalsoimportant to point out to the reader
that during the conference and in preparing the
chapters in this volume, the term “biophysical”
was used. Subscquently it was decided that to
avoid possible confusion with biophysics, a tradi-
tional and well-established subdiscipline of phys-
ics, the term used in the title of the present publi-
cation and throughout this introduction would
be “biogeophysical.” Although it hassome draw-
backs, the new term is recommended for future
use when referring to the natural life-support
system, the comprehensive study of which relics
on the disciplines of biology, geology, chemistry,
and physics. Therefore, for the sake of consis-
tency, “biogeophysical” should be read in place
of “biophysical” whereveritisencountered in the
remainder of the text.
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Organization of this volume

The contributions to this volume are arranged
along the lines of the conference. Part A covers the
major issues that affect all ecosystems in relation to
biogeophysical sustainability. Theissues treated by
expertsinclude key concepts and terminology, spa-
tialand temporal scales, limits to the sustainable use
of resources, cumulative effects, source/sink mod-
eling of landscapes, and atmosphere and climate.
Several chapters are accompanied by reviews from
other participants. In view of the key role played by
the overview papers, we elaborate on them briefly.
The first chapter, by Holdren, Daily and Ehrlich,
lays out theissuesand concept of sustainability, sets
a specific time frame of 500-1,000 years for evaluat-
ing sustainability, and notes that the crucial change
rate is about ten percent per century.

The contributionby Munasingheand McNeely
provides three approaches to looking at
sustainability: the economic, that is, growth and
development; the environmental and natural re-
source; and the social and cultural. It compares
the policy relationships of these three approaches
and points out the challenges for the world in
sceking to integrate them with sustainability.
Because the challenges are great, the authors
emphasize the need to clarify the issues not only
for decisionmakers but for the public who must
cnact the appropriate changes.

The third contribution, by Vitousek and
Lubchenco, brings to the fore three major issues for
the clucidation of sustainability: the issue of global
processes that can sometimes manifest themselves
as global change; the idea of biological diversity;
and the land-use issue, which becomes global by
aggregation but can be important both locally
and regionally.

Holling contributesa persuasivechapteronadap-
tive systems and furnishes an eloquent discussion
of paradoxes—notonly the paradox of sustainability
and development, but also the paradox that all
systems, no matter which ones are examined, ap-
pear to be governed primarily by a small number of
key variables. Although these variables have differ-
ont time scales, they aggregate into clusters, which
provides an indication that the systems are hierar-
chical, have a definite structure, and should be
accessible by examining key variables. The author
also looks at the notion of policy changes and man-
agement strategies, noting thatin many cases man-
agementappears to bequiteclearand productiveat
the outset but, over time, becomes essentially dys-
functional if not pathological.
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Beanlands’ chapter takes on the difficult chal-
lenge of addressing cumulative impacts, point-
ing out that there are indeed some relationships
between sustainable development and cumula-
tive impacts but that they are difficult to measure
and generally still beyond the reach of science.
Mostof thesecumulativeimpactsare slow changes
on the order of 1-3 percent, however, and the
challenge is to find thresholds that become criti-
cal and to use them to drive decisions and man-
agement actions.

Pulliam’s contribution looks at source-sink
modeling, focusing primarily on ecosystem sta-
bility measured in terms of productivity, diver-
sity, stability, and adaptability. Using these mod-
els, the authorextends these interpretations to the
landscape level, in this way providing models for
predicting population behaviour in terms of het-
erogeneouslandscapes. The author then proposes
some management strategies at this level on the
basis of the monitoring of a single species.

In the seventh chapter, Levin raises several
important points, including the value of focusing
on flexibility rather than on constancy, the need
in terms of species and populations to focus on
processes for the persistence of those species’
survival and extinction, their spread in variabil-
ity, and the importance of spatial and temporal
relationships between disturbances and those
population processes. Sustainability means dif-
ferent things at different scales, and the issue is
how to aggregate measurementsin theabsence of
a correct level of aggregation.

Andreae and Dickinson assess changes in the
chemicaland physical climateinlightof the chang-
ing composition of the atmosphere in relation to
sustainability. The increasing concentration of
greenhouse gases in theatmosphere, the weaken-
ing ozone shield, increased local and regional
pollution, and the decreasing capability of the
atmosphere to oxidize biogenic and anthropo-
genic emissions are symptoms of progressive
and unsustainable deterioration of the life-sup-
portsystem provided by the global atmosphere.
The authors point out that because of multiple
sources and sinks for many gases and aerosols,
an effort to reduce one source can lead to in-
creased emissions of the same or another gas
from a different source,

The final chapter of Part A, from O’Neill and
others, considers biogeophysical sustainability at
the landscape and regional levels. It emphasizes
thatlandscape ecology isimportant because most

threats to sustainability involve changes in land
use at large scales. The authors indicate that the
combination of remote sensing, geographicinfor-
mation systems, and landscape theory offers a
framework for defining a significant number of
new indicators that are practical and interpret-
able.However, they warn that continued progress
involves difficult new areas of research.

Part B contains reports of locations on the
planet where the environment and society’s
reactions have teen studied in great depth by
specialists. These locations include a rocky inter-
tidal marine coastin Chile, the Chesapeake Bay in
North America, arid zones in Australia, high-
altitude forests in Asia, and large marine ecosys-
tems and fisheries.

Part C offers a series of reports on a variety of
managed ecosystems for which leading scientists
provide their expert opinion on the current status
of biogeophysical indicators of sustainability.
These reports cover agriculture, rangelands, fish-
eries, forests, wildlife, and natural areas and wa-
ter resources in the tropical and temperate zones.
Reviews of several of these reports immediately
follow the principal contributions.

Below wereview themain points thatemerged
during the conference.

Dimensions of sustainability

Before considering the matter of defining and
measuring biogeophysical sustainability, the par-
ticipants wrestled with the concern that some-
thing important might be lost in trying to define
the biogeophysical aspects of sustainability inde-
pendent of its human and social dimensions.
Concern was voiced that sustainability ap-
pears to be essentially a social construct, and one
way to determine the contribution of biologists,
ecologists,and geoscientists to the biogeophysical
basis of human life is to understand where social
issues come into play. First, it was proposed that
social issues become important when determin-
ing what is to be sustained, for how long, and in
what manner, whether sustaining refers only to
nondecreasing average production or to resilience
and adaptability, who is to benefit from what is
being sustained, and how the benefits will be
distributed. It was suggested that these determi-
nations can be made only in the social arena, with
the setting of the objectives or attributes of sustai-
nability emerging from a sociopolitical process.
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Second, it was suggested that social issues
come into play when trying to understand why
unsustainable practices and behaviour are so fre-
quently observed amongshortsighted people who
thus undermine the ecological basis of their own
lives or the lives of future generations. These
considerations are extremely complex and in-
volve individual behaviour and social and politi-
cal structures and organizations. Such informa-
tion is helpful in developing policies that would
change unsustainable practices and promote the
maintenance of the ecological basis of human life.
It was also observed that with social and political
aspects determining the objectives of
sustainability, thereis bound to be conflictamong
these objectives. Under such circumstancesit was
suggested that the task of the scientist is to pro-
vide information to help people choose among
conflicting objectives by assessing the trade-offs
among these objectives and the consequences of
theirapplication. This information would be par-
ticularly important where the trade-offs and con-
sequences behave nonlinearly. This view sug-
gests that having recognized such concerns, it
should be easier to deal with sustainability with-
out always having to address the social and cul-
tural issues.

A pragmatic and policy-oriented concern was
expressed in support of this view—focusing on
devcloping one index or a sct of indicators of
sustainability runs the risk of aggregating to-
gether many distinct elements and thereby fail-
ing to understand the human causes and mecha-
nisms of unsustainable management. It is ex-
pected that examination of what is known about
sustainability in all its different aspects—such as
rencwable resources, nonrenewable resources,
ecosystem scrvices, and bislogical diversity—
will reveal that these elements are distinct in the
way thcy absorb impacts from their use and in
what they contribute to human well-being. Keep-
ing them separate, not insisting that they be mixed
into one single indicator, and focusing instead on
understanding why in specific cases there is
unsustainable use of a particular resource, eco-
systemservice, orbiological diversity mightactu-
ally contribute to understanding (and thereby
obviating) the social causes of environmentally
unsustainable practices. Although sustainability
islargely a natural statcof affairs, unsustainability
is the result of social actions, and, therefore, re-
ducing these impacts involves a social process.
Thus, it would seem that if the goal of devising an
index or sct of indicators of sustainability is to
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provide a way of identifying unsustainable prac-
tices, more understanding of the human causes
would be valuable in this endeavour.

Response to this view was that development
and use of an index or set of indicators do not
replace the need for disaggregated information
and better understanding of the social causes of
unsustainable practices. In fact, both approaches
are needed and have complementary applica-
tions. The index is valuable for its monitoring and
predictive powers, whereas more detailed stud-
ies and more understanding of human manage-
ment practices are useful for developing and
implementing policies to reduce unsustainable
practices.

A somewhat different view presented at the
conferenceis thatbeyond such mattersas whether
thereissufficient generation of financial resources
to ensure economic sustainability, whether there
is appropriate social organization and sufficient
motivation for social sustainability, or whether
there is sufficient power or collective will for
political sustainability, what is sustainable and
unsustainableis ultimately a biogeophysical, and
not a social, matter. For example, it is a social
decision to choose a land-use pattern fromamong
several options, but the sustainability of each
pattern will be determined by whether the
biogeophysical conditions can be sustained when
theland is used. The only exception to this would
appear to be in deciding to accept something less
than indefinite sustainability and adopt a par-
ticular time frame, or in defining the spatial area
to be sustained. Otherwise the concern raised
about social issues does not appear to require
consideration in dealing with biogeophysical
sustainability. Assuming a very long time hori-
zon for sustainability, no new social issue ap-
pears. Similarly, the manner in which an ecosys-
tem is sustained is not relevant as long as
sustainability actually occurs. And the concerns
about who is to benefit and how the benefits will
be distributed are not relevant because
sustainability can occur even if no one benefits at
all. According to this view, the reasons for
unsustainable practices and how they can be
changed belong to the social and political realm
and are irrelevant to defining and measuring
biogeophysical sustainability. Those holding this
view insist that sustainability in fact is the very
simple concept of maintaining natural resource
stocks and that it should not be unnecessarily
complicated by encumbering it with social fea-
tures and desired expectations. This would make
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it possible to identify a small number of indica-
tors for describing biogeophysical sustainability
that would not be socially and culturally sensitive
and thus applicable in any location.

A simple analogy elucidates this position. To
keep the world running, if one could control it,
the first requirement would be to keep the
biogeophysical system and its cycles working
and to do so with maximum biological diversity.
These are the constraints that human beings must
respect. Only then is it possible to deal with the
constellation of social and human concerns.

This approach is admittedly somewhat purist
and reductionist in that the biogeophysical foun-
dations of sustainability are to be studied first
and largely independent of the economic, social,
cultural, and political aspects. The argument is
often made that, because the term biosphere tra-
ditionally includes only animals, plants, bacteria,
and their life-support system, to the exclusion of
human beings, environmental problems have
developed because some human societies con-
ceiveof peopleasremoved from the natural unity
of life and placed in opposition to the rest of the
biosphere. Thus, a cogent criticism of this ap-
proach is that it could further add to the environ-
mental problems caused by many people’s feel-
ing of detachment from, even superiority to, the
environment and biosphere.

Insummary, the final synthesisemerging from
the conference places the biosphere first as the
necessary basis for human life and activity. More-
over, there appears to be justification for this
approach because of: (a) the extreme complexity
of sustainability; (b} the fact that human life and
allhumanactivitiesrely onabiogeophysical foun-
dation that existed prior to (and therefore can be
viewed as independent of) human existence but
that can be perturbed and even radically altered
by human activity; and (c) the serious commit-
ment to include in the approach those occasions
where human (social and cultural) dimensions
do nccessarily enter into considerations of
biogeophysical sustainability. Thisis particularly
so in the case of defining the temporal and spatial
boundaries for the ecosystems to be sustained. There-
fore, this approach requires that care be taken to (i)
consider the human dimensions where appropriate
and (ii) accept a commitment to undertake the
subsequent task of integrating the biogeophysical
foundations with the economic, social, cultural,and
political aspects that will lead to the development of
a complete picture of sustainability and ultimately
of sustainable development.

An innovative model was proposed for view-
ing this broader picture of sustainability,employ-
ing an equilateral triangle with the ecological,
economic, and sociocultural objectives of
sustainability at its apexes (see Munasinghe 1993,
and Munasinghe and McNeely this volume). This
offers an elegant way of reflecting the compro-
mises that have to be made in developing policy
optionsand making decisions. There may be some
“win-win” policies that allow all of these objec-
tivestobeaddressed simultaneously, eventhough
the conceptual approach cannotintegrate thethree
objectives explicity. For example, there are more
than abillion people without access to safe drink-
ing waterand sanitation. From an economic point
of view, providing safe drinking water is one of
the most cost-effective projects that can be under-
taken because incidence of disease is reduced
and, thus, productivity increased along with eco-
nomic benefits. From an ecological and environ-
mental point of view, it is also desirable because
water quality is improved, and waste material
that pollutes water courses is reduced. From a
social point of view, such a project primarily
assists the poor, thereby reducing social tensions
and improving social sustainability.

The problem is that beyond such simple indica-
tors there are necessary trade-offs between objec-
tives—whichis where the sustainable development
triangle becomes important. In addition, the tri-
angle directs attention to the capacity to adapt and
take advantage of new kinds of opportunities such
as come with the inevitable change in environmen-
tal conditions. It is because of such changes that
analytical tools need to be developed that try to
reconcile the conceptual tensions. The task of the
scientific community is to develop analytical tools
and indicators and to offer policy options to the
decisionmakers. Thisinvolves taking complex con-
cepts and models, boiling them down to the sim-
plestidea possible to illustrate the extent of current
understanding of the problem, and providing a set
of policy options to the decisionmakers.

However, the conference participants were also
reminded that individual human beings are a sig-
nificantand critically important factor in sustaining
their environment. Their involvement begins in
theirhomes (which they would not pollute), spreads
to their neighborhoods, and extends to their region.
In eventually developing a sense of identity with
their region, individuals can put pressure on politi-
cians. Thus, communicating directly with citizens
can often be as important, if not more so, than
communicating with politicians.
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Concepts of sustainability

A convenient, if not comprehensive, taxonomy
of views regarding sustainability evolved in
the course of discussions. First, the “input-out-
put” view assumes that the internal dynamics
of the ecosystem are more or less in a steady
state—that is, they are not degrading over time.
Beyond that, the primary focusis on inputs and
outputs and whether they are sustainable.

Second, therelated “state” definition requires
simply that a sustainable ecosystem be one in
which a state can be maintained indefinitely.
The “capital” or “stock” view requires the main-
tenance of natural capital or stock at or above
currentlevelsand, thus, that the products of the
ecosystem be used at a rate within that
ecosystem’s capacity for rencwal. Sustainability
is thereby ensured by living off the income
rather than the ecological capital. The “ecosys-
tem-characteristics-not-degrading-through-
time” view requires the perpetuation of the
character and natural processes of the ccosys-
tem and indefinite maintenance of its integrity
(productivity, diversity, stability, and adapt-
ability) withoutdegrading theintegrity of other
ccosystems.

Finally, there is the “potential throughput”
view, emphasizing the use of resources within
the capacity of those resources to renew them-
sclves. According to this view, sustainability is
defined on the basis of maintenance of poten-
tial, so that ecosystems can provide the same
quantity and quality of goods and servicesasin
the past. Potential is emphasized rather than
stocks, biomass, or energy levels. To maintain
this potential, which amounts to future op-
tions, there are two arcas of concern: the degra-
dation of the physical productive capabilities
of the land and water and the loss of genetic
diversity. This might mean sacrificing 90 per-
centof the stocks of a species while maintaining
a viable population of that species so that in the
future a socicty could rebuild the habitat for
that species. Thus, maintaining stocks or en-
ergy levels is not as important as retaining the
productive abilitics of the land, specifically of
the soil and the biotic components. Obviously,
waste production can be tolerated only within
the capacity of the system to assimilate those
wastes. This basis for sustainability permits
many alternative sustainable systems that in-
volve various mixes of goods and services.
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Definition of sustainability

Important considerations that were identified for
developing a definition of sustainability are:

* the number of variables it contains

* ease in measuring these variables

* its capacity for generalization

* its applicability to different situations, and
* the flexibility it allows.

A definition should not attempt to freeze the
currentstatebutinstead should define the bound-
aries within which there can be flexibility—be-
cause allowance must be made for the evolution
of some components of the system. Such flexibil-
ity could be permitted within an input-output
scheme, which would not require explicit adher-
ence to a particular cultural or sociological frame-
work but would allow any scheme to operate
within certain biogeophysical bounds. Thus, defi-
nitions of sustainability might differ in terms of
how they specify borders, envelopes, or states.
The capacity for generalization refers to
transsystem or translandscape measurements,
whereas flexibility refers to conditions within
systems. Flexibility can exist within the systemin
terms of cultural and social structures as long as
the biogeophysical requirements are met. Space
is another important variable that ranges from
plots through landscapes, ecosystems, regions,
nations, and continents to the entire biosphere.

The conference participants strove for a defini-
tion of biogeophysical sustainability that would be
broad and general, all encompassing, not particu-
larly controversial, and not inherently value-laden:

“Biogeophysical sustainability is the mainte-
nance and/or improvement of the integrity of
the life-support system on Earth. Sustaining
the biosphere with adequate provisions for
maximizing futureoptionsincludes providing
for human economic and social improvement
for current and future human generations
withina framework of culturaldiversity while:
(a) making adequate provisions for the main-
tenance of biological diversity and (b) main-
taining the biogeochemicalintegrity of the bio-
sphere by conservation and proper use of its
air, water and land resources. Achieving these
goals requires planning and action at local,
regional and global scalesand specifying short-
and long-term objectives that allow for the
transition to sustainability.”
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This definition contains an element of vague-
ness because it refers to integrity, a term not
further defined or explained. It also recognizes
that some options might be closed by attempts to
achieve sustainability that allow for an improve-
ment in human well-being. Furthermore, the par-
ticipants were unable to resolve the philosophical
issue of whether sustainability can be defined, in
its simplest and purest form, independent of sus-
taining human welfare.

In considering time scales, it was felt impor-
tant to include in the definition a consideration of
a transition phase during which there might be
some unsustainable practices, eventually leading
to a state that could be sustainable indefinitely.
The general feeling was that somewhere on the
order of 50 to 100 years was a reasonable length
for the transition phase but that this would be
dependent on the resources and social and cul-
tural considerations of each society. This transi-
tion period would be characterized by economic
growth in the developing countries, stabilization
of the world population, and the use of available
nonrenewable resources to capitalize the estab-
lishment of a state that could be sustained.

However, the choices made and activities un-
dertaken during the transition period would con-
strain the kind of state that can be maintained
indefinitely thereafter. Obviously, while draw-
ing down onrenewable and nonrenewable stocks
during the transition period in order to build an
infrastructure that allows for a sustainable state
at the end, some guidance would be needed to
indicate whether the goals were actually being
achieved during this period. [t is important that
during the transition, the capacity to renew is not
lost. Speciesthatarelost or soils thatare degraded
to the point where forests will not regrow, deter-
mine the location of the relevant boundaries.

Ecological capital

The concept of ecological capital was examined
as a basis for better defining sustainability. How-
ever, ecological capital itself proved difficult to
define. It was observed that in any attempt at a
definition, it is insufficient to simply focus on the
local scale, that is on stocks of trees or fishes, for
example. Consideration of ecological capital re-
quires a look at much broader scales and an
understanding of ecosystems and the interaction
among ecosystems in much broader terms than a

local scale allows because of the complex feed-
backs that occur on regional and global levels.
This is an example of the differences that exist
between ecological systems and economic sys-
tems, for which there is rarely a good one-to-one
match.

Furthermore, an important difference in per-
ception was found in the developing world and in
the industrialized world in defining ecological
capital. Ecological capital in the developing world
is largely center>d on how to provide enough
food, fodder, and fuelwood for the sustenance of
the community. Thus, there is an urgent need to
expand economicactivity, and the kind of criteria
that would be required to measure the
sustainability of these activities would be very
different. In contrast, in the industrialized world
the need is to scale back some economic activities
in order to decrease their impact on the environ-
ment; therefore, the definition of ecological capi-
tal and the measurements of it that might be used
globaily are likely to differ. Developing a unified
definition of ecological capital requires the recon-
ciliation of these differences.

One approach to defining ecological capital is
to try to link the concept to risk aversion and,
particularly, to culturally-specific definitions of
ecological capital. Various components contrib-
ute to ecological capital—air, soil, forests, and
biological diversity. Two important characteris-
tics are how renewable they are and, if degraded,
how long it would take to recover them. From this
perspective, the most important element is bio-
logical diversity because it probably requires the
longest recovery time once lost. From the point of
view of risk, there is another way in which the
elements can be ordered. Take, for example, air,
the stratospheric ozone shield, soil, and biologi-
cal diversity as four of the components of ecologi-
cal capital. Air has the shortest-term impact be-
cause the effects from its pollution will be noticed
quickly. Stratosphericozonedepletion hasa some-
what longer-term impact—that is, cancer rates
will rise and food productivity will declineovera
longer time period than people can survive with-
out good air to breathe. The consequences of soil
degradation will appear over an even longer pe-
riod of time because soil deteriorates slowly. Fi-
nally, biological diversity will take the longest to
show ill effects—for example, in terms of undis-
covered chemicals and pharmaceutical products.

Therefore, in one system of ranking, biological
diversity is the mostimportant element because it
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takes the longest to recover (perhaps never),
whereas in the other system it is the least impor-
tant in terms of short-term impact. Risk modeling
(used in studies of economics and behavioral
ecology) and analysis of risk aversion explore the
way people respond to risk and can help deter-
mine whether they are risk prone or averse. Cul-
tural and social factors may strongly influence
the outcome.

The foregoing examples complicate attempts
to aggregate diverse ecological components into
a single index. Thus, the risk-averse strategy of
some cultures would dictate that most concern be
given to the shorter-term results: air quality, wa-
ter quality, and the stratospheric ozone shield,
whereas the longer-term impacts associated with
loss of soil and biological diversity would not
receive as much weight in the aggregated index.
Conversely, if the concern of the culture is about
the long-term consequences and the time it takes
for recovery, the components will be weighted
differently. One of the major difficulties in trying
to develop an aggregated index that covers all
these components arises from the difference in
these culture-specific approaches.

An important problem noted by conference
participants was how to go about determining an
acceptablelevel of environmental damage, which
inturnimpliesa carrying capacity. The concept of
maximum sustainable use invites the notion of
maximum survivableabuse. One way the accept-
ability of damage could be determined isby iden-
tifying the pointat which an increase in theactiv-
ity in question produces greater marginal cost
than marginal bencfits. Thisrather satisfying theo-
retical definition is, unfortunately, difficult to
implement in practice because of measurement
problems. This would not be the case if all of the
damages and all of the benefits could be quanti-
fied in commensurable units, say in monetary
units. Inpractice this becomes a political decision
having to do with people’s values and prefer-
ences about the risks and uncertainty of future
costs versus the shorter-term bencfits they are
offered from the expanded activity in question. It
may be argued that society will generally prove
tobe risk averse and will want to leave itself some
margin of error.

However, concern was expressed that in con-
sidering the concepts of stocks, flows, and eco-
logical capital, there is a danger that such simple
analogies do not adequatcely reflect the real com-
plexity of ecosystems. It would appear that eco-
logical processes, species interactions, and geo-

XXiv

physical processes, all at different time scales,
cannot be reduced to the simple metaphors of
stocks, flows, and interest rates. Such metaphors
cannot capture the differences and the very dra-
matic changes that can occur, depending on the
level at which activities are directed. Thus, one
proposal at the conference rejected the notion of
stocks, flows, and ecological capital as a useful
paradigm for approaching the biogeophysical
foundations of sustainability.

In a similar vein, concern was expressed about
the metaphor of ecosystem health. Although sci-
entists are expected to develop an index, like
temperature, which tellsalotaboutecosystems, it
was pointed out that the analogy with health is
not entirely correct. There is a major difference
between a tightly coupled system like the human
bodyand anecological system much moreloosely
coupled. Such differences must be reflected in the
health construct used for ecological systems. No
doubt the metaphor is inevitable and inescap-
able, and although scientists prefer to use the
term integrity, the public will continue to refer to
ecosystems as healthy or unhealthy. Therefore,
scientists must make a special effort to educate
the public about the real significance of the anal-
ogy between human and ecological health.

Indicators

The management of the global life-support sys-
tem has been compared to piloting an airplane
without instruments. Basically, humanity does
not have a complete set of indicators (instru-
ments) or monitors of the global life-support sys-
tem, and this situation will prevail for some time.
This shortcoming constitutes one of the major
challenges for those trying to develop indicators
of biogeophysical sustainability. Another prob-
lem that was noted at the conference involves
scale, which complicates enormously any attempt
to develop sustainability indicators. Thus, as a
practical matter, indicators are needed that are
useful over different timeand space scales and for
differentlevels, from the community to the biome.
This requires a test set of indicators.

In looking for an organizing principle for mea-
suring biogeophysical sustainability, threelevels
of activity can be identified. The first level in-
velves determining measurements of
sustainability. It appears unlikely that a set of
universal measurements to cover freshwater lakes,
marine fisheries, grasslands, and mountain tops
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canbe found. By defining the basis for measuring
and determining biogeophysical sustainability at
the ecosystem or landscape level, the relevant
measurements can then be aggregated into indi-
cators at the second level. Therefore, it is impor-
tant to assemble a generic list of indicators of
biogeophysical sustainability to serve as a check-
list for determining the correct ground for each of
the ecosystems. Specific measurements must then
be identified for each indicator. However, it is im-
portant to identify the status of this generic list of
indicators at the regional and global levels, and this
requires a compositeindex, which is the third level.

In summary, the three levels must be devel-
oped separately, but they are intimately
interlinked. The firsttwolevels, whicharestraight-
forward from a biogeophysical point of view,
involve selecting indicators and trends that are
applicable to specific systems at different spatial
and temporal scalesin different parts of the world.
The third level, involving the development of an
index (rather like GNP) for the biogeophysical
health of the globe, requires the assembling of the
indicators and their trends into some type of
index that takes into account how those trends
actually make an impact on human welfare. The
ultimate goal might be to assemble all the pieces
into an even broader index that will reflect all the
elements (including economic, social, and politi-
cal) of sustainability that determine long-term
human welfare.

To avoid the slow process of identifying and
rcaching agreementon the relevant measurements
of biogeophysical sustainability for the first level
and later aggregating theminto indicators for the
second level, an attempt was made at the confer-
ence to “leap frog” by starting with the develop-
ment of the second level, based on the practical
requircments of policy analysts and
decisionmakers. Thus, the participants prepared
a selection of parameters from which candidate
indicators could be developed to monitor and
predict biogeophysical sustainability (see table).
The parameters are as follows:

°  landscape composition and patterns
»  production of goods and services

*  Dbiological diversity

*  watcr quality and quantity

*  soil properties

. cnergy and nutrient flows

. atmospheric composition, and

*  climate.

From an operational point of view, this list
represents a checklist or framework. For each
item listed, specific variables and an associated
range of acceptable values must be identified, as
well as a way of measuring each by an inexpen-
sive technique. Moreover, measurements or val-
ues are needed for the different ecosystems. Be-
cause the indicators relevant to biogeophysical
sustainability will be different for each ecosystem
type, it was decided to assemble the resultsinto a
matrix with the relevantindicators given for each
parameter category. Such a matrix, from which
specific measurements could be derived, would
have the added advantage of providing a frame-
work with which to identify any important over-
looked components for specific managed ecosys-
tems. Using the Delphi technique, with contribu-
tions solicited from participants over a period
that extended well beyond the actual conference,
a unified list of candidate indicators of
biogeophysical sustainability evolved for the fol-
lowing eight managed and natural ecosystems:

*  agriculture

. forests

. rangelands

. wildlife and wild lands
freshwater fisheries
wetlands and ground water
coastal resources, and
marine fisheries.

In addition, the following human dimensions
were considered to have an importantimpact on
blogeophysmal sustainability:

human influences (such as land-use
change or subsidies to landscapes—for
example, fertilizer)

*  human demography, and

¢ human well-being.

It was considered important to complement
these results with a list of issues that should be
considered when developinga set of indicators of
biogeophysical sustainability. This list covers:

*  scale (local, national, regional, global)

*  purposeand use of the indicators (policy
or broad resource allocation, specificman
agement), and

*  values (health, ecology, rules-of-thumb
are to be used to specify the boundaries
of sustainability.
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Each selected parameter covers a number of
issues that may not be immediately obvious in
name or in ways that link it to other parameters.
Therefore, some discussion appears to be war-
ranted concerning the intended coverage of each
parameter and the types of measurements that
might be considered.

Landscape composition and patternis intended to
include topography, geology and substrate con-
ditions in combination with soil properties. It
requires periodic measurement of the various
types of ecosystems in a landscape and the kinds
of changes taking place. Such measurements give
anindication of whether the systemis sustainable
and in what way the systemisundergoing changes
in terms of species composition, invasion of spe-
cies, and degradation.

One indicator included under production of
goods and services is land productivity, whichisan
indicator of the biogeophysical health. Produc-
tivity decline signals that something is wrong in
the system. However, if the aim is to maintain
productivity,itmay be toolate to wait for produc-
tivity to drop. Thus, predictive indicators are
essential for measuring productivity. Further-
more, it should be borne in mind that measuring
nect primary productivity for forest, marine, and
some other ecosystems turns out to be a challeng-
ing task that is only rarely accomplished. When
considering a mosaic landscape containing many
ecosystems, urbanarcas would likely beincluded.
Of course, although they have negative values for
productivity, theyarcimportantregions thatcover
a great part of the world and thus should not be
overlooked.

Biological diversity is an important parameter.
It is sometimes possible to identify in a natural
ecosystem a few key specics that likely reflect the
system’s overall biological diversity. Much bio-
logical diversity isavailable in managed systems,
suchasagriculture, intraditional socicties. There-
fore, the biodiversity indicator should reflect the
biological diversity that is available in managed
systems as well.

If the landscape is part of a watershed, an
important indicator of water quality would in-
volve the measurement of suspended particles
and chemicals that arc Jost to the stream or river.

Among the importantindicators of soil proper-
ties are soil fertility changes—physical as well as
chemical. Comparative measurements can be
made from time to time between managed eco-
systems and natural ecosystems. This would add
to better understanding of the kinds of subsidics,
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such as fertilizers, that are being provided to the
managed ecosystems and how the managed sys-
tems can be designed to replicate the internal
controls that govern natural ecosystems. Thus,
comparative measurements of soil fertility status
(both in physical and chemical terms) between
managed ecosystems and natural ecosystems
would be appropriate indicators of the
sustainability of the system.

Energy and nutrient flows should include the
flow of materials, including both toxic and haz-
ardous materials. This is one way to handle toxic
materials and hazardous wastes, although they
could also appear throughout the list under such
parameters as water quality and quantity, atmo-
spheric composition, and soil properties. By subsum-
ing pollutants and toxic materials in this way,
there is no need to add a specific parameter for
pollution. Furthermore, energy and nutrient flows
could include an energy input/output ratio that
would indirectly reflect CO, emissions. This pa-
rameter should also cover the kinds of subsi-
dies that go into managed ecosystems in terms of
economics as well as energy.

The climate parameter should reflect the agricul-
ture—climate interaction at the regional level. Agri-
culture, especially through its influence on the hy-
drological cycle through land-use change, has an
influence on regional climate. If that interaction
leads to a decrease in hydrological recycling—as it
casily canforland uses that go fromrainforestatone
extremetodegraded agriculturalland at theother—
theassociated decreaseinrainfall or waterretention
capability can change the temperature cycles. This
can lcad to a costly loss of resources.

Though not definitive, and despite needing
some refinement and precision, the proposed
indicators constitute a significant step forward.
And although thissctdoes notintroduce any new
indicators or mecasurements, its novelty rests in
the sclection process. The conference participants
were confident that this set of indicators is valid
forscales fromonchectarcto theentire globe. They
were confident thatit could be based on measure-
ments that use time-tested techniques and whose
significance is well understood.

The set of indicators proposed for temperate
rangeland (sce Risser, this volume) was cstab-
lished as the model for other ecosystems. This
set consists of five meaningful indicators that
specify the health of the rangeland. The indica-
tors for the different parameters (which are
italicized, with the appropriate thresholds in
parenthesis) are:
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. landscape composition: range condition
rating (good to excellent)

s aboveground primary production: peak
standing crop (>300 g/m?)

»  plant species diversity: e? (>5.0)

s soil properties: soil organic carbon content
in top 20 cm of soil (> 3-5 kg/m?), and

e nutrient flows: nitrogen content of vege-
tation (0.6% on a dry weight basis).

Thissetof indicators can be used to identify the
biogeophysical sustainability of temperate range-
land ecosystems. A sixth indicator would reflect
the scale of the loss of habitat. For this, a surrogate
indicator might be a change in the number of bird
species, whichare very sensitiveto changesin the
extent and juxtaposition of rangeland areas. Of
course, rangeland ecosystems have much more
temporal variability than other habitats, and thus
temporal scale dynamics are important for un-
derstanding the variation and the applicability of
different indicators. In particular, the measure-
mentof the size of the soil organic carbon pool has
some universality as an integrative indicator of
the gencral health of rangelands.

This was viewed asan excellentexample of the
type of sets of indicators that should be devel-
oped for all other ecosystems. Based on the kinds
of conditions to be maintained, itis expected that
there is enough experience and expertise in the
ecological community to assemble a setof indica-
tors such as this for all ecosystems. Nevertheless,
some participants held the view that although
good indicators of biogeophysical sustainability
can be proposed, developing practical measure-
ments for them can be quite a difficult task.

It was noted that World Resources Report al-
ready publishes statistics for a number of impor-
tant global indicators, six or eight of which ap-
pear to be good trend spotters. These include
atmospheric CO, concentration, stratospheric
ozone concentration, temporal changes in soil
fertility, biological diversity loss, and changes in
natural habitat.

Integrative indicators are important because
they provide greater information and are often
morc sensitive to the interaction among variables
and to critical thresholds than are single-variable
indicators. Such integrative indicators are them-
selves good candidates for components of an index
of biogeophysical sustainability. Important cx-
amples of individual indicators with significant
integrative characteristics were also identified.

The firstexample concerns the biogeophysical
basis of sustaining tropical water resources using
the model of the Amazon region, which is repre-
sentative of what an intact hydrological cycle
ought to be. The goal is to monitor the integrity of
the hydrological cycle for the relevant time and
space scales. Because of the need to consider
biological diversity, and due to the extremely
tight coupling between hydrology and ecosys-
tems, the central issue of the biogeophysical basis
for maintaining integrity should be considered in
some detail in the development of a useful indica-
tor. Thus, fromthe pointof view of the water cycle
inthe Amazon and its interaction with the vegeta-
tion, the efficiency of the water cycle can be ex-
pressed as the river discharge per unit basin area
divided by the precipitation ratio. Both the pre-
cipitation and the run-off or discharge have the
advantage of being measurable. On the basis of
the accepted view that in the Amazon basin
roughly 50 percent of the precipitation is derived
from recycled water, the precipitation ratio be-
comes(.5. Anincreaseinthisratio would indicate
that more of the precipitation is going to run-off
and that there is less recycling, giving straightfor-
ward implications for the energy and water bal-
ancesand for the vegetation. In this tropical forest
environment the ecological niches are very fine.
Two or three Celsius degrees of change can mean
the difference between life and death for that
system, as opposed to a fifty-degree change (for
example, seasonal variations) in a temperate or
boreal coniferous forest. But other factors can
change the discharge rate per unit basin area, and
to distinguish among them requires additional
parameters—such as those based on the stable
isotopic composition of the water involved. Tak-
ing the '*0 concentration of the rainwater normal-
ized for area and time, changes in the recycling
rate could be easily monitored.

This is an example of a physical indicator that
contains a great deal of information about the
ecosystem, and it demonstrates the need for mak-
ing a trade-off between comprehensiveness and
scrutability. Itis illustrative of the type of indica-
tor needed across a range of ecosystems and
conditions that incorporates as much of the im-
portant information as possible into one or two
numbers readily displayed and understood.

There may be instances where a particular set
of indicators is intelligible to the lay public and
also has scientific utility. One such example is the
usc of the lake trout as an multivariable indicator
of the state of the Lake Superior ecosystem in
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North America. The population of lake trout has
been proposed asan indicator that capturesmuch
informationabout the state of integrity of the lake
basin. A particular population level has been
identified thatindicates a high state of integrity of
the lake ecosystem. Thus, this indicator not only
integrates a variety of components but also is a
piecemealindicator for thedifferent typesof stress
on the ecosystem. For example, it can be inferred
from the trout population dynamics whether the
lakes are being overfished; from the number of
scars on the skin of adult fish whether the sea
lamprey is being controlled; from the concentra-
tion of contaminants in the flesh whether the
contaminant loadings are being controlled; and
from the relative health of different stocks of lake
trout whether their spawning grounds are free of
silt. Thus, the well-being of the lake trout popula-
tion is itself an integrative indicator of the ecosys-
tem. The point is not that this alone is a sufficient
indicator of the sustainability of the Lake Superior
ecosystem but that it includes both the qualities
sought in an indicator—that is, scientific validity
and communicative facility to the general public.

A number of other interesting indicators with
integrative capabilities were also discussed at the
conference, but their significance would require
more study before they could be included in the
list of indicators. They include: (a) ecosystem
integrity; (b) production cfficiency, which relates
to energy input versus output as well as soil and
biological sinksand reservoirs; and (c) acompari-
son of human versus natural flows of energy and
materials. This last would be an attempt to deal
with the scale of human activity in terms of rates
of mobilization of energy, soil, rock, and such
elements as mercury, cadmium, sulfur, nitrogen,
and phosphorous.

Practical considerations for applying
indicators

Mention should be made of some of the concerns
raised about the results, particularly as regards
indicators. First, it can be expected that indicators
and measurements will not be exactly the same,
nor will they measure exactly the same thing for
different natural or managed ecosystem, includ-
ing urban ccosystems. Also, much cffort is still
required to select indicators that are the most
opcrational but of sufficicnt generality to ensure
global validity.
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Another concernis the relevant spatial scaleon
which the measurements are to be made for each
of theindicators. Theissue of averagingover time
is relevant. All natural and managed ecosystems
are characterized by fluctuations on various time
scales. It is important to ascertain the magnitude
of fluctuations that is tolerable—that is, before
they start threatening the sustainability of the
ecosystem. Of course, an imposed constraint that
acceptsno changesis not likely tobeacceptable to
most societies. Inmany cases, any human activity
of a particular kind will produce a change. Thus,
the argument is not whether there is going to be
a change, but how big a change is tolerable.

A number of other useful contributions to the
development of indicators were also made, some
of which are summarized here.

* Off-site effects and subsidies. Under any given
definition of the geographical scale of interest,
it is possible to imagine a situation where
within a boundary cverything is fine while
adverse external impacts occur outside the
boundary. One of the primary differences be-
tween the situations faced by the Sahclian
pastoralist with impoverished soil and the
Saskatchewan farmer on the rich plains of
Canada is the inputs that the industrial world
relies on to mask the degradation of soils.
Thus, a useful indicator of sustainability is the
size of the inputs used to mask the loss of
resilience of these systems. A problem with
outputmeasurcmentsis thatitis often possible
to maintain high yiclds for a long time, al-
though nutrients and energy have to be im-
ported from some other ecosystem. Therefore,
space and time boundaries of the system to be
sustained must be defined at the outsct. Then
for a predefined ecological management unit,
primary production, biclogical diversity, and
natural rates of recycling become important
indicators within that unit.

¢ Appropriate degree of aggregation in indicators.
For example, with regard to atmospheric com-
position, it must be decided whether it is the
individual atmospheric components or the net
effect or the greenhouse potential of all of them
together that is important when looking at
greenhouse gasces.

* Distribution of values. When looking for mea-
sured values, it is sometimes not the mean
value over a region or an arca that should be
sought, but rather the cumulative distribution
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function of values, including the tails of the
distribution.

* Butterflyeffect.1f there can be large effects from
small causes (analogous to the butterfly effect
of chaos theory), one of the implications is that
there are some uses of certain ecosystems that
simply must be foregone. Thus, requiring
biogeophysical sustainability implies forbid-
ding some kinds of uses in some places be-
cause large adverse effects may follow.

o Surrogates. Surrogates can be used to monitor
diversity. A greatdeal of the diversity of forest
systems consists of invertebrates, microbial
organisms, and fungal organisms that are not
easily monitored. However, such conditions
as structure and stage of development of a
forest may indicate that at least the habitat
conditions exist for those kinds of organisms.

e rban areas. Urban environments, with their
rapid growth, the consumptive lifestyles of
their inhabitants, and dependence on external
support systems, might be seen at firstas offer-
ing one of the better ways of preserving bio-
logical diversity—typically by concentrating
the population in urban areas and taking them
out of direct conflict with the natural ecosys-
tems elsewhere. However, further reflection
shows that people who live in cities actually
consume much more than people in the coun-
tryside. Furthermore, the evidence of past civi-
lizations shows that urban consumption pat-
terns are often not sustainable and ultimately
begin to exceed the carrying capacity of the
surrounding countryside (for the prevailing
technology). Thus, moving people to cities may
be just a short-term expedient unless thereisa
transition tolong-term sustainable adaptation.

Next steps

The conference demonstrated thatalthough there
is a focus on specific ecosystem types or specific
locations, it is not possible to rcach a general
consensus on what should be measured. Thus, it
is nccessary to get down to specifics for each
given ecosystem, for which more specific indica-
tors and measurements must be produced based
on the above considerations.

Therefore, the next logical step is to hand over
to specialist groups the task of deciding which
specific measurements should be used for each

indicator in the matrix. It will be necessary to

identify—for each indicator and in the context of

each region or ecosystem—the following:

e theappropriate spatial scale for the averaging,
integration, or aggregation of the indicator

* the appropriate averaging time

¢ the level of fluctuations consistent with cur-
rent notions of sustainability

* the magnitude of secular trends in the vari-
ables that are consistent with these notions of
sustainability, and

* the needed or appropriate degree of aggrega-
tion of the particular indicator; for example,
regarding energy flows, whether net primary
productivity (NPP) is sufficient or whether
informationaboutenergy flowsateverytrophic
level is required).

Once this step hasbeen achieved, therearetwo
not necessarily incompatible directions in which
to apply the selected indicators. Although the
health of the biosphere and of individual ecosys-
tems is important, the sustainability concept sug-
gests the need to introduce an accounting prin-
ciple. Theidea is to produce a system of measure-
ments that would be general enough to permit
discussion of indicators of sustainability withina
framework of global environmental accounting.
The global accounting needs become obvious
because of the complications created by too many
indicators for different regions.Using a business
analogy, the balance sheet at the end of the year
shows whether the operation was sustainable
(profitable) or unsustainable (unprofitable). This
requires the ability to convert all the assets of the
ecosystem (business) to a common unit so that
accounting principles can be applied. it was sug-
gested that the most important accounting prin-
ciple would be production—generally the har-
vest, which is readily convertible to monetary
terms, since there are markets. Two other aspects
ofimportancearebiological diversity and ecosys-
tem processes and functions.

This set of indicators provides an opportunity
for integrating several of them into a general
index that would cover broader scales. Therefore,
another approach would involve developing
within each of the parameters a very specific, and
probably region-specific, list of measurements to
see if these could have a universal value. If so,
further research would show the way to assemble
these individualindicators into one or more indi-
cesaggregated acrosstemporaland spatial scales.
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The basic task is to determine what to do with the
information obtained fromspecificindicatorsand
how the indicators can be used constructivelym
to emphasize the concerns of sustainability. In
doing this there must be some trade-off between
comprehensiveness, on the one hand, and sim-
plicity, scrutability, and usability on the other.
Obviously the numberof indicators canbe ampli-
fied ad infinitum, thus inviting the danger of
making an index complicated. It is harder to
assess the relative importance of different indica-
tors—in particular, the ones that capture most of
the properties considered important withoutadd-
ing so much complexity to the indicator that it
approaches the degree of complexity of the real
world.

In addition to reducing the number of indica-
tors by careful selection, another technique that
cansimplify the process of formulating anindica-
tor, and thus an index, is to simply establish a
norm and divide the actual measurement by that
norm. This produces a dimensionless indicator
or index that becomes a common measure be-
causc it is always a comparison. The measure-
ment of a base year or a healthy ecosystem could
be selected as the norm, and departures from it
could be monitored.

It was pointed out at the conference that the
indicators fall into three broad groups: chemical,
biological and physical. The chemical indicators
arc among the parameters for water quality and
atmospheric composition, although such indica-
tors would fall with the physical indicators. The
biological indicatorsinvolve the biological diver-
sity parametersatdifferentlevels. Finally, thereis
a sct of physical indicators in terms of cnergy
balance and land-use change as well as the quan-
titative aspects of some of the chemical and bio-
logical indicators. This method of organization
might be of usc in the development of an aggre-
gate index of sustainability.

Toward policy considerations

The conference participants felt that the most up-
to-date and perhaps the best general statement of
what policymakers perceiveas theirrequirements
were in the documents that came out of the Rio
Conference, namely Agenda 21 and the Rio Dec-
laration. These provide an organizing principle
for addressing sustainability because they spell
out the existing policy commitments and agree-
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ments as well as the scientific goals and products
needed to support those commitments. Further
scientific requirements can also be derived from
the goals and policies expressed therein.

However, it was suggested that for developing
indices of sustainability, it is necessary to go
beyond the above-mentioned documents and
consider the manner in which they would be
used. The policy challenge is frequently related to
information that policymakers feel they need to
make appropriate decisions. Discussions about
declining biological diversity or a change in hy-
drological pattern in the Amazon basin do not
usually draw theattention of policymakers. How-
ever, polic makers do want to know the conse-
quence of such changes and how they effect the
sustainability of natural resource systems that
support people and life. Providing such informa-
tion requires an ambitious agenda that will prob-
ably test the current state of knowledge.

Recommendations

The conference participants made the following
ten general recommendations:

1. More work is needed to refine the definitions
and proposc the indicators for biogeophysical
sustainability. The emphasis must be on start-
ing at the smaller scales because it is not pos-
sible to synthesize results that have not been
obtained at the scale of the individual unit.

2. For the purposes of communication, a very
simple index is urgently needed—one that
would permit and facilitate communication
between biologists, sociologists, and econo-
mists. It is anticipated that the formulation of
such an index will require an interdisciplinary
effort. Such an index, or elements of such an
index, might include atmospheric CO, concen-
tration, atmospheric methane concentration,
atmosphericoxygen concentration, net primary
productivity,or biological diversity. Such an
index should be useful over many scales, popu-
lations, and different types of ecosystem.

3. Asthedistinction between temperate and tropi-
cal agriculture is more one of measurement
and knowledge about the ecosystem than of
actual biogeophysical differences, many of the
mcasurements made in temperate agriculture
systems could be uscfulintropical agricultural
systems. This has not happened yet because
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agricultural systems are much more diverse in
the tropical areas as a result of a much greater
number of crops, cropping sequences, and cul-
tural diversity. Thus, obtaining relevant indi-
cators becomes much more difficult, and it is
necessary to concentrate research and data
gathering activities on obtaining the informa-
tion that will be needed for indicators of
sustainability.

. For natural ecosystems more knowledge is
needed about thedriving forces that keep those
ecosystems in equilibrium, the natural pro-
cesses involved, and the location of critical
thresholds. These last are important because if
they are exceeded they canlead to discontinu-
ity—that is, a rapid transition to new states
with very different conditions. To predict this,
indicators are needed that can monitor the
proximity of the threshold. Priority should
probably be given to those phenomena that
lcad to major and dramatic shifts. Thus, it is
important to beaware of the factors that reflect
the maintenance of the current state. It would
also be valuable to know how change to a
better state might be achieved. For managed
ccosystems there should be a similar list of
critical thresholds and critical capacities. It
would be helpful to identify the driving forces
that have led to collapses or major changes in
the past. Thus, a series of case studies dealing
with these shiftsand critical thresholds should
be conducted.

5. Ecosystems are high-order nonlinear systems.
Much valuable information might be derived
from a study of ccosystems, using the tech-
niques from physics, for example. Finding
cquivalencies between known physical sys-
tems and ecological systems could be a practi-
cal prospect. Physicists have learned that it is
not always possible to predict the new state to
which a nonlincar system will shift after a
transition. But thcy have managed to begin
predicting whether there will be a state transi-
tion and when it will occur, on the basis of
signs that manifest themselves as the state-
transition threshold is approached. This is an
important arca for exploration in ccology.

6. The significance of large system change is still
uncertain, as when all indicators start chang-
ing in the “wrong direction.” This is a topicon
which much more rescarch in needed.

7. Integrating information is difficult and chal-
lenging aspcct of many disciplines of science.
Even remote sensing is limited to a definite
scale because of its limited resolution. Thus,
landscape imagery provides a scale-depen-
dent pattern for different composites or mosa-
ics. Research needs to be conducted on the best
use of information, its interpretation, and its
aggregation to the larger scales. Such larger
scales have smoothed and reduced variances.
Although this is sometimes real, it often is an
artifact of the aggregation process. Since aver-
aging throws out a lot of information, there is
a need to develop decision-based rules for
aggregating information so as to maintain the
information base present at small scales after
extrapolation to larger scales. In some cases,
wherelinearaveragingisnotadequate, fractals
can be used to maintain information as scale is
increased. This would be a valuable tool in
developing the definitive set of indicators of
biogeophysical sustainability.

8. There appears to be a need to assess the state of
the science of sustainability to determine, for
example, how well sustainability can be pre-
dicted, measured, and understood. There are
perhaps a dozen myths about sustainability
that can be, and have been, invoked. The time
appears right for an independent review.

9. There must be a reorientation and refocus of
research in the ecological sciences. With lim-
ited human and financial resources and most
of the funds not being used on research that
directly addresses local sustainability, the most
important recommendation isthatthe research
base and research funding be reoriented to
focus on important questions about
sustainability.

10. To better deal with all of this, a new discipline
dubbed “econology” is proposed. Econology
goes beyond combining the two older disci-
plines of ecology and economics and requires
research that brings more externalities into
this approach. Such research is also needed to
overcome the automatic constraint inherentin
dealing with steady-state models.

In addition, the participants proposed the fol-
low-up activity to create high-level global indices
of biogeophysical sustainability. The process be-
gins by devcloping specific sets of indicators for
a scries of ecosystems of different types and in
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different parts of the globe. This would involve
convening a series of working groups, with each
one focusing on a particular ecosystem to de-
velop theindicators and associated measurements
ofbiogeophysical sustainability. Undertaking this
task for a representative series of ecosystems,
natural and managed, that can thus provide the
foundation for work on one or several indices of
biogeophysical sustainability is required for get-
ting down to more detailed scales. This should be
followed by a meeting of representatives from
each group to work out the commonalitiesamong
the sets of indicators and the formulation of one
or several indices of sustainability.

xxxii
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A sustainable process or condition is one that can
be maintained indefinitely without progressive
diminution of valued qualities inside or outside
the system in which the process operates or the
condition prevails. (We exclude from consider-
ation, inapplying this definition, the depletion of
available energy from the sun on a time scale of
several billion years!)' Such a definition may be
logically appealing, but it is hardly sufficient for
addressing the meaning of sustainability in the
context of practical choices about how to main-
tain or improve the well-being of humans on this
planet.? What kinds of processes and conditions
need tobe sustained in the interest of maintaining
or improving well-being? What are the sources
and dimensions of the main threats to the
sustainability of these? What places should be
investigated and what should be measured to
find out? Can sustainability be made compatible
with—or traded off against—other desideratarelat-
ing to policy choices? (Consider, for example, sus-
tainable development versus rapid development).

The proposition that particular human prac-
tices would prove unsustainable has cropped up

in literature going all the way back to the ancient
Greeks and somewhat more frequently and
sweepingly in the two hundred years since the
work of Malthus, above all in the period since
World War I1.3 Only in the past five years, how-
ever, has sustainability become a catchword ca-
pable of capturing the attention not only of envi-
ronmental scientists and activists but also of
(some) mainstream economists, other social sci-
entists, and policymakers.

This enhanced salience presumably resulted
from a suite of coincident factors. For one, the
world community is no longer transfixed by the
Cold War. A second factor is the reluctant appre-
ciation of the severity of the debt crisis in the
developing world. A third is the substantial ad-
vancement inscientificunderstanding of the mag-
nitude and consequences of ongoing global envi-
ronmental transformations, including the deple-
tion of stratospheric ozone, the buildup of green-
house gases, and the destruction of biodiversity.
Also very important has been the attention given
to the notion of sustainable development in the
reportof the World Commission on Environment
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and Development (WCED 1987, also known as
“the Brundtland report”) and the avalanche of
related studies that has followed.

Notwithstanding the extraordinary growth of
the “sustainability” literaturein the past few years
(an unsustainable process, to be sure!), much of
the analysis and discussion of this topic remains
mired in terminological and conceptual ambigu-
ities, as well as in disagreements about facts and
practical implications.* These problems arise in
part because the sustainability of the human en-
terprise in the broadest sense depends on techno-
logical, economic, political, and cultural factors
as well as on environmental ones and in part
because practitioners in the different relevant
fields see different parts of the picture, typically
think in terms of different time scales, and often
use the same words to mean different things.

It is therefore appropriate, even though this
introductory chapter and the conference of which
it was originally a part are supposed to focus on
the biogeophysical aspects of sustainability, to
begin by locating the biogeophysical aspects
within the context of the wider debate about what
sustainability means and implies. We then ad-
dress, in turn, some problems with defining
biogeophysical sustainability in practical terms,
the connection between biogeophysical
sustainability and related concepts such as carry-
ing capacity and the distinction between renew-
able and nonrenewable resources, the state of
knowledge and debate about the character and
originsof threats to biogeophysical sustainability,
and some implications of the current state of
knowledge and ignorance of these matters. We
undertakeall of this with a pronounced emphasis
on the global level of analysis, leaving to the
chapters that follow the task of addressing the
character and measure of sustainability in par-
ticular regions and ecosystems.

Biogeophysical sustainability in context

Much of the current salience of concepts of
sustainability has come from a wide-ranging in-
ternational discussion about sustainable devel-
opment, which has been defined variously as, for
example:

* Mceting the needs of the present without com-
promising the ability of future generations to
meet their own needs (WCED 1987)

* Improving the quality of human life while

living within the carrying capacity of support-
ing ecosystems (IUCN 1991)

* Economic growth that provides fairness and
opportunity for all the world’s people, not just
the privileged few, without further destroying
the world’s finite natural resources and carry-
ing capacity (Pronk and Haq 1992).

These definitions have theappeal of appearing
to reconcile the concerns of diverse constituen-
cies—above all the development and environ-
mental communities (Lele 1991)—but they raise
at least as many questions as they answer. Is it
possible to meet the needs of the present without
compromising the capacity of future generations
to meet their needs? How does one define needs
anyway? Whatdetermines carrying capacity,and
how does it vary from place to place and over
time? What is the relation between economic
growth and development? What constitutes fair-
ness? Let us sketch out tentative answers to some
of these broad questions—since those answers
will partly shape our understanding of the envi-
ronmental issues we want to address shortly in
more detail—starting with the meaning of devel-
opment. We think development ought to be un-
derstood to mean progress toward alleviating the
main ills thatundermine human well-being. These
ills are outlined in table 1-1 in terms of perverse
conditions, driving forces, and underlying hu-
man frailties. (The problems at each of these lev-
els are themselves diversely and often tightly
interconnected.) Thedevelopment processis then
seen to entail improving the perverse circum-
stances by altering the driving forces, which in
turn requires overcoming, to some extent, the
underlying frailties. Sustainable development
then means accomplishing this in ways that do
not compromise the capacity to maintain the im-
proved conditions indefinitely.

Development by this definition should by no
meansbe considered synonymous witheconomic
growth, since growth by itself does not assure
progress toward alleviating any of the indicated
ills. (Economic growth may be a necessary condi-
tion for alleviating some of them, but it is cer-
tainly not a sufficient condition.) Note also that
we have placed sustainable in front of develop-
ment to mean not that the development is of a
formthat can be continued indefinitely but rather
that the choice of processes and end states for
development are compatible with maintaining
the improved conditions indefinitely. Under this
sort of interpretation, even the much-maligned
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Table 1-1: Ills That Development Must Address

Condition

Meaning

Perverse conditions
Poverty

Impoverishment of environement

Possibility of war

Oppression of human rights

Wastage of human potential
Driving forces

Excessive population growth

Maldistribution of consumption
and investment

Misuse of technology

Corruption and mismanagement
Powerlessness of the victims
Underlying human frailties

Greed, selfishness, intolerance,
and shortsightedness

Ignorance, stupidity, apathy, and denial

1.1 billion—20 percent—of the 5.5 billion people on the planet live in absolute
poverty and perhaps 2 billion people do not receive a sufficiently nutritious diet
to alleviate disease

Disruption and erosion of environmental conditions and processes on which
the well-being of those 5.5 billion people depend even more directly than on
economic conditions and processes

Civil, international, global, nuclear, or conventional wars manifest in the more
than 100 instances of organized armed conflict since World War I, nearly all of
them in the south, with a total loss of life in the tens of millions

In forms beyond the three already listed, which deny human beings their dignity,
liberty, personal security, and possibilities for shaping their own destinies

Resulting from all of the foregoing and the despair and apathy that accompany
them and from the loss of cultural diversity (Ehrlich 1980)

Where excessive means growth that closes more options thanit opens (Holdren
1973), a condition now prevailing almost everywhere

Where the maldistribution is of three kinds: between rich and and investment
poor as the benefidaries of both consumption and investment, between military
and civilian forms of consumption and investment, and between the two activities
themsclves, that is, between too much consumption and too little investment

Which occurs in forms both intentional (as in weapons of mass destruction) and
inadvertent (as in the side cffects of a broad spectrum of herbicides and pesticides)

Which are pervasive in industrial and developing countries

Who lack the knowledge and the resources but above all the political power to
change the conditions that afflict them

Which collectively have been elevated by conservative political doctrine and
practice (above all in the United States in 1980-92) to the status of a credo

The first consisting of lack of exposure to information, the second of lack of
capacity to absorb it, and the third and fourth of having the information but
lacking the conviction or optimism or fortitude to act on it

term sustainable growth need not be an oxymo-
ron; it can be taken simply to mean growth in
forms—and to end points—compatible with
sustainability of the improved conditions it helps
bring about.

[fimprovementsin the human conditionare to
be not only achieved but also sustained, all of the
ills will need to be addressed; this is so because
failure to address any one of them can eventually
undermine the progress made on all the others.

As the human enterprise expands, interdependen-
cies mediated through the world economy, the
global environmental commons, and international
politicaland military relationslink and intensify the
threats posed by each of these ills. Thus the require-
ments for sustainability include not only the envi-
ronmental factors to which we will shortly turn in
detail but also military, political, and economic
ones. The minimum requirements in each of these
categorics are presented in table 1-2.
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Table 1-2: Requirements for Sustainable Improvements in Well-being

Area and requirement

Rationale

Military
No weapons of mass destruction

Limited capabilities of national
military forces

Political
Self-determination

Participation/empowerment
The rule of law

Guarantees for human rights

Economic
Reduced disparities within and
between countries

Internalization of environmental
costs

Assignment of property rights to
future generations

Environmental
Preservation of the environmental
basisof presentand future well-being

No one can be secure as long as these exist anywhere, and as long as any country insists
on retaining them, others will have an incentive to acquire them

Security would be served by attaining a condition in which no nation’s military forces
were strong enough to threaten the existence of other states; this can be facilitated by
“defense dominance,” in which national forces are structured to be much stronger in
defense than in offense. If stronger peacekeeping forces are needed, they should be
placed under international control

Smaller political units should coalesce into or be absorbed by larger ones only by mutual
consent, based on mutual advantage

Societies are not stable—and hence not sustainable—unless their citizens have an
effective voice in decisions that affect their lives

The rule of the strongest, the most devious, or the most unscrupulous is a prescription
for perverse and destabilizing forms of competition

Majority rule does not include the privilege of abusing minorities; sustainability
requires respect for cultural diversity as well as biotic diversity

Thelarge gaps between rich and poor that characterize income distribution within and
between countrics today are incompatible with social stability and with cooperative
approaches to achicving environmental sustainability

Economic markets will lead to overconsumption of environmental resources and
ultimately to unsustainability if these resources are not priced or are underpriced

This approach scems essential to aveid the outcome in which high discount rates of
economic actors allow actions that undermine long-term sustainability to appear
cconomically attractive (Howarth and Norgaard 1990)

What this requirement consists of and the way it might be attained are the topics of the
rest of this chapter

With that wider array of considerations as
context, we now take a closer look at the environ-
mental dimensions of sustainability that are the
main focus of this volume.

Definitions of environmental sustainability

The environmental aspect of sustainability has
been the subject of a rich literature, albeit only
recently with the term sustainability appearing
explicitly.> As with the concept of sustainable
development, however, the definitions of envi-
ronmental sustainability to be found in the litera-
ture recent cnough to use that term are often

circular or unsatisfying in other ways. Consider
the following capsule definitions:

¢ Sustainability refers to a process or state that
can be maintained indefinitely (IUCN 1991)

¢ Natural resources must be used in ways that
do not create ecological debts by overexploiting
the carrying and productive capacity of the
Earth (Pronk and Haq 1992)

¢ Aminimumnecessaryconditionforsustainability
is the maintenance of the total natural capital
stock at or above the current level (Costanza
1991).

The first statement is essentially a dictionary
definition of sustainability; it tells us only what



we already knew sustainability to mean. The
second statement introduces the interesting term
“ecological debt” to describe an element of
unsustainability, but the elaboration in terms of
overexploiting carrying capacity and productive
capacity is not much help, insofar as it merely
transfers the definitional burden to over-exploi-
tation and carrying capacity. The third statement
offers an actual specification of at least one ele-
ment of sustainability, but there is still buried
within it a definitional problem: How is “total
natural stock” tobe defined and measured? Assum-
ing this hurdle can be overcome, the further ques-
tion will surely arise: What is inviolable about the
current level? Can environmental scientists give a
good answer? We shall return to this issue below.

Of course, all serious writers on environmen-
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tal sustainability go beyond the sorts of capsule
definitions cited above and elaborate what
sustainability might entail and require (see, for
example, boxes 1-1 and 1-2). The 1980 World
Conservation Strategy of the International Union
for the Conservation of Nature, the United Na-
tions EnvironmentProgram, and the World Wild-
life Fund (IUCN 1980) concludes, for example,
that sustainability requires “maintenance of es-
sential ecological processes and life-support sys-
tems; preservation of genetic diversity; and sus-
tainable utilization of species and resources.”
This three-part prescription seems to consist of
different facets of the same thing: preservation of
genetic diversity and sustainable use are essential
to maintain essential ecological processes and life
support systems.

Box 1-1: Definition and Measurement of Sustainability: The Biophysical Foundations
Keiichiro Fuwa

Environmental issues have become so popular that politicians around the world no longer need to be
persuaded of their importance. Natural scientists have been using the word sustainability for a fairly
long time, and recently social scientists as well as politicians have started to use it quite frequently.
However, it has yet to be defined clearly.

Recommendations have been made forthedefinition of measurementsand indicators of sustainability.
Although by no means final, the following working definition of biophysical sustainability is satisfac-
tory for the time being: Biophysical sustainability means maintaining or improving the integrity of the life
support system of Earth. Sustaining the biosphere with adequate provisions for maximizing future
options includes enabling current and future generations to achieve economic and social improvement
within a framework of cultural diversity while maintaining (a) biological diversity and (b) the
biogeochemical integrity of the biosphere by means of conservation and proper use of air, water, and
land resources. Achieving these goals requires planning and action at local, regional, and global levels
and specifying short- and long-term objectives that allow for the transition to sustainability.

Biophysical refers not only to biology and physics but also to geology and chemistry. This is
expressed in the definition, particularly through mention of biogeochemical integrity. Natural science
has become so interdisciplinary that it is often confusing; nevertheless physics, chemistry, geology, and
biology remain the most basic disciplines. Biogeophysicochemistry expresses them all in one word,
albeit an exceptionally long one.

Defining terms such as sustainability and sustainable development with reference to the global
environment is, to my mind, complicated by the fact that humanity has been considered special and
separate from other animals and plants. This has not always been the case. The Earth is divided into
three spheres: atmosphere, hydrosphere, and lithosphere. The biosphere was added later as the fourth
sphere but, unlike the others, includes those parts of the atmosphere, hydrosphere, and lithosphere in
which life exists. Plants and animals are, of course, part of the biosphere, but more importantly, humans
are included as just one species of animal and are not treated specially. In recent years, particularly
when serious environmental problems were recognized, human activity was so intense and pervasive

that it came to be considered—for example, by the Man and the Biosphere Programme—as separate
from the activity of other forms of life.

Biophysical sustainability must, therefore, mecan the sustainability of the biosphere minus humanity.
Humanity’s role has to be considered separately as economic or social sustainability. Likewise,

sustainable development should mean both sustainability of the biophysical medium or environment
and sustainability of human development, with the latter sustaining the former.
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Sharad Lele

and control.”

Box 1-2. Coming to Grips with the Biogeophysical Issues in a Social Construct,
or How to Talk about Sustainability without Being a Social Scientist

"You cannot talk about sustainability without talking about people, about politics, about power

Comment by a sociologist at a seminar on sustainability

University of California, Berkeley, 1988

"Sustainability is maintaining the ecological basis of economic well-being, so any discussion of
sustainability must incorporate economic considerations."

World Bank economist

Comments such as these threaten to create a gridlock in our discussions of the biophysical
foundations of environmental sustainability. But we are clearly not (and probably nobody is) capable
of conducting such an all-encompassing discussion. How then do we discuss the biophysical founda-
tions of environmental sustainability, however defined? Social, political, and cultural issues come into
play in a number of ways at two critical stages in any discussion of environmental sustainability.

Stage 1. Indeciding,

¢ What is to be sustained? That is, what relative ranking is to be given to, say, current resource
productivity, productive potential, or genetic diversity?

¢ What attributes, or combinations of attributes, of a particular system are to be maintained non-
decreasing: average productivity, stability, resilience, or adaptability?

¢ Over what time scale is this sustenance desired?

¢ Whoistobenefit? If a tradeoff is necessary between current and future consumption and well-being,
or between the well-being of one community and that of another, who is to decide and how?

¢ Should it be economic value of any resource flow or stock that is maintained non-decreasing, or
should it be the physical quantity of that flow?

Stage 2. In understanding,
* Why is there environmental unsustainability, however defined, in the world today?

¢ How would oncachicve or move toward whatever notion of an environmentally sustainable society
that is decided on in stage 1?

Stage 1 requires an explication of differing individual and cultural values, preferences, as well as
beliefs about and approaches to a highly uncertain and unknowable future and then the resolution of
such differences through some social process. Stage 2 requires an understanding of the complex array of
social, political, and cultural factors in today’s world that lcad to environmentally unsustainable behavior.

The 1991 “Strategy for Sustainable Living” by
the same triad of organizations (IUCN 1991) says
that “sustainable use means use of an organism,
ecosystem, or other renewable resource at a rate
withinits capacity for rencwal.” Operating within
the capacity for renewal clearly is one of the key
elements of sustainability, but this formulation
does not deal with either nonrenewable resources
or the possible off-site, out-of-ecosystem impacts
through which exploitation of oneresource within
its capacity forrencwal mightadversely affect the
renewability of other resources or the
sustainability of other ecosystems.

8

The economist Herman Daly, who has been a
pioncer in thinking systematically about these
matters,® recently offered a more helpful three-part
specification of the ingredients of sustainability
(Daly 1991):

¢ Rates of use of renewable resources do not
exceed regeneration rates

e Rates of use of nonrenewable resources do not

exceed rates of development of renewable sub-
stitutes

* Rates of pollution emission do not exceed as-
similative capacities of the environment.
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Once this is clearly realized, it is easier to understand where our contributions as biophysicists and
ecologists can be and ought to be in informing the process of reaching some societal consensus on the
issues in stage 1. At the same time, we realize that, in our work, we have often made implicit decisions
about the issues raised in Stage 1. We should therefore proceed as follows:

1. Clearly state the assumptions we are making about reality in a particular case, examine whether
some assumptions are commonly shared, and determine the extent to which these may be justified.
For instance, perhaps most ecologists believe that whatever is to be maintained nondecreasing inan
ecosystem should be measured in physical, not economic, terms. This follows from their rejection of
the belief commonly held and vigorously promoted by most economists: that technological change can
continuously compensate for reduction in physical resource flows, thus preventing utility from decreasing.

2. Clearly state what value-based choices of objectives, of their ranking, of time horizons, and of users
are being implicitly made in any particular case.

3. Identify a few scenarios corresponding to choices different from those that we might want to make.
Having done this, we can then proceed with our basic tasks:

4. Synthesize the current state of knowledge about the relationships between biophysical processes
that affect different objectives at different temporal and spatial scales. That is, what intensity of
harvesting under what technique of logging can be maintained in atropical forest at anondecreasing
level for what time period? What would the implications of a nondecreasing resilience requirement be?

5. Identify a sparse set of indicators that best relate to each combination of objective, scale, and so forth
and possibly identify threshold values for them. For instance, what would be the best indicator of
stable harvests in theabove-mentioned forest? What would be the indicator of resilience in the same
system? What scales (spatial and temporal) may be most appropriate or sensible for measuring what
attribute or type of sustainability?

6. Explorethe ways in which the different scenarios interact; that is, the synergisms and contradictions
among objectives, attributes, and indicators and between sustainability in general and other societal
objectives. What are the tradeoffs between, say, maintaining timber productivity and maintaining
biodiversity in a forest, or between average production and resilience? What are the tradeoffs
between differentlevelsof theseattributes of sustainability and between the net yield or human well-
being produced and the manner in which it is distributed within society?

If we are able to do this in a self-aware and socially sensitive manner, we will be able to overcome
the paralysis of analysis and make a major contribution to the sustainability debate.

The firstof these conditions, by being stated in the
aggregate, partly addresses the problem of off-site
impacts associated with the exploitation of indi-
vidual renewable resources: the regenerationrates
constraints presumably reflect cross-resource or
cross-ecosystem impacts occurring within the
overall pattern of resource exploitation.

The second condition, the rate of use of nonre-
newable resources, offers a clever solution to the
question of how any use of nonrenewable re-
sources can be contemplated within a
sustainability framework. Daly offers a detailed
formulation on how to ensure that this condition

is met, by earmarking part of the proceeds from
the exploitation of nonrenewable resources for
the development of renewable alternatives.
Daly’s third condition, on rates of pollution
emission, does not seem as satisfying. If assimila-
tive capacity of the environment means the ca-
pacity to assimilate the pollution without any
adverse effect on human health or welfare (in-
cluding through diminution of ecosystem ser-
vices), the difficulty is that there are many kinds
of pollution for which the assimilative capacity,
so defined, is probably zero (including, for ex-
ample, ionizing radiation, chlorofluorocarbons,
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lead, and more). It does not seem to insist on no
harm from pollution as a condition of
sustainability; the question is rather what level of
harm is tolerable on a steady-state basis, in ex-
change for the benefits of the activity that pro-
duces the harm.

We would also add to Daly’s three-part formu-
lation that the first condition applies to resources
for which substitution at the required scale is
currently and foreseeably impossible (essential
resources). It is useful to distinguish those from
resources for which substitutes are currently or
foreseeably available (substitutable resources).
Renewable substitutable resources could be
sustainably exhausted on the same basis as non-
rencwable substitutable resources (Daily and
Ehrlich 1992).

Biogeophysical sustainability
in theory and practice

The two most important questions relating to a
definition of biogeophysical sustainability are
“What is to be sustained?” and “For how long?”
It is useful to distinguish, with respect to these
questions, between what one would like the an-
swers to be in theory and what one might have to
scttle for in practice (see table 1-3).

Saying that what is to be sustained, in theory,
is the magnitude and quality of benefit flows
continuously derivable from the environmentcap-
tures the idea that potential benefits are impor-
tant, not merely the benefits that society happens
to be deriving now. And, of course, saying that
the time scale is forever takes the definition of
sustainability seriously.

Alas, several practical precblemsintrude on the
attractiveness of this theoretical approach. First,
even the existing benefit flows from the environ-

ment—not to mention the potentially continu-
ously derivable benefit flows—are partly un-
known (indeed, partly unknowable) and also
partly incommensurable. (Without commensu-
rability, one is stuck with trying to sustain the
individual, incommensurable benefit flowsrather
than—more sensibly—an aggregated total ben-
efit flow within which tradeoffs among different
types of benefits could be contemplated.)

Second, insisting that potential benefit flows
remain constant over very long periods of timeis
problematic because environmental conditions
and processes—climate, topography, the biota—
are occurring all the time even in the absence of
human interventions. The potential magnitudes
of such changes over the very long term make the
conceptof foreveressentially meaningless,atleast
in relation to the sustainability of conditions that
humans of today care about.

Third, it is conceivable that technological im-
provements will permit well-being to be main-
tained despite diminished benefit flows from the
environment. This argument is probably the one
most heavily relied upon by those not convinced
of the need to maintain the stream of environ-
mental services undiminished. But attempts to
substitute technology for diminishing or other-
wise inadequate environmental services invari-
ably entail monetary costs and often generate
significant new environmental impacts. In some
cases, these additional costs and impacts may
more than offset the (presumed) benefits of the
activities that necessitated augmentation of the
natural environmental services in the first place;
and even if it is supposed that this will not be the
case, it strikes us as imprudent in the extreme to
assume that suitable technology for replacing
whatever environmental services are lost will
become available in a timely manner and on the
requisite scale.

Table 1-3: Biogeophysical Sustainability in Theory and Practice

What is to be sustained?

For how long?

In theory, the magnitude and quality of benefit flows that are

continuously derivable from the environment

In practice, the magnitude and quality of stocks of environmental

resources

Forever

Half-life of 500 to 1,000 years
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In any case, in light of the difficulties of mea-
suring actual and potential environmental ben-
efit flows, and in light of the conceptual and
practical problems of insisting on no degradation
forever, it may be necessary in practice to settle
for trying to sustain the magnitude and quality of
environmental stocks. The time scale on which
this ought to be ensured might be defined in
practical terms by a resource or stock half-life of
500 to 1,000 years, a period much longer than
current planning horizons, butmuchshorter than
geologic time. A tentative rule for prudent prac-
tice, then, would be to constrain the degradation of
monitorable environmental stocks to not more than 10
percent per century.

Note that degradation of 10 percent a century
produces, strictly speaking (that is, with Q = Qo
expl-0.10t]), a half-life of about 700 years for the
resource. Degradation of 20 percent a century
would mean a half-life of 350 years, leaving a
quarter of the resource remainingafter 700 years.

We focus on stocks in this prudent-practice
approach, because thatis what can most easily be
measured (albeit still notall that easily). Although
our approach is similar in this respect to the
Costanza prescription quoted earlier, an impor-
tant difference is the specification of a finite rate
of degradation as opposed to insistence on main-
taining the stocks at just their current level. This
sidesteps slightly the argument with the econo-
mists and technologists over what is so special
about the current levels; putting the argument in
termsof degradation rates relies on the presumed
circumstance that there is some degradation rate
thatistoohightoberegarded assustainable, even
allowing for economic substitution and techno-
logical change.

Of course, it would not really be acceptable to
run down environmental stocks at 10 percent a
century indefinitely. The pointisrather thatarate
of 10 percent a century (which after all means
about 0.1 percent a year) is slow enough to give
society a reasonable chance of figuring out what
this degradation is costing, which forms of degra-
dation can be compensated for, how those forms
can be stopped that cannot be compensated for or
tolerated, and so on, before it is too late. At
current degradation rates, by contrast, which are
typically an order of magnitude or so higher (that
is, in the range of 100 percent a century or more),
natural services will be devastated before socicty
even understands what is happening, let alone
findstimeto take evasiveactionon thenceded scale.

The Meaning of Sustainability: Biogeophysical Aspects

Contrasting views about the sustainability
of human activities

Given the above (or any other) definition of
sustainability, some obvious questions present
themselves:

* Are current practices for transforming natural
resources into flows of economic goods and
services sustainable according to the indicated
definition?If not, in what respects and by what
margins is sustainability violated?

¢ Can the larger flows of goods and services
required to shrink the gap between rich and
poor, or the still larger flows required to meet
the needs of a doubled or tripled population,
bedelivered sustainably by expanding current
practices or by using improved practices that
arealready known? Or would sustaining larger
flows require improvements over the best
practices now known?

To environmental scientists, the answer to the
first question s clearly no. Current rates of degra-
dation of essential resources are typically an or-
der of magnitude too high (in the range of 100
percent a century or more) for them to qualify as
sustainable. The margins by which sustainability
is exceeded by various types and combinations of
human activity are very difficult to ascertain,
however. It follows from the first answer, in any
case, that current practices could not possibly
sustain even larger flows of goods and services,
but whether best-known practices could do so
requires further careful analysis.

Although environmental scientists would be
in nearly unanimous agreement on the answers
just given, many members of other academic
disciplines and numerous policymakers would
dispute not only these answers but also the
relevance of the questions. It is worth looking
more closely at the origins of these differences
in viewpoint. They undoubtedly arise in part
from ambiguities in and disagreements about
the meaning of sustainability. A more impor-
tant source of disagreement, however, are the
differing assumptions, perceptions, and knowl-
edge about (a) the importance of environmen-
tal conditions and processes in supporting hu-
man well-being, (b) the sensitivity of those con-
ditions and processes to disruption, and (c) the
character and amenability of society to remedy
the anthropogenic impacts now threatening
such disruption.
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Confusion about the sensitivity of those condi-
tions and processes to disruption isevident in the
comment attributed to economist William
Nordhaus that only 3 percent of gross national
product (GNP) in the United States depends on
the environment. In fact, the entire GNP in the
U.S. depends, ultimately, on maintaining the bio-
physical requisites of sustainability. Furthermore,
the importance of agriculture (the economic sector
to which Nordhaus apparently was referring) is
vastly underestimated by its present share of GND.

The greatest disparities in interpretation of the
relationships between the human enterprise and
Earth’s life support systems seem, in fact, to be
those between ecologists and economists. Mem-
bers of both groups tend to be highly self-sclected
and to differ in fundamental worldviews. Most
ecologists have a passion for the natural world,
where the existence of limits to growth and the
consequences of exceeding those limits are ap-
parent. Ecologists recognize that a unique combi-
nation of highly developed manual dexterity,
language, and intelligence hasallowed humanity
to increase vastly the capacity of the planct to
support Homo sapiens (Diamond 1991); noncthe-
less, they perceive humans as being ultimately
subject to the same sorts of biophysical constraints
that apply to other organisms.

Economists, in contrast, tend to receivelittle or
no training in the physical and natural sciences
(Colander and Klamer 1987). Few explore the
natural world on their own, and few appreciate
the extreme sensitivity of organisms—including
those upon which humanity depends for food,
materials, pharmaccuticals, and free ecosystem
services—to seemingly small changesinenviron-
mental conditions. Most treat economic systems
as though they were completely disconnected
from the planet’s basic life support systems. The
narrow education and inclinations of cconomists
in these respects are thus a major source of dis-
agrecements about sustainability.

Some of the responsibility for these continuing
disagreements also rests, however, on the failure
of ecologists and other environmental scientists
to make a case for the importance of environmen-
tal conditions and processes and for the magni-
tude of anthropogenic threats to these, in terms
understandable by and persuasive to others. This
problemis partly a matter of too few environmen-
tal scientists having made the effort to articulate
a coherent case, but also partly a matter of the
great gaps in the environmental science itself.
Nor has it helped that environmental scientists
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are often as ignorant about economic principles,
and their relevance to environmental protection,
as economists are about ecological principles.

Approaching consensus about biogeophysical
sustainability clearly will require more research,
more communicationacrossdisciplines, and more
education of the publicand policymakers about a
multitude of issues, notably:

* The character and dimensions of the ways
environmental structure and function affect
human well-being, including the identifica-
tion of environmental services and the quanti-
fication of their magnitude and value.

¢ The ways human impacts imperil environ-
mental services, involving identification of en-
vironmental systems at risk and the causes,
extent, time scales, and degree of irreversibility
of anthropogenic threats to these systems.

* The amenability of the threats to remedy,
including potential improvements in
technology and management, usc of economic
incentives to induce appropriate changes, and
the social, political, and economic barriers to
implementation of the remedices.

The causes and character
of environmental damage

Understanding the amenability of the threats to
remedy requires a closer look at the factors and
trends thatare at therootof the problem. Anearly
approach to illuminate this issuc was the “I =
PAT” formula (Ehrlich and Holdren 1971, 1972):

(environmental) impact = population x
consumption per person (affluence) x impact
per consumption (technology).

Today, a bit of further disaggregation seems
uscful, so as not to confuse affluence with re-
source usc (the two being separable by means of
the inverse efficiency factor, resource use per
economicactivity)and so as to separate measures
of what technology does to the environment
(stress) from measures of actual damage, which
depends not only on stress but on susceptibility
(itself a function of cumulative damage from
previous stresses, as well as other factors). Thus,

Damage = population
x cconomic activity per person (affluence)



X resource use per economic activity (resources)
x stress on the environment per resource use
(technology)

x damage per stress (susceptibility)

Note that this expanded relation (like the previ-
ous I = PAT) is no more and no less than an
identity. It is true by definition. People are free to
argue about whether it is informative and useful—
and we think itis—but to argue about whether it is
right is foolishness.

Identities of this sort are instructive because
they remind us that increases in population, af-
fluence, and the ratio of environmental stress to
economic activity (itself clearly a function of the
composition of that activity and the technology
with which it is accomplished) are multiplicative
in their effect on damage, so that the impact of
each factor is a matter not only of its own magni-
tude but also of the magnitudes of the others.® At
the same time, such identities are deceptive, and
above all deceptively simple, in that they fail to
make explicit (a) the ways in which the variables
on the right-hand side of the equation are not
independent, (b) the ways in which institutions,
beliefs, and values can influence all of the vari-
ables and the nature of the interactions among
them, or (c) the ways in which the relative impor-
tance of the variables and the nature of the inter-
actions among them vary with location and time.

With respect to the lack of independence of the
variables, the magnitude and composition of eco-
nomic activity per person, and their rates of
change, arelikely to depend in complicated ways
on the magnitude and composition of the popula-
tion and their rates of change. The nature of the
technology used to generate economic activity
(and thus the kind and magnitude of stresses
excrted on the environment by that technology
per unit of economic activity) will depend on the
magnitude and composition of all economic ac-
tivity (hence on population and economic activ-
ity per person) as well as on their rates of change.
The damage to ecosystem scrvices per unit of
imposed environmental stress—a form of
dosc-response relation—will generally be a func-
tion both of the magnitude and composition of
the stress and of their rates of change.

With respect to the role of institutions, beliefs,
and values, it is clear, on reflection, that these
underlie as well as modulate changes in popula-
tion, economic activity per person, and the tech-
nological variables through which the combina-
tion of population and per capita activity exert
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stresses on ecosystems; and of course itis largely
through institutions (economic, political, legal,
and so on), through beliefs and values, and
through changes in these that damage feeds back
to population, economic activity, and technology.

The relative importance of the different caus-
ative and modulating factors and the nature and
intensity of their interactions clearly vary drasti-
cally withthe social and ecological contexts, hence
with location as well as with time. The situation
is further complicated by the wide array of
mechanisms by which phenomena in one loca-
tionand time—be these phenomena demographic,
economic, technological, ecological, political, cul-
tural, or other—propagate to and influence other
locations and times.

Beyond these elaborations about the various
contributing factors, it is important to be clear
about what we mean by damage. Damage means
reduced length or quality of life for the present
generation or future generations. Damage may
result from short-term alteration of environmen-
tal conditions, long-term degradation of environ-
mental capital, and costs of attempts to avoid
reductions in length and quality of life with com-
pensating technological and social interventions.

This is of course an explicitly and
self-consciously anthropocentric definition, con-
sistent with the anthropocentric definitions of
sustainable development that provide the con-
text for thisdebate. Theanthropocentricapproach
to environmental problems is not the only valid
one, but (a) it is the one most likely to succeed in
the policy arena and (b) the difficulties in agree-
ing on definitions, problems, and solutions are
even greater if human well-being is not at the
center of attention.

Of course, any economic activity will lead to
someenvironmental damage exceptin cases where
the susceptibility factor—damage per unit of
stress—is zero. Such cases exist when environ-
mental processes are capable of completely ab-
sorbing or buffering the imposed stress such that
there is no short-termalteration of environmental
conditions or long-term degradation of environ-
mental capital of a magnitude sufficient to pro-
duce an impact onlength or quality of life for any
members of the present or future generations of
humans. But would many types and levels of
economic activity in real-world conditions actu-
ally meet this condition?

The critical issue is to specify a level of damage
that is acceptable to society. An economist might
argue, for example, that we should not refrain
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from activities that cause any damage, but only
from those whose marginal costs (the sum of the
internal costs plus the damages as here defined)
exceed their marginal benefits. That is, if one
could measure all of the costs and all of the
benefits in a single currency (such as 1992 dol-
lars), one would define the rational limit on the
scale of any economic activity as the level at
which the slopes of the cost and benefit curves
were equal. Then maximum sustainable abuse
(Daily and Ehrlich 1992) would mean the level of
abuse (stress) that pushes the total marginal cost
(slope of total cost curve) to just equal the total
marginal benefit (slope of total benefit curve).
Alas, there is no hope of quantifying and mon-
etizing all the diverse kinds of damages associ-
ated with economic activity (even the damages
occurringinthe present, not to mention the problem
of bringing future damages into our common cur-
rency, which requires agreeing on a discount rate).

In practice, then, cost-benefit-type approaches
to determining maximum sustainable abuse are
stuck with the problem of apples-and-oranges
aggregation of qualitatively different damages,
current and future damages, and damages and
benefits. Additional daunting problems include
dealing with stochasticity and cstablishing an
appropriate margin of safety in the face of uncer-
tainty. All these difficultics mean that tastes and
preferences about the proper weighting of differ-
ent categories become relevant and that theissue
is political as much as technical. (A huge litera-
ture about risk perception and risk acceptance is
relevant in some respects to these issues of maxi-
mum sustainable—or maximum tolerable or maxi-
mum prudent—abusc.)

Ignorance, knowledge, and uncertainty

Assuggested carlier, the list of whatis not known
and what needs to be known in order to address
“sustainability” with comprehensiveness and
rigor is a very long one. Table 14 illustrates this
point by presenting in abbreviated form the re-
scarch agenda on ecological aspects of the issue
that was developed recently as part of the Sus-
tainable Biosphere Initiative of the Ecological
Society of America (Lubchenco and others 1991).
Anothercompact survey of research requirements
related to sustainability isavailable in the agenda
of the International Geosphere-Biosphere
Programme of the International Council of Scien-
tific Unions (ICSU 1992). The most important
and demanding rescarch sub-agenda of all may
be one embedded in the environment-society el-
ements of these lists: namely, the question of how
to formulate and implement economic and social
incentives for preserving the essential character-
istics and functions of environmental systems.
At the same time, there is a great danger in
falling into the scientist’s trap of calling for more
rescarchwithout sufficiently emphasizing what
we already know and the implications of that
knowledge. We know for certain, for example, that:

* Noformof material growth (including popula-
tion growth) other than asymptotic growth, is
sustainable;

¢ Many of the practices inadequately support-
ing today’s population of 5.5 billion pcoplc are
unsustainable; and

* Atthesustainability limit, there will bea trade-
off between population and cnergy-matter

Table 1-4: Research Needed in Ecological Science on Sustainability

Research area

Need

Ecological causes and consequences

Ecology of conservation and biodiversity

Strategics for sustainable ecological systems

Changes in climate. Changes in atmosphere, soil, and freshwater
and manne chemistry.

Global distribution of species and change factors. Biology of rare

and declining species. Effects of global and regional change on
diversity

Patterns and indicators of responses to stress. Guidelines and
techniques for restoration. Theory for the management of ecological
systems. Introduced species, pests, and pathogens. Integration of
ecology with economics and other social sciences.

Source: Lubchenco and others 1991,
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throughput per person, hence, ultimately,
between economic activity per person and
well-being per person.

This is enough to say quite a lot about what
needs tobefaced up to eventually (a world of zero
net physical growth), what should be done now
(change unsustainable practices, reduce exces-
sive material consumption, slow down popula-
tion growth), and what the penalty will be for
postponing attention to population limitation
(lower well-being per person).

Of course there are implications of what is not
known as well as implications of what is known.
The holes in society’s knowledge should moti-
vate development of strategies for minimizing
the dangers associated with uncertainty. Any
sensible prescription for dealing with thekinds of
uncertainty we face will include adopting
no-regrets strategies, buyinginsurance,and avoid-
ing the biggest downside risks:

* No-regrets strategies entail taking steps that
minimize vulnerability to the uncertain haz-
ards while at the same time conferring benefits

Notes

1. A billion is 1,000 million.

2. Althoughconcernsother than themaintenance
or enhancement of human well-being can be
posited as principles for guiding human be-
havior (see, for example, Ehrenfeld 1978), we
shall accept for the purposes of this chapter
that the perspective focuses on the well-being
of humans.

3. Some landmarks in this early sustainability
literature include Marsh 1864; Vogt 1948;
Osborn 1948; Brown 1954; Carson 1962; Ehrlich
1968; Cloud 1969; SCEP 1970; and Meadows
and others 1972.

4. A particularly helpful review calling attention
to these difficulties is that by Lele 1991.

5. Inaddition toreferencescited innote 3above,
some major works include Ehrlich and
Ehrlich 1970; Institute of Ecology 1971;
Ehrlich and others 1977; CEQ 1980; I[UCN
1980, 1991; Myers 1984; Mungall and McLaren
1990; Woodwell 1990; Turner and others 1991;
Dooge and others 1992; Meadows and others
1992.

6. See, for example, Daly 1973, 1977, 1991; Daly
and Cobb 1989.
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that make the steps worthwhile even if the
uncertain hazards later turn out to be small.

* Insurance strategies entail paying to minimize
vulnerability, but without expecting that other
benefits (besides minimizing vulnerability) jus-
tify the investments; the payments beyond the
expectation of other benefits are the premium,
and the issue becomes how big an insurance
premium should be paid.’

¢ Avoiding the biggest downside risks, finally,
means trying to leave the biggest margin of
safety against the hazards with the biggest
negative consequences (largest areas and
numbers of people affected, highest degrees of
irreversibility),evenif the probabilities of these

downside outcomes are unknown or appear to
be small.

There is, of course, much more to be said about
the meaning and measurement of biogeophysical
sustainability and about what human societies
should be doing about it. But since this chapter is
intended only to set the stage for the more de-
tailed treatments to follow, we happily leave the
rest to them.

7. Harm that would qualify as tolerable, in this
context, could not be cumulative, else continu-
ing additions to it would necessarily add up to
unsustainable damage eventually. Thus, for
example, a form and level of pollution that
subtract a month from the life expectancy of
the average member of the human population,
or that reduce the net primary productivity of
forests on the planet by 1 percent, might be
deemed tolerable in exchange for very large
benefits and would certainly be sustainable as
long as the loss of life expectancy or reduction
in productivity did not grow with time. Two of
us have coined the term “maximum sustain-
able abuse” in the course of grappling with
such ideas (Daily and Ehrlich 1992).

8. The following discussion was adapted from
the unpublished reportof a National Academy
of Sciences study group, chaired by Holdrenin
1991, on human impacts of ecosystems. See
also the acknowledgments to this paper.

9. Theideaof society’sbuying insuranceis hardly
unprecedented: much of the $300 billion a year
that the U.S. spends on defense, for example,
represents an insurance policy against contin-
gencies considerably less likely to come about
than are some of the environmental disasters
one could mention.
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The expression sustainable development was
coined to demonstrate thateconomic growth and

environmental protection can be compatible.

Many definitions have been provided for this
phrase (Pearce, Barbier, and Markandya 1989;
Pezzey 1989). At the most basic level, dictionaries
define the verb sustain as “to give support to,
nourish, keep up/prolong,” among others, and
development as the improvement of human wel-
fare and the quality of life. Development is there-
fore not entirely synonymous with economic
growth, which focuses mainly on realincomes. A
narrow definition of sustainable development
would indicate that per capita income or well-
being is constant or increasing over time. The
wider concept of sustainable development is less
precise and embraces a set of indicators of well-
being (including income) that could be main-
tained or increase over time. The World Bank, in
its World Development Report 1992, states that sus-
tainable development meansbasing developmen-
tal and environmental policies on a comparison
of costs and benefits and on careful economic
analysis that will strengthen environmental pro-
tection and lead to rising and sustainable levels of
welfare (World Bank 1992).

The practice of sustainable development in-
volves making choicesbetween alternatives. Any

given development activity will inevitably ad-
vahce some interests while prejudicing others. In
order for informed choices to be made, economic,
ecological, political, social, and cultural factorsall
need to be considered and presented to
decisionmakers in an unambiguous (and unbi-
ased) fashion. This is a formidable task, and this
chapter attempts to make a small contribution to
the debate.

Different disciplines place varying interpreta-
tions on the conceptof sustainability. Whileecono-
mists emphasize the maintenance and improve-
ment of the living standards of humans, ecolo-
gists and scientists have broadened the meaning
to express concerns about preserving the adapt-
ability and function of entire ecological and bio-
physical systems. At the same time, geographers
and anthropologists have focused on the viability
of social and cultural systems (Toman 1992).

Understanding sustainable development in
turn requires that the competition for resources
be placed in a historical context, in order to iden-
tify and describe the social and economic under-
pinnings of environmental degradation. By ex-
amining how underlying processes have evolved
in the past, it becomes easier to understand the
goals of various types of development activities
and institutional arrangements.
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A historical perspective

Throughout the course of human evolution, the
populations that survived wereby definition those
that had a sustainable relationship with their
environment; that is, unsustainable behavior led
to displacement or extinction of the populationor
to a change in behavior. This does not mean that
early human populations did not have significant
ecological impacts or modify their environments
to suit their needsbetter. Indeed, coincident with
the first arrival of Homo sapiens in North America,
some thirty-four genera of large mammals be-
came extinct, and the first arrivals of humansinto
Australia, New Zealand, and Madagascar were
accompanied by significant losses of species of
large animals that were easily harvested by the
new and sophisticated predator (Martin 1984).
Presumably, huntersmissed atleast someof these
easily hunted species once they were gone, while
local cultures based on the harvesting of large
mammals necessarily adopted other means of
earning a living or themselves became extinct.

The unsustainable pressures of human activi-
ties on the environment greatly increased as the
domestication of animals and the cultivation of
cropsbecame common. Thus traditional nomadic
pastoralism is generally accepted as being more
environmentally benign than agriculturalism,
given that agriculture deliberately transforms
nature and ecosystems by altering soils and
growth patterns and through deforestation
(Goudie 1990; Ponting 1990).

Boyden and Dovers (1992) describe how the
human aptitude for culture gave rise to
“technometabolism,” involving new inputs and
outputs of materials and energy through various
kindsof technological processes. They outline the
phases of this process. Phase 3, the early urban
phase, led to several biologically and socially
important changes, including the occupational
and social stratification of human society, the
institutionalization of warfare, and the increased
role of contagious disease as a cause of mortality.

Ponting (1990) discusses how sociological
changes acted as a catalyst for the first known
large-scale anthropogenic disruptions to the bio-
physical environment. In Mesopotamia, the need
for food surpluses to support a growing
nonproducer class of bureaucrats and soldiers
led to an intensive, irrigated agricultural system;
the consequent waterlogging and salinization of
the fields destroyed the basis for Sumerian soci-
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ety, around 2370 B.C. In the Indus Valley of India
and the Mayan lowland tropical jungles of
Mesoamerica, large-scale deforestation and the
resultant soil erosion precipitated a similar col-
lapse of society, caused by the inability of fragile
ecosystems to support a massive, complex infra-
structure. In a somewhat different manner, the
demands of rapid population growthon theenvi-
ronment during the heyday of the Roman Empire
led to long-term environmental decline in the
Mediterranean (caused by deforestation and soil
erosion from overgrazing). A similar picture
comes from many, if not most, individual civili-
zations of the past (Darlington 1969). The process
of civilization could be more broadly defined to
include not only the rise and fall of individual
societies but also their progressively increasing
levels of organization and complexity. The future
sustainability of this broader evolutionary pro-
cess will depend on the ongoing search for paths
of long-run sustainable development.

The increased demands that industrial coun-
tries place on natural resources, and growing
poverty indeveloping nations, threaten the pros-
pects for achieving a level of ecological
sustainability while protecting human well-be-
ing. A major issue today is the highly resource-
intensive per capita consumption in industrial
nations, but population growth will also add to
the pressure on natural resources in the future.
Today humans use approximately 12,000 times as
much energy (mainly in the form of fossil fuels) as
they did 400 generations ago when farming was
first introduced. Nearly 80 percent of this energy
is used in industrial nations, which constitute
only 25 percent of the world’s population. The
same imbalance is also seen in the per capita
generation of waste between the two groups of
countries. The great intensification of
technometabolism in the industrial countries has
resulted in the rapid increase of gaseous waste
emitted into the atmosphere. In particular, scien-
tists have noted an increase of 25 percent in the
carbon dioxide content of the atmosphere since
the preindustrial age (see table 2-1 and figure 2-1
forexamples of carbon dioxide emissions by coun-
try and average annual consumption per capita of
energy, metals, and so forth for selected countries).

The increase in greenhouse gases is expected
tolead to an increase in the mean global tempera-
ture of from 2 °to 5 over the next fifty years. Some
scientists believe that global warming will result
in a rise in sea level, an increased rate of deserti-
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Table 2-1: Average Annual Consumption per Capita, Various Years

Product and United  United
year of data World Total Canada  Germany  France Italy Japan  Kingdom  Slates
Energy (gigajoules)
Total fossil fuels, 1989  54.71 190.32 270.95 160.98 94.98 106.56 109.80 14211 28293
Solids, 1989 1871 53.13 44.65 7441 14.48 10.01 26.96 4794 8015
Liquids, 1989 2248 90.27 127.06 57.75 60.24 69.35 67.51 5697 12721
Gas, 1989 13.53 46.92 99.25 28.82 20.26 2.19 15.33 3720 7557
Metals (kilograms)
Crude steel, 1989 15320 489.09 529.72 563.08 31277 48671 757 64 30400 41144
Aluminum, refined, 1990 3.39 15.94 15.66 17.83 12.77 n.32 19.55 789 174
Copper, refined, 1990 204 9.54 6.95 13.29 8.46 8.24 1276 552 8.54
Lead, refined, 1990 1.05 4.71 3.4 5.79 4.51 448 338 525 5.13
Nickel, refined, 1990 0.16 0.76 0.46 1.21 0.79 047 1.29 0.57 0.50
Tin, refined, 1990 0.04 0.19 0.11 0.28 0.15 0.11 0.28 0.18 0.15
Zing, slab, 1990 1.32 493 475 6.85 5.03 4.69 6.59 329 395
Industrial materials (kilograms)
Cement, 1983-85 197.72 416.06 23986 50267 376.17 670.11 550.66 24285 32723
Fertilizer, 1989-90 27.63 58.18 82.67 58.39 108.67 31.52 15.74 4122 7521
Forest products
Roundwood

(cubic meters) 1989 0.67 1.35 6.71 0.56 0.70 0.27 0.68 0.12 204
Paper and paperboard

(kilograms), 1989 44.39 229.61 236.09 181.62 148.17 116.05 221.84 168.15 30671

a. World consumption is assumed to be equal to world production.
b. Consumption in the Federal Republic of Germany plus production in the German Democratic Republic.

Figure 2-1: Cumulative Emissions of Carbon Dioxide
from Fossil Fuels for Twenty-five Countries with the
Highest Emissions, 1950-89

(billons of metric tons of carbon dioide) fication, and species extinction. Also, in the mid-
1980s more than 85 percent of the chlorofluoro-
B carbons (CFCs)released into theatmosphere came
140 from the industrial countries (see figure 2-2 for
‘ use of CFCs and halons by region in 1986). Under
120 1 the best outcome of the Montreal Protocol, the
100 concentration of CFCs in the stratosphere will
] increase to three times the present level in the
O e next thirty years, resulting in increased ultravio-
60 +— H ‘ let radiation from the sun due to depletion of the
o | ’ ozone layer (Boyden and Dovers 1992). The con-
B sequences are likely to include greater incidence
201 H . of skin cancer, cataracts, and so forth in humans
| [:][:]D[j,: o T as well as disruption of ecosystems due to the
0 & G4 O ' }’ ('\ o . ‘;’ ’ lethal effects of increased ultraviolet radiation on
SN C‘Q%?" Q’/z, C;, % s q‘% %’-% many organisms.
*® "o 7“5 ?@‘b%‘;
%
% 4 %;
@ Poverty and environmental degradation

Note: The European Community comprises twelve Any discussion of sustainable development would

countries: Belgium, Denmark, France, Federal Republic of . . P
Germany, Greece, Ireland, Italy, Luxembourg, the be meaningless without recognition of the close
Netherlands, Portugal, Spain, and the United Kingdom. relationship between poverty and environmental

Source: Unpublished data from the Carbon Dioxide
Information Analysis Center and the Oak Ridge National
Laboratory. 21
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Figure 2-2: Current and Projected Use of
Chlorofluorocarbons and Halons, by
Region, 1986 and 2000

Actual 1986:
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Projected 2000:
2.2 million tons
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Source: Munasinghe and King 1992, pp.24-25.

degradation. It is clear that the poor suffer the
consequences of environmental degradation most,
especially since they are the most vulnerable and
least able to avoid or mitigate the consequences.

The Hague Report (Pronkand Haq 1992) points
out that the ratio of per capita incomes is 150:1
between the top and bottom 20th percentiles of
the world population. It estimates that most poor
people live in areas of high biodiversity and frag-
ile ecosystems:.80 percent of Latin America, 60
percent of Asia, and 50 percent of Africa. Basi-
cally, the greatest proportion of the poor live in
rural areas: 69 percent in Sub-Saharan Africa, 74
percent in South Asia, and 60 percent in Latin
America (World Resources Institute 1992a). A
contributing factor to poverty and environmental
degradation is that rural areas lag behind urban
areasin humandevelopment, with infant mortal-
ity in some countries 30 to 50 percent higher and
malnutrition as much as 50 percent higher. The
difficulties in determining the priorities of sus-
tainable development are highlighted by the fol-
lowing statistics (World Bank 1992).

For land,

* Therateofsoil degradation and desertification
is increasing, mainly affecting the rural poor.
Countries like Costa Rica, Malawi, Mali, and
Mexico may belosing 0.5 to 1.5 percent of gross
national product (GNP) annually in terms of
farm productivity.
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¢ Up to 20 metric hectares a year of primary
tropical forests (about 1 percent of total) are
being lost.

* In one of many examples, 5,000 Philippine
villagers werekilled by recent flooding caused
in part by the presence of deforested hilisides.

For water,

¢ Approximately 1billion peoplein the develop-
ing world are still without access to clean wa-
ter for drinking and bathing.!

* About1.7billion must contend withinadequate
sanitation facilities, resulting in 900 million
cases of diarrheal diseases annually and 3
million deaths (mostly infant mortalities);
another 500 million people suffer from
trachoma, 200 million from schistosomiasis or
bilharzia, and 900 million from hookworm.

For air,

¢ About 1.2 billion people live in urban areas in
developing countries that do not meet World
Health Organization standards on dust and
smoke; it is estimated that the reduction of

such pollutants would save 300,000 to 700,000
_ lives annually.

* Firewood, charcoal, and dung, the primary
fuels of developing countries, endanger the
health of 400 million to 700 million people
(especially women and children) with health
consequences equivalent to smoking several
packs of cigarettes a day. Automobile emis-
sions, primarily lead, also contribute to health
problems related to air pollution.

¢ Inthelong term, even global warming is likely
to have the most severe consequences for low-
income countries and the poor, as they will be
the least able to cope with the range of potential
impacts.

In developing countries, rapid population
growth, agricultural modemnization, and inad-
equateland tenure systemsare creatingever larger
populations with little or no access to productive
land. This results in rural to urban migration or
the increased use of marginal lands. As more and
more people exploit open-access resources in or-
der to survive, the environment is further de-
graded. Thisdegradation occurs through soil ero-
sion, loss of soil fertility, desertification, defores-
tation, depleted fish and game stocks, loss of
biodiversity and natural habitats, depletion of
groundwater, pollution, siltation of rivers, and so
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on. The end result is a reduction in the carrying
capacity and productivity of the land and aloss of
absorptive carbon sinks, as in the Amazon. This
has both intragenerational and intergenerational
consequences, exacerbating existing poverty and
threatening the economic prospects of future gen-
erations.

In developing countries, it is not so much the
quality of life that is at risk because of environ-
mental degradation, but life itself. Although eco-
nomic growth is crucial, these poor nations must
adopt models of development that are less mate-
rial- and energy-intensive and more environmen-
tally sound than in the past. The industrial coun-
tries can assist in this effort by facilitating the
transfer of technology and financng environmen-
tally sustainable projects in developing countries.

General ideas about sustainable
development

Probably the best-known and most frequently
quoted definition of sustainable development is
provided in the Brundtland Report as “develop-
ment that meets the needs of the present without
compromising the ability of future generations to
meet their own needs” (World Commission on
Environment and Development 1987, p. 8). This
definition is anthropocentric and based on the
concept of intergenerational equity.

An economist’s working definition of sustain-
able development could be “the maximization of
net benefits of economic development, subject to
maintaining the services fromand quality of natu-
ral resources over time.” Thisimplies that renew-
able resources (especially scarce ones) should be
used at rates less than or equal to the natural rate
of regeneration and that the efficiency with which
nonrenewable resources are used should be opti-
mized, subject to how effectively technological
progress can substitute for resources as they be-
come scarce {Pearce and Tumner 1990). To this
could be added the requirement that waste be
generated at rates less than or equal to the assimi-
lative capacity of the environment (Barbier 1991).

Dasgupta and Mailer (1990) point out that a
decline in resource stocks per seisnotareason for
concern. They state that “whether or not policy
should be directed at expanding environmental
resource bases is something we should try and
deduce from considerations of populationchange,
intergenerational well-being, technological pos-

sibilities, environmental regeneration rates, and
the existing resource base.” Other researchers
share the view that we can avoid the prospect of
Malthusian scarcity by resource substitution and
technological innovations (Toman 1992).

However, many also share the view that the
scale of human pressure on natural systems is
already well beyond a sustainable level (as dis-
cussed in Toman 1992). In the former Soviet Union,
as Gerasimov (1974, as cited in Goudie 1990) has
pointed out, up to the industrial revolution, “the
natural environment taken as a whole was able,
up to a point, to withstand anthropogenic distur-
bances, although there were also local irrevers-
ible changes. Since the industrial revolution, the
general intensity of human impact on the envi-
ronment has exceeded its potential for restora-
tion in many large areas of the earth’s surface,
leading to irreversible changes not only on a local
butalso onaregional scale.” Examples of human-
induced environmental degradation are illus-
trated in figures 2-3 and 2-4, which provide ex-
amplesof water degradationand thelocationand
types of soil degradation.

Sustainability has also been defined as “a rela-
tionship between dynamic human economic sys-
tems and larger dynamic, but normally slower-
changing ecological systems, in which (a) human
life can continue indefinitely, (b) human indi-
viduals can flourish, [and] (¢} human cultures can
develop, butin which (d) effects of human activities
remain within bounds, so as not to destroy the

Figure 2-3: Consumption of Irrigation Water and
Volume of the Aral Sea, 1960-87

Volume Consumption
(cubic (cubic kilometers
kilometers) per year)
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Source: Micklin 1988.
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Figure 2-4: Types of Soil Degradation, by Region
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Figure 2-5: The Ecological System
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Source: Munasinghe 1993.
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diversity, complexity,and functionof the ecological
life support system” (Costanza 1991; see figure 2-5).

Essentially, if economic growth is an increase
inquantity, thenlogically it cannot be sustainable
indefinitely on a planet with a finite amount of
resources. Economic development, however, is
animprovement in the quality of life and does not
necessarily imply an increase in the quantity of
resources consumed. In this context, measures
such as the Overseas Development Council’s
Physical Quality of Life Indicator and the United
Nations Development Program’s Human Devel-
opment Index have been proposed. Such qualita-
tive rather than quantitative development may
be sustainable and could become the desirable
long-range goal of humanity.

Concepts and definitions of sustainable
development

Asindicated earlier, we mightidentify threebroad
approaches to sustainability, as shown in Figure
2-6. Economists relate sustainability to the pres-
ervation of the productive capital stock. Physical
scientists relate sustainability to the resilience or
integrity of biological and physical systems
(Perrings 1991). A third view relates sustainability
to a concern about the adaptability and preserva-
tionof diversesocialand cultural systems (Toman
1992). This section provides a brief overview of
each in turn.

Economic approach

The economic approach to sustainability origi-
natesin the Hicks-Lindahl definition of incomeas
the maximum flow of benefits possible from a
given set of assets, without compromising the
flow of future benefits. This requires the preser-
vation or increase of the base of assets over time.
Solow (1986) describes the sustainability con-
dition as follows: “A society that invests in
reproducible capital, the competitive rents on its
current extraction of exhaustible resources, will
enjoy a consumption stream constant in time, . . .
an appropriately defined stock of capital—in-
cluding the initial endowment of resources—is
being maintained intact,and... consumption can
be interpreted as the interest on patrimony.” (The
constant stream of consumption is one interpre-
tation of intergenerational equity.) As discussed
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Figure 2-6: Approaches to Sustainable Development
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below, the measurement of a country’s base of
assets might be broadened to include natural
capital, in addition to man-made capital and hu-
man-resource capital.

It has been argued that maintaining the stock
of natural capital is not essential to the develop-
ment of a sustainable economy, that technologi-
cal change improves the efficiency of resource
use, and that more productive man-made capital
can be substituted for natural capital (electricity
for fuelwood, fertilizers for manure, and so forth).
Livestock can replace wild animals in the diet,
without necessarily reducing species diversity
(the Masai in the savannas of Africa are an ex-
ample); modern pharmaceuticals can replace
medicinal plants; and domesticated plants can
replace harvests from the wild. However, there
are certain caveats to this argument (Pearce and
Turner 1990). According to the First Law of Ther-
modynamics, energy (and matter) cannot be cre-
ated or destroyed. Therefore, man-made capital
and natural capital are notindependent: the latter
is often needed to make the former. Second, natu-

ral capital fulfills life support functions that are
not met by man-made capital (for example, the
ozone layer). Finally, the neoclassical interpreta-
tion of substitutability between inputs cannot be
easily applied to natural capital, given their
multifunctionality and difficulties of physical
quantification and economic valuation. For ex-
ample, table 2-2 presents a table of nonmarket
goods available from a forest ecosystem.
Cleveland (1991) points out that, while the
neoclassical production model assumes that capi-
tal and labor are primary inputs to production
(ignoring the substantial quantities of energy used
in the process of harvesting resources itself), a
biophysical model of the economic process as-
sumes that capital and labor are intermediate
inputs and that the underlying primary factors of
production are low-entropy energy and matter.
Cleveland re-analyzed the seminal work of Barnett
and Morse on scarcity (1963) from a biophysical
perspective and found that energy use increases
with resource depletion, because lower-quality
deposits require more energy to locate and upgrade.
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Table 2-2: Environmental Functions of Forests

Source of materials Sink General and
and services for wastes life support
Timber Absorption of waste

Fuelwood

Other business products
Non-wood products
Genetic resource
Recreation and tourism

Recycling nutrients
Watershed protection
Protection of soil quality
and resistance to erosion

Genetic pool

Climate regulation

Carbon fixing

Habitat for people, flora, and fauna
Aesthetic, cultural, and spiritual source
Scientific data

Source: Munasinghe 1992a.

Additionally, natural and man-made capital
are only substitutable to a limited extent. Natural
capital is subject to irreversibilities. Natural capi-
tal can be depleted but not increased, if previous
decrementshaveled to extinction (Pearce, Barbier,
and Markandya 1989). Furthermore, the species
of plants and animals driven to extinction may
have provided significantbut presently unknown
benefits in the future. For example, a new chemi-
cal isolated from the back of the Ecuadorian poi-
sonous frog Epipedobates tricolor is a painkiller 200
times as potentas morphine. Called “Epibatidine,”
it is a member of an entirely new class of alka-
loids: an organo-chlorine compound, which is
rarely found in animals. Thus important discover-
ies remain to be made in the natural world, pro-
vided that speciesareallowed tosurviveand evolve.

The issue of irreversibility is closely linked to
the role of uncertainty. There is considerable sci-
entific uncertainty about the adverse conse-
quences of global warming,. The chemistry of acid
rain is still being developed. We do not completely
understand how to relate the role of ocean cur-
rents to the determination of climate, and the
ways in which stands of natural forest affect
microclimates are still being researched. We are
not even certain about the loss of assimilative
capacity that could be sustainable. Even changes
of 5 or 10 percent in the carrying capacity of the
Earth can be viewed as having enormous social
and political consequences on a global scale
(Schneider 1990). Given such uncertainty about
environmental benefits and costs, it becomes in-
creasingly difficult to make tradeoff decisions
between man-made capital and natural capital.

The issues of vulnerability and resilience also
merit attention. In many developing countries,
the margin of flexibility is so low between a
sustainable and nonsustainable society that any
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external shocks could have severe economic and
social consequences. Already, it is reported that
10 percent of the Earth’s potentially fertile land
hasbeen turned into desert or wasteland, whilea
further 25 percent may be endangered. Eachyear,
8.5 million hectares are lost through erosion and
siltation (Pronk and Haq 1992). Given such dire
conditions, natural capital would probably be
preferable to man-made capital, in the sense that
it may reduce vulnerability and increase resil-
ience (Pearce and Turner 1990). Self-relianceisan
important related quality that should be main-
tained (Lovelock 1979).

A key concern in wishing to maintain a constant
stock of capital is the essentially socio-ethical issue
of intragenerational and intergenerational equity.
The concept of intragenerational equity calls fora
spatial universality requirement: the current
highly skewed distribution of income and pov-
erty is recognized as unacceptable. This concept
is also linked to the issue of resilience.
Intergenerational equity has a temporal universal-
ity requirement: the rights of future generations to
an acceptable level of welfare must be protected.

Another consideration is that, when natural
capital is destroyed, the habitats of other species
arc damaged. As scientists discover more com-
plex interconnections in biophysical systems,
which in turn underlie the productive basis of
human society, then the preservation of whole
ecosystems (natural capital) may be viewed in
economic terms. An extreme version of this ap-
proach is centered around the so-called Gaia hy-
pothesis, which states that the totality of life on
Earth is responsible for controlling the tempera-
ture, chemical composition, oxidizing ability, and
acidity of the Earth’s atmosphere (Potvin 1992).
In addition, there is the purely ethical issue of
existence rights for other species.
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It is clear that deciding what is the relevant
stock of capital and how it should be measured
depends on the substitutability in production,
and indispensability, of the differentcomponents
of capital: machines, technical knowledge, and
renewable and nonrenewable resources (Pezzey
1989). The challenge for economists is to expand
the analysis of resource values to consider the
function and value of ecological systems, making
greater use of ecological information, and to ex-
tend economic theory and analysis to examine
more fully the implications of biophysical re-
source limits. Valuation techniques must be fur-
ther developed, in particular to improve method-
ologies forassessing how future generationsmight
valuedifferentattributes of natural environments.
The technique of environmental accounting seeks
to adjust the present system of national accounts
and commonly used measures like gross domes-
tic product (GDP), by explicitly considering deg-
radation of environmental assets and expendi-
tures to remove pollution (Lutz and Munasinghe
1991). One key question is how to distinguish
between efficient allocation of resources and so-
cially oriented concerns such as issues of
intergencrational and intragenerational equity
{Toman 1992).

The impact of trade on sustainable develop-
mentisbeing examined moreand more. Norgaard
(1987) has pointed out that development occur-
ring as a result of exchange has encouraged agri-
cultural specialization, with the resultant reduc-
tion in the diversity of crops and supporting
specics. He also notes that, although neoclassical
trade theory iissumes that the factors of produc-
tion are motile, the environmental services pro-
vided by biodiversity, which give land its value,
cannot freely shift from one product to another.
McRobert (1988) observes that traditional eco-
nomics research on trade policy does not account
for hidden environmental externalities (through
pollution and change in climate) that are implicit
in the transportation of goods.

Biophysical approach

Sustainability from a biophysical perspective is
linked to the idea that the dynamic processes of
the naturzal environuiment can become unstable as
a result of stresses imposed by himan activity.
Sustainability in this scenario refers to maintain-
ing a system’s stability, which implies limiting

the stress to sustainable levels on ecosystems that
are central to the stability of the global system
{(Perrings 1991). (This idea is related to the protec-
tionof the resilience of fragile ecosystems through
the maintenance of natural capital.)

From a thermodynamics perspective,
sustainability is related to the fact thatin ecosys-
tems where energy flows are open, the system
tends to organize itself into stable or quasi-stable
states, within the constraints imposed by its envi-
ronment. In ecosystems where resource values
are incompatible with that self-organization, the
system will switch fromone thermodynamic path
to another, or from one self-organization to an-
other (Perrings 1991). Threshold values exist for
the diversity of species within an ecosystem. If
any one population in an ecosystem falls below
its critical threshold level, the self-organization of
the wholeisaltered. Theintegrity of an ecosystem
is measured by its ability to maintain its self-
organization through the selection of an opti-
mum operating point along the same thermody-
namic path—that is, without undergoing the ir-
reversible change that occurs from switching
paths. Economic activity that imposes
unsustainable levels of stress on the natural envi-
ronment may generate negative feedback effects.

Using reasoning somewhat similar to the neo-
classical argument for the substitutability of capi-
tal, Potvin (1992) states that, “at the end of a
period during which depletable inventories are
drawn down for use, if structural and chemical
energy newly embodied in things of human de-
sign and manufacture exceeds the energy lost to
reserves themselves, then exploitation of these
inventories is consistent with ecosystem self-or-
ganization.” Thisenables, for example, humanity
to use a finite mineral and fossil inventory in
order to generate a perpetual stream of income,
assuming that society invested all the rents from
the resource. If capital goods are acquired rapidly
enough to make up for the continually declining
use of resources, resources can continue to be
used and reserves remain positive. A vital ele-
ment of the Cobb-Douglas production function,

Q0 =K"R"™, is thatcach input is essential. If either
capital stocks or resources are run down to zero,
then output is zero (Hartwick and Olewiler 1986).

Ecological sustainability basically implies the
preservationofbiodiversity ata sustainable level.
Biodiversity, a term that has entered widespread
usage since the late 1980s, has arisen because
other terms, such as “living natural resources” or
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“the living environment,” were inadequate to
deal with the complexities of conserving the liv-
ing systems on which human welfare depends.
This new approach involves local communities,
scientists, indigenous peoples, and many parts of
government working together to ensure that bio-
logical resources—land, forests, oceans, and so
forth—are used in ways that are sustainable and
contribute to intergenerational equity.

Biodiversity (as defined by the United Nations
Environment Program, Intergovernmental Ne-
gotiating Committee for a Convention on Bio-
logical Diversity 1992) means “the genetic, taxo-
nomic, and ecological variability among living
organisms; this includes the variety and variabil-
ity within species, between species, and of biotic
components of ecosystems.”

Conserving biodiversity is the foundation of
sustainable development:

1. It supports current productive systems.

2. Future practical values and nceds are unpre-
dictable.

3. Ourunderstanding of ecosystemsis insufficient
to be certain of the role and impactof removing
any component (especially irreversible and
catastrophic effects).

In addition, variety is inherently interesting and
more attractive. For example, both high agricul-
tural productivity and human health depend on
the preservation of a diverse biota consisting of
the estimated 10 million species of plants and
animals that inhabit the planet. However, ap-
proximately 90 percent of the food for humans
comes from just fifteen plant species and eight
animal species (Pimentel and others 1992).

The continued productivity of agriculture and
forestry depends on the preservation of
biodiversity. Microbes fix nitrogen from the at-
mosphere for use by crops and forests: an esti-
mated 90 million tons of nitrogen is fixed for use
by agriculture worldwide with a value of almost
$50 billion annually (Hardy and others 1975, as
quoted in Pimental and others 1992). Cross-polli-
nation is essential for crop reproduction in many
cases. More than forty U.S. crops, valued at ap-
proximately $30billion, require insect pollination
for production (Robinson and others 1989, as
quoted in Pimental and others 1992). Althoughan
estimated $20billion a year is spent on pesticides,
parasites and predators in natural ecosystems are
providing about five to ten times this amount of
value in terms of natural pest control (Piniental
and others 1992). When one considers that these

28

are just a token sample of the benefits of preserv-
ing biodiversity, the importance of ecological
sustainability is evident.

Any discussion of sustainability mustexamine
the question of the sustainable use of renewable
resources (especially biodiversity), in addition to
the more easily quantifiable area of nonrenew-
able mineral resources. There is no direct rela-
tionship between the market value of biological
resources and their prospects for prescrvation
(Orians 1990). An example of this is deforestation
caused by strip mining of coal. The extractive
resource is valued more highly than the species
that are being destroyed due to loss of habitat.
Livingorganisms alsodiffer frommincralsin that
they reproduceand can increase, whereas chemi-
cal resources may be converted into other forms
of matter but do not generate more of their kind
(Orians 1990).

Sustainable use implies gaining bencfits from
a resource on a continuing basis, cither through
direct consumption (such as logging or hunting)
or through nonconsumptive means (for example,
tourism). For use to be sustainable in the long
term, consumption cannot exceed the natural in-
crement. Acceptable levels of use are primarily a
matter of judgment, basced on reproductive rates,
habitat condition, market demand, and so forth,
but when the size of a stock is considered to have
rcached alevel so low as to threaten the continued
existence of the resource, then strict preservation
may be the only available option.

Another issuc to be considered in the discus-
sion of sustainability is the definition of natural.
This word is understood by most people to be that
which is determined by wild nature and is often
perceived as the opposite of human. In fact, natu-
ralness is a relative term covering a range of
human influences from the most pristine (for
example, Antarctica, where no permanent hu-
man secttlements are found, while major human
influences are felt primarily throughair pollution
and the harvesting of resources from the sur-
rounding seas) to the most human-influenced
end of theecological scale (forexample, a primary
man-made urban environment).

Similarly, nativencss is not really a definition
but rather a descriptive continuum in time that
ranges from the mostancient, continuous, specics
inanarca (such as oaksin Europe or elephants in
Africa) to themostrecentimmigrants intoanarca
(such as starlings in Europce). The acacia trees that
are so distinctive in the African savannas, for
example, have been there less than 100 years and
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are the result of human introduction of a devas-
tating exotic pathogen; just as they have become
the defining characteristic of the African savanna
for many people, so too will successful immi-
grants eventually become “natives” as natural
selection creates new ecological communities.

To most early ecologists the natural ecosystem
was the community that would be reached after a
long period without large-scale disturbance (fire,
wind storm, and so forth). This was the climax
community, which would be in equilibrium, in
which some parameter of interest (species com-
position, biomass, or net primary productivity) is
roughly constant from year to year when aver-
aged over the whole landscape or in which op-
posing processes are approximately balanced on
a landscape scale. More recently, ecologists have
learned that most areas are subject to various
typesoflarge-scaledisturbance, including storms,
fires, changes in climate, and outbreaks of pests.
Therefore, in many areas it may be unrealistic to
try to define the natural vegetation for a site;
several communities could be the natural veg-
etation for any given site at any given time
(Sprugel 1991).

As ecologists learn more about the history of
ecosystems, it becomes increasingly obvious that
although the general idea of trying to preserve
vegetation in a natural state might be desirable,
identifying a specific pointin time as epitomizing
the natural state is ill-advised. At any given mo-
ment, the vegetation of any area has some special
characteristic that makesitdifferent fromanother
time that might equally well have been chosen.
Therefore, sustainability does not necessarily
imply maintaining some static natural state, but
rather maintaining the resilience and capacity of
the ecosystem to adapt to change.

Gomez-Pompa and Kaus (1992) have pointed
out that many of the tree species now dominantin
the mature vegetation of tropical areas were, and
still are, the same species protected, spared, or
planted in the land cleared for crops as part of the
practice of shifting agriculture. The current com-
position of mature vegetation is therefore at least
partly thelegacy of past civilizations: the heritage
of cultivated fields and managed forests aban-
doned hundreds of years ago.

Oneexample of the complexity of sustainability
issues is the now well-known perennial corn, Zea
diploperennis, which is a secondary species that
grows in abandoned cornfields. To protect the
species, the slash and burn techniques of this

form of traditional agriculture have to be contin-
ued to provide the habitat that it requires. With-
out all the human cultural practices that go with
the habitat, the species will be lost forever. Yet
this dimension of species maintenance has been
neglected in our own tradition of natural re-
source management.

The general state of the physical environment
is to a large extent determined by living organ-
isms. For example, the presence of free oxygen in
the environment is the result of biological photo-
synthesis, and living organisms play a major role in
the biogeochemical cycles of such elements as sul-
fur, calcium, nitrogen, and phosphorus (Orians
1990). Limits on the sustainable use of physical
processes in the environment are related to both
additions and subtractions of materials. The most
important mechanism whereby materials are re-
moved from the environment is the alteration of
ecosystems: deforestation, drainage of wetlands,
and the conversion of diverse grasslands into de-
graded pastures. These activities decrease the size
of the original habitat, altering the ratio between the
habitat’s edge (with altered microclimates) and in-
terior, thereby resulting in higher rates of species
extinction. Second, suchactivitiesincreasedistances
between patches of habitat, thereby lowering
recolonization rates of species (Orians 1990).

The spatial nature of additions and subtrac-
tions leading to overreach of a system’s limits,
depends on the general type of environment. In
the atmosphere, for example, because of the lack
of physical structure and the high rates of move-
ment and mixing of the medium, most problems
are global and regional rather than local (for
example, global warming and acid rain). In con-
trast, the cumulative effects of human activities at
the terrestrial level are primarily local, the most
critical concern being alteration and fragmenta-
tion of the habitat (Orians 1990). Here,
sustainability issues basically revolvearound land
(and water) management. When land is privately
owned, land use management can become a com-
plex issue. Furthermore, publicly held lands are
justasdifficult to manage due to the pressure that
public interest groups exert on governments.
Decisions aboutland use management tend to be
made on small spatial scales, whereas the prob-
lems of habitat loss call for large-scale solutions.
This is compounded by the fact that political
boundaries donotcoincide with ecological bound-
aries, rendering agreements on efficient land
management solutions more difficult.
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A very recent example of unsustainable use
and the need for clear managementresponsibility
and ownership is the caviar-producing sturgeon,
which is rapidly becoming the latest victim of the
collapse of the former Soviet Union. Over the past
six months, four independent states and two au-
tonomous regions have appeared around the
Caspian Sea, which contains more than 90 per-
cent of the world’s sturgeon stocks. According to
Dobbs (1992), “As a result, the tightly regulated
caviar-producing cartel formed by the former
Soviet Union and Iran has collapsed, leading to a
free-for-allin which Russian poachers, Azerbaijani
mafia bosses, and Turkmen bureaucrats muscle
their way into the lucrative business.” Already
threatened by a string of ecological disasters in
and around the Caspian Sea, sturgeon stocks may
be completely depleted within threeor four years.
Prior to the collapse of the former Soviet Union,
strict quotas were established by the Ministry of
Fisheries, and a powerful inspectorate cracked
down on poachers and dealers in illegal caviar.
Sturgeonno longer swimup Azerbaijan’s poisoned
and dammed-up rivers, so local fishermen catch
immature sturgeon in the Caspian Sea, a practice
that will accelerate the demise of the fishery. Such a
free-for-all may earn short-term profits for a few, at
the cost of long-term welfare for many.

Sociocultural approach

Crucial, but often overlooked, factors in sustain-
able development are the social and cultural as-
pects. Ethical values, beliefs, and institutions de-
velop within sociocultural systems to meet hu-
man needs. The world is in a period of very rapid
change, when new institutions are being created
tomanage natural resources, basced on socioethical
values about the environment. Few countrics, for
example, had national parks departments until
the 1960s, and most ministries of the environment
were created after the Stockholm Conference in
1972. Many of these government decisions and
structures were based on expectations of substan-
tial budgets, butrecent developments suggest the
inevitability of severe cutbacks in government
expenditureand the unsustainability of the origi-
nal schemes.

Developing sustainable social and cultural
practices to help manage rencwable resources is
one of the major challenges of the coming decade,
as numerous models are attempted. One such
model was laid out in Caring for the Earth JUCN
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1991). It was followed up in 1992 when United
Nations Environment Programand International
Union for the Conservation of Nature joined the
World Resources Institute in publishing the Glo-
bal Biodiversity Strategy, a document outlining the
policies that need to be followed if biodiversity
is to be conserved. Such an approach might be
based on the following guidelines:

¢ Economic incentives for sustainability should
be a foundation of resource management (in-
cluding the correct pricing of resources and
internalization of environmental costs).

* Policies and programs must be responsive to
the needs of the people who live closest to the
resources being managed.

* Policies and programs must be adapted to the
specific characteristics of the resources being
managed.

* Approaches must be flexible and able to adapt
to changes.

Freeman (1991) shows that the economic value
of resources depends in part on the management
regime. Valueis influenced not only by biological
and economic factors butalso by institutions that
manage the resources and, ultimately, by values
embedded in the underlying sociocultural matrix.

Economists may contend on theoretical
grounds that environmental degradation should
take place so long as the gains from the activities
causing the degradation (such as clearing a forest
for agriculturc) are greater than the benefits of
preserving the area in its existing form. The idea
of an optimum stock of natural assets is based on
this comparison of costs and benefits, but it as-
sumes that the full forgone bencfits of preserving
the arca in its original form (opportunity costs)
canbeassessed accurately and that the gains from
the activitics are also accurately estimated. Some
economists question how well ecological pro-
cesses—or capital flows such as contributions to
geochemical cycles—can be captured by tradi-
tional cost-benefit analysis, suggesting instead
that in the face of uncertainty, irreversibility,
discontinuities, and catastrophic collapse of natu-
ral systems, conserving what remains could be a
sound risk-averse strategy (Pearce, Barbier, and
Markandya 1990).

A growing consensus in today’s society is
making it increasingly difficult for policymakers
to ignore the issue of intragencrational equity.
Large disparities of income—with the accompa-
nying risk of wars, conflicts over diminishing
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resources, migrations, and other destabilizing
effects—are clearly notsocially desirable nor sus-
tainable. The recent conflict in the Middle East
(partly attributed to concerns over access to oil
reserves) serves as a reminder of the enormous
waste of resources and the potential for environ-
mental disasters. In general, conflicts can affect
numerous nations due to the flow of refugeesand
pollutantsacrossboundaries. Trade, finance, com-
munications, and ecological processes tie the
world system into a tight web. The continuation
ofinequitable developmentisinherently unstable,
as demonstrated by recent world events. The
increasing access of the poor to radio and televi-
sion has created new expectations that govern-
ments may not be able to meet with their present
base of resources and unsustainable practices.
This may result in social discord (and often an
increasing rate of environmental degradation).
One remedy is to convert “have-nots” into stake-
holders and managers of open-access resources.
This involves rebuilding institutions and social
systems, as well as redistributing assets and in-
come in some way.

Likewise, the issue of intergenerational equity
needs to be addressed. One of the steps required
to guarantee the continued presence of the hu-
man species would be to arrest the creation of
intergenerational externality that results from the
unsustainable management of renewable and
nonrenewable resources. Future generations will
have to bear the cost of any reduction in the flow
of capital caused by the reduction or degradation
of the present stock of renewable resources. Is-
sues that surround the present use of natural
resources—such as contamination of groundwa-
ter, modification of climate, disposal of radioac-
tive waste, and harvesting of marine fisheries at
the appropriate level—need to be considered
while keeping the welfare of future generations
in mind. This does not necessarily mean that we
ignore today’s problems of intragenerational eq-
uity in favor of future generations. For example,
“If a particular project being considered maxi-
mizes the present value, but confers some unac-
ceptably low or negative net benefits on future
gencrations.. .. current gains could be set aside as
a trust fund. The interest would serve to balance
the distribution of the netbenefits among genera-
tions. Compensation does not necessarily have to
be monetary—whatever the form, the compen-
sation mechanism provides a way of sharing
maximum net benefits among generations”
(Tietenberg 1988).

For the same reasons that we seek to maintain
biodiversity, we could also seek to preserve social
and cultural diversity (especially in indigenous
or tribal cultures). There may be hidden knowl-
edge concerning, for example, cooperative modes
of behavior, social stability, and so forth that
could improve overall sustainability and effi-
ciency of resource use (especially common prop-
erty). In particular, ethnobotanists and agricul-
turalists have shown us that indigenous (or
“primitive”) cultures may have much to teach so-
called modern societies about alternative medici-
nal and agricultural practices. In our haste to
modernize, we may lose valuable information
embedded in traditional cultures and value sys-
tems that could improve our understanding of
practical steps to achieve greater sustainability.
Finally, given the need to change the dominant
paradigm in industrial nations (which empha-
sizes material-intensive growth), the diversity of
human societies and cultures and their embed-
ded wisdom could be used more effectively.

Since the industrial revolution, and especially
in the past few generations or so, a fundamental
ecological, economic, and cultural shift has oc-
curred. The world’s collection of highly diverse
cultures adapted to local environmental condi-
tions is now being replaced by a world culture
characterized by highlevels of material consump-
tion. Economic growth based on the conversion
of fossil fuels to energy greatly expanded interna-
tional trade, and improved public health mea-
sures have spurred such a rapid expansion of
human consumption that new approaches to re-
source management are urgently required. These
approaches have overwhelmed the conservation
measures of local communities, often bringing
overexploitation and poverty to many rural com-
munities and great wealth to cities and certain
social classes.

Overexploitation is to be expected in times of
very rapid cultural change, as traditional controls
break downand humanslearntoexploit resources
in new ways. The movement of Europeans into
the Americas is only one dramatic example of this
process. Technologicalinnovations—suchas plan-
tation agriculture or industrial logging—tend to
favor exploitation of biological resources and the
weakening of traditional approaches to conser-
vation, especially when a technologically supe-
rior group moves into a region occupied by tech-
nically less-sophisticated groups. The dominant
orinvadingsociety hastheoptionof movingonto
fresh resources when an area is exhausted and
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would derive no particular advantage fromadopt-
ing the traditions of sustainable, conservative use
practiced by the indigenous society. The domi-
nant society is able to earn virtually all the cash
benefits of the forest, while paying almost none of
the long-term environmental costs imposed on
the indigenous society.

At the same time, the subordinated groups
lose any advantage from traditions of conserva-
tive use that might have been favored when they
could exclude other groups from their territory.
These traditions evolved when costs and benefits
were internalized in the decisions made by com-
munities. However, since the local people are
now paying far higher environmental costs of
resource degradation, theironly rational response
is to join the exploiters in trying to seck greater
short-run benefits as well. Thus, traditional man-
agement systems that were effective for thou-
sands of years have become obsolete in a few
decades, replaced by systems of exploitation that
may yield short-term profits for a few butimpose
long-term costs on many who are often poor.

Meredith (1992) points out that culture persists
only where it meets, at the minimum, the biologi-
cal needs of a community or where it fits the base
of resources. It is therefore crucial that a certain
adaptive capacity exist in the dynamic relations
among resources. For example, technology trans-
fer is better described as a stimulant to the devel-
opment of local technology, sinceitcanbeadapted
to a particular basc of resources or culture but
cannot be transplanted in any viable form.

One of the dominant economic needs in the
world today is the earning of foreign exchange
and expansion of international trade. Such forces
have contributed to the more complete exploita-
tion of biological resources. As an inevitable re-
sult, cultural diversity is also reduced, for two
main reasons. First, a significant component of
cultural diversity that enables people to carn a
living from the local biological environment is
becoming less functional, and second, subordi-
nated groups begin to imitate the culture of the
dominant group, thercby losing a major portion
of their cultural uniqueness. As just one indicator
of the loss of cultural diversity, about half of the
world’s 6,000 main languages arc moribund and
spoken only by middle-aged or elderly people.

Are all traditional systems doomed to failure,
falling victim to state and private ownership? Or
do traditional systems of community-based re-
source management still have something tc con-
tribute? Let us examine a few of the issues.

32

Development—action that alters the environ-
ment so that it caters more effectively to human
needs—is essential if the world is to be free from
poverty and squalor, but such development must
be based on naturally regenerating resources that
can meet our needs indefinitely and on prudent use
of depletable resources.

Within the process of development, more room
must be found for wild nature. The processes of
wild nature renew the oxygen in the air, maintain
the cycles of essential elements, sustain the fertility
of the land, and regulate the flow of rivers. We tum
to wild nature for new crops and new drugs as well
as for the beauty that enriches life. Environmental
protection and development are not opponents but
are inseparably one, having interlinked ecological,
economic, and cultural components.

The economic interdependence among nations
is often viewed as basically desirable, and indeed
the World Commission on Environment and De-
velopment has called for greatly expanded interde-
pendence through enhanced flows of energy, trade,
and finance. Each day several hundred billion dol-
lars flow across national boundaries, because of
stock market and trading transactions. This is twice
as large as the GNP of Sub-Saharan Africa, for
example. This global interdependence has brought
very considerable materialbenefits tomany parts of
theworld, greatly increasing per capita GNP world-
wide. However, some observers have suggested
that such interdependence—making the world a
single global system—is one source of the global
depletion of resources. As the distinguished ecolo-
gist Ray Dasmann pointed out over a decade ago,
when weareall partof asingle systemconnected by
powerful economic forces, itbecomeseasier toover-
exploit one part of the global system because other
parts will soon compensate for such
overexploitation. The localized damage may not
even be noticed until it is too late to do anything to
avoid permanent degradation.

The system of trade now linking the entire globe,
primarily for the benefit of urban populations, has
led to great prosperity for those who have been able
to benefit from the expanded productivity. How-
ever, it has often resulted in the devastation of local
ccosystems, to the detriment of thelocal, and mainly
poor, people who remain dependent on the now-
depleted natural resources.

Social discrimination, cultural barriers, and ex-
clusion from national political processes make in-
digenous people vulnerable and subject to exploita-
tion. Many groups become dispossessed and
marginalized, and their traditional practices disap-
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pear. They become the victims of what could justi-
fiably be described ascultural extinction. The World
Commission on Environment and Development
(1987) has recognized this problem, stating that “it
isaterribleirony thatasformal developmentreaches
more deeply into rain forests, deserts, and other
isolated environments, it tends to destroy the only
cultures that have proved able to thrive in these
environments.”

Various major impacts of exploiting theenviron-
ment (such as the greenhouse effect and possible
changes in climate) suggest the inevitability of pro-
found changes in the way humans relate to the
environment. Theexactdirectionof thesechangesis
unpredictable: the ecological practices of human
communities could take any of a large number of
formsin the coming years.One possibility would be
a series of local adaptations to locally available
resources, with distant resources being consumed
only to the extent that such use is sustainable. In
particular, correct economic valuation of natural
resources (with the maximum practical internaliza-
tion of environmental costs) would be needed to
ensure efficient management of these assets. This
need not necessarily meanaradical reductionin the
quality of life, but social, economic, and environ-
mental conditions will surely be fundamentally
different than they are in today’s consumer society
and perhaps will come to resemble more and more
the sustainable approaches of traditional cultures.

Cultural diversity, which is provided above all
by the great variety of indigenous cultures in all
parts of the world, contributes the human intellec-
tual “gene pool,” the basic raw material for adapt-
ing to the local environment. Indigenous people
who live in intimate contact with their major re-
sources could therefore provide practical knowl-
edge to guide a shift to sustainable societies (at least
in their own local context). The challenge is in
applying this knowledge and, where appropriate,
transferring associated techniques and thinking to
resource management systems appropriate to
today’s circumstances. Finally, the sustainability of
highly interconnected (but often diverse) modem
societies will depend on how cultural pluralism is
encouraged but also on whether it is managed
effectively.

Reconciling different approaches to
operationalize sustainable development

The primary goal of environmental management
is to use resources better. Perrings (1991) states

that “the optimal control problem involves the
maximization (or minimization) of some index of
performance as a function of a set of state vari-
ables and control inputs, subject to the constraint
posed by the natural dynamic of those state vari-
ables.” There is a clear correlation between this
approach and the economic problem of maximiz-
ing welfare, and minimizing social cost, through
the appropriation of environmental goods and
services.

Perrings and others have demonstrated that
the workability of the Hicks-Lindahl concept of
sustainability in an economic sense is limited,
because itis dependent on the controllability and
(stochastic) predictability of the global system,
an area of considerable uncertainty. Ecological
sustainability, however, is more suitable for a
control policy that does not depend on the
controllability or stochastic predictability of
the global system; it is able to assure the
sustainability of uncontrollable systems sub-
ject to basic uncertainty by employing an eco-
logical sustainability constraint (minimum
safety standards). This constraint imposes di-
rect restrictions on resource-using economic
activities that will, in theory, protect the stability,
integrity, and resilience of the environment.

Economic modeling allows us to study rigor-
ously issues that are interrelated and global in
scale. However, what such models omit (by
choice and by current shortcomings in scien-
tific understanding of environmental issues)
may turn out, in retrospect, to be crucial to
understanding a particular issue. Such models
are therefore abstractions, albeit useful ones,
that should always be tempered by judgment.
One of the most promising approaches involves
valuation of the environment and incorpora-
tion of such monetary measures into conven-
tional economic decisionmaking. The strengths
and limitations of economic approaches are
explained below.

Economic approaches at the local
or project level

Over the past few decades, economists have
developed and presented several models that
have attempted to reconcile traditional eco-
nomic theory, on which decisions are currently
made, with efficient natural resource manage-
ment options that facilitate sustainable devel-
opment. Environmental economic models that
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seek to incorporate ecological concerns into
neoclassical macro- and micro-economic theory
face difficulties. Complications arise because
natural systems tend to cut across the
decisionmaking structure of human society. For
example, a forest ecosystem (like the Amazon)
could span several countries and interact with
many different economic sectors (such as en-
ergy, transport, and agriculture) within the
country. Also, many externalities (for example,
global warming, acid rain, or groundwater con-
tamination) are not only difficult to measure in
physical terms, but even more difficult to con-
vert into monetary equivalents (to measure the
willingness to pay of the parties affected by the
externalities). Quite often theapproach takenis
toimpose regulations and standards, expressed
in physical measurements only, that try to elimi-
nate the perceived externaldamages. However,
this approach may not be effective, because no
attempt is made to compare the costs of compli-
ance with the real benefits provided (damages
avoided). Furthermore, in many devcloping
countries, the regulations and standards are
established without a realistic implementation
mechanism or appropriate institutional struc-
tures. At the same time, traditional regulations
and standards are undermined through inap-
propriate state policies, resulting in a higher
rate of environmental degradation.

With the adherence to a predetermined set of
environmental limits (safe minimum stan-
dards), traditional decisionmaking procedures
that rely on technoengineering, financial and
economic analyses of projects and policics, ora
multicriteria method may be used to manage
natural resources in a sustainable manner. The
primary role of such constraints is to ensure
that the trajectory generated through the para-
metricoptimizationofanimperfectly controlled
and imperfectly understood system does not
also threaten global stability. In other words,
ecological sustainability constraints can be
thought of as precautionary constraints; the
limits they impose on economic activity will
depend on the local stability of the ecosystems
involved and on the projected losses if these
ecosystems become unstable due to the cffects
of economic activity. Intragenerational issues
such as poverty also will continue to be given
high priority in the sustainable development pro-
cess. More generally, multicriteria tradeoffs will
be required among economic cfficiency, environ-
mental degradation, and poverty reduction.
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Cost-benefit analysis and valuation methods
seek to estimate the monetary and nonmonetary
costs and benefits of a given project in mon-
etary terms. Unfortunately, they are not always
successful. Thus when projects and policies
and their impacts are to be embedded in a
system of broader (national) objectives (for ex-
ample, preservation of biodiversity)—some of
which cannot be easily valued in monetary
terms—multicriteria decisionmaking methods
offer an alternative approach. These methods
facilitate tradeoffs among different objectives.
Often both cost-benefit and multicriteria analy-
ses are used jointly in a complementary way.

Safe minimum standards

Concermnsover intergencrational equity issuesand
recognition of the limitations of economic models
that have tried to address environmental issues
led to calls for the establishment of safe minimum
standards, as formulated by Ciriacy-Wantrupand
developed by Bishop (Norton and Ulanowicz
1991). Figure 2-7 illustrates the safe minimum
standard for balancing natural resource tradeoffs
and imperatives for preservation. Toman (1992)
defines the safe minimum standard as a “socially
determined dividing line between moral impera-
tives to preserve and enhance natural resource
systems and the free play of resource tradeoffs.”
This requires the current generation to desist
from actions that could result in environmental
impacts with high-cost or irreversible damage.
Examples of suchresourcesinclude wetlands, the
global climate, wilderness arcas, Antarctica, and
other areas with unique functional or even aes-
thetic values.

This approach differs from standard economic
approaches that require valuations of resources
and the use of cconomic incentives to achieve
cfficient resource allocation {sce the discussion of
ccological sustainability constraint as detailed by
Perrings 1991). The method places greater signifi-
cance on irreversible damage to the ecosystem as
opposced to short-run economic sacrifices experi-
enced asaresultof measures to curbenvironmen-
tal impacts. The approach could be relatively
cquitable, if environmental safeguards are deter-
mined by judgments that reflect societal values.
More spccifically, a better understanding of the
cconomic costs and bencfits of environmental
impacts would help to establish better safe mini-
mum standards.
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Figure 2-7: Safe Minimum Standard for Balancing Natural Resource Tradeoffs and Imperatives
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Source: Bryan Norton, Georgia Institute of Technology.

How suchstandards would be established and
enforced, however, has been debated at length.
The anticipated agreement on global warming
will provide an opportunity to observe the appli-
cability of the standards approach in a practical
context. In view of the uncertainty underlying .
global warming models, the “precautionary prin-
ciple” isinvoked whereby relatively costless steps
mightbe takenimmediately asaninsurance policy
to avoid very large (but uncertain) costs in the
future. Guidelines and objectives that might func-
tion as safe minimum standards are discussed in
appendix 2-1, along with examples of interna-
tional proposals for the implementation of sus-
tainable resource management.

Valuation of environmental assets
and impacts

Numerous questions concern different ap-
proaches to implementing sustainable develop-
ment. One such question is the meaning of opti-
mization (see Schneider 1990). Does optimization
entail the maintenance of maximum biomass or
the maintenance of maximum diversity of spe-
cies? Does optimization mean the maintenance of
stability for the longest period of time or the
maintenance of maximum productivity of extant
species? Since evolutionary change is a dynamic
process, at what point is the optimum achieved?

Low cost, easily
reversed effects

This point and others will have tobe dealt withas
the process of implementation proceeds and our
base of scientific knowledge expands. The role of
ecologists and economists is to present the maxi-
mum possible information to the general public
and to decisionmakers, so that costs and benefits
are carefully weighed before a decision is made.

In order to establish a valid decisionmaking
framework within which constraints could be
determined, it is necessary to put a value on
resources (Munasinghe 1992a, 1992b). Conceptu-
ally, the total economic value (TEV) of a resource
consists of its (a) use value (UV) and (b) nonuse
value (NUV). Use values may be broken down
further into the direct use value (DUV), the indi-
rect use value (IUV), and the option value (OV,
potential use value). One needs to be careful not
to double-count both the value of indirect sup-
porting functions and the value of the resulting
direct use (for a discussion and example of this,
see Aylward and Barbier 1992). The categories of
nonuse value are existence value (EV) and bequest
value (BV). Therefore, we may write:

TEV =UV + NUVor
TEV = (DUV + IUV + OV) + (EV + BV)

Figure 2-8 shows this disaggregation of TEV in
schematic form.? Below each valuation concept, a
shortdescription of its meaning, and a few typical
examples of the environmental resources under-
lying the perceived value are provided. Option
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Figure 2-8: Components of Total Economic Value
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values, bequest values, and existence values are
shaded, to caution the analyst about some of the
ambiguities associated with defining these con-
cepts; as shown in the examples, they can spring
from similar or identical resources, while their
estimation could be interlinked also. However,
these concepts of value are generally quite dis-
tinct. Option value is based on how much indi-
viduals are willing to pay today for the option of
preserving the asset for future (personal) direct
and indirect use. Bequest value, while excluding
individuals” own use values, is the value that
people derive from knowing that others (perhaps
their own offspring) will be able to benefit from
the resource in the future. Finally, existence value
is the perceived value of the environmental asset
unrelated either to current or to optional use, that
is, simply because it exists {see, for example,
Randall and Stoll 1983).

A variety of valuation techniques may be used
to quantify these concepts of value. The basic
concept of economic valuation underlying all
these techniques is the willingness to pay of indi-
viduals for an environmental service or resource,
thatis, thearea under the compensated or Hicksian
demand curve (for an up-to-date exposition, see
Braden and Kolstad 1991, chap. 2). As shown in
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table 2-3, valuation methods can be categorized,
on the one hand, according to which type of
market they rely on and, on the other hand, by
how they make use of actual or potential behav-
ior. These valuation techniques and other issues
relating to cost-benefit analysis are discussed in
greater detail in appendix 2-2.

Only a small fraction of living species have
direct economic importance in terms of commer-
cial value. Other species are used for hunting and
fishing, and some species such as the giant panda
are valued for their aesthetic value alone. Eco-
nomic techniques havebeen developed that place
a monetary value on use and nonuse values for
independent species. Orians (1990) suggests a
tradeoff mechanisminvolving the use of “valued
ecosystem components” (VECs). A VEC could be
a single species of economic or aesthetic value,
systems of interacting species, or an entire eco-
system. The theory and practice of the exploita-
tion of single species is the most intensively stud-
ied aspect of applied ecology (Orians 1990). The
determination of optimal harvesting rates can
usually be accomplished if basic demographic
requirements and habitat requirements are
known. However, populations that have been
seriously reduced in number may fall below a
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Table 2-3: Taxonomy of Relevant Valuation Techniques

Basis Conventional market

Implicit market Constructed market

Based on actual behavior Effect on production

Effect on health

Defensive or preventive cost

Travel cost
Wage differences
Property values
Surrogate goods

Artificial market

Based on potential behavior Replacement cost

Shadow project

Contingent valuation

Source: Munasinghe 1993.

threshold of sustainability, which will not allow
the population to regenerate to pre-exploitation
levels. This is because the interactions among
species can be altered to the extent that a new
alternative stable state of the ecosystem is estab-
lished in which the interrelationships are so al-
tered as to make returning to the original state
impossible (see Orians 1990; Perrings 1991). This
is the case with commercial overfishing.

In some cases tradeoffsbetween different types
of value must be assessed to determine
sustainability of use. Forexample, dolphins caught
in fish nets have a purely aesthetic value, but the
tuna harvest has a purely economic value. Thus,
relative weights would have to be assigned to the
values in order to determine policy.

Managers of natural resources cannot ignore
relationships between predator and prey or is-
sues related to appropriate scale when they aim
for sustained yields. Forexample, harvesting prac-
tices of balsam fir in New Brunswick have created
age distributions and stand densities that are
favorable for rapid growth of the spruce bud-
worm population, which defoliatesand kills trees
on a massive scale. Managing and making deci-
sions on scales that are too small does not allow
for the maximum sustainable yield to be pro-
duced if conditions suitable for outbreaks of bud-
worms persist (Orians 1990). Furthermore, one
must not forget that interactions between preda-
tor and prey also have important evolutionary
componentsaffecting sustainability. Forexample,
attempts to reduce populations of certain prey
(such as insects that are pests) usually create
mortality patterns that do not mimic the stochas-
ticbehavior of the target population, in particular
with regard to prey genotypes. An example of
this is the evolution in North America of agricul-
tural pests better able to withstand a given mor-
tality agent because farmers use pesticides at an

unsustainablerate. Therefore, the sustainable use
of a control agent (whether it is a toxic chemical,
a biological control agent, or a hunter) is the use
at which the agent can continue to achieve its
desired effect (Orians 1990).

Another instance where control agents may
have a counterproductive effect is related to the
mutualistic interactions between species. In cases
where such interdependent relationships exist,
sustainable use requires maintenance of such re-
lationships. Thus, excessive use of pesticides on
fruit trees is incompatible with poliination and,
hence, the production of fruit.

Speciesrichness—thesumtotal of speciesinan
ecosystem—can be a VEC and is recognized as
such in the U.S. Endangered Species Act, which
states that maintaining species richness is a soci-
etal goal (Orians 1990). The protection of species
richness can generally (theoretically) be achieved
through efficient management of land use. But
this is difficult because, as mentioned earlier,
decisions about land use are usually made on a
smaller scale than that which is required to maxi-
mize survival of the species. Moreover, protected
areas only cover approximately 5 percent of the
terrestrial landscape, while the demand for land
continues to grow; it is unlikely that society will
be prepared to preserve all species at the cost of
alternative land uses.

According to the 1992 World Resources Report,
cropland covers 11.2 percent (having grown 2.2
percent in a decade, while the world population
increased 20 percent); permanent pasture covers
25 percent, having increased 0.1 percentin the last
decade; and forest and woodland covers 31 per-
cent, having increased 1.8 percent in a decade
(World Resources Institute 1992b). “Other land”
totals 32 percent, having increased 1 percent in
the last decade, and wilderness areas cover 26
percent (including the 5 percent that is legally
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protected). Many of these land uses are entirely
consistent with the preservation of biodiversity,
and the implied conflict between cropland and
other uses is perhaps not really a struggle be-
tween agriculture and alternative uses. First, ag-
ricultural land also contains important biological
diversity; second, many forest lands harbor sig-
nificant biodiversity even when they are used
primarily to produce timber; and third, most
increases in agricultural productivity are, in any
case, going to come from intensification rather
than expansion onto marginal lands. Finally, as
many ecologists have pointed out, the optimal
use of areas not suitable for permanent agricul-
ture is to ensure that sufficient land exists to
enable considerable benefits to be earned for so-
ciety, in terms of harvested goods, specific ser-
vices (such as watershed protectionand tourism),
and more abstract services (such as conserving
biodiversity and maintaining evolutionary po-
tential). But if conflict over land use does occur,
improved economic valuation and multicriteria
analysis must be used to help decisionmakers
determine which species are more highly valued,
given a set of criteria deemed important.

A key consideration to keep in mind is that
species may have divergent values for different
groups, depending on income level and whether
private or social costs and benefits are being
assessed. Forexample, aliving snow leopard may
have high aesthetic value to individuals in an
affluent society, even though they may never be
able to see the animal. To an individual poacher
survivingat subsistence level, however, the value
of the pelt far outweighs social and ethical consid-
erations. The solution to this dilemma is to en-
force strict regulations to preserve such species,
while providing poachers alternate and viable
ways of generating income. Information cam-
paigns to alert consumers to the true costs in-
curred by their purchases (potential extinction of
the species) have also proven successful to a
certain extent {(Pearce 1991).

The methods described inappendix 2-2 seek to
estimate costs and benefits of a given project in
monetary terms. As previously stated, when
projects or policies and their impacts are to be
integrated into a system of broader (national)
objectives, some of which cannot be easily quan-
tified in monetary terms, multicriteria
decisionmakingoffersa supplementaryapproach
that may facilitate the optimal choice among in-
vestment options or available policies.
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Multicriteria analysis

In the multicriteria (or multiobjective) approach,
desirable objectives need to be specified. These
often exhibit a hierarchical structure. The highest
level, representing the broad overall objectives
(such as improving the quality of life), is often
vaguely stated and therefore has limited opera-
tional function. Some of these, however, can be
broken down into more operational lower-level
objectives (such as increasing income), so that the
extent to which the latter are met may be practi-
cally assessed. Sometimes only proxies are avail-
able (for example, if the objective is to enhance
recreational opportunities, the attribute number
of recreation days can be used). Although value
judgments may be required to choose the proper
attribute (especially if proxies are involved), in
contrastto the single-criterionmethodologies used
in economic cost-benefit analysis, measurement
does not have to be in monetary terms. More
explicit recognition is given to the fact that a
variety of concerns may be associated with plan-
ning decisions.

An intuitive understanding of the fundamen-
tals of multiobjective decisionmaking can be pro-
vided by a two-dimensional graphical exposition
such as that presented in figure 2-9. Assume that
a project has two noncommensurable and con-
flicting objectives, Z, and Z,. Assume further that
alternative projects or solutions to the problem
(A, B, and C) have been identified. Clearly, point

Figure 2-9: Pareto Optimal Curve and
Isopreference Curves
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B is superior to (or dominates) A in terms of both
Z, and Z,. Thus, alternative A may be discarded.
However, we cannot make such a simple choice
between solutions B and C, since the former is
better than the latter with respect to objective Z,
but worse with respect to Z,. In general, more
points (or solutions) such as B and C may be
identified to define the set of all nondominated
feasible solution points that form a Pareto opti-
mal curve (or curve of best options). This line is
also called a transformation curve or efficient
frontier.

For an unconstrained problem, further rank-
ing of alternatives cannot be conducted without
introducing value judgments. Specific informa-
tion has to be elicited from the decisionmaker to
determine the preferred solution. Inits mostcom-
plete form, suchinformation may be summarized
by a family of equi-preference curves that indi-
cate the way in which the decisionmaker trades
off one objective against the other. The preferred
alternative is that which results in the greatest
utility; that is, which occurs (for continuous deci-
sion variables as shown here) at the point of
tangency D of the highest equi-preference curve,
with the Pareto optimal curve. In this case, point
E (onanevenhigher equi-preference curve) is not
attainable.

Several multicriteria methods have been de-
veloped (for an introductory overview relevant
tonatural resourceanalysis, sce Munasinghe 1993;
for an extensive survey including references to
about 150 applications, see Romero and Rehman
1987; for a shorter but more recent survey, see
Petry 1990). Which practical method in particular
is suitable to determine the best alternative avail-
able depends on the nature of the decision. For
instance, interactive involvement of the
decisionmaker has proved uscful in the case of
problems characterized by a large number of
decision variables and complex causal interrela-
tionships. Some objectives can be dealt with
through directoptimization, while othersrequire
the satisfaction of a certain standard (such as a
level of biological oxygen demand no lower than
5 milligrams per liter).

A recentapplied research study in developing
countries, performed by Meier and Munasinghe
(1992), examines the practicality of using
multiattribute decision analysisin the setting of a
developing country. The study determined that
the use of multiattribute scoring systems, in which
nonprice attributes are accounted for separately,

has limited validity. The applications (studied in
developing and industrial countries) pay insuffi-
cient attention to key methodological require-
ments and are generally inconsistent. Problems
also exist in the definition of attributes (for ex-
ample, the environmental consequences of land
use are not clearly expressed).

The authors suggest that it would be prefer-
able to work with value or utility functions rather
than purely physical scales for measuring at-
tributes. Moreover, one of the most useful tools of
multiattribute analysisis the tradeoff curve, which
displays available options and their impacts in
terms of two objectives.

Orians (1990} outlines a multicriteriaapproach
to decisionmaking, whereby the sustainable use
of a particular ecosystem is defined by how the
different VECsareranked and weighted. AsVECs
conflict, an optimal solution requires that how
specific systems are used is balanced with pat-
terns of how uses are allocated among different
systems. Such values are not constant and can
change significantly over time. As such, some
nonsustainable development is unavoidable—it
is, in fact, more likely to occur when rates of
critical processes remain unknown, whenbound-
aries between domains of a system’s stability are
not appreciated, or when ecosystem components
are undervalued. Such nonsustainable develop-
mentis also favored by short-term planning hori-
zons, small spatial frames, and economic incen-
tives for overuse. Such nuncertainties and short-
term perspectives call for a precautionary ap-
proach, in which allowance is made for the limi-
tations of current knowledge, for risk, and for
changing values. A principal cause of
nonsustainable development is that private ben-
efits accrued promote overexploitation at a high
social cost. In such situations, the solutionmay lie
in combining a set of regulations governing re-
source use with an alteration of economic incen-
tives to internalize societal costs.

The major accomplishment of multiobjective
decision models is that they allow for more accu-
rate representation of decision problems, in the
sense that several objectives can be accounted for.
However, a key question concerns whose prefer-
ences are to be considered. The model only aids a
single decisionmaker (or a homogeneous group).
Various interested groups often assign different
priorities to the respective objectives, and nor-
mally it may not be possible to determine a single
best solution via the multiobjective model. Also,
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the mathematical framework imposes constraints
on the ability to represent the planning problem
effectively. Nonlinear, stochastic, and dynamic
formulations canassistin better defining the prob-
lembutimpose costs because of the complexity of
formulating the problem and then solving the
model (Cocklin 1989).

Nevertheless, in constructing the model, the
analyst communicates information about the na-
ture of the problem, specifying why factors are
important and how they interact. Liebman (1976)
observes that modeling is thinking made public
and considers the transfer of knowledge to repre-
sent perhaps the most important contribution of
modeling. With respect to the second point of
criticism(diverse preferences), Liebmansuggests
that there is value in constructing models from
differing perspectives and comparing the results.

Economic approaches at the macro level

As policymakers start to use some of the concepts
of sustainable development, they have found that
the traditional use of GNP as a macrocconomic
indicator of growth does not guarantee environ-
mentally benign growth. Thus economists have
increasingly attempted to include a variety of
natural resources in their calculations of national
products and incomes. Current national account-
ing systems do not capture the value of natural
resources adequately, and, therefore, develop-
ment strategies that rely on standard income ac-
counting techniques do not result in sustainable
development. A significant firststep in the imple-
mentation of sustainable development is to meld
thetraditional accounting techniquesinto a frame-
work that permits the computation of measures
such as an environmentally adjusted net domes-
tic product (EDP) and an environmentally ad-
justed net income (ENI). Some of the effects of
unsustainable development such as resource
degradation, pollution, and poor waste-disposal
practices, together with their repercussions on
society, cannot be captured by market-based in-
formation and standard accounting techniques.
Correction of three primary shortcomings of cur-
rent accountingwill move the implementation of
sustainable resource management practices for-
ward because the new approach stresses the long-
run maximization of EDP. These shortcomings
are (1) excluding natural and environmental re-
sources from the balance sheets, (2) failing to
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record the depreciation of natural capital, and (3)
excluding environmental damages while includ-
ing clean-up costs in the national income.

There has been some discussion in the litera-
ture as to how user costs (revenues generated by
nonrenewable resources) should be invested in
an asset to produce a future stream of income
equal to that which is lost through consumption.
The more rigorous proponents of sustainable
development would argue that the user cost
should be reinvested in an asset that not only
replaces income lost but also acts as a physical
substitute for the nonrenewable resource. Re-
gardlessof whichmethod isemployed, theimple-
mentation of a user cost adjustment in national
accounts would generally result in GNP being
revised downward (Moseley 1992).

As previously stated, ecologists argue that the
major threat to biodiversity is not direct human
exploitation of species, but the alteration and
destruction of habitat that result from changes in
land use, urbanization, infrastructure develop-
ment, discharge of varfous pollutants into the
environment, and so forth. Human population
growth is the most frequently cited cause of the
anthropogenic stressors on the environment, but
the stability of ecological systems—of which hu-
mans are an integral part and on which our con-
tinued existence depends—does not imply a cer-
tain equilibrium level of human population
growth as some groups would advocate. How-
ever, the continued ability of Earth’s ecosystems
to maintain stability will depend on the level of
stress to which they are subjected. Therefore,
reductionists, in the interest of limiting the fur-
ther degradation of physical and biological re-
source systems, need to work toward understand-
ing and addressing the incentives that underlie
human population trends. This will involve the
accelerated implementation of projects that ad-
dress rural poverty, health, education, land ten-
ure, and the unequal distribution of income and
asscts that is prevalent in most developing coun-
tries. If policymakers and social scientists con-
tinue to believe that social ignorance and institu-
tional irresponsibility are solely to blame for the
current trend of world population growth, we
will not come any closer to resolving the funda-
mental issues (Perrings, Folke, and Méler 1992).

The successful implementation of sustainable
development will require price reform (at the
globallevel)of environmental resources for which
cffective markets can be created. Conducted in
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the name of self-sufficiency and national defense,
government intervention, particularly in mar-
kets for agricultural products and other tradable
natural resources such as timber and minerals,
hasdriven prices at the national level below those
ruling in the world market. This widens the gap
between private and social value, which perpetu-
ates unsustainable development at the local and
global level. The reform (ideally, the elimination)
of fiscal policies such as subsidies (for clearing
land in agriculture and forestry, unsustainable
systems of agricultural price support,and so forth)
that encourage environmental degradation
through the farming of marginalland should, one
hopes, result in the more socially optimal and
sustainable use of natural resources (Perrings,
Folke, and Mailer 1992).

Some practical steps at global, regional,
and local levels

The following is a more detailed set of guidelines
and objectives that will move the world closer to
its goal of sustainable resource management.
These are by no means the only approach to
sustainable practice, and individual approaches
will depend on one’s values, beliefs, and current
and long-term goals. As previously stated, the
United Nations Environment Program, Interna-
tional Union for the Conservation of Nature,
World Wildlife Fund, and World Resources Insti-
tute have recently published lists of objectives
and management regimes for responsible devel-
opment and the protection of biodiversity; the
following list includes some of their conclusions.
Asnumerous scientists have pointed out, interac-
tions among the different goals change as the
scale of the system is extended from the local, to
the regional, to the national level, and so forth.
The behavior of more complex systems in such a
hicrarchy cannotbestudied inisolation. Thechoice
of sustainable development goals to be pursued
will differ fromleveltolevel. The following break-
downis therefore presented in the formof global,
regional, and national objectives (adapted from
Holmberg 1992).

Global objectives

¢ Devclop national and international policy
frameworks to foster the sustainable use of
natural resources and the maintenance of
biodiversity.

* Designand adoptaccountingsystemsthatgive
appropriate economic value to natural re-
sources and establish eaconomic pricing based
on the polluter-pays principle.

* Promote conservation action through interna-
tional cooperation and national planning.

* Maintain representative examples of the full
spectrum of ecosystems, biological communi-
ties, habitats, and their ecological processes.

* Increase scientific understanding of natural
resources and apply that understanding to
their more efficient management.

* Expandresearchinto thebiophysical resources
as a basis for improving management.

* Developindicators of social sustainability and
incorporate themintooverall indicatorsof sus-
tainable development.

¢ Give full consideration to issues of cultural

diversity when designing and implementing
projects.

Regional and national objectives

* Implement management procedures at the
landscape level in order to integrate human
activities with conserving natural resources.

* Reduce economic incentives that promote the
wasteful use of natural resources and establish
prices that reflect full economic costs (includ-
ing internalization of environmental impacts).

¢ Strengthen the management tools for conserv-
ing natural resources and apply them more
broadly.

* Greatly strengthen thehumanand institutional
capacity for conserving and using biodiversity
sustainably, especially in developing coun-
tries, by using the full range of government
agencies, nongovernmental organizations,and
the private sector.

¢ Establish sufficient protected areas containing
viable populations of the target species and
design activities so that they take place prima-
rily outside the protected areas.

* Maintain viable populations of the nation’s
native plants and animals, well distributed
throughout their geographic range.

* Maintaingenetic variability withinand among
populations of native species, to maintain their
evolutionary potential.
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Local objectives

e Promote awareness and understanding of the
importance of natural resources and
biodiversity among the public (especially ur-
bandwellers), decisionmakers, and politicians.

¢ Implementpolicies,incentives,and conditions
that will enable rural populations, including
those living in and around protected areas, to
continue using their natural resources in sus-
tainable ways.

* Introduce conservative levels of harvesting
biological resources, based on evaluation of
the target species and continued monitoring to
assess the impact of use.

e Establish management structures and legal
frameworks—within the local communities
whenever possible—with the capacity to con-
trol levels of use.

¢ Institute education programs that improve
local-level management of natural resources.

Governments are already starting to follow
and provide backing for some of these guidelines
and management regimes. A new Green Fund—
the Global Environment Facility—has been cre-
ated under the management of the World Bank,
United Nations Environment Program, and In-
ternational Union for the Conservation of Nature
and is channeling several hundred million dol-
larsinto biodiversity projectsindeveloping coun-
tries. A new Biodiversity Convention, after sev-
eral years of negotiation, was adopted at the Earth
Summit in Rio de Janeiro, Brazil, in June 1992.

If we focus on the biodiversity issucs, several
agreements have been, or are in the process of
being, completed at the intermational level. These
include the Global Biodiversity Strategy, pre-
pared by the World Resources Institute, the Inter-
national Union for the Conservation of Nature,
and the United Nations Environment Program,
in consultation with the Food and Agriculture
Organization and UNESCO (the United Nations
Education, Scientific, and Cultural Organization);
the Draft Convention on Biological Diversity cur-
rently being prepared by United Nations Envi-
ronment Program; and the guidelines prepared
by the Scientific and Technical Advisory Panel
(STAT) for the Global Environmental Facility
(GEF) regarding criteria for eligibility and priori-
ties for selection of GEF projects (many of which
arc directly linked to the preservation of
biodiversity). Details are provided inappendix 2-1.
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Sustainability indicators

The development of sustainability indicatorsrec-
ognizes the need to monitor human impacts on
theenvironmentand also attempts torelatelevels
of human use to a reproducible indicator. Both
the analytical definition and practical measure-
ment of such indicators are complicated. It is
conceptually easier to deal with sustainability
indicators atlarger levels of aggregation. Therest
of this section briefly reviews broadly defined
indicators, as an introduction to the topic.

Some recent attempts have been made to de-
vise ways to measure and monitor sustainability.
Shearer (1992) proposes a Biophysical
Sustainability Index, on the basis that all life on
Earth is sustained by the net primary biological
production generated by photosynthesis. Moseley
(1992) provides examples of sustainability indi-
cators for five sectors: greenhouse gases, agricul-
ture, freshwater resources, forestry, and energy.

Shearer observes that the factors necessary to
maintain biological production include fertility
or availability of nutrients, energy, adequate
moisture, proper substrates, minimum level of
toxicsubstances,and anadequateand genetically
varied stock of biological organisms. He uses
these facts to develop a Biophysical Sustainability
Index (BSI), which he suggests can be used to
monitor policy rather than to replace scientific
measures of sustainability.

The Biophysical Sustainability Index is com-
prised of a net primary productivity factor, NPPF
(which reflects more of the economic concerns)
and a biological diversity factor, BDF (which
represents the ecological aspects); such that,

BSI = NPPF x BDF.
The NPPFisdefined as the ratio of the annual net
primary production, ANPP, of the region over a
given year, y, to that of the same region over the
previous year, y-1. The ANPP of a given year is
defined as
ANPP = PPA + PPP - HPCP

where PPA is the primary production of annuals,
PPP is the primary production of perennials, and
HPCP is the harvested primary capital of perenni-
als. The data needed to calculate the ANPP is ob-
tainable through satellite imagery and aerial pho-
tography, using a geographic information system.

The BDFofaregionisdefined astheratioof the
current selected biological diversity, CSBD, of the
region (the number of species of a set of taxa
thriving in the region) to the natural selected
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biological diversity, NSBD, of the same region
{(the number of species of the same set of taxa
thriving in the region prior to human interven-
tion). The set of taxa selected is chosen on the
basis of those that are regularly monitored, those
that are reasonably well known, those that are
mostly immobile (for ease of monitoring), and
those that are conspicuous.

Essentially, the proposed BSI has the following
form:

BSI = (ANPP, / ANPPy_J
(CSBD / NSBD)

Moseley (1992) presents a somewhat different
approach to measuring sustainability, using the
Brundtland Commission’s definition of sustain-
abledevelopmentasa guiding principle to exam-
ine five sectors—greenhouse gases, agriculture,
freshwater resources, forestry, and energy—in
terms of their potential as sustainability indica-
tors at the national level.

GREENHOUSE GASES

Global sink capacity (for increased emissions due to
human activity) is defined as the difference be-
tween the mass of anthropogenic gas emissionsand
the annual change in atmospheric mass of that gas.
Moseley discusses different means of determining
sink capacity rights on a national basis.

If population is the determinant, then nations
that encourage population growth would be re-
warded. Another method of apportionment would
be allocation based on a country’s relative land
mass. However, since land has different levels of
carrying capacity, this would also be an inequitable
form of distribution. Apportionmentbased on 1989
levels of emissions would reward countries with

the highest level of emissions in that year. Moseley
argues that the most equitable way of apportioning
the sink would be through a combination of popu-
lation and land area criteria.

The Intergovernmental Panel on Climate Change
has devised a conceptual unit—the global warming
potential-—that allows for comparisons between
different greenhouse gases based on their contribu-
tion to global warming. The figure is determined by
integrating an expression for the removal rate times
anexpression for the infrared absorption potency of
the gas. A global warming potential output quotais
based on (1) a quota for the world derived from the
sinks for CO, and methane and (2) a quota for
individual countries dependent on the average of
their percentageof world populationand land mass.
The difficulty inherent in this method is that it
assumes a substitutability between the sinks of
differentgreenhouse gases. However, unless thresh-
old emission levels are reached, a certainamount of
substitution at the abstract level is permissible.

AGRICULTURE

A viable indicator of sustainable agriculture is the
preservation of the integrity of agricultural soils. A
key measure of productivity that can be examined
is the ratio of crop production to fertilizer consump-
tion, whichindicateshowland responds tofertilizer
subsidies over time. From a sustainability point of
view, the ratio should remain constant or increase
over time. Decreasing ratios point to (1) fertilizer
use that has increased to the point of diminishing
returnsor (2) theinsufficient replacement of organic
matter through fertilizerinputs, leading tosoil deple-
tion. Asshown in table 2-4, the ratio of crop produc-
tion to fertilizer use has declined drastically over
the last decade.

Table 2-4: Ratio of Crop Production to Fertilizer Use

Changes in irrigated land as a %
of cropland between 1978 and 1988

Year 1980 1985 1986 1987 1988 (Percent)
United States 27 43 43 42 33 0
Sweden 21 26 28 27 26 0
Japan 13 13 13 12 12 -5
Thailand 119 100 86 59 67 7
Nepal 169 87 73 84 74 19
Kenya 43 32 33 32 30 0
Mali 106 71 55 60 115 3
Mexico 43 35 31 30 30 1
Ecuador 55 61 47 51 42 2

Source: World Agricultural Trends and Indicators, 1970-88, USDA, 1989.
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FRESHWATER RESOURCES

Moseley identifies two potential indicators of
sustainability for freshwater reources. The first
measures thelevel of humanexploitation of fresh-
waterresources(domesticand externalriver flows
and groundwater generated from endogenous
precipitation). A measure that better examines
the sustainability of water use practices is to
identify the percentage of population served by
wastewater treatment facilities. Countries with
high levels of water use should ideally have cor-
respondingly high levels of wastewater treat-
ment capacity. Although these are useful mea-
sures of sustainable practice, data for developing
countries are not easily available.

FORESTRY

The concept of sustainable yield (the amount of a
resource that can be harvested without reducing
itslong-term stock; see Pearce and Turner 1990} is
more readily applicable to fisheries than forestry,
because tree populations have a longer period of
regencration. However, environmental indica-
tors for temperate forests have been prepared for
member nations of the Organization for Eco-
nomic Cooperation and Development (Moseley
1992). Annual harvest was compared to annual
increment, in the formof a ratio. However, aggre-
gate figures at the national Jevel can be mislecad-
ing. Although the United States is losing overall
forestcover, annualincrementisincreasing because
old forestsare being replaced by younger ones with
higher growth rates. Although the production of
wood increases, wildlife habitats and recreational
arcas are lost as a consequence of this policy.

ENERGY

By examining consumption of commercial en-
crgy per constant U.S. dollar of GNP, the produc-
tion of rencwable encrgy and the exploitation of
renewable resources, it is possible to observe if a
country is moving towards sustainable use of
energy (Moseley 1992). Measures to increase en-
crgy cfficiency are another key indicator of sus-
tainable use and are particularly important be-
cause they allow for economic growth while keep-
ing the quantity of throughputs constant.

Conclusions

The dictionary definitions of the words sustain
and develop suggest that the expression sustain-
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able development may be generally interpreted
to mean the maintenance or improvement of the
quality of life on a continuing basis. There are
three main interpretations of sustainability based
on different disciplinary approaches: economic,
ecological/biophysical, and sociocultural.

Historically, the rise and decline of past cul-
tures may often be traced to unsustainable prac-
tices, especially degradation of some vital natural
resource. Nevertheless, humansociety asa whole
has increased in complexity and organization
over the ages, and the future sustainability of this
evolutionary process will depend on the search
for pathsof long-run sustainable development. In
modern times, the pressure of human activities
has caused environmental damage on a scale not
experienced before. High levels of consumption
per capita in some parts of the world are one
reason.

Therapidly growing populations of the poorer
countries will continue to add to the environmen-
tal burden as development proceeds, especially if
the material- and pollution-intensive patterns of
past growth (experienced by the industrial na-
tions) continue to be followed. Poverty and envi-
ronmental degradation are closely linked, be-
causc the majority of the global population who
arc pooralso tend to be the most severely affected
by pollution and the degradation of natural re-
sources. Therefore, sustainable developmentsug-
gosts that future progress will have to focus more
on the quality of human life and less on the
quantity of resources consumed, although the
two aspects are related, especially for low-in-
COME groups.

The economic approach to sustainability is
based on the Hicks-Lindahl concept of the maxi-
mum flow of income that can be generated while
at least maintaining (or increasing) the stock of
asscts (or capital) that yield these benefits. Prob-
lems of interpretation arise in identifying the
kinds of capital to be maintained and their substi-
tutability (man-made, natural, human resources,
and so forth) as well as in valuing these assets,
particularly ecological resources. The issues of
uncertainty, irreversibility, and catastrophic col-
lapsc also pose difficulties.

The ecological view of sustainability focuscs
on the stability of the biophysical system. Of
particular importance is the viability of sub-
systems(species, biotic components) thatare criti-
cal to the global stability of the overall ccosystem.
Protection of biological diversity is a key aspect.
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Furthermore, natural systems may be interpreted
to include all aspects of the biosphere (including
primarily man-made environments like cities),
with emphasis placed on preserving their resil-
ience and dynamic ability to adapt to change,
rather thanconservationof someideal static state.

The sociocultural concept of sustainability seeks
to maintain the stability of social and cultural
systems, including the reduction of destructive
conflicts. Bothintragenerational equity (especially
elimination of poverty) and intergenerational
equity (protection of the rights of future genera-
tions) are important elements of this approach.
Preservationof cultural diversity across the globe,
and the better use of knowledge concerning sus-
tainable practices inherent in many indigenous
communities, should be pursued. Modemn soci-
ety must encourage and harness pluralism and
grass-roots participation in order to engender a
more effective framework for making decisions.

Reconciling these concepts and operationalizing
them as a means to achieve sustainable develop-
ment are formidable tasks. The diversity of imme-
diate needs and concerns, as well as long-term
goals throughout the world, suggests that there is
no universal right or wrong approach to sustain-
abledevelopment. Toa village-level official in the

developing world, sustainable development may

mean, first and foremost, dealing with poverty
and human misery through health and education
services. Meanwhile, to a government regulator
in an industrial country, it may mean protecting
the physical environment from emissions of both
greenhouse gases and other effluents that cause
acid rain by developing the right economicincen-
tives and monitoring compliance with point dis-
charge regulations. The existence of diverse per-
ceptions and the existing structure of
decisionmaking do not readily allow for consen-
sus building, and the variety of problems at the
microlevel does not facilitate constructive syn-
thesis at the level of macro policy.

One useful practical approach to sustainable
development that may be more comprehensible
to policymakers and the public might be to maxi-
mize net benefits of economicand social develop-
ment, subject to maintaining the services from
and quality of natural resources over time. This
implies thatrenewableresources(especially scarce
ones) should be used at rates less than or equal to
the natural rate of regencration and that the effi-
ciency with which nonrenewable resources are
used should be optimized, subject to substitut-

ability between resources and technological
progress. Another requirement is that waste be
generated at rates less than or equal to the assimi-
lative capacity of the environment (to preserve
resiliency) and that efforts be made to protect
equity within and between generations. Finally,
the implementation of sustainable development
will require a pluralistic and consultative social
framework that, inter alia, facilitates theexchange
of information between dominant and hitherto
disregarded groups—to identify less material-
and pollution-intensive (qualitative rather than
quantitative) paths for human progress.

Inaddition to the broad recommendations that
would be helpful at the global, national, and local
levels, certain specific short-termactions will meet
all criteria simultaneously. For example,improve-
ments in access to clean drinking water and sani-
tation will increase productivity (economic), re-
duce environmental pollution (ecological), and
benefit the poor (social). In the medium and long
term, other project and policy options will re-
quire tradeoffs among the different objectives.
Better techniques of valuing the environmental
and social impactsof human activities will help to
improve decisionmaking. In certain cases, the
safeminimumstandardsapproach could be help-
ful, especially when uncertainty and irreversibil-
ity are involved. Multicriteria analysis is another
supplementary technique to help policymakers
make difficult tradeoffs.

Since approaching sustainable development
from the perspective of only one discipline has
significant shortcomings, it will be necessary for
biologists, physical and social scientists, and
economists to work together. This will permit
decisionmakersand society to makebetter choices
between alternative courses, based on the presen-
tation of relevantand unbiased information. There
is urgent need for continued research by
multidisciplinary teams to improve our under-
standing of economic valuation, the functions of
ecosystems, the flow of energy, and the dynamics
of social systems. At the same time, society has to
continue with its present evaluation of its funda-
mental values and to recognize and define the
values that it seeks to promote through different
types of development activities and institutional
arrangements.

To conclude, even though public awareness of
the relationship between the environment and
development has greatly increased, and govern-
ments are now devoting considerable energy and
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resources to the issue, much more needs to be
done. No country in the world uses its natural
environment as well as it could and should. The
natural and biophysical assets of the Earth are
being wasted, partly because our economic sys-
tems value only what human societies have cre-
ated. The recently concluded United Nations
Conference on Environment and Development
was an important watershed and fresh starting
point that has generated much momentum. But
do our leaders yet have the political courage
and will to implement the solutions that are
required? Are consumers in the north willing to
curb their overuse of energy and emission of
greenhouse gases thatalready overtax the resil-
ience of the global atmospheric commons? Are

Notes

1. A billion is 1,000 million.

2. The various terms in the equation for TEV
may be grouped in somewhat different ways
for convenience; see, for example, Walsh,
Loomis, and Gillman 1984. In order to mea-
sure willingness to pay for wilderness pro-
tection, they sought to separate (a future-
oriented) preservation value from recreational
use value (in current use). Accordingly, these
authors defined preservation value (PV) as
option value plus existence value plus be-
quest value, that is, PV = (OV + EV> + BV).
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they willing to alter the terms of trade and
reverse economic flows, so that development in
the south is stimulated rather than continually
undermined? Will the south confront its own
inadequacies in implementing programs to re-
duce poverty, internal income disparities, and
population growth? Are governments every-
where willing to permit local communities to
have greater influence in planning and manag-
ing their own resources, where doing so will
reduceinequity, exploitation, and waste of natu-
ral resources? And are the leaders of the conser-
vation movement willing to put human needs
at the forefront of their concerns and to insist
that while development must be sustainable, it
must also be centered on people?

3. Work is ongoing to identify defensive ex-
penditures. Such expenditures by firms are
treated in the current System of National
Accountsasintermediate costs and are there-
fore not part of value added or final output.
Defensive expenditures by households and
governments, in contrast, are treated as final
expenditures and included in GDP. Present
research seeks to address this and other is-
sues and inconsistencies in the System of
National Accounts (see Lutzand Munasinghe
1991).
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Appendix 2-1.
Current Strategies for
Ensuring Biodiversity

Global biodiversity strategy (1992)

Attheinternational level, the Global Biodiversity
Strategy calls for conservingbiodiversity through
international cooperation, integrating biodiversity
conservation with international economic policy,
strengthening the international legal framework
for conservation to complement the Convention
on Biological Diversity, integrating biodiversity
conservation constraints into development assis-
tance, and increasing the funding for biodiversity
conservation, with the development of innova-
tive, decentralized, and accountable ways to raise
funds and spend them effectively.

At the local level, the strategy recommends
reform of land tenure systems and development
of new resource management partnerships be-
tween government and local communities, cre-
ation of institutional conditions for bioregional
conservation and development, provision of in-
centives to encourage the sustainable use of prod-
ucts and services from the wild for local benefits,
and adequate use (with appropriate benefits pro-
vided) of local knowledge of genetic resources.

The strategy outlines appropriate actions to
strengthen the tools and technologies of
biodiversity conservation, including identifying
national and international priorities for strength-
ening protected areas and enhancing their role in
biodiversity conservation; enhancing the value
and improving management plans for protected
areas; strengthening the capacity to conserve spe-
cies, populations, and genetic diversity in natural
habitats; and strengthening off-site conservation
facilities to conserve biodiversity, educate the
public, and contribute to sustainable develop-
ment.

The strategy explicitly recognizes the impor-
tance of increasing the appreciation and aware-
ness of the value of biodiversity. It suggests that
the dissemination of information by relevant in-
stitutions be encouraged and calls for the promo-
ticn of basic and applied research on biodiversity
conservation as well as the development of human
resources capacity for biodiversity conservation.

UNCED convention on
biological diversity (1992)

Key elements of the convention of the United
Nations Conference on Environment and Devel-
opment are that each contracting party shall un-
dertake the following:

* Develop national strategies (or adapt existing
strategies) for the conservation and sustain-
able use of biological diversity and shall inte-
grate concerns for biodiversity into relevant
sectoral or cross-sectoral plans.

¢ Identify and monitor components of biological
diversity over which it exercises sovereign
rights.

* Promote the establishment and strengthening
of national inventory, regulation, or manage-
ment and control systems related to biological
resources.

* Develop methodologies to undertake sampling
and evaluation on a national basis of the com-
ponents of biological diversity and the status
of ecosystems.

¢ Establish a system of in-situ conservation for
ecosystems and natural habitats.

* Adoptmeasures for the ex-situ conservation of
components of biological diversity where pro-
viding in-situ facilities is impracticable or not
feasible.

* Integrateconsideration of the conservationand
sustainable use of biological resources into
national decisionmaking, adopt measures re-
lating to the use of biological resources to
avoid or minimize ad verse impacts on biologi-
cal diversity, protect and encourage custom-
ary use of biological resources in accordance
with traditional cultural practices thatarecom-
patible with the requirements of sustainable
use, and support local populations to develop
and implement remedial action in degraded
areas where biological diversity has been
reduced.

» Take appropriate measures for the fair and
equitable sharing of benefits derived from re-
search, development,and use of biological and
genetic resources between the sources of those
resources and the persons who use them.

¢ Develop economic (including pricing) and so-
cial policies that act as incentives to conserve
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biodiversity and the sustainable use of biologi-
cal and genetic resources on private lands.

» Establish and maintain programs for scientific
and technical education, training, and research
in the identification, conservation, and sus-
tainable use of biological diversity and itscom-
ponents; provide support in such areas to de-
veloping countries.

* Promote public education and awareness of
biodiversity conservation and its importance.

¢ Introduce appropriate procedures for envi-
ronmental assessments of proposed projects
likely to have significant impacts on biological
diversity.

*» Establish global lists of biogeographic areas
of importance and species threatened with
extinction.

* Facilitate the transfer of technology and en-
courage participation in biotechnological re-
search activities.

* Produce regularly updated world reports on

biodiversity based on national assessments in
all countries.

STAP guidelines (1991)

Projects eligible for GEF funding accomplish
one or a combination of the following aims: the
reduction of greenhouse gasemissions, the pro-
tection of biodiversity, the protection of inter-
national waters, and the reduction of depletion
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of the ozone layer. In terms of the protection of
biodiversity, STAP suggests that GEF should
support projects that are linked to the manage-
ment and protection of various ecosystems—
including in-situ as well as ex-situ conserva-
tion, where necessary, in protecting the
biodiversity of species and of genetic mate-
rial—and that GEF should supportregions, eco-
systems, and species that, for reasons of degra-
dation of habitat, pressure, or threat of extinc-
tion, require immediate attention. STAP places
priority on the allocation of resources for the
protection of biodiversity as follows (and sug-
gests that useful techniques and instruments to
implement such programs include legislative
techniques, tax policies, subsidy approaches,
and land use planning):

» Comprehensive approach to an entire ecosys-
tem throughout its area, including human
populations, taking into account species rich-
ness, diversity, and degree of threat.

¢ Establishmentand consolidation of protection
areas.

+ Promotion of sustainable use of biota.
* Education, training, and research.
* Inventories.

* Institution-strengthening, including the sup-
port of scientific communities and the devel-
opment of national mechanisms to coordinate
programs for the conservation and sustainable
use of biodiversity.

* Public awareness programs.
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Appendix 2-2.
Cost-Benefit Analysis

Given the importance of sustainable develop-
ment, it is evident that environmental externali-
ties should be incorporated into the framework of
traditional cost-benefit analysis. The following
section (mostly derived from Munasinghe 1993)
summarizes ways to improve the integration of
natural resource and environmental issues into
economic analyses of projects and policies. The
main emphasis is given to methods and ap-
proaches for valuing environmental effects, is-
sues relating to the discount rate, and the prob-
lems raised by risk and uncertainty.

Valuation of environmental costs
and benefits

The basic concepts involving both use and nonuse
values of environmental assets were described in
the main text. The various valuation techniques
summarized in table 2-3 are discussed below in
greater detail.

Direct effects valued on conventional
markets

Methods considered in this section are based on
how a change in environmental quality directly
affects actual market-related production.

EFFECT ON PRODUCTION

An investment decision often has environmental
impacts, which in turn affect the quantity, quality,
orproduction costsof arange of productive outputs
that may be valued readily in economic terms. In a
cascstudy onsoilconservationin Lesotho, increased
production from conserved land is estimated (Bojo
1991). In the valuation of a Peruvian rainforest, the
values of different production schemes are com-
pared (Peters and others 1989). Another example
includes impacts on tropical wetlands (Barbier and
others 1991).

EFFECT ON HEALTH

Thisapproach is based on healthimpacts caused by
pollution and environmental degradation. One
practical measure that is relevant is the value of
human output lost due to ill health or premature

death. The loss of potential net earnings (called the
human capital technique) is one proxy for foregone
output, to which the costs of health care or preven-
tion may be added (as a form of replacement/
preventive expenditure). The above measure as-
sumes that earnings reflect the value of marginal
product and that medical treatment costs are well
defined. The method also encounters difficulties
when the cause-effect link between environmental
quality and ill-health is unclear, or the sickness is
chronic (that is, of long duration).

This technique seeks to avoid ethical controver-
siesassociated with valuing a singlelife, attempting
instead to placea value on the statistical probability
of ill-health or death (akin to the actuarial values
used by life insurance companies). Moreover, gov-
ernmentsand public healthauthoritiesroutinely set
priorities and allocate health expenditures that af-
fect human well-being. This in turn provides a
baseline for determining implicit values placed by
society on various health risks.

DEFENSIVE OR PREVENTIVE COSTS

Often, costs may havebeen voluntarily incurred by
communities orindividuals to mitigate or undo the
damage caused by an adverse environmental im-
pact. Forexampile, if the drinking water is polluted,
extra filtration and/or purifying chemicals may
need to be used. Then, such additional defensive or
preventiveexpenditures (ex-post) could be takenas
a minimum estimate of the benefits of mitigation.
The assumption is that the benefits of avoided
environmental degradationatleast exceed the costs
ofavoidance. Theadvantage of the techniqueis that
defensive or preventive outlays (already made) are
easicer to determine than the value of the original
environmental damage. One weakness is that the
defensiveactionsare sometimesdecided uponquite
arbitrarily with little reliance on market forces, so
that the costs bear little relation to the potential
environmental benefit. Recently, Harrington and
others (1989) evaluated the economic damages of a
waterborne disease outbreak, emphasizing that the
valuation of averting behavior requires the estab-
lishment of a relationship between observable de-
fensive expenditures, and non-observable willing-
ness to pay.

Potential expenditure valued on
conventional markets

This section summarizes techniques in which po-
tential or future actions could be valued in conven-
tional markets to provide a measure of environ-
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mental degradation, provided thereisahighdegree
of certainty that such actions will be undertaken.

REPLACEMENT COST AND SHADOW PROJECT
If an environmental resource that has been im-
paired is likely to be replaced in the future by
another asset that provides equivalent services,
then the costs of replacement may be used as a
proxy for the environmental damage. This is an
ex-ante measure similar to the (ex-post) defensive
costs approach. It may be argued that the benefits
from the environmental resource should be at
least as valuable as the replacement expenses.
The replacement cost approach has been applied
to protecting groundwater resources in the Phil-
ippines, by determining the cost of developing
alternative water sources (Munasinghe 1990b).
A shadow project is usually designed specifi-
cally to offset the environmental damage caused
by another project. The cost of the shadow project
reflects an institutional judgment on the value of
environmental assets that are thereby restored.
Theapproach hasbeendiscussed in the contextof
project-level sustainability. The original project
and shadow project together form a sustainable
package that helps to maintain undiminished
some vital stock of environmental resources. For
example, if the original project was a dam that
inundated some forest land, then the shadow
project mightinvolve the replanting of an equiva-
lent area of forest elsewhere. Often, the equiva-
lency criterion is hard to satisfy exactly—in the
above example, the two tracts of forest may have
the same volume of biomass, but could differ
widely in terms of biodiversity.

Valuation using implicit (or surrogate)
markets

Often, relevant market data are not available in
directly usable form to value environmental re-
sources. In many such cases, analysis of indirect
market data (for example, using statistical and
econometric methods) permits the valuation to
be carried outimplicitly. A variety of such surro-
gate market-based methods—including travel
cost, the “hedonic” methods (property value and
wage differential), and proxy goods—as well as
their applicability under different circumstances,
are described below.

TRAVEL COST

This method seeks to determine the demand for
a recrcational site (for example, number of vis-
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its per year to a park), as a function of variables
such as consumer income, price, and various
socioeconomic characteristics. The priceis usu-
ally the sum of observed cost elements like (a)
entry price to the site; (b) costs of travelling to
the site; and (c) foregone earnings or opportu-
nity cost of time spent. The consumer surplus
associated with the demand curve provides an
estimate of the value of the recreational site in
question. More sophisticated versions include
comparisons (using regression analysis) across
sites, where environmental quality is also in-
cluded as a variable that affects demand (for a
detailed survey, see Mendelsohn 1987). Untila
few years ago, most applications of this tech-
nique were to be found in the market econo-
mies, but quite recently several examples have
emerged involving developing world applica-
tions. The travel cost for domestic trips to a
forest is estimated in a Costa Rica case study
(Tobiasand Mendelsohn 1991). Inanother study
on the value of elephants in Kenya, the travel
costof tourists from Europe and North America
is used to estimate consumer surplus (Brown
and Henry 1989).

PROPERTY VALUE

In areas where relatively competitive markets
exist for land, it is possible to decompose real
estate prices into components attributable to dif-
ferent characteristics such as house and lot size,
proximity to schools, shops and parks, etc.
(Cropper and Oates 1992). To value an environ-
mental variable like air or water quality, the
method seeks to determine that component of
the property value attributable to the relevant
environmental variable. Thus, the marginal
willing-to-pay (WTP) for improved local envi-
ronmental quality is reflected in the increased
price of housing in cleaner neighborhoods. This
method haslimited applicability in developing
countries because it requires a well-functioning
housing market as well as sophisticated informa-
tion and tools of statistical analysis. Jimenez (1983)
used this technique to explain changes in housing
pricesinaManilaslumarea, upgraded partly dueto
water and sanitation service improvements.

W AGE DIFFERENCES

Asin the case of property values, the wage differ-
ential method attempts to relate changes in an
economic price variable (thatis, the wage rate) to
environmental conditions. The underlying as-
sumption is that there is some component of the
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wage that is determined by the environmental
pollution or hazard associated with the job or
work site. The technique is relevant when com-
petitive labor markets exist, where wages (that
reflect the marginal product of labor) equilibrate
the supply and demand for labor. One concern is
that the approach relies on private valuations of
health risks, rather than social ones. In this con-
text, the level of information on occupational
hazards must be high, for private individuals to
make meaningful tradeoffs between health-risk
and remuneration. Finally, the effects of all fac-
tors other than environment (for example, age,
skill level, job responsibility) that might influence
wages must be accounted for, to eliminate bias
and isolate the impacts of environment.

PROXY MARKETED GOODS

This method isuseful whenan environmental good
or scrvice has no readily determined market value,
but a close substitute exists that does have a com-
petitively determined price. In such a case, the
market price of the substitute may be used as a
proxy for the value of theenvironmental resource.
Barbier and others (1991) provide an example
involving marketed and non-marketed fish sub-
stitutes.

Valuation using constructed markets

In cases where market information cannot be
used directly or indirectly, market-like behavior
needs to be deduced through construction or
simulation. The methods summarized below
depend on direct questions, surveys, or market-
ing experiments.

ARTIFICIAL MARKET

Such markets are constructed for experimental
purposes, to determine consumer WTP fora good
or service. For example, a home water purifica-
tion kit might be marketed at various price levels,
or access to a game reserve may be offered on the
basisof differentadmission fees, thereby facilitat-
ing the respective estimation of values placed by
individuals on water purity or on the use of a
recreational facility.

CONTINGENT VALUATION

When relevant market behavior is not observ-
able, the contingent valuation method (CVM)
puts direct questions to individuals to determine
how much they might be willing-to-pay (WTP)
for an environmental resource, or how much

compensation they would be willing-to-accept
(WTA) if they were deprived of the same re-
source. The contingent valuation method is more
effective when therespondentsarefamiliar withthe
environmental good or service (for example, water
quality) and have adequate information on which
tobase their preferences. CVM islikely tobe far less
reliable when the object of the valuation exercise is
a more abstract aspect, such as existence value.

Generally, declared WTA tends to be signifi-
cantly greater than the corresponding WTP. This
may be partly attributable to "strategic bias" where
respondents feel they would be better off inflat-
ing the amounts they would receive rather than
the sums to be paid out, if the hypothetical ques-
tions posed were somehow to become a reality in
the future. In the case of poorer individuals, WTP
may be limited by the ability-to-pay, whereas
WTA is not. The questionnaires have to be care-
fully designed, implemented, and interpreted to
overcome the above mentioned difficulties, as
well as other types of bias (for details, see The
Energy Journal 1988). Munasinghe (1990a) pro-
vides several early examples of the application of
CVM to value the quality of electricity servicesin
developing countries.

A review by Pearce and Markandya (1989)
compared valuation estimates obtained from
market-based techniquesand CVM, using results
from seven studies carried out in industrial na-
tions. They found that the corresponding esti-
mates overlapped within an accuracy range of
plus or minus 60 percent. The conclusion is that
CVM, cautiously and rigorously applied, could
provide rough estimates of value that would be
helpful in economic decisionmaking, especially
whenother valuation methodsare unavailable. A
case study using the CVM for estimating the
value of elephants in Kenya (Brown and Henry
1989) shows that it is possible to achieve an un-
derstanding of the order of magnitude of the
benefits through modest methods. Another study,
on WTP for water services in southern Hailti, tests
the CVM for different biases, indicating the limits
of its reliability (Whittington and others 1990) .

The discount rate

Economists typically use a forward-looking ap-
proach in which past (or sunk) costs and benefits
are ignored, while a discount rate is applied to
future costs and benefits to yield their present
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values. Standard criteria for cost-benefit analysis
(CBA), such as the net present value (NPV) and
internal rate of return (IRR) are derived in this
way. The issue of choosing an appropriate dis-
count rate has been discussed in the context of
general CBA for many years (Dasgupta and oth-
ers 1972, Harberger 1976, Littleand Mirrlees 1974).

Two concepts mainly help to shape the dis-
count (or interest) rate in a market economy.
First, there is the rate of time preference of indi-
viduals, which determines how they compare
present-day with future consumption. Second,
there is the rate of return on capital, which deter-
mines how an investment (made by foregoing
today’s consumption) would yield a stream of
future consumption (net of replacement). In an
ideally functioning market the interest rate, which
equilibrates savings and investment, also equals
both the marginal rates of time preference and
return on capital. In practice, government policy
distortions and market failures lead to diver-
gences between the rates of time preference and
return on capital. Furthermore, the social rate of
time preference may be less than the individual
time preference rate, because long-lasting societ-
ies are likely to have a bigger stake in the more
distant future than relatively short-lived indi-
viduals.

The long-term perspective required for sus-
tainable development suggests that the discount
rate might play a critical role in intertemporal
decisions concerning the use of environmental
resources. The rate of capital productivity is very
high in many developing countries because of
capital scarcity, and the rate of time preference
also is elevated because of the urgency of satisfy-
ing immediate food needs rather than ensuring
long-term food security (Pearce and Turner 1990).
Projects with social costs occurring in the long
term and net social benefits occurring in the near
term will be favored by higher discount rates.
Conversely, projects with benefits accruing in the
long runwillbeless likely tobe undertaken under
high discount rates. Thus, some environmental-
ists have argued that discount rates should be
lowered to facilitate environmentally sound
projects meeting the CBA criteria. However, this
would lead to more investment projects of all
types, thereby possibly threatening fragile envi-
ronmental resource bases. Norgaard (1991) ar-
gues that lowering discount rates can in fact
worsen environmental degradation—by lower-
ing the cost of capital and thereby lowering the
cost of production, more is consumed in the near
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term relative to the case where discount rates
were higher. Further, using a very low discount
rate to protect future generations is inequitable,
since this would penalize the present generation
and increase inequalities across time periods—
especially when the present contains widespread
poverty.

In order to facilitate such intergenerational
transfers, one option is to impose a sustainability
constraint, whereby current well-being is maxi-
mized without reducing the welfare of future
generations below that of the current generation.
In practice, this would entail monitoring and
measurement of capital stocks (man-made, hu-
man, and natural), and a broad investment policy
which seeks to ensure that compensating invest-
ments offset depreciation of existing assets (Pearce
1991). Theoretically, the aim would be to ensure
that the overall stock of assets is preserved or
enhanced for future generations, but practical
application of this principle would be difficult.

Risk and uncertainty

Risk and uncertainty are an inherent part of eco-
nomic decisions. Risk represents the likelihood
of occurrence of an undesirable event such as an
oil spill. In the case of uncertainty, the future
outcome is basically unknown. Therefore, the
risk of an event may be estimated by its probabil-
ity of occurrence, whereas no such quantification
is possible for uncertainty since the future is
undefined. The risk probability and severity of
damage could be used to determine an expected
value of potential costs, which would be used in
the CBA. However, the usc of a single number (or
expected value of risk) does not indicate the de-
gree of variability or the range of probability
values that might be expected. Additionally, it
does not allow for individual perceptions of risk.
The risk probability may be used to devise an
insurance scheme to protect against the risk.

In the case of uncertainty, it is not possible to
estimate the expected value of costs or insure
against an unknown eventuality. The increasing
scale of human activity, the complexity of envi-
ronmental and ecological systems, and the lack of
knowledge of how these systems might be af-
fected, all emphasize the need to deal with uncer-
tainty more explicitly. A cautiousapproachis the
key to dealing with uncertainty. Global warming
is an illustrative example. In the past, the green-
housc effect of CO, emissions was not known or
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recognized as arisk. At the present time, there is
still considerable uncertainty about the future
impacts of global warming, but given the large
magnitude of potential consequences, caution is
warranted.

The traditional and simple way of incorporat-
ing risk and uncertainty considerations in project
level CBA has been through sensitivity analysis.
Using optimistic and pessimistic values for dif-
ferent variables can indicate which variables will
have the most pronounced effects onbenefits and
costs. We note that while sensitivity analysis need
not reflect the probability of occurrence of the
upper orlower values, itis useful for determining
which variables are most important to the success
or failure of a project (Dixon and others 1988).
More sophisticated approaches to analyze risk
and uncertainty are available (Braden and Kolstad
1991).

The issue of uncertainty plays an important
role in environmental valuation and policy for-
mulation. Option values and quasi-option values
are based on the existence of uncertainty. Option
value (OV)isessentially the “premium” that con-
sumers are willing to pay to avoid the risk of not
having something available in the future. The
sign of option value depends upon the presence
of supply and/or demand uncertainty, and on
whether the consumer is risk averse or risk lov-
ing. Quasi-option value (QOV) is the value of
preserving options for future use in the expecta-
tion that knowledge will grow over time. If a
development takes place that causes irreversible
environmental damage, the opportunity to gain
knowledge through study of flora and fauna is
lost. Increased benefits to be derived through
future knowledge expansion (which is indepen-
dent of exploitation) leads to a positive QOV.
Thissuggeststhat the resource exploitation should
be postponed until increased knowledge facili-
tates a more informed decision. If information
growth depends on the use taking place, which is
unlikely in an environmental context, then QOV
is positive (negative) when the uncertainty ap-
plies to the benefits of preservation (exploitation)
(Pearce and Turner 1990, Fisher and Hanemann
1987).

Bromley (1989) suggests that the way in which
policymakers address uncertainties depends on
their perception of the existing entitlement struc-
ture. The interests of the future are only protected
by an entitlement structure that imposes a duty
on current generations to consider the rights of

future generations (or, as he terms them, “miss-
ing markets” because “future generations are
unable to enter bids to protect their interests”).
Without such a structure, decisionmakers may
tend to ignore costs to future generations, and
minimize costs to current generations at the ex-
pense of the future. If the entitlement structure is
adjusted, the policymaker can then examine three
policies to protect the interests of future genera-
tions: (1) mandated pollution abatement; (2} full
compensation for future damages (for example,
by taxation); and (3) an annuity to compensate the
future for costsimposed in the present. In the face
of uncertainty, the first option might be the most
efficient.

Other important sources of uncertainty linked
with environmental issues include uncertainty
over land tenure (which leads to deforestation
and unsustainable agricultural practices), and
uncertainty of resource rights (which can acceler-
ate the rate of depletion of a nonrenewable re-
source). Policymakers can address these issues
by instituting land reforms, and by designing
appropriate taxation policies that return rents to
public sources rather than to private agents.
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Limits to Sustainable Use of Resources: From Local

Effects to Global Change

Peter M. Vitousek and Jane Lubchenco

The term sustainable has undergone a rapid mi-
gration and radiation from its long-term home in
forestry and fisheries into the wider ecological,
agricultural, and development communities. In
its previous habitat, the term referred to manage-
ment strategies in which a small enough fraction
of a resource (trees, fish) is harvested so that the

stock of the resource is not diminished; growthin -

volume or population of the resource is sufficient
to replace the amount harvested. In contrast,
nonsustainable management strategies take a
larger fraction of the resource, thereby diminish-
ing the stock and (eventually) the amount har-
vested. In an economic analogy, the stock of a
resource is equivalent to principal and its growth
rateis equivalent to interest; use of interest alone
is sustainable because it leaves the principal
intact, but any higher rate of use diminishes
principal.

The meaning of sustainableisclearasitapplies
to forestry and fisheries, although long-term suc-
cessinmanagingeitherforestsorfishina sustain-
able way has been elusive (Ludwig, Hilborn, and
Walters 1993). However, in its expanded niche as
partof sustainable agriculture, sustainable devel-
opment, and a sustainable biosphere, the term
has taken on additional meanings. Where once
only a single resource, the one being harvested,
was considered, we are now concerned with the
integrated and cumulative effects of human ac-
tivities or management practices on a multitude
of resources and processes, from the local to the
global scale. Now, it is not only a question of

whether humanity can harvest a resource with-
out reducing its stock but also a question of
whether humanity can use resources without at
the same time changing regional and global sys-
tems in deleterious, uncontrolled, or unpredict-
able ways.

The evolution of the term sustainable can be
illustrated straightforwardly with a set of ex-
amples. Consider first a region occupied by natu-
ral grassland ecosystemns, say the mixed-grass
prairie of central North America. Net primary
production in the grassland is supported by ni-
trogen cycling fromsoil organic matter to grasses,
often through animals, and back to soil organic
matter; occasional firesaccelerate thiscycle briefly
(Ojima 1987; Parton and others 1987). A small
number of hurnans can use the region sustainably
by harvesting grazing animals, if they do so ata
low enough intensity to avoid depleting the stock
of those animals.

Now consider the same region being used for
pioneer agriculture. The prairie soil is plowed,
crops are planted, and the prairie grasses are
suppressed. Net primary productivity remains
high for a time and in a form useful to humans,
but it is now supported by net oxidation of soil
organic matterand release of the organic nitrogen
it contains (Bolin and others 1983). If this organic
matter or nitrogen is not replaced, the system is
not sustainable; it achieves its productivity only
by depleting an essential resource, and sooner or
later yields will fall and the agricultural systems
will fail.
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Pioneer agriculture of this sort can be made
sustainable through shifting cultivationif enough
land is available and if the human population
using the land is small enough. In this system,
humans practice agriculture for a short period of
time on any given plot, then abandon that plot
and use another, and so on until after some time
they return to the first plot. Shifting cultivation
can be sustained if the interval between visits toa
given site is long enough for soil fertility (and
other features of the land) to regenerate (Nye and
Greenland 1960). However, suchasystemishighly
vulnerable to any increase in population or eco-
nomic pressure.

Finally, considera modern agricultural system
in the same area. Modern agriculture, of course,
covers a multitude of practices, but common to
most of them is the fact that net primary produc-
tion of the crop is supported by inputs that hu-
mans control. For example, nitrogen from fertil-
izer generally becomes arelatively large source of
nitrogen for crops. Is such a system sustainable?
The question must now be asked on at least two
scales: locally and regionally or globally. On the
local scale, the answer depends on the particular
agricultural practice examined, and it is arguable
in many cases. Many observers are impressed
with the increasing amount and variety of inputs
required to maintain productivity and with con-
current rates of erosion, salinization, and other
changes in soils. Many others arc impressed that
increasing inputs have led to some quite spec-
tacular increases in yields and also that humans
demonstrably are good at adapting land manage-
ment to match many alterations in soils.

On a regional or global level, the case for the
sustainability of many modern agricultural prac-
tices is not so debatable. Inputs to modern agri-
cultural systems include energy from fossil fuels,
fertilizer, pest control, weed control, and often
irrigation water; outputs include alterations in
the composition of the atmosphere and in re-
gional air quality, changes in water quality and
sometimesdepletion of groundwater, and changes
in biological diversity both within and outside
theregion. As widely practiced, such agricultural
systems are not sustainable in that they cannot
persistonalarge scale withoutaltering the region
and indeed the Earth system as a whole.

Coral reefs provide a different example of the
relationship between spatial scale and the
sustainability of harvesting practices. Coral reefs
are widely recognized as being among the most
productive ecosystemson Earth (Crisp 1975; Lewis
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1977). This productivity occurs despite the olig-
otrophic waters surrounding most reefs and is
thought to be intimately dependent on the effi-
cient recycling of nutrients within the reef com-
munity. Reefs are thus unlike many other coastal
marine ecosystems, which depend primarily on
nutrients from adjacent systems, for example, via
upwelling or terrestrial runoff. The high inci-
dence of symbiotic relationships between plants
and animals on coral reefs is thought to reflect the
advantage accrued to an efficient transfer of nu-
trients among these components.

Despite being very productive, however, reefs
are highly susceptible to certain kinds of
overexploitation (Birkeland 1992; Munro and
Williams 1985; Russ 1985). Traditional, even
heavy, subsistence fishing on coral reefs is usu-
ally sustainable, especially when nutrients, for
example in the form of scraps and fecal material,
are returned to the reef. These fishing practices
appear to retain nutrients within the system.
Large-scale export fisheries, however, have dra-
matically different effects. Not only do they re-
move more biomass, but they now transport bio-
mass completely out of the system instead of
recyclingit. The result of this combined depletion
of fish stocks and export of nutricnts is an over-
fished and impoverished reef and thus an
unsustainable fishery (Birkeland 1992).

As fish become scarce on these reefs, destruc-
tive methods of fishing are often employed to
harvest the remaining fishcs. Dynamiting is a
common, if illegal, method. The resulting de-
struction of reefs leads to further impoverish-
ment, now involving the stocks of other, nontar-
get species as well as destruction of the habitat
itself. Practiced on a large scale, this cumulative
impoverishment has consequences for the entire
basin.

These two examplesillustrate some of the ways
in which our thinking about sustainability has
changed. The scale of the area under consider-
ation has increased as we appreciate the regional
and globalimpacts of local practices. Inclusion of
the larger scale often changes conclusions about
the sustainability of a practice, as feedbacks at
regional and global scales impose different limits
than those of the more narrow local focus. To
determine sustainability, one must consider not
only the stock of a particular resource but also the
process required to maintain those stocks, other
populations, and other functions. Maintenance of
these processes often involves larger scales and
different constraints.
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In this chapter, we focus on some of these
integrated regional and global consequences of
human activity, not on other (very important)
questions, such as the extent to which high-input
systems can be maintained in the long term on
local scales or how much biomass and nutrients
can be exported from a system before it collapses.
We consider humanactivitiesto be nonsustainable
to the extent that they alter features of the Earth
system, such as the composition of the atmo-
sphere and its capacity to process pollutants, the
stability of the climate, the formation and mainte-
nance of soil fertility, the ability of aquatic (fresh-
water and marine) systems to process and recycle
nutrients, and above all the maintenance of the
diversity of organisms that carry out many of
these functions (Ehrlich and Mooney 1983). We
first consider some human activities that have
global consequences, then focus on human re-
sponses to these changes.

Human activity and global change

That the current level of human activity alters
many features of the Earth system on regional
and global scales is beyond dispute. Change in
climate (for example, global warming!) receivesa
large amount of attention, but it is not the best
documented, not currently the most important,
and not the most permanent of the components of
global change caused by humans.

The changing atmosphere

The atmosphere mixes more rapidly than the other
great spheres of the Earth system (oceans and ter-
restrial ecosystems), and it is not surprising that
global changes have been detected most readily in
the atmosphere. Measurements of carbon dioxide
concentrations have been carried out since 1957;
during that time, concentrations have increased
more than 10 percent, from 315 to over 355 parts per
million, and the rate of increase has accelerated
(Keeling and others 1989). Could this rapid increase
result from a fortuitous interaction between our
relatively brief record of measurementsand a natu-
ral fluctuation in carbon dioxide concentrations?
The answer is no, because measurements of carbon
dioxide concentrations in air bubbles trapped in
Greenland and Antarctic ice show that concentra-
tions were stable near 280 parts per million for at
least 1,000 years before the ongoing exponential
increase began (Watson and others 1990).

There is no doubt that the ongoing increase is
a by-product of human activity, primarily the
combustion of fossil fuels and, secondarily,
changes in land use. The amount of carbon re-
leased from the burning of fossil fuel is more than
sufficient to account for the global increase
(Schlesinger 1991). More convincingly, the rela-
tive atmospheric abundance of the carbon iso-
topes *C and "C have decreased over time in a
pattern and magnitude that demonstrate that
their concentrations are being diluted by carbon
released from fossil fuel combustion (which is
“C-free and "C-depleted) and to a lesser extent
loss of terrestrial biomass (‘*C-depleted;
Siegenthaler and Oeschger 1987; Stuiver 1978).

This human-caused increase in carbon dioxide
isalready substantial (more than 25 percent of the
initial value), and it is the major factor driving
anthropogenic enhancement of the greenhouse
effect. Moreover, increased concentrations of car-
bon dioxide are likely to affect terrestrial biota
directly by increasing growth rates of some but
not all plants and by increasing the amount but
decreasing the quality of food available to many
animals and decomposers (Bazzaz 1990; Mooney
and others 1991). Elevated carbon dioxide could
also have direct effects in marine ecosystems
(Smith and Buddemeier 1992).

Anthropogenic increases in concentrations of
a number of other stable gases also have been
documented (Watson and others 1990). These
include the industrially produced chlorofluoro-
carbons (CFCs), methane, and nitrous oxide. The
increase in methane is believed to be due to a
combination of agricultural activities (particu-
larly the growing of paddy rice and the mainte-
nance of domestic ruminants) and industrial pro-
cesses (Cicerone and Oremland 1988). The rea-
sons for increasing nitrous oxide are less certain
but are believed to relate to changes in tropical
land use and the massive alteration of the global
nitrogen cycle brought about by intensive agri-
culture (Matson and Vitousek 1990; Vitousek and
Matson, forthcoming).

All of these gases can enhance the greenhouse
effect; in addition, CFCs and nitrous oxide break
downin the stratosphere and cause a breakdown
of stratospheric ozone. The ability of CFCs to
affect stratospheric ozone was identified in 1974
(Molina and Rowland 1974), and their impor-
tance as an agent for global change was debated
actively at that time. Nevertheless, everyone was
surprised by the discovery of a springtime holein
the Antarctic ozone in the mid-1980s, though
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perhaps not by the subsequent proof that CFCs
cause this depletion as a consequence of a previ-
ously unsuspected set of interactions (Prather
and Watson 1990; Rowland 1989).

Not all of the human-caused changes to the
atmosphere involve stable, globally distributed
gases. Anthropogenic increasesinconcentrations
of chemically reactive gases have led to decreased
tropospheric concentrations of the hydroxyl radi-
cal, the major oxidizing agent in the atmosphere
(Thompson 1992). The resulting decrease in the
ability of the atmosphere to cleanse itself leads to
an increased atmospheric lifetime, and hence in-
creased concentration, of methane.

At the same time, a syndrome of elevated
tropospheric ozone concentrations, acidic pre-
cipitation, and elevated nitrogen deposition oc-
curs over most of the economically developed
regions of the Earth (Crutzen and Zimmerman
1991; Logan 1985), and similar changes are now
being observed seasonally in developing tropical
regions (Fishman and others 1991; Keller and
others 1991). High application rates of nitrogen
fertilizer, intensive animal husbandry, and the
production of nitrogen oxides and sulfur oxides
by internal combustion engines and other indus-
trial processes all contribute to these changes;
biomass burning is the most important source in
many developing tropical areas (Andreae and
others 1988; Crutzen and Andreae 1990). Eurape,
where increases in agricultural production have
been most impressive (and most heavily subsi-
dized), is affected particularly severely by these
by-products of human activity (Schulze 1989).

Changes in land use

Human-caused change inland use (land clearing,
agricultural intensification, urbanization, and so
forth)is currently the most consequential compo-
nent of global change, and its effects are already
with us. However, land use can be difficult to
treat as a global change, because unlike the atmo-
sphere or oceans, terrestrial ecosystermns do not
mix on any time scale that is relevant to human
sustainability. Consequently, it is impossible to
characterize global changes in land use by mea-
surements in one or a few locations. Any global
effect must be the sum of many changes to local
ecosystems. In practice, change in land use alters
enough local ecosystems substantially enough to
contribute directly to increased concentrations of
greenhouse gases (Watson and others 1990), to
affect regional climate and atmospheric chemis-
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try (Keller and others 1991; Shukla, Nobre, and
Sellers 1990), to alter the chemistry of major river
systems (Peierls and others 1991), and to be the
most important cause of global change to coastal
marine ecosystemsand coral reefs (Howarth 1988;
Smith and Buddemeier 1992). Nevertheless, its
most important effect probably is simply to alter
local systems; some types of major ecosystems
have nearly disappeared (tall-grass prairie, tropi-
cal deciduous forest), and many others have been
degraded or fragmented.

The global effects of changes in land use have
been summarized in two ways: in terms of the
amount of land altered by humanity and in terms
of the fraction of terrestrial productivity that hu-
manity controls. Turner and others (1990) have
estimated that nearly half of the land surface of
Earth has been transformed by human activity, in
that it has been converted to cropland or to im-
proved pastures or been desertified. Much of the
rest of Earth has been affected through logging or
extensive grazing onrange lands but hasnot been
transformed in character. Alternatively, Vitousek
and others (1986) have calculated that nearly 40
percent of the terrestrial net primary productivity
of Earth is now being used, dominated, or de-
stroyed by human activity; again, much of the
remainder is affected, although not overwhelm-
ingly so.

These two estimates are in reasonably close
agreement, and both imply that all of Earth’s
terrestrial ecosystems and an overwhelming ma-
jority (certainly more than 99 percent) of its spe-
cies must persist on little more than half of the
area they once occupied. To the extent that these
natural systems, species, and populations pro-
vide goods or services that are essential to the
sustainability of human systems, their shrunken
base of operations must be a cause for concern.

Loss of biological diversity

The most permanent component of anthropo-
genic global change is the extinction of species
and genetically distinct populations. Extinction is
a natural phenomenon; under normal circum-
stances, an average species lasts perhaps 10 mil-
lion years from appearance to extinction (Ehrlich
and Wilson 1991). “Normal” conditionsare punctu-
ated by episodes of mass extinction, of which five
areknownin the past hundreds of millions of years.

Human activity is accelerating the process of
extinction dramatically. Observations of well-
studied groupssuchasbirds, together with calcu-
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lations of losses based on species per area and
species per energy relationships (Wilson and Pe-
ter 1988), suggest that current rates of extinction
are orders of magnitude above background rates.
Most of the extinctions that have occurred to date
have been caused by changes in land use, al-
thoughbiologicalinvasions by exotic specieshave
also played a significant role (D’Antonio and
Vitousek 1992). Other components of global
change are likely to contribute more and more in
the next century.

If these human-caused extinctions continue,
the next few decades will entrain a mass extinc-
tion of a magnitude greater than any since the
Cretaceous-Tertiary boundary 65 million years
ago. This loss of diversity is by far the least
reversiblecomponentof global change. The green-
house gases we are concerned with have atmo-
spheric lifetimes lasting from a decade to a little
more than a century; their concentrations could
return to background levels in at most a few
centuriesif anthropogenic forcing wereremoved.
Climate might be a little slower to respond due to
buffering by the oceans; the restoration of soil
fertility on severely degraded sites could take a
millennium or two. In contrast, overall levels of
species diversity (in terms of the number of spe-
cies on Earth) might recover from a catastrophic
mass extinction in a million years, and the loss of
particular species and their genetic information
would be permanent.

Human response to global change

There is no doubt that human activity causes
global change and no mystery about the ultimate
cause. The scale of human activity—the product
of our population and our effect on the rest of the
Earth system—has become large relative not just
to that of other species but also to the flow of
energy and materials on a global scale. Global
effects on the atmosphere, on land use, and on
other species are already clear; effects on climate
and other components of the Earth system are
coming. There are no serious arguments against
these points. Where arguments exist, they con-
cern how bad the changes will be and how soon
they will occur. The specific arguments are: Do
we need this species? Will that change in climate
reduce our gross national product (GNP) signifi-
cantly? More generally, while an informed and
reasonable person must concede that the current
levels of human impact on the Earth system are

degrading or altering the system in now-unpre-
dictable ways (that is, the impact is not sustain-
able), many intelligent people argue that it is too
soon to act because the changes are not yet to the
point that they really matter to humanity. (Argu-
ments that action is too expensive, that future
technological advances will mitigate any prob-
lems, or that precipitate action in the face of
uncertainty mightbe regretted later are subsets of
this point of view.)

What is the point at which it really matters?
How would we know if it had been approached
or exceeded? We cannot answer these questions
definitively for several reasons. First, for many
components of global change, the level of uncer-
tainty about the overall consequences of change
is relatively high. We know that human activity
alters soil fertility and water quality over large
areas of Earth; we also know that human activity
is causing a substantial increase in rates of popu-
lation and species extinction. We know that ex-
tinctionimpoverishes the geneticlibrary that sup-
ports agriculture and health care. However, the
extent to which this loss of diversity itself affects
aspects of how the ecosystem functions, such as
the maintenance of soil fertility or water quality,
is not known (Lawton and Brown 1993; Vitousek
and Hooper 1993). Without this information, we
cannot predict with any confidence how many (or
which) species could be lost before ecosystem
functions that support humanity are degraded by
direct consequences of the loss of diversity. Both
the Ecological Society of America (Lubchenco
and others 1991) and the international Scientific
Committee on Problems of the Environment
(Schulze and Mooney 1993) have identified this
as a high-priority area of research, but answers
will not come quickly.

Second, thereisevery reasonto believe that the
Earth system will not respond gradually and
evenly to global change. Rather, substantial lags,
nonlinearities, thresholds, and interactions can
be anticipated even if the human-caused forcing
functions themselves vary gradually and con-
tinuously. The best current example of a nonlin-
ear response to change is the Antarctic ozone
hole. The effect of CFCs on ozone depletion had
been identified, but no one predicted the rapid
development of the ozone hole, which was dis-
covered more or less by accident (Farman,
Gardiner, and Shanklin 1985; Rowland 1989),

Climatic change in the past also involved sig-
nificant thresholds and nonlinearities. The cli-
matic oscillation between glacial and interglacial
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conditions (COHMAP Project 1988; Imbrie 1985)
involvesrapid changes superimposed on gradual
changes in forcing functions; positive feedbacks
based on ice cover, atmospheric carbon dioxide
concentrations, and perhaps cloud condensation
nuclei produced by marine phytoplankion all
could contribute to the oscillation (Houghton,
Jenkins, and Ephraums 1990). On a shorter time
scale, there is evidence that patterns of ocean
circulation can change quite rapidly from one
quasi-stable state to another, driving very rapid,
substantial, and relatively persistent changes in
the global climate (Broecker 1987). Human forc-
ing is now driving Earth’s climatic system into
conditionsthat differ from thoseatany timein the
Pleistocene; it is unlikely that we will be able to
use the past record to guess what surprises
(nonlinearities, thresholds, and so forth) these
new conditions willbring, but the past does tell us
that some surprises are very likely.

Finally, environmental monitoring is now in-
adequate to pick up many likely changes in the
global environment, including some of those that
could affect humanity most directly. The mea-
surements of atmospheric carbon dioxide that
havebeen madeover the past thirty-five yecarsare
tremendously useful; it is difficult to imagine
where we would be without them. They demon-
strate global change unambiguously. There have
been a number of attempts to use such measure-
ments further to determine the sources and sinks
of carbon dioxide globally (see, forexample, Tans,
Fund, and Takahashi 1990), but the measure-
ments are carried out in so few sites (and those
sites are so removed from local sources of varia-
tion) that it is difficult to obtain information at a
scale finer than an entire hemisphere.

Our ability to detect global change in land use
is much worse, even though remote-sensing tech-
nology is available and appropriate to the task.
Equally important, our knowledge of the distri-
bution and changing patterns of Earth’s biologi-
cal diversity remains haphazard.

All of these concerns present impediments to
our ability to analyze the effects of human-caused
changes in the Earth system, and all of them can
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(and should) be addressed by research programs.
Many are now being studied more or less system-
atically. This research will contribute to showing
how the world works and how it is altered by
human activity. It may identify some surprises in
advance, and it can suggest areas where change is
occurring particularly rapidly. However, it can
never be enough to direct policy unambiguously.
By the time we determine the significance of each
speciesina tropical rain forestin terms of its effect
onecosystem function, very likely more than half
of these species will be extinct. We will never
identify (in advance) all of the surprises that will
occur as the Earth system changes, and monitor-
ing will never be sufficient to detect early warn-
ing signs of all the important components of
global change. Therefore, research should not be
considered a substitute for action designed to
reduce human impacts on the biosphere. More-
over, policies guiding this action must be based
on the most current scientific understanding of
these impacts and must recognize the inherent
difficulty in making precise predictions about
highly complex systems.

Indeed, our currentknowledge about the scope,
significance, and variety of global changes result-
ing fromhumanactivity should catalyzeimmedi-
ate action to reduce these impacts. Specifically,
prompt, vigorous actions should be initiated to
reduce the rate of growth of the human popula-
tion, reduce the use of energy, reduce the con-
sumption of resources, and implement policies
and practices that are sustainable at local, re-
gional,and global scales. None of these objectives
is easy; cach is essential.

Despite many uncertainties about how to
achieve these objectives, itisimperative that new,
more responsible policies and practices be imple-
mented. Programs such as the Sustainable Bio-
sphere Project of SCOPE (the Scientific Commit-
tee on Problems of the Environment) are de-
signed to help identify options fora more sustain-
able use of resources. These options must be
based on the recognition that sustainability must
be evaluated at not only the local, but also the
regional and global scales.
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Sustainability: The Cross-Scale Dimension

C. S. Holling

A new class of problems is challenging the ability to achieve sustainable development:

e These problems are more and more frequently caused by slowly accumulated human influences on air,
land, and oceans that trigger sudden changes that directly affect the health of people, the productivity

of renewable resources, and the vitality of societies.

o The spatial span of connections is intensifying so that the problems are now fundamentally cross-scale

in space as well as in time.

® The problems are essentially nonlinear in causation and discontinuous in both their spatial structure

and temporal behavior.

* Both the ecological and social components of these problems have an evolutionary character.

The problems are therefore not amenable to solutions based on knowledge of small parts of the whole
nor onassumptions of constancy or stability of fundamental relationships: ecological, economic, or social.
Such assumptions produce policies and science that contribute to a pathology of rigid and unseeing
institutions, increasingly brittle natural systems, and public dependencies.

But recent advances in theory, method, and regional experience are leading to a truly cross-scale
understanding and to the identification of the attributes of renewal capital that are the foundations for

sustainable development in a world of surprises.

In the most fundamental sense, the renewal capital for nature is the physical structure of the
environment that sustains and is controlled by the biota at all scales. For people, it is social trust and

accessible knowledge.

The biophysical dimensions of sustainable devel-
opment cannot be separated neatly from the eco-
nomic or the social dimensions. To attempt to do
so would encourage piecemeal strategies of in-
vestments that have failed to improve the status
of people. Those strategies haveinvested in parts
of the whole, typically investments in resource
development, while ignoring the responses of
nature and the adaptive traditions of people. The
present recognition of the role of nature in issues
of sustainability is certainly an advance, but not if
thatappreciation simply encouragesa policy lurch
away from narrow economic development and
toward equally narrow environmental protec-

tion. Partial policies fail. Integrated policies may
have a chance to succeed.

Lamentably, partial policies are more comfort-
ably congruent with the disciplinary expertise
thatisan important foundation for education and
research. But a biologist's or an ecologist’s
discipline-based design for sustainability cannot
be trusted any more than an economist’s or an
engineer’s. Doing so leads to a disciplinary and
policy myopia that generates the very problems
and conflicts that sustainable development is sup-
posed to address.

Iargue here, however, that practical ways are
emerging to measure and invest in sustainable
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development that draw on a spectrum of disci-
plinary scholarship withina framework thatleads
to integrated understanding and integrated poli-
cies. This has become possible with recent ad-
vances in theory, method, and the sciences them-
selves and from regional experience in the resto-
ration of ecosystems. This approach is leading to
truly cross-scale understanding and to the identi-
fication of the attributes of renewal capital that
are the foundations for sustainable development
in a world of surprises.

In the most fundamental sense, the renewal
capital for terrestrial nature is the physical archi-
tecture of the biophysical environment that sus-
tains and is controlled by the biota at all scales.
For people, it is social trust and accessible and
usable knowledge.

A cross-scale journey

Metaphors can help clarify complex and appar-
ently paradoxical notions such as sustainable
development. Do ecosystems—their structure,
function, and behavior—provide a useful meta-
phor? That depends on the scale of observation,
both in time and spacc.

If I observe a 400-year-old, 1,000 hectare stand
of Douglas fir trees in British Columbia from the
perspective of my three-score years and 3 or 4
kilometers of easy walk, | see a true model of
sustainability. The resource capital that measures
that particular perspective of sustainability might
be the standing biomass, just as the new gencra-
tion of resource economists and accountants now
propose.

If I view the stand from the perspective of the
tree’s lifetime, not mine, however, | sce
sustainability as perpetuation of a 400-year pe-
riod of tree growth, which was initiated by a
major disturbance covering at least 1,000 hect-
ares. The resource capital allowing that period of
growth might be measured by the nutrient-hold-
ing attributes of soil, not by the standing biomass.

If I'extend time still further to several lifetimes
of trees and expand my spatial perspective to a
sub-continental scale, [ realize that the originat-
ing disturbance events are periodic. Such distur-
bances are not intrusions from outside butarec an
inherent part of ecosystem succession. In the case
of a stand on the storm-swept west coast of
Vancouver Island, the disturbance could well be
a windstorm capable of clear-cutting many hun-
dreds of hectares as a normal process whenever
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extremes of weather intersect with increasing
vulnerability of the stand as trees become mature.
For different tree species, in different regions of
the boreal forest, the natural disturbance might
be an outbreak of insects or a forest fire.
Sustainability at that scale can be seen as the
maintenance of successional cycles of stand-level
boom-and-bust to produce a perpetuating mo-
saic of stands of trees of different ages, each stand
covering 100 to 1,000 hectares. The resource capi-
tal responsible for maintaining that patternis the
set of biotic and abiotic processes that perpetuate
the dynamic mosaic. It can be measured by physical
attributes of vegetation patterns and by climate.

By this time, and at this geographicextent, [am
describing a good part of the present unlogged,
unmanaged, high-latitude forest of North
America, Europe, or Asia. Now [ am at a scale
where there are groups of ecosystems of conifer-
ous and mixed forests and of lakes, bogs, and
wetlands. They aggregate to form the boreal for-
est biome whose existence is itself a passing and
transient thing, which emerged in its present
form perhaps 8,000 years ago following the re-
treat of the ice sheets. Pollen records demonstrate
that the aggregation of tree species following the
retreat of the ice sheets was a highly individualis-
tic process depending on an individual species’
response to weather, unique dispersal properties,
and distance to the source of seeds. The processes
defining the system at this scale now include
geophysical cyclesthatareresponsible for rhythms
of glaciation, erosion, and land movement.

I could go onin this journey in time and space
and only stop when I encounter the whole uni-
verse and the big bang of its origin. Or I could
proceed into smaller scales from the starting point
of a stand of 400-year-old trees and pose ques-
tions of persistence of patches within which plants
compete for water, nutrients, and light, then per-
sistence of plants within those patches, persis-
tence of branches, persistence of leaves and
needles, and so on. Each set of questions would
providc a different perspective on sustainability
and a different way to measure it.

I am not dwelling on these different
scale-dependent perspectives in order to claim
that sustainability is so relative as to be meaning-
less. Rather, [ do so to illustrate that a universal
feature occurs at all these scales, from needle to
planet. Each descriptionisacycleof birth, growth,
dcath, and renewal. What sustains such cycles?
Oddly, the processes of death and renewal rather
than those of birth and growth lic at the heart of



sustainability. Thatis where we need to search for
measures of sustainability: measures of distur-
bance and of the capacity to renew after distur-
bance. Consider the succession of ecosystems.

Ecosystem function

Over thelastdecade, the literature on ecosystems
has led to major revisions in the original
Clementsian view of succession. Thatinitial view
was one of a highly ordered sequence of species
assemblages moving toward a sustained climax
whose characteristics are determined by climate
and edaphicconditions. Thisrevision comes from
extensive comparative field studies (West,
Shugart, and Botkin 1981), from critical experi-
mental manipulations of watersheds (Bormann
and Likens 1981; Vitousek and Matson 1984),
from paleoecological reconstructions (Davis 1986;
Delcourt, Delcourt, and Webb 1983), and from
studies that link models of systems and field
research (West, Shugart, and Botkin 1981).

The revisions include four principal points.
First, the species that invade after disturbance
and during succession can be highly variable and
determined by chance events. Second, both early
and late successional species can be present con-
tinuously. Third, large and small disturbances
triggered by events like fire, wind, and herbi-
vores are an inherent part of the internal dynam-
ics and in many cases set the timing of succes-
sional cycles. Fourth, somedisturbancescan carry
the ecosystem into quite different stability do-
mains: for example, mixed grass and tree savan-
nas turn into shrub-dominated semi-deserts
(Walker 1981); that is, more than one climax state
is possible.

In summary, therefore, the notion of a sus-
tained climax is a useful but essentially staticand
incomplete equilibrium view. The combination
of these advances in understanding ecosystems
by studying population systems has led to one
version of a synthesis that emphasizes four pri-
mary stagesin an ecosystem’scycle (Holling 1986).

The traditional view is that succession of an
ecosystem is controlled by two functions: exploi-
tation, in which rapid colonization of recently
disturbed areasis emphasized, and conservation,
in which slow accumulation and storage of en-
ergy and material is emphasized. But the revi-
sions in understanding indicate that two addi-
tional functionsare needed (see figure4-1). Oneis
that of release, or creative destruction, a term
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borrowed from the economist Schumpeter (as
reviewed in Elliott 1980), in which the tightly
bound accumulation of biomass and nutrients
becomes increasingly fragile (overconnected in
systems terms) until it is suddenly released by
agents such as forest fires, insect pests, or intense
pulses of grazing. The second is one of reorgani-
zation, in which soil processes of mobilization
and immobilization minimize nutrient loss and
reorganize nutrients to become available for the
next phase of exploitation.

During this cycle, biological time flows un-
evenly. The progression in the ecosystem’s cycle
proceeds from the exploitation phase (box 1 of
figure 4-1) slowly to conservation (box 2), very
rapidly to release (box 3), rapidly to reorganiza-
tion (box 4), and rapidly back to exploitation.
During the slow sequence from exploitation to
conservation, connectedness and stability in-
crease, and a capital of nutrients and biomass is
slowly accumulated. That capital becomes more
and more tightly bound, preventing other com-
petitors from using it until the system eventually
becomes so overconnected that rapid change is
triggered. The agents of disturbance might be
wind, fire, disease, insect outbreak, or a combina-
tion of these. The stored capital is then suddenly
released, and the tight organization is lost to
allow the released capital to be reorganized and
the cycle to begin again.

Figure 4-1: Flow of Events between Four Ecosystem
Functions
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The arrows show the speed of that flow in the
cycle: arrows close to each other indicate a rapidly
changing situation, and arrows far from each other
indicate a slowly changing situation. The cycle re-
flects changesintwo attributes: (1) the Y axis, which
is the amount of accumulated capital (nutrients,
carbon) stored in variables that are the dominant
keystone variablesat themoment, and (2) the X axis,
which is the degree of connectedness among vari-
ables. Theexit from thecycle, shownatthe left of the
figure, indicates the stage at which a flip is most
likely to lead into a less or more productive and
organized system, that is, devolution or evolution
as revolution!

That pattern is discontinuous and is depen-
dent on the existence of changing multi-stable
states that trigger and organize the release and
reorganization functions. Instabilities and cha-
otic behavior trigger the release phase, which
then proceedsin the reorganization phase, where
stability begins to bereestablished. In short, chaos
emerges from order, and order emerges from
chaos! Resilience and recovery are determined by
the fast release and reorganization sequence,
whereas stability and productivity are determined
by the slow exploitation and conservation se-
quence.

Moreover, there is a nested set of such cycles,
each with its own range of scales. In the typical
boreal forest, for example, fresh needles cycle
yearly, the crown of foliage cycles with a decadal
period, and trees, gaps, and stands cycle at peri-
ods of close to a century or longer. The resultis a
hierarchy in which each level has its own distinct
spatial and temporal attributes (see figure 4-2).

Dynamics of hierarchies

A critical feature of such hierarchies is the asym-
metricinteractionsbetweenlevels(Allenand Starr
1982; O'Neill and others 1986). In particular, the
larger, slower levels maintain constraints within
which faster levels operate. In that sense, there-
fore, slower levels control faster ones. If that were
the only asymmetry, however, it would be im-
possible fororganisms to exertcontrol over slower
environmental variables. Many geologists criti-
cize the Gaia theory on these grounds (Lovelock
1988): How could slow geomorphic processes
possibly be affected by fastbiological ones? How-
ever, it is not broadly recognized that the birth,
growth, death, and renewal cycle, shown in fig-
ure 4-1, transforms hierarchies from fixed static
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structures to dynamic entities whose levels are
vulnerable to small disturbances at certain critical
times in the cycle (Holling 1992). That represents a
transient but important bottom-up asymmetry.

There are two key states in which slower and
larger levels in ecosystems become briefly vul-
nerable to dramatic transformation because of
small events and fast processes. One is when the
system becomes overconnected and brittle as it
slowly moves toward maturity (box 2 of figure 4-
1). Atthis stage, relations among the plant species
are tightly competitive. Froman equilibrium per-
spective, the system is highly stable (that is, re-
turn times are fast in the face of small distur-
bances), but from a resilience perspective (see, for
example, Holling 1987), the domain over which
stabilizing forces can operate becomes increas-
ingly small. Brittleness comes from such a loss of
resilience. Hence the system becomes an accident
waiting to happen. In the boreal forest, for ex-
ample, the accident might be a contagious fire
that becomes increasingly likely as the amount,
extent, and flammability of fuel accumulate. Or it
could be an outbreak of insects that spreads as
increasing amounts of foliage both increase food
and habitat for defoliating insects and decrease
the efficiency with which their vertebrate preda-
tors search for them (Holling 1988).

Figure 4-2: Hierarchies of Space and Time for
Forests and Atmospheres
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Small and fast variables can also dominate
slow and large ones at the stage of reorganization
(box 4 of figure 4-1). At this stage, the system is
underconnected, with weak organization and
weak regulation. As a consequence, this is the
stage most affected by probabilistic events that
allow a diversity of entrained species, as well as
exotic invaders, to become established. On the
one hand, it is the stage most vulnerable to ero-
sionand to theloss of accumulated capital. On the
other hand, it is the stage from which jumps to
unexpectedly different and more productive sys-
tems are possible. At this stage, instability comes
from the loss of regulation rather than the brittle-
ness of reduced resilience.

The degree to which small, fast events influ-
ence larger, slower onesis critically dependent on
the accumulation, cycling, and conservation of
accumulated capital. And thatin turn dependson
the meso-scale disturbance processes. Human
management of renewable resources or impacts
of macroscale phenomena, such as change in
climate, can release a pattern of disturbance that
destroys large amounts of accumulated renewal
capital over large areas. If too much capital is
destroyed over too large an area, the system can
flip into a qualitatively different stable state that
persists unless there is explicit rehabilitation
through management. Asanexample, thatiswhy
grazing at sustained, extensive, but moderate
levels can transform productive savannas into
less-productive systems dominated by woody
shrubs (Walkerand others 1969). Or why success-
ful efforts at controlling forest fires can lead to so
much accumulated fuel over such a large area
that the inevitable runaway fire destroys accu-
mulated soil and the capacity of trees to regenerate.

The question for issues of human transforma-
tion from the scale of fields to that of the planet,
therefore, is how much change it takes to release
disturbances whose intensity and extent are so
great that the renewal capital is destroyed to the
point where regeneration of plants is seriously
compromised. Thus, two sets of questionsneed to
be addressed in order to assess the sustainability
of development. First, how much disturbance
will be generated, for how long, and over what
areas? Second, how much renewal capital is de-
stroyed, for how long, and over what areas?

That still leaves open the question of what
specific kinds of renewal capital are the measure
of sustainability. Is it the number of trees as the
new resource economists suggest? But why should
trees be the only future permitted? Is it the struc-
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ture of soils that, if retained, allows a number of
different kinds of ecosystem to flourish, with
trees or not? Is it the mosaic of architectural
features that maintains the diversity of habitats
and species? I cannot comfortably answer these
questions, but I can identify a direction in which
to search for the answers.

Two puzzles of sustainability

Recently, I resolved two difficult puzzles that had
emerged during a review of some twenty-three
examples of managed ecosystems (Holling 1986).
Those examples fell into four classes: forest in-
sect, forest fire, savanna grazing, and aquatic
harvesting. One puzzle seemed to be a paradox of
the organization of ecosystems. The other seemed
to be a paradox of the management of ecosys-
tems. Both have turned out to be the consequence
of the natural workings of any complex, evolving
system.

The first paradox suggested that the great di-
versity of life in ecosystems is traceable to the
functionof a small set of variables, each operating
ata qualitatively different speed from the others.
The second suggested that any attempt to man-
age ecological variables inexorably leads to more
brittle ecosystems, more rigid management insti-
tutions, and more dependent societies. I shall
deal with each in turn.

The ecosystem organization puzzle

How could the great diversity within ecosystems
possibly be traced to the function of a small num-
ber of variables? The models that were developed
and tested for these examples certainly generated
complex behavior in space and time. Moreover,
those complexities could be traced to the actions
and interactions of only three to four sets of
variables and associated processes, each of which
operated atdistinctly different speeds. The speeds
were therefore discontinuously distributed and
differed from their neighbors often by as muchas
an order of magnitude. A summary of the critical
structuring variables and their speeds are pre-
sented in table 4-1. For the models, at least, this
structure organizes the time and space behavior
of variables into a small number of cycles, pre-
sumably abstracted from a larger set that contin-

ues at smaller and larger scales than the range
selected.
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But are those features simply the consequence
of the way modelers make decisions rather than
the results of an ecosystem’s organization? This
uneasy feeling that such conclusions can be a
figment of the way we think, rather than of the
way ecosystems function, led to a series of tests
using field data to challenge the hypothesis that
ecosystem dynamics are organized around the
operation of a small number of nested cycles, each
driven by a few dominant variables.

The critical argument is that, if there are, in
fact, only a few structuring processes, their im-
printshould be expressed on most variables. That
is, time-series data for fires, intensity of seeding,
number of insects, flow of water—indeed any
variable for which long-term, yearly records are
available—should show periodicities that cluster
around a few dominant ones. In the case of the
eastern maritime boreal forest of North America,
for example, those periodicities were predicted to
be three to five years, ten to fifteen years, thirty-
five to forty years, and more than eighty years.
Similarly, afew dominantspatial “footprint” sizes
should be associated with one of the cycles of
disturbance and renewal in the nested set of such
cycles. Finally, the animals living in specificland-
scapes should demonstrate the existence of this
lumpy architecture by showing gaps in the distri-
bution of their sizes and gaps in the scales at
which decisions are made for location of region,
foraging area, habitat, nests, protection, and food.

All the evidence we have so far confirms just
those hypotheses for boreal forests, for boreal
region prairies, for pelagic ecosystems (Holling
1992), and for the Everglades of Florida
(Gunderson 1992). Various alternative hypoth-
eses based ondevelopmental, historical, or trophic
arguments were disproved in the fine traditions
of Popperian science, leaving only the
world-is-lumpy hypothesis as resisting disproof.

Therefore, there is strong evidence for the fol-
lowing conclusions:

(1) A small number of plant, animal, and abiotic
processes structure biomes over scales from
days and centimeters to millennia and thou-
sands of kilometers. Individual plant and bio-
geochemical processes dominate at fine, fast
scales; animal and abiotic processes of
meso-scale disturbance dominate at interme-
diatescales;and geomorphological onesdomi-
nate at coarse, slow scales.

(2) These structuring processes produce a land-
scape that has lumpy geometry and lumpy
temporal frequencies or periodicities. That is,
the physical architecture and the speed of vari-
ables are organized into distinct clusters or
quanta, each of which is controlled by one
small set of structuring processes. These pro-
cesses organize behavior as a nested hierarchy
of cycles of slow production and growth alter-
nating with fast disturbance and renewal (as
shown in figure 4-1).

(3) Each quantum is contained to a particular
range of scales in space and time and has its
own distinct architecture of object sizes, dis-
tance between objects, and fractal dimension
within that range.

(4) All of the many remaining variables, other
than those involved in the structuring pro-
cesses, become entrained by the critical struc-
turing variables, so that the great diversity of
species in ecosystems can be traced to the
function of a small set of variables and the
niches they provide. The structuring processes
are the ones that both form structure and are
affected by that structure. These structuring
variables are, therefore, where the priority
should be placed in investing to protect
biodiversity.

(5) The discontinuities that produce the lumpy
structure of vegetated landscapes impose
discontinuities on the behavior and morphol-
ogy of animals. For example, gaps in the distri-

Table 4-1: Key Variables and Speeds in Five Groups of Managed Ecosystems

System Fast Intermediate Slow
Forest insect [nsect, needles Foliage crown Trees
Forest fire Intensity Fuel Trees
Savanna Annual grasses Perennial grasses Shrubs
Aquatic Phytoplankton Zooplankton Fish

Source: The key references are McNamee, McLeod, and Holling 1981 for forest insects; Holling 1980 for forest fires; Walker
and others 1969 for annual grasses; and Steele 1985 for phytoplankton.
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bution of body mass of resident species of
animals correlate with scale-dependent
discontinuities in the geometry of vegetated
landscapes. Thus these gaps, and the body
mass clumps they define, become a way to
develop a rapid bioassay of ecosystem struc-
tures and of human impacts on that structure.
This opens the way to develop a comparative
ecology across scales that might provide the
same power for generalization thatcame when
physiology became comparative rather than
species specific.

(6) Conversely, changes in landscape structure at
defined ranges of scale caused by land use
practice or by changes in climate will have
predictable impacts on the community
structure of animals (that is, animals of some
body masses can disappear if an ecosystem’s
structure at a predictable range of scale is
changed). Therefore predicted (using models)
orobserved (using remote imagery) impacts of
changingclimate orland use on vegetation can
alsobeused toinfer theimpactson the diversity
of animal communities.

The lessons for both sustainable development
and biodiversity are clear: focus should be placed
onthestructuring variables that control the lumpy
geometry and lumpy time dynamics. They are
the ones that set the stage upon which other
variables play out their own dramas. That is, the
health and viability of the physical and temporal
infrastructure of biomes at all scales are what
sustains the theater; given that, the actors will
look after themselves!

The ecosystem management puzzle

An even more surprising and puzzling feature
emerged in the comparison of the twenty-three
examples. All the examples were associated with
management of a resource where the very success
of management seemed to set the condition for
collapse. Is there some general property of
unsustainability thatis touched in these examples,
or is the observation simply the result of cases
selected because of an unconscious attraction to
catastrophic visions? Again, some independent
tests were necessary.

Each of the examples represented policies of
management whose goal was to control a target
variableinorder to achieve social objectives, typi-
callymaintaining or stimulatingemploymentand
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economic activity. In the case of management of
eastern North American spruce and fir forests,
the target was an anticipated outbreak of a defo-
liating insect, the spruce budworm (Clark and
others 1979); for the forests of the Sierra Nevada
Mountains, the target was forest fires (Holling
1980); for the savannas of South Africa, the target
was the grazing of cattle (Walker and others
1969); for the salmon of the Pacific northwest coast,
the target was salmon populations (Walters 1986).

In each case the goal was to control the vari-
ability of the target: insects and fire at low levels,
cattle grazing at intermediatc stocking densities,
and salmon at high populations. The level de-
sired was different in each situation, but the com-
mon feature was to reduce variability of a target
whose normal fluctuations imposed problems
and periodic crises for pulp mill employment,
recreation, farmingincomes, or fishermen'’scatch.

The typical response to threats of fire or pesti-
lence, flood, or drought s to narrow the purpose,
focus on it exclusively, and solve that problem as
so defined. Modern engineering, technological,
economic,and administrativeexperiencecandeal
well with such narrowly defined problems. And
in each example, the goal was successfully
achieved: insects were controlled with insecti-
cide; the frequency and extent of fires were re-
duced with fire detection and suppression tech-
niques; cattle grazing was managed with modern
rangeland practice;and salmon populations were
augmented with hatchery production.

At the same time, however, elements of the
system were slowly changing. First, reducing the
variability of the ecological target produced a
slow change in the spatial heterogeneity of the
ecosystem. Forest architecture became more con-
tiguous over landscape scales, so that if defoliat-
ing insects or fire were released, the outbreaks
could cover larger areas with more intensive im-
pacts than before management. Rangeland gradu-
ally lost drought-resistant grasses because of a
shift in competition with more productive but
more drought-sensitive grasses. If drought oc-
curred, the consequences were therefore more
extensive, more extreme, and more persistent:
grasslands turned irreversibly into shrub-domi-
nated semi-deserts. Wild populations of salmon
in the many streams along the coast gradually
becameextinctbecause fishing pressure increased
inresponse to the increased populations achieved
by enhancement. That left the fishing industry
precariously dependentonafew hatcherieswhose
productivity declined with time.

In short, the success in controlling an ecologi-
cal variable that normally fluctuated led to more
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spatially homogenized ecosystems overlandscape
scales. It led to systems more likely to flip into a
persistent degraded state, triggered by distur-
bances that previously could be absorbed. Man-
agement successfully froze each system in the
conservation stage of the cycle of growth and
production, disturbance, and renewal (box 2 of
figure 4-1), thereby making each system a larger
and larger accident waiting to happen.

Those changes in the ecosystems could be
managed if it were not for concomitant changesin
two other elements of the interrelationships: in
the management institution(s) and in the people
:n the society who reaped the benefits or endured
the costs. Because of the initial success, in each
case the management agencies shifted their ob-
jectives from the original social and ecological
ones to the laudable objective of improving op-
erational efficiency of the agency itself: spraying
insects, fighting fires, producing beef, and releas-
ing hatchery fish with as much efficiency and
with the least cost possible. Efforts to monitor the
ecosystem for surprises rather than for product
therefore withered in competition with internal
organizational needs, and research funds were
shifted to more operational purposes. Why moni-
tor or study a success? Thus the gradual reduc-
tion of resilience of the ecosystems was unseenby
any but maverick and suspect academics!

Successbrought changesin the society,as well.
Dependencies developed for continuing, sus-
tained flow of the food or fiber that no longer
fluctuated asitoncehad. Moreinvestments there-
fore logically flowed to expanding pulp mills,
recreational facilities, cattle ranches, and fishing
technology. That is the development side of the
equation, and its expansion can be rightly ap-
plauded. Improving the efficiency of agencies
should also be applauded. Butif, at the same time,
the ecosystem from which resources are garnered
becomes more and more brittle, more and more
sensitive to large-scale transformation, then the
efficient but myopic agency and the productive
but dependent industry simply become part of
the source of crisis and decision gridlock.

So there is the paradox: success in managing a
target variable for sustained production of food
or fiberapparently leads to an ultimate pathology
of more brittle and vulnerable ecosystems, more
rigid and unresponsive management agencies,
and more dependent socicties. That seems to
confirm one opinion that sustainable develop-
ment is an oxymoron.

But something scems to be inherently wrong
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with that conclusion, implying, asit does, that the
only solution is a radical return of humanity to
being “children of nature.” Theargument isbased
on two critical points. One is that reduced vari-
ability of ecosystems inevitably leads to reduced
resilience and increased vulnerability. The sec-
ond is that there s, in principle, no different way
for agencies and people to manage and benefit
from the development of resources.

Again some independent evidence is needed.
Are there counter examples? Oddly, nature itself
provides counter examples of tightly regulated
yet viable systems in the many cases of physi-
ological homeostasis. Consider temperatureregu-
lation of endotherms (warm-blooded animals),
for example, which represents a system where
internal body temperature is not only tightly
regulated within a narrow band, but at an aver-
age temperature perilously close to lethal. More-
over, the costs of achieving that regulation re-
quire ten times the energy for metabolism than is
required by an ectotherm. That would seem to be
a recipe for disaster, and a very inefficient one at
that. Yet evolution somehow led to the extraordi-
nary success of the animals having such an adap-
tation: the birds and mammals.

In order to test the generality of the hypothesis
of variability loss/resilience loss, I have been
collecting data from the physiological literature
on the viable temperature range of the internal
body for organisms exposed to different classes
of variability. The data are organized into three
groups ranging from terrestrial ectotherms
(cold-blooded animals) exposed to the greatest
variability of temperature from unbuffered am-
bient conditions, to aquatic endotherms exposed
to an intermediate level of variability because of
the moderating attributes of water, toendotherms
that regulate temperature within a narrow band.
As predicted, the viable range of internal body
temperature decreases from about 40°C for the
most variable group to about 30°C for the inter-
mediate, to 20°C for the tightly regulated endot-
herms. Resilience, in this case the range of tem-
peratures that separates life from death, clearly
does contract as experience with variability is
reduced. Therefore, reducing the variability of
living systems from organisms to ecosystems in-
evitably leads to loss of resilience.

But that seems to leave an even starker para-
dox of control inevitably leading to collapse. But,
in fact, endothermy does persist and therefore
serves as a revealing metaphor for sustainable
development. This metaphor contains two fea-



tures that were not evident in my earlier descrip-
tions of examples of resource management.

First, the kind of regulation is different. Five
different mechanisms, from evaporative cooling
to the generation of metabolic heat, control the
temperature of endotherms. Each mechanism is
not notably efficient by itself. Each operates over
a somewhat different range of conditions and
with different efficiencies of response. It is this
overlapping “soft” redundancy that seems to char-
acterize biological regulation of all kinds. It is not
notably efficient or elegant in the engineering
sense, but it is robust and continually sensitive to
changes in internal body temperature. That is
quite unlike the examples of regulation by man-
agement where goals of operational efficiency
gradually isolate the regulating agency from the
things it is regulating.

Second, endothermy is a true innovation that
explosively released opportunity for the organ-
isms evolving it. Maintaining high body tem-
perature—short of death—allows the greatest
range of external activity for an animal. Speed
and stamina increase, and activity can be main-
tained at both high and low external tempera-
tures. A range of habitats forbidden to an endot-
herm is open to an ectotherm. The evolutionary
consequence of temperature regulation was sud-
denly toopenopportunity for dramaticorganiza-
tional change and the adaptive radiation of new
life-forms. Variability was therefore not elimi-
nated. It was reduced and transferred from the
animal’s internal environment to its external one,
as a consequence of the continual probes of the
whole animal for opportunity and change. Hence
the price of reducing internal resilience and
maintaining high metabolic levels was more than
offset by that creation of evolutionary opportunity.

Surely the release of human opportunity is at
the heart of sustainable development! It requires
flexible,diverse,and redundant regulation, moni-
toring that leads to corrective responses, and
experimental probing of the continually chang-
ing reality of the external world. Those are the
features of adaptive environmental and resource
management (Holling 1978; Walters 1986). Those
are the features missing in the descriptions of
traditional, piecemeal, exploitive resource man-
agement and its ultimate pathology.

In fact, that is what eventually happened in at
least one of the examples quoted. In New
Brunswick, the intensifying gridlock in forest
management, combined with slowlyaccumulated
and communicated understanding of the inte-
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grated nature of the ecological, industrial, and
social interrelationships, led to an abrupt trans-
formation of policy whoseattributesbecame much
like those just described (Baskerville, forthcom-
ing).Itisa policy that functions fora wholeregion
by transforming and monitoring the smaller-scale
stand architecture of the landscape and by focus-
ing the productive capacities of industry.

There is even the suspicion, in these examples
of regional resource management, that institu-
tions and society themselves achieve periodic
advancesin understanding and learning through
the same four-box cycle of growth and produc-
tion, release, and renewal that shapes the spatial
and temporal dynamics of ecosystems. But each
proceeds atits own paceand initsownspace, and
that creates extraordinary conflicts when ecosys-
tems, institutions, and societies function on scales
that are extremely mismatched. If the scale of all
three becomes more congruent, itis likely that the
inevitable bursts of human learning can proceed
with less conflict and more creativity.

Conclusions

This chapter has used metaphors and paradoxes
to provide some insight into what sustainable
development is and what measures its proper-
ties. The ecosystem metaphor led to the conclu-
sion that there is a cycle of slow growth and
production that triggers fast disturbance and re-
newal. The slow growth and production phase
accumulates natural capital. Itis analogous to the
processes of what we call development.

The fast disturbance and renewal phase re-
leases bound and constrained capital and reorga-
nizes it to reestablish the ecosystem cycle. It is
analogous to the conditions of what we call
sustainability, and it is the phase where diversity
is maintained. Therefore sustainability is mea-
sured by some attributes of disturbance and re-
newal, and development is measured by some
attributes of growth and production.

A paradox helps clarify the specific attributes
that determine sustainability of an ecosystem.
The paradox is that a few simple processes seem
to generate the great complexity and diversity
withinecosystems. Ecosystems are hierarchically
structured into a number of levels. Relatively few
processes determine this structure, and each im-
poses distinct frequencies in space and time on
the ecosystem over different ranges of scale. They
entrain all other variables.
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Hence both sustainability and biodiversity are
determined by the structuring variables of distur-
bance and renewal that control the lumpy geom-
etry and lumpy time dynamics. To use another
metaphor, they set the stage on which other
variables play out their own dramas. The health
and viability of the physical and temporal infra-
structure of biomes at all scales sustain the theater;
given that, the actors will look after themselves!

A second paradox suggests that many existing
examples of management of renewable resources
have led inexorably to more brittle ecosystems,
more rigid management institutions, and more
dependent societies. Its resolution comes from
another biological metaphor of regulation: that of
homeostatic regulation of body temperature in
endotherms. Indeed, successful control of vari-
ability there does reduce resilience within the
system regulated. But, unlike the pathology of
management noted, the regulation responds to
internal change and is robust. It transfers internal
variability externally to release opportunity for
probing, creative opportunities.

The release of human opportunity is at the
heartof sustainable development! It requires flex-
ible, diverse, and redundant regulation, monitor-
ing thatleads to corrective responses, and experi-
mental probing of the continually changing real-
ity of the external world.

Finally, sustainable development is notan eco-
logical problem nor a social problem nor an eco-
nomic problem. It is an integrated feature of all
three. Effective investments in sustainable devel-
opment simultaneously retain and encourage the
adaptive capabilities of pcople, of business (en-
terprises), and of nature. The effectiveness of
those adaptive capabilitics can turn the same
unexpected event (for exainple, drought, change
in price, shifts in market) into an opportunity for
one system or a crisis for another. Those adaptive
capacities depend on processes that permit re-
newalin society, economies, and ecosystems. For
nature, it is the structure of the biosphere; for
businesses and people, it is usable knowledge;
and for society as a whole, it is trust.

We may postulate that investments to increase
productivity are only viable if all these sources of
renewal capacity are maintained or enhanced.
Temporary erosion of these might be bearable so
long as recovery is made within the critical time
unit of half a human generation (note the relation
to intergenerational equity and freedoms of
choice). But continued erosion of any one ulti-
mately reaches the point where it cannot be re-
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versed by normal, internal recovery. That state is
the condition defined as poverty, a condition of
inability to cope.
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Cumulative Effects and Sustainable Development

Gordon Beanlands

Preventing the slow, persistent, and cumulative
degradation of natural systems resulting from
human activity is the ultimate environmental
challenge facing society. Although a concise defi-
nition is open to debate, the term cumulative
effects is generally considered to refer to the
long-term accumulation of residual environmen-

tal changes resulting from all previous develop-

mental actions. Conceptually it is easier to con-
sider cumulative effects as a second-order set of
problems, or a problem syndrome.

The problem of cumulative effects has been
recognized for many years and is, explicitly or
implicitly, at theroot of most concepts of environ-
mental conservation, protection, and manage-
ment. For example, according to Orians (1986, p.
2), “Management of renewable resources is basi-
cally cumulative effects management.” Over the
last ten to fifteen years, however, the problem of
cumulative effects has become a major focus of
attention for applied natural scientists, environ-
mental managers, and policymakers. This atten-
tion has been reflected in a number of scientific
and management conferences devoted specifi-
cally to the problems of cumulative effects
(CEARC and National Research Council 1986;
Conservation Foundation 1990; Estevez and oth-
ers 1986; Williamson, Armour, and Johnston 1985).

The number of publications on cumulative
effects has also grown rapidly, increasing from
less than five papers a year between 1975 and
1980 to an average of twenty-four a year between
1985 and 1988 (Williamson and Hamilton 1989).
Several bibliographieson cumulative effectshave

been published recently, containing in excess of
150 references (Davies 1991; Delcan Corporation
1988; Williamson and Hamilton 1989).

This increased attention is related in part to
publicity given to rates of loss or deterioration of
resources of the global commons. For example,
the general public has a better understanding of
how multiple humanactivities, spread over space
and time, have resuited in cumulative problems
of change in climate, ozone depletion, acid rain,
groundwater contamination, species extinction,
and habitat fragmentation.

More and more of the professional community
is realizing that the cumulative aspects of the
more serious environmental problems account
for the difficulty in developing viable solutions.
For example, two informal surveys of the most
pressing problems of cumulative effects facing
society resulted in the following lists:

Williamson, Armor, and Johnston (1985)
* Multiple small hydro dams

* Flood control projects

* Coastal wetlands development
* Wetlands drainage

* Hazardous waste disposal

* Nutrient loading (estuaries)

¢ Dredging of waterways

* Urbanization of farmland

¢ Air pollution and acid rain

¢ Eutrophication of lakes

* Nonpoint soil erosion
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Peterson and others (1987)

* Acidic precipitation

e Urban air quality

¢ Bioaccumulation of toxins

* Climatic change

» Spread of infrastructure

¢ Loss and fragmentation of habitat
¢ Erosion and degradation of soil

¢ Agricultural chemicals

* Loss and degradation of groundwater
e Changes in freshwater

* Increased harvest rates

This increased awareness of cumulative envi-
ronmental effects on the part of the general public
and professional communities has been reflected
in a growing number of statutes requiring the
assessment of cumulative effects. For example, a
recent survey of federal laws in the United States
discovered that the terms cumulative impacts or
cumulative effects appear seventeen times in ten
statutes, and the term cumulative impacts ap-
pears in sixty-one sets of regulations (Conserva-
tion Foundation 1990). In addition, the recently
passed Canadian Environmental Assessment Act
requires that cumulative effects be considered in
various stages of the environmental review pro-
cess including screening, comprehensive study,
assessment, and mitigation (Canadian House of
Commons 1992).

Not surprisingly, consideration of the ulti-
mate implications of cumulative environmen-
tal changes at the global level was among the
factors thatled the World Commission on Envi-
ronment and Development to promote the con-
cept of sustainable development (WCED 1987).
In other words, the challenge of sustainable
development includes arresting or reversing
the cumulative depletion and degradation of
the natural systems on which current and fu-
ture generations depend. On a world scale,
cumulative effectsand sustainable development
are inextricably linked, reflecting the mega en-
vironmental problem and the mega environ-
mental solution, respectively.

This chapter highlights the evolution of the
concept and practice of cumulative cffects as a
specific subset of environmental change and
draws comparisons with the policymaking and
decisionmaking implications related to sustain-
able development
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Definitions, concepts, and approaches

Numerous attempts have been made to define
cumulative effects or impacts. One of the earliest
and most influential definitions was developed
in 1978 by the U.S. Council on Environmental
Quality (CEQ 1978, 40 C.F.R,, sect. 1508.7) under
regulations made pursuant to the National Envi-
ronmental Policy Act:

The impact on the environment which
results from the incremental impact of
the action when added to other past,
present, and reasonably foreseeable fu-
ture actions regardless of what agency
(Federal or non-Federal) or person un-
dertakes such actions. Cumulative im-
pacts can result from individually minor
but collectively significant actions tak-
ing place over a period of time.

Clark (1986, p. 114) offered the following com-
mentary on cumulativeimpactassessment, which
incorporates a working definition of cumulative
effects:

Cumulative impact assessment examines
the consequences of multiple sources of
environmental disturbance that impinge
on the same valued environmental com-
ponent. The characteristic “multiple” na-
ture of the sources of cumulative impacts
may arise in three ways: the same kind of
source recurs sufficiently frequently
through time, the same kind of source
recurs sufficiently densely through space,
different kinds of sources impose similar
consequences on a valued environmental
component.

Peterson and others (1987, p. 5) considered
cumulative effects to occur when “at least one of
two circumstances prevails: persistent addition
of material, a force, or an effect from a single
source at a rate greater than can be dissipated; or
compounding effects as a result of the coming
together of two or more materials, forces, or ef-
fects, which individually may not be cumula-
tive.”

Perhaps the most succinct definition of cu-
mulative effects is offered by the Canadian
Environmental Assessment Research Council
(CEARC 1988, p. 2):

Cumulative effectsoccur whenimpactson
the natural and social environments take
place so frequently in time or so densely in



space that the effects of individual “in-
sults” cannot be assimilated, or the im-
pacts of one activity combine with those of
another in a synergistic manner.

Individually, these impacts may not be
qualitatively different from environmen-
tal effects associated with single-project
developments, but collectively they often
require different kinds of research and
management approaches if they are to be
dealt with effectively.

These definitions, and others, require that cu-
mulative changes be interpreted within specified
time, space, and organizational scales. It is the
expanded nature of these scales that separates
cumulative effects from the more limited time
periods and geographical boundaries used in
addressing the effects of single projects. Critical
scientific and management factors must be taken
into account to ensure that cuamulative effects are
considered within theappropriate contextof time
and space. For example, ecological time lags may
require that cumulative effects be monitored over
extended periods, whilejurisdictional boundaries
may be the priority concern from a management
perspective.

In general, these considerations support the
adoption of an approach to managing cumulative
effects based on at least a regional level (water-
shed, municipality, and so forth) and extending
over a period of years. Therefore, although scien-
tists may be tempted to study the cumulative
changes over time in well-bounded ecosystems
(lakes, wetlands, estuaries), managing the mul-
tiple sources of stress on those systems effectively
requires a much broader geographic coverage.
This need to link the scientific and management
aspects in efforts to resolve the problems of cu-
mulative effects was the major theme of an inter-
national symposium held in 1986 (CEARC and
National Research Council 1986).

Perhaps the complexity inherent in the con-
cept of cumulative effects has been responsible
for theproliferation of methodologies, techniques,
and approaches developed to address the issues
involved. Some of these are merely extensions of
techniques to assess environmental impact de-
veloped to meetlegislativerequirements. In other
cases, it is often difficult to distinguish methods
for identifying, evaluating, and managing cumu-
lative effects from the basic principlesinvolved in
regional planning, riverbasin planning, and inte-
grated resource management. Such overlap is
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symptomatic of the continuum in environmental
planning, which extends from project-based im-
pact assessments, to policy and program assess-
ments, to cumulative effects assessment, to re-
gional planning, to sustainable development.

A review of two recent bibliographies on cu-
mulative effects (Davies 1991; Williamson and
Hamilton 1989) indicated that 20 to 30 percent of
the publicationslisted offered some form of guid-
ance {procedure. approach, handbook, frame-
work, technique, methodology, ormodel) oncon-
ducting cumulative effects assessments. The gen-
eral utility of such guidance, however, may be
open to question. For example, Granholm and
others (1987), after screening more than ninety
methods, concluded that most were good at de-
scribing problems but performed poorly when it
came to analysis and evaluation.

Nevertheless, the scientific and management
communities have developed and tested a num-
ber of approaches designed specifically to in-
crease our understanding of and ability to man-
age cumulative effects. These initiatives can be
grouped according to whether they are (a) ge-
neric in focus, (b) driven by regulatory require-
ments, or {c) in response to threatened or vulner-
able resources.

Generic focus

Bain and others (1986) propose a general method-
ology for evaluating the cumulative effects of
multiple human developments. It consists of three
phases: analysis, evaluation, and documentation.
A unique aspect of this approach is its use of a
computer screening process in the evaluation
phase to compare and select developmental
configurations.

Sonntag and others (1986) have developed an
analytical framework for assessing cumulative
impacts. The framework involves determining
the interactions between three main components:
activities (classified according to project charac-
teristics), system structure and process (the na-
ture of the receiving system), and cumulative
impacts (determined through a step-wise analysis).

Lane and others (1988) present a comprehen-
sive framework for assessing cumulative effects.
Itbegins witha decision tree to distinguishamong
four types of cumulative effects. This is followed
by characterization of the type of causality in-
volved. The entire process is guided by a sequen-
tial series of activities.

79



Defining and Measuring Sustainability: The Biogeophysical Foundations

Regulatory focus

Under contract to the U.S. Army Corps of Engi-
neers, INTASA Inc. developed a six-step proce-
dure for assessing the regional cumulative im-
pacts of developing hydropower. The procedure
is based on the use of indexes that require few
new data, are easily calculated, and can be used
for comparisons between regions. The procedure
has been applied to a number of river basins
(INTASA Inc. 1981).

The U.S. Federal Energy Regulatory Commis-
sion has proposed a cluster impact assessment
procedure for assessing the cumulative impacts
of multiple small-scale hydroelectric develop-
ments on a single watershed (Emery 1986). The
cumulative effects resulting from project cluster-
ing are first examined through sub-basin disag-
gregation and then dispersed across sub-basins
using linear algebra and principles of informa-
tion theory.

An analysis of potential cumulative effects is
required before any oil or gas resources may be
developed on wet tundra on the Alaskan North
Slope. In response to this requirement, the U.S.
Fishand Wildlife Service hasdeveloped a method
using an integrated geobotanical and historical
disturbance map for predicting and evaluating
cumulative impacts. This method is based on a
landscape approach and uses maps produced by
the oil industry for operational purposes (Walker
and others 1986).

Focus on vulnerable resources

Underanagreement withthe U.S. Environmental
Protection Agency, the U.S. Fish and Wildlife
Service conducted a series of workshops on bot-
tomland hardwood wetlands that produced a
methodology for assessing cumulative impact
(Gossclink and Lee 1988). The methodology ap-
plies the landscape approach of island biogeogra-
phy to the fragmentation and loss of habitat. The
key hypothesis is that individual features are not
as important as the overall pattern in the formu-
lation of conservation measures.

Woeaver, Escano, and Winn (1987) describe a
cumulative effects assessment model for applica-
tion in the management of grizzly bears. It is
designed to quantify individual and collective
effects of various land uses and activitics in space
and time and to provide managers with an ana-
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lytical tool for evaluating alternative decisions
relative to the conservation of grizzly bears.

Even this brief sample shows that the method-
ology for assessing cumulative effects has a short
history, bothin its development and in its imple-
mentation. Federal government agencies, driven
by the need to meet regulations, have been re-
sponsible for most of the supportiveresearchand
trialapplications. Itisa complex topic thatcrosses
over numerous fields of study in the natural,
social, and managerial sciences, and its bound-
aries are difficult to set. For this reason, substan-
tive progress in a practical sense has been slow.

Bodies of water, particularly wetlands, act as
natural collection and disposal systems; in the
words of Preston and Bedard (1988, p. 577), they
“can be viewed as a series of flow-through reac-
tion vessels.” It is perhaps for this reason, along
withthe fact thattheyarerelatively easy tobound,
that they have been the predominant focus of
attention for cumulative effects assessment. Such
is the case from regulatory, management, and
scientific perspectives. In fact, the professional
Journal of Environmental Management devoted an
entire issue (vol. 12, 1988) to all aspects of cumu-
lative impacts on wetland ecosystems. Thus, the
evolution of our concepts and the growth of our
empirical evidence concerning this complex phe-
nomenon are largely based on the study of rivers,
lakes, wetlands, and estuaries. Since terrestrial
systems are more heterogeneous, and arguably
more vulnerable to direct human intervention,
the experience with water ecosystems may not be
directly transferable.

Based on this brief overview, some parallels
can be drawn between cumulative effects and
sustainable development. First, they both lack
precise definitions, which has resulted in much
confusion over basic objectives and operating
paradigms. Second, in both cases, researchers
and managers need to think laterally, across a
number of disciplines, in order to gain a compre-
hensive understanding of the concepts involved,
which few are trained to do. Third, in both cases
it is difficult to establish practical operational
boundaries, with the result that managers are
overwhelmed by the sense that “everything is
connected to everything else.” Finally, for both
cumulative effects and sustainable development,
our intuitive understanding of the concepts in-
volved is much more advanced than our ability to

apply that knowledge in a meaningful and prac-
tical manner.



Cumulative effects: A specific type of change

Why is change associated with cumulative effects
different than other types of environmental
change? There are two main reasons: the direc-
tion and rate of change. First, all environmental
variables, whether physical or biological, change
naturally over time but tend to fluctuate within
some long-term envelope of stability. In other
words, they appear to bein some formof dynamic
equilibrium. In the case of cumulative effects,
however, the implication is that change in the
variable of concern is unidirectional and that no
counterbalancing forces are at play. It may be, of
course, that the observed change ismerely asmall
part of a very long natural cycle, which is the
counterargument to the assertion of global warm-
ing. In other cases, however, such as the increas-
ing acidity of precipitation and the gradual accu-
mulation of toxic chemicals in groundwater aqui-
fers, the changes are clearly induced by humans.

Implicit in the concern over the unidirectional
change of cumulative effectsis that the variablein
question is moving in relation to some norm,
limit, standard, or threshold value. If there is no
stated or implied threshold, then monitoring the
change is of academic interest only, in the sense

that it will not precipitate any concern. In the -

context of cumulative effects, it is not necessary
that thresholds be established, or even known,
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only that they be perceived to exist. Such is the
case, for example, with the gradual depletion of
the ozone layer, where experts cannot give a
quantitative threshold of concern butare worried
about the health implications of a continuing
decline.

The focus of attention in studies of cumulative
effects appears to be split between recording
gradual changes and deciding on appropriate
thresholds. In cases where thresholds are not a
concern, there se:msto beaninterestinrecording
cumulative effects for some future reference. An
example of this archival approach is the recent
report on the state of the environment in Canada
(Canadian Ministry of Supply and Services 1991).
This large volume consists almost exclusively of
graphs and tables, with explanatory text, depicting
cumulative changes in a wide variety of environ-
mental and natural resources. Examples include
concentrations of mercury in fish, breeding popu-
lations of ducks on th.e western prairies, growth
rates for maple trees, concentrations of various
pollutants in air, concentrations of nitrite and
nitrate in the Great Lakes, abundance of harbor
seals, global mean surface air temperatures, and
global emissions of carbon dioxide from theburn-
ing of fossil fuels (see figures 5-1 through 5-8). In
all of these cases, a gradual but clearly established
trend is evident over a period of at least ten years or
more and, in some cases, decades.

Figure 5-1: Average Mercury Concentrations in Walleye Collected from Lake St. Claire, Canada,

1970-89
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Source: Canadian Ministry of Supply and Services 1991, p. 21-15.
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Figure 5-2: Trends in the Size of Breeding
Populations of Mallard and Northern Pintail
in Western Canada, 1966-89
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Source: Canadhan Ministry of Supply and Services 1991,
p.6-18.

Figure 5-4: Trends in Canada's Air Quality,
1974-89
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Figure 5-3: Growth of Sugar Maples in Areas
of High, Moderate, and Low Levels of Atmo-
spheric Pollution, 1900-90
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Source: Canadian Ministry of Supply and Services 1991,
p-24-11.

Figure 5-5: Abundance of Harbor Seals in
British Columbia, Canada,1973-86
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Figure 5-6: Concentrations of Nitrate and Nitrate in Parts per Billion e in the Open Waters
of the Great Lakes, 1970-88
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Figure 5-7: Variation of Global Mean Surface Air
Temperature in Canada, 1861-89
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Source: Canadian Ministry of Supply and Services 1991,
p-22-12.

Figure 5-8: Global Emissions of Carbon Dioxide

from the Burning of Fossil Fuels, 1860-1988
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Source: Canadian Ministry of Supply and Services 1991,
p. 2-21.

The second characteristic that distinguishes
cumulative effects from oth.er types of environ-
mental variability is the rate of change. The term
implies a slow rate, but how slow is slow? A
cursory examination of the trends in the graphs of
the Canadian State of the Environment Report (Ca-
nadian Ministry of Supply and Services 1991)
provides some clues. In almost all cases, a fitted
trend line represents an annual change of be-
tween 1 and 3 percent. This reference rate seems
to apply equally as well to cumulative changesin
human activities, for example, trends in air emis-
sions, as it does to cumulative effects in natural
variables. Such a rate of change appears to be
readily observable—measurable—but not of a
sufficient magnitude to warrant immediate correc-
tiveaction, especially insituations where (a) thresh-
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olds have not been established or (b) current levels
are well separated from threshold values.

The Canadian publication gives examples of
both positive cumulative effects, such as decreas-
ing levels of pollution, and negative cumulative
effects, such as declining populations of certain
species. The reference rate of change of 1 to 3
percent a year appears to be valid in both situa-
tions. In other words, it may take as long for
systems torecover following the removal of stres-
sors as to be degraded following the onset of the
stressors. Recovery is also a cumulative effect.

The decisionmaking dimension

The success of all approaches to environmental
protection and management ultimately depends
on the degree to which they influence relevant
decisionmakers. The management of cumulative
effects is no different. Cumulative effects lead to
procrastination in decisionmaking. Since the rate
of change is small and constant, there is a high
degree of ambivalence as to exactly when correc-
tive action is warranted. In general, the point at
which decisions are taken—the decision flash
point—is influenced by three main factors. The
first is the nearness of the cumulative variable to
a predetermined or implied threshold. As the
variable approaches the threshold, the probabil-
ity of remedial action beingundertakenincreases.

The experience with declining populations of
Atlantic salmon in eastern Canada is an illustra-
tive example. During the 1950s and 1960s spawn-
ing populations of Atlanticsalmonin many rivers
in eastern Canada exhibited a slow but constant
decline. The change was the result of the cumula-
tive effects of hydroelectric developments on the
rivers, destruction of spawning habitat, wide-
spread water pollution, and overfishing on the
ocean feeding grounds. The declining trend had
been known and monitored for many years by
fisheries biologists, but no action had been taken
to conserve the remaining stocks.

By the mid-1970s, the situation had, in the
minds of some officials, become quite critical. A
graph was prepared showing the cumulative de-
cline in all east coast spawning stocks over the
time period for which data were available. When
the minister responsible for making a decision
was shown that the extrapolated trend line indi-
cated a likelihood that local populations would
be totally extinct within a couple of decades, he



was motivated to take action. In other words, in
the mind of the key decisionmaker, the difference
between the cumulative effects variable (salmon
population) and the threshold (extinction of local
populations) had been reduced to a point where
intervention was required.

In this case the reluctance to take action was
related to the political and financial costs in-
volved. Theinitial decision eventually resulted in
the government buying back salmon fishing li-
censes from hundreds of commercial fishermen
ata cost of millions of dollars, as well as initiating
a multi-faceted and long-term salmon enhance-
ment program. To date, the populations have
shown signs of recovery, but at a slower rate than
expected by the scientists. This example illus-
trates the comprehensiveness of mitigation mea-
sures that are often required to reverse trends
resulting from cumulative effects problems. It
also demonstrates the need to make decisions at
the highest levels of authority since the actions
necessary to correct cumulative effects problems
often require politically sensitive negotiations. In
this case the scientists had been aware of the
cumulative decline for some time but lacked the
authority to make the required decisions.

Thesecond factorinfluencing the decision point
is related to the length of time between observa-
tions of trends. Repetitive readings over short
periods of time reveal only small changes that
may lead to a certain degree of complacency and
acceptance. Infrequent measurements of the same
variable that show relatively large incremental
changes are more likely to have a shock value.

The third factor related to decisionmaking in
the context of cumulative effects has to do with
the rate of change of the variable in question. It
was noted above that annual rates of change
between 1 and 3 percent seem to be common to
many trends that represent cumulative impacts.
It was also postulated that, depending on thresh-
old levels, such rates have a low probability of
precipitating immediate corrective action. This
raises the question as to whether there is, in a
gencral sense, a rate of cumulative environmen-
tal change beyond which immediate concern is
more likely to be generated.

Figure 5-8 provides some clues to answer this
question. Before 1950 the average annual rate of
increase in carbon dioxide emissions from the
burning of fossil fuels was approximately 3 per-
cent. As a result of increased industrialization
following the end of World War Il, theannual rate
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of carbon dioxideemissions increased to approxi-
mately 5 percent. The continuation of this post-war
rate raised concerns among atmospheric scien-
tists that have led to international negotiations at
the political level aimed at reducing the rate of
carbon dioxide emissions on a global basis. Un-
doubtedly, the absolute concentration of carbon
dioxidein the atmosphere—a quantitative thresh-
old—influenced these developments; however,
theabrupt changein the cumulativerateof change
was probably also a contributing factor. In this
case, an increase in the annual rate of change from
3 to 5 percent was sufficient to raise concerns and
lead to action.

Comparing cumulative effects
and sustainable development

As indicated, the management of cumulative ef-
fects and sustainable development share a number
of similarities and linkages. These can be discussed
under two headings: concepts and practice.

Concepts

Neither cumulative effects or sustainable devel-
opment is well defined. Both are subject to vague
meanings and disagreements among profession-
als over the nature and scope of the intended
problematic. This lack of definition is both a
strength and a weakness. In spite of the vague-
ness of the terms, both evoke an intuitive under-
standing of the complexity of theissues involved.
Since they represent higher orders of aggregation
of cause-and-effect relationships, they are con-
ceptually robust enough to be applied to a wide
variety of societal problems. Both concepts are
inherently interdisciplinary in nature, which re-
flects the reality of dealing with the complex
linkages among environmental, economic, cul-
tural, and political issues.

It can be argued that both terms represent
obverse intellectual traps. The term cumulative
effects is an intuitively obvious way to state a
problem, but it does not pose equally tractable
solutions. The term sustainable development, in
contrast, represents an intuitively obvious solu-
tion without providing insights into the funda-
mental nature of the problems. The former cap-
tures the essence of the ultimate environmental
problem, and the latter promotes the formulation
of the ultimate social solution.
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Both concepts are firmly rooted in expanded
scales of time, space, and organization. At the
global level, they pose similar challenges for man-
agement and control. Many of the basic problems
being addressed by sustainable development,
such as climatic change, ozone depletion, loss of
biodiversity, and accumulation of toxins, are ex-
amplesof cumulative effects operating ona world
scale. Atthislevel of aggregation, bothapproaches
have identical scale, boundary, and threshold
characteristics and define problems and solu-
tions in a similar way. The notion of
intergenerational equity is germane to the defini-
tion of sustainable development but does not
appear in the literature on cumulative effects. Yet
the focus of study is on historical trends that often
span more than one human generation. It is pos-
sible, therefore, to define the objective of cumula-
tive effects management as ensuring that the vari-
able of concern remains within its natural enve-
lope of stability between generations. Whensstated
in this way, the similarity between the two con-
cepts is clearly evident.

Practice

So far, the concepts behind sustainable develop-
ment and cumulative effects management have
proven difficult to translate into practice. The
expanded scales of time and space that underlie
the concepts do not generally match the jurisdic-
tional mandates of existing institutions. Even more
important, theorganizational and decisionmaking
infrastructure required to manage and control
human activities effectively at such scales has yet
to be developed.

The legislative requirement to consider cumu-
lative effects in many development applications
has spurred scientific and management studies
on this topic. Progress, however, is slow and
experience is limited to controlling cumulative
changes in relatively small and well-defined eco-
systems or management units.

Most of the current effort going into sustain-
able development is intellectual in nature, focus-
ing on refining concepts, definitions, and termi-
nology. The first operational experiments will
likely revolve around attempts to integrate envi-
ronmental, economic, and social considerations
in policy formulation. These are complex issues,
and it will be some time before tangibleresultsare
available for review.

In the meantime, our experience in working at
larger scalesislimited to planning regions, water-

86

sheds, and coastal zones. These can be considered
as rudimentary experiments in managing devel-
opment at expanded scales of space and organi-
zation, although they usually lack thelonger-term,
strategic, intergenerational aspects of sustainable
development and cumulative effects manage-
ment. Given the complexity and comprehensive-
ness of the two approaches, it is not surprising
that our record on implementation is so limited.
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Managing Landscapes for Sustainable Biodiversity

H. Ronald Pulliam
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National Science Foundation, the Department of Energy, and the U.S. Forest Service.

Most animal and plant species live not just in
nature preserves but also in the matrix of man-
aged, human-dominated ecosystems in which

such preserves are embedded. In the long run, -

preservation of biological diversity will depend
at least as much on how we manage the matrix as
on how much land we set aside in preserves.
Accordingly, a great challenge for sustainable
development is designing and managing land-
scapes to balance the needs of economic develop-
mentand the preservation of biological diversity.

The traditional approach to preserving bio-
logical diversity has been to set aside nature
preserves in which neither economic develop-
ment nor resource extraction is allowed. Impor-
tant as this approach hasbeen to the preservation
of some species, biological diversity cannot be
preserved solely by setting aside such preserves
{Hansenand others 1991; Liu 1992; Wilcove 1989)
because (1) thearea of such preserves is too small,
(2) the rapid increase in human population and
the subsequent pressure for other uses of theland
make it doubtful that much more land can be set
aside, and (3) species in preserves are greatly
affected by the changes in land use and other hu-
man activities in the landscapes surrounding them.

This chapter explores how ecological theory -

can be employed in schemes to preserve biologi-
cal diversity while permitting sustainable eco-

nomic development. It considers first how popu-
lation models incorporating habitat-specific
demography can be used to predict how single-
species populations might respond to changes in
land use. An example is then given where a
management plan developed primarily over con-
cern for an endangered species leads to the possi-
bility thatother species might also become threat-
ened or endangered. A discussion of problems
associated with managing for a single endan-
gered species leads to a consideration of how
changes in land use might influence patterns of
biological diversity in general. Finally, the chap-
ter concludes with a discussion of using ecologi-
cal models to explore how land management
plans might simultaneously influence economic
(market) profits, biological diversity, and other
aspects of environmental quality.

Landscapes of suitable patches

All organisms live in heterogeneous environ-
ments. Individuals of the same species living in
relatively close proximity to one another may
experience totally different physical and biotic
environments to the extent that some may be able
to survive and reproduce while others canrot. At
spatial scales substantially larger than what one
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individual experiences, thelandscape experienced
by a population represents a mosaic of good and
bad places for the species. The growth, or lack
thereof, of the population is determined not only
by the quality of the individual microsites occu-
pied butalsoby thespatial and temporal distribu-
tion of suitable and unsuitable microsites or
patches of habitat.

A field or woodiot that is a single patch of
relatively uniform quality for a bird or mammal
may, at the same time, be a mosaic of patches of
quite different quality for individual nematodes
or shrubs. For any species, the landscape contain-
ing a population may be mapped as a mosaic of
suitable and unsuitable patches. Each map is
specific to the habitat requirements of one species
and must be done at a scale appropriate to that
organism. Ingeneral, the scale mustbe fineenough
to resolve the areas occupied by individuals over
significant portions of their lifetimes.

In order to map the patches of suitable habitat
for a particular species, one must have a set of
criteria for drawing the habitat boundaries. Fol-
lowing Elton (1949) and Andrewartha and Birch
(1984), ecologists choose a habitat boundary to
have “certain homogencity with respect to the
sort of environments it might provide for ani-
mals” (Andrewartha and Birch 1984, p. 223). In
managed landscapes, drawing habitat bound-
aries is usually simplified by the strong contrasts
between habitats with different management his-
torics. For example, a pine plantation is clearly
discernible from a neighboring old ficld or de-
ciduous woodlot. In landscapes less dominated
by human activities, habitat boundarics are often
“softer” and more arbitrary.

Suitable sites for a particular species may often
be distributed as isolated patches embedded ina
matrix of unsuitable habitats. Spatially explicit
models, developed to predict population trends,
require that suitable habitat be distinguished from
unsuitable habitat so that all suitable sites can be
located on a map. To illustrate how this can be
done, figure 6-1 shows suitable habitat for
Bachman’s sparrow on a 5,000-hectare tract at the
SavannanRiverSite,a U.S. Department of Energy
facility near Aiken, South Carolina. Dunning and
Watts (1990) have shown that this species re-
quires a dense layer of grasses and forbs in the
first meter above ground and an open understory
(2 to 4 meters above ground). At the Savannah
River Site, both old-growth pine stands that are
frequently burmed and very young pine stands
have theappropriate vegetative structureand are
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therefore suitable breeding sites for this species.
Hardwood stands and pine stands between five
and eighty years of age are not suitable for
Bachman’s sparrows, because their understory or
canopy vegetation is too dense and does not
permit sufficient light to reach the forest floor.
Figure 6-1 shows the actual distribution of suit-
able sites on the study area in 1990. Based on the
known history of land use of the area and the
proposed management plan for the site, the prob-
able distribution of suitable sites can be recon-
structed for the past or projected into the future.

Several of the factors that influence the loca-
tionof suitable habitat for Bachman’s sparrow are
quite general in that they influence the location of
habitat for many terrestrial species. Factors like
soil type, topography, and vegetative cover all
give information on the suitability of a site for a
particular species, and all of these factors can be
readily mapped. For Bachman'’s sparrow, soil
type and topography influence the rate at which
seedling trees grow and, therefore, the ages of
pine stands that have vegetation profiles suitable
for the sparrow. In addition, time since distur-
bance, successional status, and management his-
tory may provide additional information on the
suitability of a site. For Bachman’s sparrow, the
age since planting of a young stand and the time
since the last understory fire in an old stand both
provide valuable information on suitability of the
stand.

The combination of factors determining suit-
ability of the site is different for every species.
Such information alone is not enough to deter-
mine unambiguously the presence or absence of
a species, but it can usually be used to categorize
habitats as suitable or unsuitable and in some
cascs to assign a probability of occupation. As
discussed below, a map based on information
about the amount and location of suitable sites
under existing or proposcd patterns of land use
can be an invaluable tool for species manage-
ment.

Habitat-specific demography: Sources
and sinks

The previous discussion of distribution does not
differentiate among habitats of different quality
except inasmuch as they might be suitable or
unsuitable for a given species. What do we mean
by suitable habitat? Might a species occur in
unsuitable habitat?



Managing Landscapes for Sustainable Biodiversity

Figure 6-1: Distribution of Suitable Breeding Habitat for Bachman’s Sparrow in 1990
on a 5,000-Hectare Tract at the Savannah River Site

Suitable sparrow habitat
IIID Pines 1-5 years
M Pines >80 years

Note: Bachman’s sparrow breeds both in older-growth pine forests and young clear-cuts but not in middle-aged pine stands.

Following Pulliam (1988), consider a popula-
tion that has n individuals in the late spring just
prior to the reproductive season. If none of the
adults dies during reproduction, and each adult
produces an average of b offspring, then at the
end of the breeding season there will be . + bn,
individuals. Furthermore, if adults survive the
nonbreeding season with probability P, and ju-
veniles survive with probability P, then at the
end of the year there willbe P,n_ + P bn individu-
als. The finite rate of increase for the population
(defined as | = P, + bP) gives the number of
individuals at the beginning of year T + 1 per
individual at the beginning of year T.

The finite rate of increase can vary fromyear to
year as the survival rates and reproductive rates
vary. The geometric mean of the rates for a se-
quence of years characterizes the mean growth
rate of the population over that time. If the long-
term mean / is less than 1.0, the population will
decline, and if it exceeds 1.0, the population will
grow. Obviously, the population cannot grow
forever, so for a population that does not go
extinct or become infinitely abundant, the
long-term [ must be close to 1.0.

The finite rate of increase can also be used to
describe spatial variation in growth rates. In this
case, we refer to the habitat-specific rate of in-
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crease and calculatebased onthe birthand death
rates that apply in a specific habitat or patch of
habitat alone. This concept of habitat-specific
growth rate is complicated by dispersal. If each
habitat or patch of habitat is isolated from all
others, then the value of [ calculated for any one
habitat is the growth rate experienced by the
population in that habitat. However, if habitats
are connected, the population growthrateisgiven
by the weighted average across all habitats, that
is, different parts of the populationare growing at
different rates.

Some habitats are clearly more suitable than
others. Consider the simple case where two habi-
tats are of different quality and migration occurs
between them. Habitat 1 is the better habitat,
called the source, and here reproduction exceeds
mortality, so that the habitat-specificgrowthrate,
I, is greater than 1.0. In habitat 2, the sink, mortal-
ity exceeds reproduction, so [, is less than 1.0.
Assume that the subpopulation in the source
habitatgrowsatthel untilitreachesa population
(n,*), which represents the maximum number of
breeding individuals that can be accommodated
in the source habitat. Once the source has reached
the maximum number of breeding individuals,
there are [n" individuals at the end of cach
nonbreeding season; of this total only n,’ can
remain to breed, and the remaining n,'(I, ~ 1) must
emigrate from the source habitat into the sink
habitat.

In thisexample, the sink subpopulation would
soon disappear in the absence of any immigra-
tion, because at the end of each ycar there would
be fewer individuals than there were at the begin-
ning. However, with the stcady immigration of
n'(I, - 1) individuals from the source habitat,
the sink population will grow to an equilibrium
population of

nS=n =1/ (1-1).

Note that |, - 1 is the per capita reproductive
surplus in the source habitat, and 1 - [, is the per
capita reproductive deficit in the sink habitat.
Clearly, if the reproductive surplus in the source
is much larger than the reproductive deficitin the
sink, the sink habitat will contain far more indi-
viduals than the source habitat, even though the
sink subpopulation depends on emigration from
the source for its very existence. In other words,
most of the individuals in a local population may
existin habitat unsuitable for them (Pulliam 1988).
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Spatially explicit models

Most population models are conceptual models
that do not attempt to incorporate the complexi-
ties of real landscapes. As Levins (1966) has
pointed out, general models are often neither
precise nor realistic. One of the general themes of
both conservationbiology and landscape ecology
is that details, such as the geometry of habitat
patches in a landscape, can influence population
trends and extinction probabilities. Population
models that are not spatially explicit make very
unrealistic assumptions about the dispersal be-
havior of individuals and do not reflect the com-
plexity of real landscapes. Whereas such models
are useful for gaining general insights into popu-
lation dynamics, they are poorly suited for man-
aging particular specieson particularlandscapes.
On the other hand, spatially explicit models are
well suited for incorporating realistic details of
particular species and landscapes, but, because
they are so specific, the conclusions reached can-
not always be generalized to other species and
landscapes.

Mobile Animal Population—orMAP—isaclass
of spatially explicit population simulation mod-
elsthataccounts for the actual spatial locations of
habitat patches and simulates habitat-specific
demography and the dispersal behavior of or-
ganisms. The original version of the model,
BACHMAP, wasdeveloped to simulate theabun-
dance and distribution of Bachman’s sparrow in
managed pine plantations at the Savannah River
Site. The model is, however, flexible and can be
adapted to a varicty of animal species on any
landscape, either hypothetical or real.

MATP can be linked to a geographic informa-
tion system description of a real landscape (Liu
1992). The model has mostly been run on land-
scapes ranging from 1,000 to 5,000 hectares but
can be adapted to larger or smaller landscapes.
The model represents a landscape as a grid of
cells, each of which is the size of an individual
territory of the species being simulated (2.5 hect-
ares for Bachman’s sparrow). Clusters of adjacent
cellsrepresent thesizeand location of forest tracts
in the landscape; these tracts are assumed to be
relatively uniform in their suitability for the spe-
cies of interest. MAP models contain subroutines
that specify forest management practices, succes-
sion, and, in some cascs, the growth rates of tree
species. Thus, the model can depict the structure
of the current landscape and project the
landscape’s structure in the future based on a
management plan specifying a harvest and re-



planting schedule. Other management activities
such as thinning or burning stands, which might
influence suitability of the stand, can be easily
incorporated into the model.

Bachman’s sparrows breed in pine stands that
have a dense ground layer of grasses and forbs
and an open understory (Dunning and Watts
1990). In managed pine plantations of the south-
east, these conditions occur in very young pine
stands (less than five years after planting) and in
very old s.ands (more than eighty years old).
Middle-age stands {(between six and seventy-nine
years old) have dense understories, which shade
out the ground-layer forbs and grasses that pro-
vide food and nesting sites to the species.

MAP models simulate structure and change of
the landscape and explicitly incorporate dispersal
behavior. Dispersal is assumed to occur in the
spring just before reproduction. If an adult fe-
male dies and leaves surviving female offspring,
then one of those offspring inherits the natal
territory. Juveniies that do not inherit their natal
territory disperse in search of unoccupied, suit-
able breeding sites. On each move to a new site,
the dispersing female faces a fixed risk of mortal-
ity, so the probability of dying while dispersing is
higher when there are fewer suitablesites or more
of the suitable sites,are already occupied.

BACHMARP has been parameterized based on
field studies of Bachman'’s sparrows and similar
species (Dunning and Watts 1990; Haggerty 1986).
Pulliam, Dunning, and Liu (1992) provide a de-
tailed discussion of how these parameters were
determined and provide the results of an exten-
sive sensitivity analysis. By running the model
with various combinations of parameters from
the set of feasible ranges for each parameter, they
conclude that the population dynamics of the
species is more sensitive to variation in demo-
graphic variables than to variation in variables
describing dispersal behavior. Changes in adult
and juvenile survivorship have especially large
impacts on populaticn size and probability of
ex'inction. Accordingly, current field efforts to
obtain better parameter values are focusing on
these parameters.

MAP and other spatially explicit models pro-
vide land managers with a new tool for predict-
ing how management plans and changes in land
use may affect species of concern. A few such
models are sufficiently well developed and pa-
rameterized so that they can be used immedi-
ately. For most species, however, the relevant
parameters are not known, and several years of
concentrated fieldwork would be required to
determine them.

Managing Landscapes for Sustainable Biodiversity

Managing for diversity

Managing an ecosystem may be directed at a
single species or at multiple species. Each ap-
proach addresses different concerns and faces
different challenges.

Problems with single-species approach

Managing an ecosystem for a single endangered
or threatened species may lead to the decline of
populations of other species and, in some cases,
may lead to additional species becoming threat-
ened or endangered themselves. A casein point s
the many salmonid species in rivers of the north-
western United States. These species and subspe-
cies, many of which are rare and threatened with
extinction, have substantially different habitat
requirements, and changes in management that
improve habitat for one species may worsen
habitat for another.

In some cases, vast tracts of land may be man-
aged primarily for a single species, as is the case
for the spotted owl (Strix occidentalis) in the north-
western United States. Such circumstances natu-
rally result in conflict between economic and
conservation goals and may result in conflict
between the needs of the target species and those
of many other species. A somewhat similar ex-
ample exists in the southeastern United States,
where the red-cockaded woodpecker (Picoides
burealis) is a species of major concern in managed
pine forest. This species requires large tracts of
older-growth stands of longleaf and other pine
species. Management for the red-cockaded wood-
pecker interferes with the ability of humans to
achieve high economic return from harvesting
the pinesand, as discussed below, may also result
in the decline of other species of concern.

The Savannah River Site (SRS) is a 770-square-
kilometer reserve consisting mostly of managed
pine forest in the uplands and hardwoods in the
bottomlands along the Savannah River and other
major streams. Natural resource management is
part of the mission of the SRS, and forest lands on
the site are managed by the U.S. Forest Service.
Silvicultural practices at the site over the past
forty years haveresulted ina mosaic of even-aged
pine stands mostly ranging from 10 to 100 hect-
aresinsize. As part of a long-term forest manage-
ment program, theSavannah River Forest Station
has developed the “Savannah River Site Wildlife,
Fisheries, and Botany Operation Plan” (SRFS
1992). One of the primary objectives of this plan is
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to maintain a viable population of the
red-cockaded woodpecker.

The operations plan considers the habitat re-
quirements of a variety of rare plant and animal
species, including the red-cockaded woodpecker.
The approach is to identify management indica-
tors, which are plant and animal species and
plant communities chosen for management em-
phasis and monitoring. The plan identifies about
sixty such management units, the great majority
of which are vertebrate or plant species. For each
unit, a minimum objective is set, which for most
species is a minimum number of individuals or
breeding pairs to be maintained at the site.

The operations plan proposes a major change
in the management strategy for SRS forest over
the next fifty years. It calls for a shift from pine
rotations of 30 to 40 years to 80 to 100 years, in
order to increase the number of older-growth
pinestands of the sort favored by the red-cockaded
woodpecker. Liu (1992) and Liu, Dunning, and
Pulliam (forthcoming) have used a MAP model
to simulate the long-term impact of this proposed
change on the viability of Bachman’s sparrow.
For the entire SRS, the management objectiveis to
maintain 1,100 breeding pairs of sparrows (SRFS
1992). Our simulations have been run on a 5,924-
hectare portion of the site for which we have a
detailed geographic information system giving
vegetative coverand history of land use. Extrapo-
lating down from the objective of 1,100 pairs for
the entire SRS gives a management objective of
115 pairs for the 5,924-hectare study site.

BACHMAP was linked to this geographic in-
formation system to project future patterns of
land use under the proposed operations planand
to simulate the impact of the changes in land use
on Bachman’s sparrow. Figure 6-2 shows the
predicted population trends for Bachman'’s spar-
row for two harvest strategies. There are cur-
rently about 65 breeding pairs of the sparrow on
this 5,924-hectare area (Dunning, unpublished
data). If the proposed operations plan is em-
ployed, the population size of Bachman'’s spar-
row is predicted to decline to 20 to 30 breeding
pairs around the year 2000 and then to increase
slowly and reach the minimum management ob-
jective of 115 pairs sometime after the year 2030.

Based on replicated simulations and sensi-
tivity analysis, Bachman’s sparrow does not
appear to be in danger of local extinctiondue to
the proposed management plan, but, nonethe-
less, over the short-term, it will probably de-
cline significantly from its current level. The
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point is simply that managing primarily for one
endangered species can potentially threaten
others. This is not meant to be a criticism of the
SRS Wildlife, Fisheries, and Botany Operations
Plan. In many ways, with its multispecies ap-
proach and emphasis on habitat management,
the operations plan is a model approach. It
could be improved, however, by incorporating
quantitative predictors of population trends as
the one discussed here. The basic problem is
that such quantitative tools are in their infancy,
and management plans cannot wait for such
models to be sufficiently parameterized and
validated. Over the next decade, such models
can be expected to develop rapidly and become
useful tools for resource managers. Manage-
ment plans such as the SRS Wildlife, Fisheries,
and Botany Operations Plan should remain flex-
ible tools that are capable of making mid-course
corrections as predictive tools are further de-
veloped and refined.

Figure 6~2: Predicted Population Trends for
Bachman's Sparrow over the Next Fifty Years Based
on Two Alternative Management Plans
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Fragmentation and species diversity

The theory of island biogeography has been ap-
plied to habitat fragments created by deforesta-
tion (Diamond 1975; Wilson and Willis 1975), and
despite warningstothecontrary (Margules, Higgs,
and Rafe 1982) may still provide the best general
guide to the preservation of biological diversity
in habitat fragments. The number of species (S) on
anisland isapproximately related to island area(A)
by the “species-area” equation S =cA*, wherecisan
empirically determined constant that variesamong
taxa and z is a constant, usually in the range of 0.25
to 0.35. The application of the theory of island
biogeography in general, and this equation in par-
ticular, assumes that the area surrounding a habitat
fragment is truly unsuitable to the species in ques-
tion, as would be water surrounding an oceanic
island. Furthermore, the equationis an equilibrium
relationship that is only reached after many of the
original species have become extinct (see Brown
1978; Kadmon and Pulliam 1994).

Managing Landscapes for Sustainable Biodiversity

Forest fragments in heterogeneous landscapes
are very different from oceanicislands in that the
surrounding matrix may be uninhabitable for
some species, but suitable for others. This may be
particularly true inhuman-dominated landscapes
where natural areas are embedded in a complex
matrix of habitat types, some of which are suit-
able for some of the species in the natural area.
Figure 6-3 illustrates this point with three hypo-
thetical bird species occupying a forest fragment
and some of the habitats in the surrounding land-
scape. Species A inhabits the forest understory
and adjacent old-field habitats that have similar
ground cover, but species A does not inhabit the
mowed ground layer in residential areas. Species
B occurs only in the forest since the mid-story
vegetation it requires is not found in either the
residential areas or old fields. Species C, acanopy
species, does well in the forest habitat and the
surrounding residential areas, which also have
mature forest trees, but this species does not
inhabit old fields. In this example, the effective

Figure 6-3: Response of Different Species to Deforestation
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degree of forest fragmentation is different for
each species. For species B, the forest fragment
constitutes an island of suitable habitat. The is-
land is larger for species A and C, but the island
for species A is different from that for species C.

The species-area equation has been used to
predict the consequences of habitat fragmenta-
tion. According to the relationship between spe-
cies and area in the equation, the percentage of
the original species remaining after a loss of suit-
able habitat should be (A, / A )Y, where A, is the
area remaining and A is the original area avail-
able. Thus, with z = (.3, a loss of 50 percent of the
original habitat should result in a loss of about 20
percent of the original species, and a 90 percent
loss of habitat should result in a loss of about 50
percent of the species.

The species-area curve has been used to try to
predict the consequences of widespread defores-
tation in the Amazonian Basin and other parts of
the world undergoing rapid changes in land use.
Primary forests have long since been lost in other
parts of the world, however, with apparently far
less loss of species than predicted by the simple
application of the species-area curve. Forexample,
more than 90 percent of the forests of eastern
United States have been logged or otherwise
cleared, but far less than 50 percent of the native
biota hasbeenlost. Thereareatleast three reasons
for this discrepancy. First, extinction across a
large area may require decadcs or even centuries
to proceed to completion. Accordingly, many
species currently considered threatened and en-
dangered may be evidence of agradual process of
extinction still under way. Second, the extinction
of some species has been prevented by direct
intervention of humans, sometimes at very great
cost. Third, even after most of the forest has been
cut, much of the resulting secondary growth,
managed forests,and other human-dominated habi-
tatmay providesuitablehabitat for many species. In
other words, the effective loss of forest for many
species may have been far less than 90 percent.

Toevaluate the potentialof human-dominated
habitat to buffer the impact of deforestation on
speciesloss, consider the following example meant
to represent the situation for forest birds in the
eastern United States. Suppose 90 percent of the
original forest is cut, but that most of the original
forest inhabitants can use some portion of the
human-dominated matrix surrounding the re-
maining old-growth forests. In other words, only
a fraction of the species originally inhabiting the
forest are so specialized that they can not find
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suitable habitat in the surrounding second
growth and managed habitats. If, for example,
90 percent of the forest species can use 50 per-
cent of the managed landscape plus the 10 per-
cent of remaining forest, then only about 14
percent, 1 — (0.6)°3, of these species would be
lost. If half of the remaining 10 percent of forest
specialist species were doomed to extinction,
the total loss of species would be about 18
percent, instead of the 50 percent predicted by
a 90 percent loss of habitat.

Economic considerations

Landscape models of the sort discussed in this
chapter can be used to explore how land use and
land management practices influence both bio-
logical diversity and economic revenues. For ex-
ample, the MAP models, which predict patterns
of species abundance and biological diversity,
require information on patterns of land use and
forest management practices such as frequency of
burning, length of rotation, and size of stand, all
of which have an important impact on economic
revenue (see box 6-1 for indicatorsof sustainability
at the landscape level).

ECOLECON is a spatially explicit,
object-oriented model that simulates the popula-
tion dynamics of animals and economic perfor-
mance based on forest landscape management
practices (Liu 1992; Liu, Cubbage, and Pulliam,
forthcoming). ECOLECON incorporates a MAP
model with detailed information about
species-specific use of habitat and demography
with a forest growth and yield model containing
economic information about management costs
and timber prices. Given current parameters, the
model simulates the growth rates of loblolly pines
bascd on information about density of planting
and type of soil and calculates yicld of pulpwood—
chipand saw—and sawtimber, depending on the
length of rotation chosen. Net income is based on
yicld, the prices of pulp and timber, and the costs
of forestregenceration and maintenance, plus prop-
erty tax and administrative costs.

ECOLECON predicts the impact of land use
and management decisions on animal popula-
tions while calculating net income, net present
value, and land expectation value. The param-
eters of the biological portion of ECOLECON are
presently set for predicting the abundance and
distribution of Bachman’s sparrow on managed
pine plantations. Liu (1992) and Liu, Cubbage,
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Box 6-1. Indicators of Sustainability at the Landscape Level
Sharad Lele

The following are some of the indicators of sustainability that need to be addressed at the landscape level:

* Changes in land use. One of the major factors affecting sustainability is change in the pattern and level
of land use. Therefore, monitoring changes in overall patterns of land use is essential. This involves
periodic assessment of changes in the amount, distribution, and size of different types of patches (land
uses) in the landscape, including both human-created and natural or semi-natural types. From this
assessment, functional changes in the landscape can be inferred, assuming that there is basic under-
standing of conditions and processes within the patch types and an understanding of patch by patch
interactions (that is, edge effects). Changes in conditions within a patch type—successional changes in
composition and structure—should also be a part of this assessment.

* Biodiversity. Some periodic assessment of biodiversity is important. This could take a variety of forms
but certainly should include attention to population levels of indicator species essential to the
ecosystem’s health. In addition, protocols can be developed to assess overall levels of diversity based
ontheoccurrenceof various patch types or structural features within the landscape. A basicassumption
is that many elements of diversity are to be found in managed landscapes and not simply within natural
areas; this must be considered in any monitoring program and in any effort to develop inferences about
various management alternatives.

* System inputs and losses. Assuming that the basic landscape unit is a watershed or drainage basin,
system inputs and losses should be assessed on that basis. Natural inputs would be expected to be
primarily through theatmosphere; hence, they would need to beaddressed in any monitoring program.
System losses are probably best assessed in the river that drains the landscape. This requires hydrologic
monitoring and a program of sampling and measuring particulate and dissolved materials leaving the
watershed, for example, chemical species and particulate soil materials and sediments and chemicals,
including nutrients.

* Soil properties. Given the fundamental importance of soils in the production of food and fiber, some
program for periodically assessing soil conditions—amount or depth, physical properties
(macroporosity), chemical conditions (level of nutrients and organic matter), and biology (diversity of
soil microflora and fauna)—should be conducted. Emphasis should be on conditions in patch types
heavily managed for commodities, but periodic comparisons with natural systems as baselines are also
essential. A part of the assessment should also be the periodic analysis of soil subsidies being used to
maintain fertility, such as levels of fertilization.

* Economic and energy balance. Periodically, some measure(s) of economic (including energy) inputs to
and outputs from the drainage system are desirable. In economic terms, this would be an economic
input-output analysis.

* Human condition. Some monitoring of the human population and its status needs to be conducted;
perhaps this should be done at the regional rather than the landscape level. In any case, some measures
of the human condition are appropriate in order to determine whether it is stable, declining, or
improving. Various measures are possible, including health status, caloric intake, levels of satisfaction,
income, and morbidity.

and Pulliam (forthcoming) show that whereas
land expectation valueis usually maximized with
short rotations (approximately twenty years),
sparrow populations are largest with rotations
more than eighty years inlength. Factors such as
size of stand, fragmentation of forest,and amount
and location of mature pine stands in the land-
scape all influence economic revenues as well as
size of the animal population and probability of
extinction. Whereas no management plan maxi-
mizes both economic profit and population size,
some management schemes result in both rela-
tively high net income and bird populations that,
while intermediate in size, are nonetheless suffi-
cient to make extinction very unlikely.

We are currently developing versions of
ECOLECON and related models to predict popu-
lation sizes and extinction probabilities for se-
lected bird, mammal, amphiban, and inverte-
brate species and to predict trends in biological
diversity ingeneral. Weare also working on ways
to expand the model to include forests other than
mono-specific stands of pines. Finally, we planto
expand the economic portion of the model to
include other extractive and recreational land
uses. We now have a working model that can be
used in an adaptive management framework to
help forest managers choose landscape manage-
ment schemes that yield reasonable economic
revenues without threatening plant and animal
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species of concern to management. Although our
models to date are specific to species and condi-
tions in the southeastern United States, the ap-
proachis quite general and could be a useful tool
for managers in other locations wishing to bal-
ance economic and ecological goals.

Sustainable landscape management

Maintenance of biological diversity is only one
aspect of sustainable management of landscapes.
For example, landscapes can be characterized as
sustainable only if the nutrient losses of their
component parts (forests, agricultural fields, and
so forth)are balanced by nutrientinputs. Further-
more, sustainability implies that the manage-
ment of one habitat or one landscape is not done
at the expense of another. Thus, the agricultural
productivity of one landscape cannot be said to
be sustainable if that productivity is had at the
expense of the nutrients of another system or, for
that matter, at the expense of supplies of fossil
fuels. Also, a landscape cannot be viewed as
sustainable if it exports (leaks) toxic materials
that degrade other systems. For example, forest
or agricultural productivity in one landscape is
not sustainable if it requires the use of pesticides
that are transported to adjacent landscapes or
into groundwater.

The necessity to consider how management of
one habitat or landscape influences ncighboring
habitats or landscapes suggests a hierarchical
approach to sustainable systems. According to
this approach, components of a subsystem are
said to be sustainable only if the practices within
the subsystem can be maintained indefinitely
without degrading other subsystems or thelarger
system of which they are a part. For example, an
agricultural ficld must be managed so as not to
degrade either the soil within the field, on which
its own productivity depends, or the integrity of
adjacent subsystems (such as biodiversity of for-
estreserves or quality of groundwater). The agri-
cultural field must also be managed so as to
preserve theintegrity of the larger human ecosys-
tem of which it is a part, including the economic
security of the humans who managg the system.

Maintaining biological diversity must thus be
viewed in the context of managing the integrity of
human-dominated landscapes and the regional
economic systems on which they depend. This
approach will require integrating models of bio-
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logical diversity with models of agricultural and
forest management, and even these must be
viewed as subsystems to be integrated into larger
models of global economic and Earth system
trends.

References

Andrewartha, H. G., and L. C. Birch. 1984. The
Ecological Web. Chicago, Ill.: University of Chi-
cago Press.

Brown, J. H. 1978. “The Theory of Insular Bioge-
ography and the Distribution of Boreal Birds
and Mammals.” Great Basin Naturalist Memoirs
2, pp. 209-27.

Diamond, J. M. 1975. “The Island Dilemma: Les-
sons of Modern Biogcographic Studies for the
Design of Nature Preserves.” Biological Conser-
vation 7, pp. 129-46.

Dunning, John B., and B. D. Watts. 1990. “Re-
gional Differences in Habitat Occupancy by
Bachman’s Sparrow.” The Auk 107, pp. 463-72.

Elton, C. 1949. “Population Interspersion: An Es-
say on Animal Community Patterns.” Journal
of Ecology 37, pp. 1-23.

Haggerty, T. M. 1986. “Reproductive Ecology of
Bachman’s Sparrow (Aimophila aestivalis) in
Central Arkansas.” Ph.D. diss., University of
Arkansas, Fayetteville.

Hansen, A. ], T. A. Spies, F. ]. Swanson, and ]. L.
Ohmann. 1991. “Conserving Biodiversity in
Managed Forests: Lessons from Natural For-
ests.” BioScience 41, pp. 382-92.

Kadmon, R., and H. Ronald Pulliam. 1994. “Is-
land Biogeography: Effect of Geographical Iso-
lation on Species Composition.” Ecology 74,
pp. 977-81.

Levins, R. 1966. “Strategy of Modecl Building in

Population Biology.” American Scientist 54, pp.
421-31.

Liu, Jianquo. 1992. “ECOLECON: A Spatially Ex-
plicit Model for Ecological Economics of Species
Conservation in Complex Forest Landscapes.”
Ph.D. diss., University of Georgia, Athens.

Liu, Jianquo, F. Cubbage, and H. Ronald Pulliam.
Forthcoming. “Ecological and Economic Ef-
fects of Forest Landscape Structure and Rota-
tion Length: Simulation Studies Using
ECOLECON.” Ecological Economics.



Liu, Jianquo, John B. Dunning, and H. Ronald
Pulliam. Forthcoming. “A Spatially Explicit
Model of Animal Population Dynamics on a
Changing Landscape: The Bachman’s Sparrow
attheSavannah River Site.” Conservation Biology.

Margules, C,, A. ]. Higgs, and R. W. Rafe. 1982.
“Modern Biogeographic Theory: Are There Any
Lessons for Nature Reserve Design?” Biological
Conservation 24, pp. 115-28.

Pulliam, H. Ronald. 1988. “Sources, Sinks, and
Population Regulation.” The American Naturalist
132, pp. 652-61.

Pulliam, H.Ronald, John B. Dunning, Jr.,and Jianquo
Liu. 1992. “Population Dynamics in a Complex
Landscape: A Case Study.” Ecological Applica-

Managing Landscapes for Sustainable Biodiversity

tions 2, pp. 165-77.

(SRFS) Savannah River Forest Station. 1992. “Sa-
vannahRiver Site Wildlife, Fisheries,and Botany
Operations Plan.” Savannah River Forest Sta-

tion, Forest Service, U.S. Department of Agricul-
ture.

Wilcove, D. 5. 1989. “Protecting Biodiversity in
Multiple-use Lands: Lessons from the U.S.Forest
Service.” Trends in Ecology and Evolution 4, pp.
385-88.

Wilson, E. O, and E. O. Willis. 1975. “Applied
Biogeography: The Design of Nature Preserves.”
In M. L. Cody and J. M. Diamond, eds., Ecology
and Evolution of Communities, pp. 522-34. Cam-
bridge, Mass.: Belknap Press.

99



Defining and Measuring Sustainability: The Biogeophysical Foundations

Comments
Eduardo R. Fuentes

I will make my comments from the perspective of
a biologist who is interested in landscapes and is
living in a developing country. Ronald Pulliam'’s
very attractive presentation addresses the ques-
tion of sustainable development and biodiversity
at the landscape level, with particular emphasis
on metapopulations, sources, and sinks. In my
comments, | refer to sustainable development
from the perspective of developing countries and
then address some emerging questions concern-
ing landscape development, metapopulations,
sources, and sinks.

Sustainable development

Sustainable development has been defined as
using resources today without affecting the
options for future generations. This is a rela-
tively new and attractive concept. However, it
isacriterion thatis almostimpossible to satisfy,
because, on the one hand, the current genera-
tion must necessarily continue altering the bio-
sphere to develop and, on the other, frequently
when a history-dependent system, such an eco-
system or the biosphere, is modified, there are
changes in future options. A compromise is
therefore called upon between today’s usesand
future options. In the future, other, new op-
tions will be available, but if they cannot be
specified now, they should not concern the
present analyses.

For developing countries that will have to
continue changing their landscapes in the fu-
ture, this is a very important point. For them at
least, sustainable development should not be
understood as freezing the landscape at a par-
ticular configuration, but rather as continuous
development within a sct of restrictions associ-
ated with the maintenance of as many future
options as possible.

For example, it would not be culturally sus-
tainable to attempt to freeze growth in Latin
America or in a country like Chile, where about
40 percent of the people are below the poverty
line. In such countries, land uses are expected
to change, and our definitions should consider
those changes. The question, then, is what de-
fines the appropriate set of restrictions that
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would maintain as many future options as pos-
sible and still allow for current developments.

Because ecological systems are very complex
and we understand them only to a very limited
extentand because we need freedom for human
creativity, [ suggest that rather than attempting
to define what is sustainable, we should con-
centrate on what we perceive as not sustainable
and as clearly and unnecessarily eliminating
future options. Finding the bounds of what
does not seem sustainable today if continued
indefinitely is more realistic than attempting to
specify conditions for sustainable situations.
Defining thes bounds could be somewhat
easier and more coherent with the necessary
freedom and the inherent changes of a market
economy than attempting to specify, and later
plan, the exact future use of land for each par-
ticular region. Therefore, rather than thinking
of ideal landscapes with a rigidly stable physi-
ognomy, we might think of the maximumn
stresses that various subsystems can tolerate
and still maintain some future options. Perhaps
one of the most important conscquences of
presentdiscussions on sustainable development
will be the greater scope that environmental
impact assessments could have in the future if
they consider not only current consequences
but also reductions in future options.

With all thelimitations of our current knowl-
edge, at least five different axes can be used to
define a five-dimensional envelope that indi-
cates where serious consequences for future
options begin.

Development must consider the fate of the
two most nonrenewable resources: soils (with
all their internal complexity) and biodiversity
(in its widest meaning). Hence development
schemes ought to consider maintaining these
variables within accepted standards and moni-
tor their changes. Development must also con-
sider changes in climate, since climate defines
the basic scenario for all organisms and human
activities. Overall temperatures might be in-
creasing, and rainfall patterns might also change
in the near future. Change in climate should be
a prime target when considering, assessing,
and monitoring development. Human popula-
tion and especially per capita impacts should
alsobe considered. Itis of the highestinterest to
quantify and monitor these impacts. The
globalization of the economy is likely to pose
difficulties for our attempts to evaluate the per
capita impact of pcople in the large consump-



tion centers in the world. A final and crucial
bound for sustainable development concerns
pollution and the accumulation of toxic and
radioactive materials, which will eventually
makelife onearth impossible. Within therather
extreme bounds imposed by the limits of physi-
ologically tolerable contamination, additional
frames could deal with different levels of qual-
ity of life. Monitoring sustainable development
should also involve the amounts of materials
and residues accumulated in the different com-
partments of the planetand how our well-being
depends on the state of those deposits. These
five dimensions can be used to define a
hypervolume that determines bounds for land-
scape transformations without unnecessarily
limiting future options.

Several questions can be posed at this point.
Should each stage be sustainable or should only
end states be? Should we attempt to manage
landscapes so that all states can be reversed?
What is the appropriate spatial scale in each
case? Should all or a few areas in the globe
move within the five-dimensional envelope?
Another question pertains to the particularsys-
tem that should be aimed at. A landscape, for
example covered with forests, can be used at
any of N different levels (states) depending on
energy and material inputs from surrounding
areas. At one extreme are quasi-pristine states;
at the other are various types of agricultural
fields. All of them could be sustainable, and
most involve some kind of compromise with
future options. The greater the transformation
and the greater the transformed area, the lesser
the options for the future. The question is what
inputs are needed and from where they will be
obtained so that the process in the area can be
considered sustainable.

The area considered in sustainable develop-
ment as well as the transformations allowed are
very important, because phenomena are differ-
ent at different scales. For example, the area in
which to express the phenomenon of altitudi-
nal bird migration is different from the area in
which to observe the dynamics of sustainable
tree gaps, or thearea in which to observe the life
cycle of salmons. Maintaining a spatially or
functionally restricted version of a system,
which naturally needs more area or a higher
amplitude of oscillations for its expression than
the area we can afford to maintain, involves
energy and material inputs and can be very
costly and be nonsustainable in the long run.

Managing Landscapes for Sustainable Biodiversity

Sources and sinks

Sources and sinks are part of systems in which
there is heterogeneity, for example, landscapes.
In general, if portions (patches) of the landscape
have different potentials, there will be flows,
sources, and sinks. The examples given in the
chapter by Pulliam are examples of a particular
case in which the potentials relate to habitats with
different relative population densities.

However, inalandscape thereare severalkinds
of heterogeneities, generating different types of
sources and sinks:

* Water moving along the slopes of a watershed
from the source areas distributed throughout
it or in a portion of it and sinking by percola-
tion or through the lower end of it

¢ Sediments behaving roughly parallel to water

¢ Individuals of a particular species, including
beneficial (resource species) such as many
coastal marine species (see, for example,
Roughgarden and others 1988), wildlife spe-
cies (Lande 1988; Poiani and Fuentes 1989;
Roughgarden and Fuentes 1977), as well as
pest species, as in the Norte Chico of Chile
(Fuentes and Campusano 1985), all respond-
ing to permanent or sporadic habitat gradients
and constituting sources and sinks of different
kinds

* Sets of species, as in colonization events
following natural disturbance of complex forest
ecosystems (Veblen, Schlegel, and Oltremari
1983), competing fugitive species (Bengtson
1991), predator-prey systems requiring
different patches(as in Huffaker’s 1958 famous
experiment with mites and oranges).

For individuals both of the same and of differ-
ent species, the question of sources and sinks
involves habitat quality with its intraspecific and
interspecific connotations and specificities. Con-
sequently, different population processes are
likely to have different areas of importance. The
previous example with the ranges for the altitudi-
nal migration of birds, the salmon cycle, and the
tree-phasedynamicsillustrates this point well. In
all these cases, the area involved and its heteroge-
neity is crucial if the system is to be maintained,
but the areas themselves are different or at most
overlap only partially.

Within species, numbers as well as composi-
tion within a given area vary within years, be-
tween years, between decades, between centuries.
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Sustainable use implies that some species will be
“lost” anyway. What species composition should
concern us when thinking of the sustainable de-
velopment of a given area?

More generally, if spatial heterogeneity and
therefore geophysical as well as population
sources and sinks are as common as they seem to
be, their disruption should be an important con-
cern when defining the bounds for sustainable
development. However, if the relevant areas for
the various geophysical and population processes
overlap only partially, there are difficult choices
to be made. Which of these partially overlapping
areas should be preserved? Obviously, all areas
cannot be preserved if we want to develop the
land, and necessarily some source-sink systems
will have to be altered. Research on sources and
sinks should therefore not only describe these
systems but also consider the consequences of
transforming and even deleting some of them.
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Understanding the problem of sustainability re-
quires understanding the scale of natural space
and time of population dynamics and how the
pattern of habitat on various scales influences
survival of a population. It is often argued thata
fluctuating population, because it is, at times,
smaller than astable populationof the same mean
size, faces higher probabilities of extinction and
genetic bottlenecks that are associated with low
population size. But neither the notion of fluctua-
tion nor even that of size makes sense without
reference to the spatial and temporal scales of
interest; an understanding of how variability is
associated with area and time period is thus fun-
damental to defining and effecting sustainability.

Achieving sustainability requires characteriz-
ing the natural patterns of variability within an
ecosystem or landscape and understanding what
biotic and abiotic processes are essential for their
maintenance. Understanding patternsin terms of
the processes that produce them is the essence of
science and the key to developing principles for
management. Without an understanding of
mechanisms, each new stress on each new system
must be evaluated de novo, withoutany scientific

basis for extrapolation; such understanding pro-
vides the foundation for understandingand man-
agement.

Addressing the problem of scale also has fun-
damentalapplied importance. Global and regional
changesinbiological diversity, in thedistribution
of greenhouse gases and pollutants, and in cli-
mate all have origins in and consequences for
fine-scale phenomena. The general circulation
models that provide the basis for predicting cli-
mateoperate on spatial and temporal scales many
orders of magnitude greater than the scales at
which most ecological studies are carried out
(Hansen and others 1987; Schneider 1989); satel-
lite imagery and other means of remote sensing
provide spatial information somewhere in be-
tween the two, overlapping both. General circu-
lationmodelsand remote-sensing techniquesalso
must lump functional ecological classes, some-
times into very crude assemblages (such as the
“big leaf” to represent regional vegetation), sup-
pressing considerable ecological detail. To de-
velop the predictive models that are needed for
management, or simply to allow us to respond to
change, we mustlearn how to connect the dispar-
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ate scales of interest of scientists studying these
problems at different levels.

The capability to make these connectionsacross
scales is fundamental to developing strategies for
sustainability. Any management strategy involves
intervention, and intervention is perturbation.
An understanding of how a population, a com-
munity, or an ecosystem will respond to pertur-
bation mustinvolve some understanding of what
mechanisms construct that system and mediate
the patterns it exhibits on diverse scales of space,
time, and organizational complexity.

Indeed, even the determination of manage-
ment objectives requires us to select scales of
interest. What system components are of primary
interest? Areindividual species to be maintained,
or should the focus be on functional groupings?
Microbial decomposition must be maintained,
but do we care about the preservation of every
species within the microbial community? The
benthic community performs critical functions
for the system, butmany of these can be protected
even if the species composition of the community
is altered.

Similar considerations apply to the manage-
ment of multispecies fisheries, at least to the
extent that consumer preferences can be shifted
from one species to another. Terrestrial commu-
nities provide other examples; the value of a
forest, for example, will be measured differently
by different individuals. If a forest is viewed
solely as a source of fiber, the relevant measures
of performance will differ from those that would
be guided by a recognition of the forest as wilder-
ness, or as critical habitat for its denizens, or as
mediator of climate. Once again, scale and per-
spective are critical.

In general, there is no sirgle way to measure
the functioning of an ecosystem or its ecological
or human value. One must impose some selective
filter on the infinity of possible measures of a
system’s performance and decide which features
are most representative. This applies not only to
the level of functional detail butalso to the spatial
and temporal scales of interest. Thus, it is essen-
tial to understand how the perspective associated
with a particular choice of scales biases the view
of asystem and how to extrapolate from one scale
to another.

To achieve these objectives, we must under-
stand how information is transferred from fine
scales to broad scales, and vice versa. We must
learn how to aggregate and simplify, retaining
essential information without getting bogged
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down in unnecessary detail. The essence of mod-
eling is, in fact, to facilitate the acquisition of this
understanding by abstracting and incorporating
just enough detail to produce observed patterns.

The reference to particular scales of interest
emphasizesa fundamental point: thereis nosingle
correct scale on which to describe populations or
ecosystems (Allen and Starr 1982; Greig-Smith
1964; Meentenmeyer and Box 1987; Steele 1978,
1989; Wiens 1989). Indeed, the forces governing
the history of the evolution of life, shaped by
competitive pressures and co-evolutionary inter-
actions, are such that each species observes the
environment on its own unique suite of scales of
space and time (see, for example, Wiens 1976).

When we observe the environment, we neces-
sarily do so on only a limited range of scales;
therefore, our perception of events provides us
with only a low-dimensional slice of a high-di-
mensional cake. In some cases, the scalesof obser-
vation may be chosen deliberately to elucidate
key featuresof the natural system; more often, the
scales are imposed on us by our perceptual capa-
bilities or by technological orlogistical constraints
(Steele 1978). In particular, the observed variabil-
ity of the system depends on the scale of descrip-
tion (Haury, McGowan,and Wiebe 1978; Stomme]
1963).

In describing natural phenomena, we mimic
evolution by averaging over uncertainty. At very
fine spatial and temporal scales, stochastic phe-
nomena (or deterministically driven chaos) may
make the systems of interest unpredictable. Thus
wefocusattention onlargerspatial regions, longer
time scales, or statistical ensembles, for which
macroscopic statistical behaviors are more regu-
lar. This is the principal technique of scientific
inquiry: by changing the scale of description, we
move from unpredictable, unrepeatable indi-
vidual cases to collections of cases whose behav-
ior is regular enough to allow generalizations to
be made. In so doing, we trade the loss of detail or
heterogeneity within a group for the gain of pre-
dictability; we thereby extract and abstract those
fine-scale features that have relevance for the
phenomena observed on other scales. The impli-
cations for sustainability are profound. In preser-
vation, we must not become embroiled in the
details of how a system functions. We mustdeter-
mine its essential features and assure that these are
maintained. Those essential features cannot be de-
fined without reference to a set of external valua-
tions of the system. Science can illuminate a deci-
sion making process, but it cannot substitute for it.
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The concepts of scale and pattern are inelucta-
bly intertwined (Hutchinson 1953). The descrip-
tion of pattern is the description of variation, and
the quantification of variation requires the deter-
mination of scales. Thus, the identification of
patternisanentrée into theidentification of scales
{Denman and Powell 1984; Powell 1989).

Our efforts to develop theories of how ecosys-
tems or communities are organized must revolve
around attempts to discover patterns that can be
quantified within systems and compared across
systems. Thus, considerable attention has been
directed to techniques for describing ecological
or population patterns (Burrough 1981; Gardner
and others 1987; Milne 1988; Sokal, Jacquez, and
Wooten 1989; Sugihara, Grenfell, and May 1990).
Once patterns are detected and described, we can
seek to discover the determinants of pattern and
the mechanisms that generate and maintain those
patterns. With an understanding of mechanisms,
one has predictive capacity that is impossible
with correlations alone.

The problem of ecological pattern is insepa-
rable from the problem of the generation and
maintenance of diversity (Levin 1981). Notonlyis
the heterogeneity of theenvironment often essen-
tial to the coexistence of species, but the very
description of the spatial and temporal distribu-
tions of species describes patterns of diversity.
Thus, understanding pattern, its causes, and its
consequences is central to understanding evolu-
tionary processes such as speciation as well as
ecological processes such as succession, commu-
nity development, and the spread and persis-
tence of species.

Mosaics and fragmented environments

A fundamental challenge in achieving
sustainability is to cope with the fragmented en-
vironments that human activity has imposed on
the landscape. Not only are natural systems mo-
saics of patches in various stages of successional
development, but the broader landscape itself is
a patchwork of urban, agricultural, natural, and
other pieces. This landscape is thus the resultof a
process that has defied sensible regional and glo-
bal patterns, satisfying limited local or exploit-
ative objectives without thought to the
sustainability of the whole enterprise. Generally,
the problem of sustainability hasbeen avoided by
viewing the exploited areas as being open sys-
tems and drawing heavily on other systems and

other areas, indeed other nations, to provide the
life support services that have been eliminated
locally. That may work well on local scales, and
less well but adequately on broader scales, but it
cannot go on indefinitely, and ultimately each
region must be made as closed and self-sufficient
as possible for sustainability to be achieved. It is
well understood that larger systems are less open
than smaller ones, because of elementary geomet-
ric principles. As the developing nations begin to
achieve equity in terms of the drain they place on
the environment, there will be no placeleftto turn
for sustenance. We mustunderstand how to man-
age these fragmented systems, on scales from the
forest to the biosphere.

The view of systems as mosaics of islands has
taken a number of interesting directions. The
concept of patch dynamics (Levinand Paine 1974;
Paine and Levin 1981; Pickett and White 1985;
Watt 1947) has become a popular theme in both
the terrestrial and marine literatures and has led
to new views of community structure.
Metapopulation models, in which systems are
viewed as composed of interacting populations
of local demes, have been shown to be of impor-
tance in conservation biology (Armstrong 1988;
Burkey 1989; Fahrig and Paloheimo 1988a, 1988b;
Gilpin and Hanski 1991; Nuernberger 1991), evo-
lutionary theory (Levene 1953), and epidemiol-
ogy (Levin and Pimentel 1981) and have become
the focus of considerable theoretical effort (for
example, Nee and May 1992), especially the role
that the structure of the metapopulation plays in
facilitating the coexistence of species.

Food webs

One of the most natural ways to describe a com-
munity or an ecosystem is in terms of the trophic
relationships among species and the tangled web
that results (Elton 1958; Levin, Levin, and Paine
1977; Odum 1983; Paine 1966, 1980). Consider-
able theoretical interest has been directed toregu-
larities that can be detected in the topological
structure of such webs (Cohen 1977, 1989; Pimm
1982; Sugihara 1982; Yodzis 1989). This seems all
the more remarkable because such patterns seem
to hold true regardless of the criteria used to
define the elements of a web or the criteria for
deciding that a link exists between two species
(but see Cohen 1989; Schoener 1989). Indeed,
there clearly is no unequivocal way to charac-
terize a web. Is a taxonomic subdivision most
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appropriate, or would a functional one serve
better? Should subdivision stop at the species
level, consider different demographic classes, be
partitioned according to genotype, and so forth?
However a class were defined, one could parti-
tion it further according to various kinds of crite-
ria, reducing variability within a class while sac-
rificing the predictability that canbe achieved for
larger assemblages. This is the same kind of prob-
lem confronted when one deals with spatial and
temporal scale, but with added layers of com-

plexity.

Global change in climate
and ecological models

Global changes in climate and in the concentra-
tions of greenhouse gases will have major effects
on the vegetational patterns at local and regional
scales (Clark 1985; MacArthur 1972); in turn,
changes that occur at very fine scales, such as
alterations in rates of stomatal opening and clos-
ing, ultimately willhaveimpactsat much broader
scales (Jarvis and McNaughton 1986). General
circulation models, which form the basis of pre-
dictions of climate, operate on scales of hundreds
of kilometers on a side, treating as homogeneous
all of the ecological detail within (Schneider 1989;
Hansenand others 1987). On the other hand, most
ecological studies are carried out on scales of
meters or tens of meters (Kareiva and Anderson
1988), and even ecosystem studies are at scales
several orders of magnitude less than those rel-
evant to general circulation models. Thus, a fun-
damental problemin relating the large-scale pre-
dictions of the climate models to processes at the
scale of ecological information is to understand
how informationistransferred across scales (Jarvis
and McNaughton 1986; Levin 1993).

To address this problem, both statistical and
correlational studies are needed, as is modeling
designed to elucidate mechanisms. A useful place
to begin is the quantification of spatial and tem-
poral variability as a function of scale (sce, for
example, Kratz, Frost, and Magnuson 1987;
McGowan 1990). Long temporal and spatial se-
ries can be used to examine similar patternsin the
variation of climate and components of the eco-
system; where scales of variation match, there is
at least the basis for investigating mechanistic
relationships. Anexampleis the continuous plank-
ton recorder surveys of the North Atlantic, which
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have provided data on spatial variations in the
distributions of phytoplankton and zooplankton
over half a century (see, for example, Colebrook
1982; McGowan 1990). The evidence from these
studies has been that large spatial and temporal
scales show the greatest variations and that these
correlate well with large-scale variations in cli-
mate (Dickson and others 1988; McGowan 1990).
The approach taken (Radach 1984) is first to ask
how much of the variation can be explained by
variation in the physical environmentand then to
look to autonomous biological factors to account
for the balance. This mode of attack perhaps
requires scrutiny, given the possibility that in-
trinsicbiotic factors mightaccount for some varia-
tion in climate. Only mechanisticapproaches that
examine the effects of scale canaddress this puzzle.

Agren and others (1991) review models of the
linkage of production and decomposition and
discuss the linkages of process at different scales.
The problem of scaling from the leaf to the ecosys-
tem and beyond fundamentally challenges pre-
dictions of theeffects of global change (Ehleringer
and Field 1993; Norman 1980). Agren and others
(1991) point out that ecosystem models that oper-
ateatonly onelevel of integrationare notlikely to
incorporate mechanisms properly and that it is
essential to develop methods for integrating from
finer scales; this reiterates the central theme of
this chapter. A related problem is the need to
connect processes operating at different levels of
integration, as for example, the linkages between
grassland biogeochemistry and atmospheric
processes (Parton and others 1989; Schimel and
others 1990).

It is worth noting (Holling, personal commu-
nication) that separating climatic and bioticinflu-
ences on changing patterns of ecosystem can be
extremely problematic. Extrinsic influences can
trigger qualitative changes in the dynamics of the
system (Levin 1978); cases in point may involve
fires or outbreaksthataretriggered by achangein
climate butshow very little correlation withit (for
example, Holling 1992b).

Pattern and scale

The critical environmental problem facing s