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PREFACE

This preface introduces a documnent that 18 un-
precedented in its scope and objectives. In August
1988 the Ecological Society of America initiated
an effort to define research priorities for ecology
in the closing decade of the 20th Century. Several
independent factors motivated this endeavor,
First, within the academies of science, the halls
of povernment, and the institutions that fund re-
search, 11 had become increasingly clear that sci-
entists must order their priorities and make hard
Jjudgments concerning the research directions that
hold the greatest promise for advancing our base
of knowledge and for improving the human con-
dition. Responding to this need, Frank Press, the
President of the National Academy of Science,
challenged all scientists 1o define their priorities.
Financial resources are finite. Competing nation-
al demands range from national security to social
services, and various major priorities vie for at-
tention and funding. Consequently, it is not fea-
sible to support all scientific research. If we as
scientisis do not set our own priorities, others
will do so for us.

Second, the need 1o ameliorate the rapidly de-
teriorating state of the environment and to en-

! The authors listed serve as members of the Eco-
logical Soctety of Amenica’s Committee for a Research
Agenda for the 1990's. Institunional affiliations can be
found on page 4035,
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hance its capacity to sustain the needs of the
world’s population has become paramount. We
will increasingly require ecological knowledge 10
utilize and sustain the Earth’s resources. Al-
though the needs for new knowledge and for the
application of existing knowledge are increasing,
the means to accomplish these goals are decreas-
ing due to the limitation of available funds. Tough
decisions need to be made concerning what to
fund and what not to fund.

Against this background it is essential 10 make
clear that basic research is the foundation on which
informed environmental decisions must rely: the
greater are the applied needs, the more important
becomes basic research. If this point is not made
clear, narrowly based applications will carry the
day. Unless the science of applied ecology 1s based
on a scund foundation, attempts to manage the
environment are bound to fail. The greatest ad-
vances in ecological understanding have come
from the creative fertility of investigators, car-
rying out basic research motivated by intellectual
curiosity. It is critical to examine how best to
nurture the development of this basic substruc-
ture, and to train the ecologists of tomorrow.

The dilemma of increasing needs in the face of
decreasing means, and the challenge to identify
priorities, set the stage for the Ecological Society
of America to lead its members into a period of
introspection, in which the whole realm of eco-
logical activities would be examined. The present
study is the centerpiece of that analysis. It iden-
tifies those endeavors that were deemed most ur-
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gent in terms of both the advancement of the field
and the potential for improving the human con-
chtion.

In order to accomplish this monumental task,
one of us (HAM) established a broadly represen-
tative committee, under the leadership of Jane
Lubchenco, then Vice-President and now Second
President-Elect. This committee, composed of
ecologists representing a wide array of ecological
subdisciplines, met intensively over a period of
more than a year. They undertook to identify the
most exciting and relevant areas of ecological re-
search and to submit their conclusions to the crit-
ical evaluation of the Society’s membership and
other interested parties. Their efforts included
consideration of research priorities, needs in ed-
ncation and outreach, and strategies for imple-
menting the recommendations.

The process of review and revision has been
one of the most thorough any document has ever
received. Although this effort was led by com-
mittee, the document itself truly represents input
from the entire Ecological Society of America,
and from a broader community as well. Early on
and throughout the process, calls were made
through the Bulletin of the Society, through the
Public Affairs Office newsletter, and through
workshops and seminars for input on the docu-
ment and the process itself. These calls resulted
in the involvement of large numbers of people,
and the incorporation of their ideas. In August
of 1990, at the annual meeting of the Society, a
presentation of the draft document was made to
nearly a thousand members. There was wide-
spread support for its sense and structure. Ques-
tions from the floor provided further input as did
a subsequent workshop, also attended by a large
number of Society members, Following the an-
nual meeting more than 150 letters were received
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from members giving further suggestions. This
new input was incorporated by the commitlee
into the document that follows. Although indi-
vidual Society members undoubtedly would not
agree with every detail of this report, the iterative
review and revision have resulted in a document
that 15 a community-wide effort of which we can
all be proud. The Executive Committee of the
ESA has enthusiastically endorsed this report. We
cannot rest too long on the success that we have
achieved. The challenge that faces us is to make
the program outlined here a reality, and to in-
clude our international colleagues and those in
related disciplines as partners in this bold un-
dertaking, to provide the scientific basis for a
sustainable biosphere.

The committee is pleased to acknowledge the
Andrew W, Mellon Foundation, the Ecological
Society of America, and Oregon State University
for support for conceptual development of the
SBI, and the Andrew W. Mellon Foundation, the
National Science Foundation, the U.S. Environ-
mental Protection Agency, the National Aero-
nautics and Space Administration, and the U.S.
Department of Energy for support of publication
costs. We (HAM and SAL), gratefully acknowl-
edge the leadership efforts of Jane Lubchenco,
and thank the committee for its remarkable ef-
forts.

H. A. Mooney
President 1988-1989
Ecological Society of America

and

Simon A. Levin
President 1990-1991
Ecological Society of America
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EXECUTIVE SUMMARY

In this document, the Ecological Society of
America proposes the Sustainable Biosphere Ini-
tiative (SBI), an initiative that focuses on the nec-
essary role of ecological science in the wise man-
agement of Earth’s resources and the maintenance
of Earth’s life support systems. This document is
intended as a call-to-arms for all ecologists, but
it also will serve as a means to communicate with
individuals in other disciplines with whom ecol-
ogists must join forces to address our common
predicament.

Many of the environmental problems that
challenge human society are fundamentally eco-
logical in nature. The growing human population
and its increasing use and misuse of resources are
exerting tremendous pressures on Earth’s life sup-
port capacity. Humankind must now develop the
knowledge required to conserve and wisely man-
age Earth’s resources. Citizens, policy-makers, re-
source-managers, and leaders of business and in-
dustry all need to make decisions concerning the
Earth’s resources, but such decisions cannot be
made effectively without a fundamental under-
standing of the ways in which the natural systems
of Earth are affected by human activities. [nves-

tigator-initiated, peer-reviewed basic research is
the foundation on which informed environmen-
tal decisions must be based. Ecological knowl-
edge and understanding are needed to detect and
monitor changes, to evaluate consequences of a
wide range of human activities, and to plan for
the management of sustainable natural and hu-
man-dominated ecological systems.

In response to these national and international
needs, the Ecological Society of America has de-
veloped the Sustainable Biosphere Initiative (SBI),
a framework for the acquisition, dissemination,
and utilization of ecological knowledge which
supports efforts to ensure the sustainability of the
bhiosphere. The SBI calls for (1) basic research for
the acquisition of ecological knowledge, (2) com-
munication of that knowledge to citizens, and (3)
incorporation of that knowledge into policy and
management decisions.

RESEARCH PRIORITIES

This document focuses primarily on the ac-
quisition of ecological knowledge. It identifies the
ecological research programs of highest priority
and recommends the sieps required to pursue
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research objectives. The document also lays the
groundwork for improving the communication
and application of ecelogical knowledge.

The criteria used to evaluate research priorities
were (1) the potential to contribute to funda-
mental ecological knowledge, and (2} the poten-
tial to respond to major human concemns about
the sustainability of the biosphere, Based on these
¢riteria, the SBI proposes three Research Prior-
ities:

& Global Change, including the ecological
causes and consequences of changes in cli-
mate; in atmospheric, $oil, and water chem-
istry {including pollutants), and in land- and
water-use patterns

& Biological Diversity, including natural and
anthropogenic changes in patterns of ge-
netic, species, and habitat diversity; eco-
logical determinants and consequences of
diversity; the conservation of rare and de-
clining species; and the effects of global and
regional change on biological diversity

# Saustainable Eeslogical Systems, including
the definition and detection of stress in nat-
ural and managed ecological systems; the
restoration of damaged systems; the man-
agement of sustainable ecological systems;
the role of pests, pathogens, and disease;
and the interface between ecological pro-
cesses and human social systems.

RESEARCH RECOMMENDATIONS

Each of these research priorities requires a dif-
ferent type of action. Existing national and in-
ternational initiatives address aspects of the first
two priorities. However, the success of these pro-
grams will require increased emphasis on key eco-
logical topics.

RESEARCH RECOMMENDATION #1:
Greater attention should be devoted to exam-
ining the ways that ecological complexity con-
trols global processes.

Within the topic of global change, insufficient
attention has been paid to the ways in which
ecological complexity controls global processes.
Such key factors as species and habitat diversity,
patterns of distribution of ecological assemblages,
and differences in the productivity and storage
capabilities of different types of ecosystems all
influence how the biosphere functions in the Earth
system,

| THE SUSTAINABLE BIOSPHERE INITIATIVE

oo Ecolagy, %’-1.,7:2, No. 2
RESEARCH RECOMMENDATION #2:
New research efforts should address both the
importance of biological diversity in controlling
ecological processes and the role that ecological
processes play in shaping patterns of diversity
at different scales of time and space.

Within the topic of biological diversity, much
of the current effort is devoted to enumerating
the species in various habitats and to preserving
biotically significant sites. These important ef-
forts lay the groundwork for the research pro-
posed here and must be continued, but two vitally
important topics must alse be addressed. First,
it will be necessary to discover to what extent
patterns of biological diversity are important in
determining the behavior of ecological systems
{e.g., responses to climate change, rates of nutri-
ent flow, or responses to pollutants). Only when
these relationships are known will it be possible
to develop management strategies for maintain-
ing natural and human-dominated ecological sys-
tems. Second, it will be necessary to understand
how ecological processes interact with physical
and chemical factors to control or determine bi-
ological diversity, Doing s0 will require investi-
gation of the manner in which individual species
interact with and are modified by the abiotic en-
vironment on both ecological and evolutionary
time scales.

RESEARCH RECOMMENDATION #3: A
major new integrated program of research on
the sustainability of ecological systems should
be established. This program would focus on
understanding the underlying ecological pro-
cesses in natural and human-dominated eco-
systems in order to prescribe restoration and
management strategies that would enhance the
sustainability of the Earth’s ecological systems,

Plans for comprehensive programs in the areas
of global change and biological diversity are more
advanced than those in the area of sustainable
ecological systems. Research programs exist to
develop specific sustainable natural resources (e.g.,
sustainable forestry or sustainable agriculture).
However, curtent research efforts are inadequate
for dealing with sustainable systems that involve
multiple resources, multiple ecosystems, and large
spatial scales. Moreover, much of the current re-
search focuses on commodity-based managed
systems, with little attention paid to the sustain-
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ability of natural ecosystems whose goods and
services currently lack a market value. Address-
ing the topic of sustainable ecological systems will
require integration of social, physical, and bio-
logical science.

IMPLEMENTATION

Successful implementation of the SBI will re-
quire a significant increase in interdisciplinary
interactions that link ecologists with the broad
scientific community, with mass media and ed-
ucational organizations, and with policy-makers
and resource-managers in all sectors of society.
This document recommends specific actions that
will begin to develop such links and initiate the
first steps of the SBI. The action items that follow
will be initiated by the Ecological Society of
America, but will require broad support and par-
ticipation by other groups and individuals, rang-
ing from federal and state funding agencies and
other scientific societies to policy-makers, leaders
of business and industry, and concerned citizens.

Research component of the SBI

Initiation of the research component of the SBI
will involve coordination with ongoing programs
as well as initiation of new programs. A series of
workshops is proposed to bring ecologists to-
gether with experts from related disciplines in the
natural and social sciences and with resource-
managers and environmental policy-makers to
develop projects for immediate action.

ACTION ITEM #1: During the coming year,
an organizing committee of the Ecelogical So-
ciety of America will plan workshops with the
goal of coordinating the SBI with current re-
search efforts on global change and increasing
research on the role of ecological complexity in
global processes.

ACTION ITEM #2: During the coming year,
an organizing committee of the Ecological So-
ciety of America will plan workshops with the
goal of developing an initiative on biological
diversity that focuses on the ecological causes
and consequences of patterns of bielogical di-
versity.

ACTION ITEM #3: During the coming year,
an organizing committee of the Ecolegical So-

ciety of America will plan workshops with the
goal of initiating a comprehensive program on
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sustainable ecological systems, emphasizing the
underlying ecological processes that affect the
sustainability of natural and managed systems.

Education component of the SBI

The environmental conditions that have man-
dated the Sustainable Biosphere Initiative also
demonstrate the need for ecological education
among citizens of today and tomorrow. Under-
standing and managing the biosphere requires
ecological information. There are many strategies
for addressing educational needs, such as working
with the mass media to increase public awareness
of ecological concepts and issues, making eco-
logical literacy a goal of undergraduate curricula,
and developing more interdisciplinary graduate
degree programs that involve topics necessary for
understanding the biosphere. The following ac-
tion items represent the first steps in addressing
these needs.

ACTION ITEM #4: During the coming year,
the Research Agenda Committee of the Eco-
logical Society of America will oversee the prep-
aration and publication of a non-technical, pub-
lic education document that articulates the
importance of ecology and ecological research
to society.

ACTION ITEM #5: During the coming year,
the Education Section of the Ecological Society
of America will develop systematic, short- and
long-term strategies for enhancing ecological
knowledge among students and the public.

Moreover, the Ecological Society of America
should determine the human resources needed to
conduct the ecological research proposed by the
SBI and should develop specific vehicles to ad-
dress the identified needs, including training grants
and career development awards.

Envirenmental decision-making
component of the SBI

Thousands of ecologically based decisions are
made annually by policy-makers and regulatory
agencies, land- and water-use planners, resounrce-
managers, business and industry, consulting firms,
and conservation groups. To be useful to deci-
sion-makers, ecological information must be both
accessible and relevant to their mandates and re-
sponsibilities, Therefore, the application of eco-
logical knowledge will require better communi-
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cation between ecologists and decision-makers in
all sectors of society. The experience of manage-
ment-oriented professional societies in setting en-
vironmental priorities will be essential to open
new avenues of communication,

ACTION ITEM #6: During the coming year,
an organizing committee of the Ecological So-
ciety of America will begin to explore ways in
which ecologists can become more responsive
to and bring their expertise more fully to bear
on critical environmental problems. This com-
mittee will work closely with management-ori-
ented professional societies, resource-manag-
ers, and other environmental decision-makers.

International dimensions of the SBI

The framework for this Initiative was devel-
oped in North America, but the research priori-
ties and the environmental problems related to
them are important world-wide.

ACTION ITEM #7: During the coming year,
the Ecological Society of America will organize
a meeting of leading ecologists from many
nations of the world to evaluate the SBI and to
begin construction of an operational framework
for international cooperation.

At the same time there will be efforts to interact
with governmental (e.g., UNESCO) and non-gov-
ernmental {(e.g., the International Council of Sci-
entific Unions, ICSUJ) intermnational bedies that
have programs closely related to the research
agenda of the SBI.

Funding the SBI

Meeting the financial needs of the SBI will re-
quire significantly increased funding from both
public and private sources. Because of the broad
importance of this Initiative, creative approaches
to funding research will be required. Typically,
public agencies such as the National Science
Foundation fund basic research, mission agencies
fund research that applies to problems of specific
interest to the agency, businesses fund research
to answer pressing industry questions, and foun-
dations fund topics or themes of particular in-
terest. The SBI encompasses all of these missions,
and as a result, must be planned and funded by
a range of agencies and organizations.

Current administrative structures are insuffi-
cient to coordinate and fund the range of activ-
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ities envisioned by the SBL. Consequently, it will
be necessary to develop a new administrative
structure that allows many agencies t0 support
the integrated research program. To accomplish
the needed coordination and funding, a variety
of vehicles should be considered, including a new
orexisting interagency committee, a new national
institute, or other administrative arrangements.
This new organization would further develop re-
search priorities within the SBI, coordinate fund-
ing strategies, and establish and implement pro-
cedures for evaluating the research progress of
the Initiative.

In constructing new interdisciplinary and in-
teragency approaches, it will be particularly im-
poriant to preserve the opportunity for creativity
and innovation. The cornerstone of the SBI should
be investigator-initiated, peer-reviewed research
conducted by individual investigators or multi-
disciplinary research teams.

ACTION ITEM #8: During the coming year,
the Ecological Society of America will initiate
discussions to develop an innovative framework
to coordinate and fund the SBI. Emphasis will
be placed on enhancing opportunities for in-
vestigator-initiated, peer-reviewed research in
the context of coordinated programs that wonld
fund both individual investigators and multi-
disciplinary research teams.

The ecological research agenda proposed in this
document begins with the assumption that ad-
vances in understanding basic ecological princi-
ples are required to resolve many urgent envi-
ronmental problems, continues with the
identification of three priority areas for intense
research efforts, and concludes with actions to be
initiated by the Ecological Society of America to
strengthen and expand research efforts in these
key areas. The success of the Sustainable Bio-
sphere Initiative will depend upon (1) the will-
ingness of individual ecologists to participate in
the proposed activities, to disseminate the vision
of the SBI, and to plan and execute subsequent
phases, and upon (2) the vision and abilities of
policy-makers, funding agency administrators,
government officials, business and industry lead-
ers, and individual citizens to support, amplify,
and extend the actions we have initiated. At pres-
ent, neither the funding nor the infrastructure in
this country is sufficient to address the research
needs described in this document. Moreover,
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achievement of a Sustainable Biosphere will re-
quire not only the acquisition of ecological
knowledge via research, but also the communi-
cation of that information and understanding to
all citizens and the incorporation of that knowl-
edge into environmental, economic, and political
decisions. Although there are formidable barriers
to accomplishing these tasks, achieving a Sus-
tainable Biosphere is one of the most important

THE SUSTAINABLE BIOSPHERE INITIATIVE
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challenges facing humankind today. Time is of
the essence. New technologies, widespread ap-
preciation for the magnitude of environmental
problems, and an increasing appreciation for the
relevance of basic ecological research combine to
provide an unprecedented opportunity to make
significant progress in achieving a sustainable
biosphere.

I. INTRODUCTION

Environmental problems resulting from hu-
man activities have begun to threaten the sus-
tainability of Earth’s life support systems. Among
the most critical challenges facing humanity are
the conservation, restoration, and wise manage-
ment of the Earth’s resources. Citizens, policy-
makers, resource-managers, and leaders of busi-
ness and industry all need to make informed de-
cisions concerning these resources. Ecological
knowledge is one critical facet of the information
required for making complex environmental de-
cisions. Ecological understanding and knowledge
are urgently needed to detect and monitor envi-
ronmental changes, to evaluate consequences of
a wide range of human activaties, and to plan for
the management of sustainable ecological sys-
tems. New interdisciplinary connections will be
required to conduct the needed research, to ed-
ucate scientists and the public, and to ensure that
the special expertise of ecological science is avail-
able to environmental decision-makers in all sec-
tors of society. In response to these national and
international needs, the Ecological Society of
America proposes the SUSTAINABLE BIO-
SPHERE INITIATIVE (SBI), a framework for
the acquisition, dissemination, and utilization of
ecological knowledge to ensure the sustainability
of the biosphere. In this document, we define the
scope of, and develop the rationale for, this Ini-
tiative.

Many of the environmental problems that
challenge human society are fundamentally eco-
logical in nature. The human population now
numbers 5.2 billion, and is increasing at a rate

approximating 1.8% each vear. The growth of this
population and its increasing resource Use are ex-
erting tremendous pressure on Earth’s ecological
systems. As a result, Earth’s life support systems
are changing, and their ability to sustain human
society is being degraded rapidly. The sustained
productive capacity of the Earth is at risk, as
evidenced by the increasing difficulties in man-
aging solid and toxic wastes, rapid rates of de-
forestation and watershed destruction through-
out the world, high rates of species extinction
caused by human activities, and changes in the
atmosphere, such as increases in tropospheric
trace gases and depletion of stratospheric ozone,
Many environmental problems, particularly those
involving hunger, disease, and sustainable re-
source use involve patterns of resource allocation
as well as total resource availability. As the world’s
population expands, as demands for the reallo-
cation of scarce resources continue, and as de-
veloping nations’ standards of living change, the
effects of human activities on the Earth’s re-
sources will grow at even faster rates.
Ecological understanding of complex phenom-
ena is essential if society is to anticipate and ame-
liorate the environmental effects of human activ-
ities. Human activities may have unanticipated
or indirect effects on parts of the Earth’s life sup-
port systems, often at considerable distances from
the site of the activity. For example, tropical de-
forestation may affect global climate by altering
the global carbon balance. The introduction of
irrigated agriculture may affect the productivity
of marine fisheries by the alteration of water qual-
ity and flow regimes due to damming. In such
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cases, ecological research can elucidate the links
among populations, communities, and ecosys-
tems, and between the abiotic and biotic realms,

The establishment of new interdisciplinary
connections will facilitate the advancement of
ecological understanding and help make ecolog-
ical knowledge more accessible to the public and
to environmental decision-makers (Fig. 1). Ad-
vances in the physical, chemical, biological, or
social sciences are interdependent. Just as fun-
damental discovenes in ecology may depend on
data or techniques derived from cother scientific
disciplines, information on the role of ecological
processes in the physical or chemicgal environ-
ment, or in social systems, can contribute to ad-
vances in other fields. However, the acquisition
of new ecological knowledge will be insufficient
to address the Earth’s environmental preblems
unless that information can be disseminated and
used. In addition to improved programs for
teaching ecology in the traditional educational
context, increased interaction between ecologists
and the media is needed to enhance public aware-
ness and understanding of ecological approaches
and principles. Moreover, interactions with en-
vironmental decision-makers in the public, pri-

Environmental
Decision-Making

Interdisciplinary interactions called for by the Sustainable Biosphere Initiative (SBI).

vate, and non-profit spheres must be facilitated.
A forum 1s needed for discussion of the ecological
information most critically needed to solve spe-
cific environmental problems and of how best to
disseminate ecological information to decision-
makers.

Within the field of ecology, the SBI calls for
advances in research, improvements in educa-
tion, and enhanced applicatien of fundamental
ecological knowledge in environmental decision-
making (Fig. 2). This document focuses primarily
on the research component of the SBL In it we
identify the ecological research programs of high-
est prionty and recommend the steps required to
pursue the research objectives. The educational
and environmental decision-making components
of the SBI require further development to identify
needs, set priorities, and make recommendations
for the communication and application of eco-
logical knowledge.

THE SUSTAINABLE BIOSPHERE
INITIATIVE

The research component of the SBI is the pri-
mary focus of this document. The criteria used
to evaluate prionties for this research were (1)
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of ecological knowledge.

the potential to contribute to fundamental eco-
logical knowledge, and (2} the potential to re-
spond to major human concerns about the sus-
tainability of the biosphere (Fig. 3).

Based on these criteria, the SBI proposes three
Research Priorities:

& Global Change, including the ecological
causes and consequences of changes in cli-
mate, in atmeospheric, soil, and water chem-
istry (including pollutants); and in land- and
water-use patterns.

Biolegical Diversity, including natural and
anthropogenic changes in patterns of ge-
netic, species, and habitat diversity; eco-
logical determinants and consequences of
diversity, the conservation of rare and de-
clining species; and the effects of global and
regional change on biological diversity.
Sustainable Ecological Systems, including
the definition and detection of stress in nat-
ural and managed ecological systems; the
restoration of damaged systems; the man-
agement of sustainable ecological systems;
the role of pests, pathogens, and disease;
and the interface between ecological pro-
cesses and human social systems.

The last of these three priorities— the sustainabil-
ity of ecological systems—is one of the greatest
challenges facing human society, yet it is the one
that has received the least attention to date. We

Components of the Sustainable Biosphere Initiative: the acquisition., communication, and utilization

sirongly endorse efforts already under way to ad-
dress problems of global change and biological
diversity. Moreover, we call for a greatly accel-
erated and expanded effert toward developing
sustainable ecological systems.

Although ecelogists have unique knowledge and
skills that allow them to conduct research on these
topics, interactions with other disciplines are nec-
essary for a truly comprehensive approach 1o ur-
gent environmental problems, Studies of global
change, for example, cut across many fields, in-
cluding ecology, atmospheric chemistry and
physics, oceanography, hydrology, and geology,
as well as human demography and economics.
Likewise, to address issues of biological diversity,
ecologists must collaborate with taxonomists and
conservation biologists, policy-makers, planners,
political scientists, and economists. Finally, sus-
tamnable human use of Earth’s resources will re-
quire new alliances between ecology and other
disciplines, such as resource management; agron-
omy, forestry, soil science, and other environ-
mental sciences; epidemiology and demography;
economics and planning. Ecology, in many ways
an interdisciplinary science itself, will play a ¢rit-
ical role in accelerating the development of new
interdisciplinary approaches to the study of these
environmental problems.

An initiative of the magnitude we envision will
transcend traditional institutional boundaries and
will involve innovative new collaborative pro-
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Research
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Research
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Implementation

F1G. 3. Relationships among sections of this document. Intellectual frontiers and environmental problems
are dual criteria used to establish research priorities. Essential components of research in the priority areas have
received insufficient attention. These key components form the basis of the research recommendations, Imple-
mentation of the recommendations will require specific actions by the Ecological Society of America and by

other supporting institutions (Section VI).

grams. In constructing expanded interdisciplin-
ary and interagency approaches, it will be partic-
ularly important to preserve the opportunity for
creativity and innovation. Thus, the cornerstone
of the SBI should be investigator-initiated, peer-
reviewed research. The SBI is not the work for a
single agency, interagency cooperation, perhaps
through a coordinating committes or a new in-
stitute, will be essential 1o achieving the objec-
tives. Moreover, coordination with national and
international agencies and institutions outside the
United States will ultimately be required,

The primary message of the SBI is that ad-
vances in understanding basic ecological princi-

ples are required if environmental problems are
to be resolved. The three seemingly distinct pri-
orities—understanding the consequences of glob-
al change, understanding and conserving biolog-
ical diversity, and assuring a sustainable future—
share a common, ecelogical foundation, i.e., an
understanding ef the structure, functioning, and
resiliency of natural systems. This document
shows these links and indicates the fundamental
ecological research needed to address the prior-
ities. In this document, we explore the ecelogical
principles and questions from which the priori-
ties were selected, i.e., intellectual frontiers in
ecology (Section I1}, and ecological knowledge re-
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guired to help solve cnvironmental problems
(Section III}. Subsequent scctions highlight the
research priorities and key rescarch topics needed
to address the priorities {Section IV), the major
research recommendations of the SBI (Section
V}, and an action plan for further developing the
SBI (Section VI).

II. INTELLECTUAL
FRONTIERS IN ECOLOGY

Intellectual frontiers serve as one starting point
(Fig. 3) for identifying research priorities. These
frontiers are firmly grounded both in those eco-
logical problems that are linked to specific levels
of biclogical organization (Appendix A), and in
those problems that cut across these levels (Ap-
pendix B),

Ecology has developed from a largely descrip-
tive science to one that also includes analytical,
experimental, and comparative approaches, and
employs sophisticated laboratory, field, and re-
maote sensing techniques. A growing body of eco-
logical theory addresses the principles that govern
the regulation and orgamization of populations
and communities in space and time, and the in-
teraction of biotic and abiotic components of the
environment, New tools, including remote sens-
ing, computational appreaches, molecular and
isotope analyses, and global-scale models, afford
the opportunity to discover new ecological phe-
nomena and to study known phenomena at pre-
viously inaccessible spatial and temporal scales,
{See National Research Council 198%¢ for a more
comprehensive treatment of new opporiunities
in ecology.)

In this section, we present an overview of in-
teresting, exciting questions in ecology, arranged
from individual- and evolutionarily based ques-
tions to those involving the interplay between the
biotic and abiotic components of ecosystems.
Several criteria were used in the decision to high-
light these specific research questions, First, these
questions are synthetic. They involve a search for
general principles that can unite disparate studies
and provide the basis for extrapolation and pre-
dictien. Second, these questions represent fron-
tiers in ecology, because new empirical results,
new conceptual advances, and new research tools
hold the potential for clarifying general ecological
principles. Although we have identified these in-
tellectual frontiers based on their potential to ad-
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vance the science of ecology, we also pemnt out
their obvious applications in the solution of en-
vironmental problems.

® What are the patterns of diversity in nature,
and what are their critical ecological and evolu-
tionary determinants? Understanding the diver-
sity of nature is, in various forms, a fundamental
problem of ecological research. New techniques
have exilended the temporal and spatial scales
over which patterns of diversity can be detected.
Modern molecular technigues permil syslem-
atists 1o construct phylogenies based on genetic
material or population biclogists 1o analyze the
fine-scale genetic characteristics of existing pop-
ulations. These techniques open new possibilities
for describing the evolutionary history of diver-
sity and elucidating the mechanisms that regulate
genetic variation in modern-day populations. Re-
mote sensing technologies are increasingly used
to describe large-scale patterns of diversity at the
community, ecosystem, and landscape levels.
Characterizing patterns of diversity is a critical
first step in preserving that diversity, hence pro-
viding the foundation for conservation biology.
In community ecology, one of the most active
areas of empirical research and conceptual syn-
thesis 1s the elucidation of how abiotic and biotic
factors interact to generate patterns of diversity.
There is a growing need to conduct theoretical
and empirical studies aimed at integrating mech-
anistic explanations with large-scale patterns of
diversity. Understanding what regulates diversity
is central to guiding strategies for habitat pres-
ervation, and for restoration ecology.

* How do morphological, physiclogical, and be-
havioral traits of organisms interact? Much of
classical biology is concerned with the relatien-
ship between structure and function. The rela-
tionship of the morphology of organisms to the
tasks they perform--how they resist physical
stresses, how they capture prey, or how they at-
tract mates-~Iis at the core of the study of nature.
In the growing field of biomechanics, novel ap-
plications of physics and engineering principles
and use of new technology have permitted sig-
nificant advances in understanding the functional
costs and benefits of morphological variation in
organisms. New applications of stable isotope
analyses in plant ecology have the potential to
link physiological and environmental processes
in new ways.,
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Modern approaches have succeeded in placing
traditional questions within a proper evolution-
ary framework (e.g., Jacob 1977). Recognition of
the importance of frequency dependence has led
to numerous recent advances in the application
of game theory to behavioral and evolutionary
problems. Such perspectives have motivated the
development of more sophisticated theories that
link systematics, autecology, and evolutionary bi-
ology. The next decade should witness the suc-
cessful application of these approaches to a wide
array of problems.

¢ How plastic are the morphology, physiology,
and behavior of organisms in the face of environ-
mental stresses? What are organisms’ proximal
limitations? Understanding the extent to which
the genotype of an organism determines its phe-
notype and the degree to which environmental
factors can modify the expressed phenotype is a
classical problem {(i.e., nature vs. nurture} in bi-
ology and psychology. Separation of the sources
of vanance among genetic and environmental
factors was one of the first great conceptual ad-
vances of the theory of population genetics. Anal-
ysis of plasticity 1s critical 1o understanding the
capacity of organisms 1o respond to anthropo-
genic changes and predicting whether environ-
mental changes will cause genetic shifts within
populations and taxonomic shifts within com-
munities.

® What are the determinants and consequences
of dispersal and dormancy? Dispersal and dor-
mancy are two of the most basic life history re-
sponses t0 environmental variability. They gov-
ern the persistence of the majority of species
within communities because disturbances of var-
ious kinds create colonization opportunities. They
also hold the key to the recovery of damaged
ecosystems, to the spread of species following cli-
mate change, and to the spread of introduced
species, including genetically engineered organ-
1sms.

& What factors explain the life history adapta-
tions of organisms? What are the population-level
consequences of these adaptations? The theory of
life history evolution is one of the richest branch-
es in cvolutionary ecology. Its relation to popu-
lation-level phenomena (including reproductive
tactics, dispersal, dormancy, phenology, resource
allocation, and other traits) has been the focus of
active rescarch since Lamont Cole’s landmark
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paper (Cole 1954}, Game theory and related ap-
proaches described earlier have given us a new
set of tools to address these problems. The im-
portance of understanding how populations will
respond to environmental change has given us
new motivation to find answers. Life history the-
ory should be an active area of investigation in
the next decade.

¢ What factors control the sizes of populations?
How are changes in population size related to
processes mediated at the level of the individual?
Understanding what controls population dynam-
ics is a central question in ecology and one that
also lies at the core of a remarkable diversity of
applied issues. These include the management of
harvested populations {e.g., fisheries), the spread
of agricultural pests and human disease, the per-
sistence of endangered species, the success of de-
liberate introductions of exotic or genetically en-
gineered organisms, the possible accidental and
undesirable spread of those organisms, and res-
toration ecology.

The mathemaltical theory of population dy-
namics, involving periodic and chaotic behavior,
threshold behavior, and multiple equilibria, has
seen great advances in the past 15 yr. Theories
abound, and the challenge is to link these theories
to data by relating individual performance and
population dynamics. Considerable work 15 un-
der way on individual-based models aimed at
replacing classical phenemenological approaches
with mechanistic models that will allow a basis
for extrapolation beyond historical experience.

#® How does the internal structure of a population
affect its response to various stresses? The dy-
namics of a population arc affected fundamen-
tally by its internal structure, including its age,
stage, and genetic structure, and its spatial dis-
tribution. Classical population dynamic theories
have tended to view populations as lumped ag-
gregates of identical units, except for the explicit
treatment of genetic structure in cvolutionary
theory. Yet other aspects of population siructure
have been shown to be critical in understanding
coexistence of species, population fluctuations,
the spread of discase, and other critical phenom-
c¢na. In recent years, attention has turned to de-
veloping methods to incorporate demographic
and spatial structure into population models, set-
ting the stage for important advances.
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® How does fragmentation of the landscape affect
the spread and persistence of populations? Nat-
ural and human-induced patterns of disturbance
interact with species’ traits and interspecific re-
lationships to affect the patterns of spread, per-
sistence, and abundance of species. Understand-
ing these influences has been a problem of
fundamental theoretical interest for nearly half a
century {Watt 1947). Today, the study of land
mosaics plays a key role in efforts to link pro-
cesses in local populations, communities, and
ecosystems with those at the level of the bio-
sphere. Human land use has modified patterns
of fragmentation. Because the extinction of de-
sirable species or the spread of undesirable ones
may depend in part on landscape patterns, study-
ing these problems has become increasingly ur-
gent,

® What factors govern the assembly of commu-
nities and ecosystems and the ways those systems
respond to various stresses? What patterns emerge
from cross-system comparisons? The analysis of
patterns of community structure—including de-
scription of the trophic network—is a central fo-
cus of ecological theory. Numerous theoretical
approaches have been used to develop an un-
derstanding of the key factors that generate and
maintain that structure across a range of temporal
and spatial scales. Studies in island biogeography
have made a uscful contribution by blending the-
oretical and experimental approaches to the pro-
cesses governing assembly of communities. Work
on these questions must be given increased at-
tention, both for its fundamental theoretical im-
portance and because of its relevance 1o problems
of restoration and recovery of ecosystems follow-
ing major damage.

Experimental studies have examined how par-
ticular ecosystems respond to different classes of
perturbations, ranging from nutrient or pollutant
additions to the removal of species. Multifactor
cxperimental studies have been instrumental in
understanding how biotic and abiotic factors in-
teract to shape communities. These studies have
led to an increased appreciation for the role of
indirect effects in species’ interactions. Such stud-
1es form the foundation of community and eco-
system theory, Their scope must be expanded. [t
is necessary (o compare and synthesize the ways
different ecosystems respond to a particular class
of stresses and the ways a particular gcosystem
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responds to different stresses. Such studies, in
addition to their obvious theoretical importance,
can lay the basis for a functional taxonomy of
ecosystems and guide research in ecotoxicology,
restoration, and management.

® What are the feedbacks between the biotic and
abiotic portions of ecosystems and landscapes?
How do climatic, anthropogenic, and biotic pro-
cesses regulate biogeochemical processes? Waork
on this topic must include studies of the exchang-
es of energy and materials among ecosystems and
of atmospheric—biospheric and land-sea inter-
actions. Furthermore, although numerous studies
have described the biogeochemical cycles and
patterns of energy flow within ecosystems (in some
cases across a range of spatial and temporal scales),
few mcchamistic theories exist to explain how
those cycles and flows are regulated. How robust
are they in the face of disturbance? What is the
role of biota in regulating ¢limate and ecosystem
processes? Research on the linkages between the
biotic and abiotic portions of ecosystems and be-
tween population biology and ccosysiem ap-
proaches is essential to understanding how those
systems will respond to global change, and com-
prisc one of the greatest of challenges facing ecol-
ogists.

¢ How do patterns and processes at one spatial
or temporal scale affect those at other scales? Re-
cent developments in remote sensing and Geo-
graphic Information System (GIS) technologies
permit examination of ecological patterns at spa-
tial scales larger than was previously possible. At
the same time, there has been increased appre-
ciation for the importance of processes at small
spatial sales {e.g., dispersal and recruitment) in
the structure of populations and communities.
Long-term ecological studies and the develop-
ment of new techniques to reconstruct past ¢om-
munities and environments have extended the
temporal scale of ecological studies, while con-
tinuous or frequent sampling has highlighted the
importance of small-scale temporal variation. In
addition, experimental and observational studies
suggest that temporal and spatial scales interact
{c.g., rare cvents may have profound effects on
spatial pattern). The increasing availability of data
across temporal and spatial scales and the urgen-
cy of solving large-scale environmental problems
have stimulated theoretical and empirical studies
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Impacts and Stresses

Land-clearing
Water diversion
Agriculture
Forestry

Fisheries

Grazing

Mineral extraction
Fossil fuel consumption
Industrialization
Urbanization
Recreation

»

»
»

Deforestation
Desertification
Acid precipitation
Ozone depletion
Pollution
Eutrophication
Sedimentation
Climate change
Landscape
fragmentation

Extinctions
Loss of genetic diversity
Loss of habitat diversity
Altered species
distributions
and abundances
Altered landforms
Subsidies of
nutrients/energy

Fic. 4.

that attempt to integrate pattern and process
across scales.

® What are the consequences of environmental
variability, including natural and anthropogenic
disturbance, for individuals, populations, or com-
munities? A fundamental concept in ecology states
that environmental variation can promole co-
existence among genolypes or species. Recent
theoretical and empirical results have refined this
concept and identified conditions thai relate en-
vironmental variation to long-term community
stability or change. These results have directed
attention to the specific ways environmental fluc-
tuations affect populations; the effect of environ-
mental variability upon species interactions; and
intra- and interspecific differences in response 1o
environmental variation and to biotic factors such
as competition, predation, or mutualism.

111. ECOLOGICAL KNOWLEDGE
REQUIRED FOR A
SUSTAINABLE BIOSPHERE

Urgent environmental problems and their con-
sequences for human well-being serve as a second
starting point (Fig. 3) for idenufving ecclogical
research priorities. Human population growth and
human activities have profound effecis on the
environment (Fig. 4), they contribute to global
change, loss of biological diversity, and environ-
mental degradation. Many anthropogenic envi-
ronmental changes have deleterious conse-
quences for human health and well-being. Because
the science of ecology is devoted to understanding

Human activities affecting sustainability of the biosphere.

interactions between organisms and their envi-
ronments, it is particularly appropnate for ecol-
ogists 1o focus on the complex relationships be-
tween humans and the biosphere (National
Research Council 198%9¢, Roughgarden et al. 1989,
Raven 1990, Edmondson 1991), In this section,
we consider some of the ecological knowledge
needed to understand and to ameliorate the eco-
logical impacts of human activities.

Among the many environmental problems fac-
ing humanity, three are particularly critical, and
their solutions require ecological knowledge:
global change, the maintenance of biological di-
versity, and the sustainability of natural and
managed systems. These three topics represent
different facets of ecological knowledge needed to
achieve a sustainable biosphere, yel there is con-
siderable overlap among them. For example, hu-
man activities and their ecological consequences
alter processes of global change and, at the same
time, have immediate local and regional effects
on the sustainability of natural and managed sys-
tems. Biological diversity is affected by processes
occurring at local, regional, and global scales. The
SBI recognizes that common ecological processes
govern the response of the biosphere to human
activities. Therefore, common ecological prin-
ciples are likely 1o be involved in the solution of
environmental problems.

We discuss large-scale changes in land use, en-
vironmental chemistry, and climate in Section A
(Ecological Aspects of Global Change), where we
focus on interactions between the biosphere and
the abiotic realm. In Section B (The Ecology and
Conservation of Biological Diversity), we em-
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The biosphere both regulates and responds to the
climate system through physical and chemical feed-
back mechanisms. An important challenge for ecol-
ogists 15 to understand processes that link species
and ecosysterns with climate and to predict ecolog-
ical responses under climates that do not presently
exist,

Ecological processes control the release and up-
take of many greenhouse gases. Biological systems
also exert control over hydrology and surface-energy
balances, which are critical determinants of global
climate. Albedo, evapotranspiration, soil moisture,
and surface roughness are affected by the charac-
teristics of terrestrial and marine biota. For exam-
ple, certain groups of marine phytoplankton gen-
erate sulfate aerosols that act as cloud condensation
nuclel. These may increase the extent of high-albedo
cloud cover, altering the global radiation balance.
Consequently, the composition of phytoplankton
assemblages and the physical factors {e.g., upwell-
ing) and biotic factors (e.g., competition or herbiv-
ory) that regulate the abundance and distribution
of phytoplankton may play an as yet undetermined
role in the global climatic system (Keller et al. 1989).
Likewise, changes in vegetation canopy character-
istics and evapotranspiration may influence region-
al and even glebal climate (Shukla et al. 1990), Thus,
ecological studies that explicitly link biological and
climatic processes will be useful in reducing the un-
certainty in global climate models and in predicting
the climatic consequences of human activities that
alter ecological systems.

Ecological responses 1o climate change are com-
plex. An important contribution of the palececo-
logical approach has been to document the rela-
tionship between climate change and biological
communitics of the past. Temperatures predicted
for the next century {Jacger 1988) are higher than
any experienced by the Earth’s bicta during the last
several million years, and the projected rates of
change may be more than an order of magnitude
faster than any global change in the past 2 million
years. Major impacts will result from alterations in
precipitation and disturbance regimes and in tem-

Box 1. Ecolegical Causes and Consequences of Global Climate Change

perature exirernes, as well as from changes in mean
temperature (Dobson et al. 1989). Geographic shifis
in climatic regime may occur faster than some spe-
cies can disperse to new locations with suitable con-
ditions (Davis 1986, 1989, Graham 1986). Quater-
nary pollen records show that the compositions of
plant communities have continuously changed in
response to long-term climatic variations. Changes
in animal ranges have occurred for many but not
all species, leading to the formation of new species
assemblages (Graham 1986). Recent research in
population and community ecology suggests that
changes in community composition are likely to
result not only from direct abiotic limits to species’
dispersal, establishment, or persistence, but also from
alterations in complex interactions between species
and their mutualists, competitlors, predators, or
pathogens. Prediction of the consequences of cli-
mate change will be improved by integrating studies
of the current and past distributions of species with
mechanistic studies of abiotic and biotic interac-
tions.

Another likely long-term consequence of global
climate change is modification of the genetic com-
position of populations and species. It is difficult to
predict the effect of evolved resistance to particular
stressors on overall stress-resistance of organisms.
Many organisms that can rapidly evolve resistance
to environmental toxins (Bishop and Cook 1982)
are also likely to evolve rapidly in response to
changes in c¢limate and concentrations of green-
house gases {Holt 1890). Selection for tolerance to
heat or desiccation can quickly lead 1o the evolution
of general stress-tolerant genotypes that are resistant
to a variety of environmental stressors and that may
have altered life history traits (Huey and Kingsolver
1989, Parsons 1989), In contrast, tolerance of cer-
tain stresses may increase the sensitivity of organ-
15ms to other stresses {Weis and Weis 1989). Eco-
logical studies that predict how climate change might
alter population size and migration would contrib-
ute to understanding the consequences of global
change for genetic variability, genetic drift, and hence
evelution, within populations and species.

phasize the processes that affect biological di-
versity at several scales. Finally, we address local-
and regional-scale issues of sustainability in
Section C (Strategies for Sustainable Ecological
Systems), where we focus on environmental as-
sessment, restoration, and management, includ-
ing the interface between ecological processes and

human populations. In each section, we define
the scope of the issues and the significance of
ecological knowledge for addressing the prob-
lems, In the boxes, we highlight immediate re-
search needs that also suggest the key research
topics discussed in Section IV {Resecarch Prion-
ties for a Sustainable Biosphere).
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A. ECOLOGICAL ASPECTS OF
GLoBAL CHANGE

Human activities are currently leading 1o un-
precedented changes in the Earth’s atmospheric,
terrestrial, freshwater, and marine environments.
Land-clearing, agriculture, fossil fuel consump-
tion, and industrialization add a variety of trace

Ecology, Vol. 72, No. 2

toxic substances, wastes, and pollutants 1o lakes,
rivers, and oceans, thus altering the productivity
and biological diversity of freshwater and marine
ecosystems. Although global change is often
equated with greenhouse warming, it is clear that
an ecological definition of global change also must
include large-scale alterations in patterns of land
and water use and anthropogenic changes in en-

Box 2, Direct Ecological Causes and Consequences of
Changes in Atmospheric, Soil, Freshwater, and
Marine Chemistry

The Earth’s biota is both a source and a sink for many trace materials
that have potenual direct effects on ecological systems. Increasing
concentrations of CO, can directly influence terrestrial, freshwater,
and marine systems. Effects of acid deposition on lake and river sys-
tems have been well-documented. Potential effects of nutrient load-
ings, pesticides, and industrial wastes on ecological processes in soils
and estuaries have become an important research issue in recent years.,
Such effects are destined to become more important as human pop-
ulations grow.

Studies are needed on the ecological factors controlling material
fluxes on land and in freshwater and marine systems, as well as on
the feedbacks and consequences of such changes to the functioning of
ecological systems. For example, 10 address questions of the local
impact of ozone generated by urban activities in temperate regions
and by biomass burning in tropical areas (Andreae et al., in press),
ecological studies are needed that link the effects of elevated ozone
levels at physiological, population, community, and ecosystem scales.
To predict the effect of high ozone levels on plant distributions, for
instance, an interdisciplinary approach could link physiological stud-
ies on the relative sensitivities of plant species to ozone with ecological
studies on how differential tolerance alters competitive relationships
and susceptibility to herbivores or pathogens.

To address larger scale impacts of regional air, soil, and water pol-
lution on ecological systems, multidisciplinary studies are needed of
the effects of human activities on microbial processes, whole-¢cosys-
tem biogeochemical cycling, and emission of CO, and trace gases to
the atmosphere. Ecologists must address a variety of questions in
collaboration with scientists from other disciplines to understand the
fundamental processes controlling fluxes of materials and their effects
on terrestrial, freshwater, and marine systems.

vironmental chemistry, in
addition to climate change.

Changes in the Earth's
ecosystems are both a cause
and a consequence of al-
tered global environmental
conditions. To understand
the complex feedbacks that
link biota with air and wa-
ter, ecological research is
needed on the role of biotic
and abiotic factors in con-
trolling population dynam-
ics, community structure,
and biogeochemical cycles.
The anthropogenic causes
of global change in the hy-
drosphere, atmosphere, and
climate lie in processes oc-
curring at regional scales
(e.g., water-diversions,
burning of fossil fuels, de-
forestation, release of chlo-
rofluorocarbons or other
pollutants). However, the
ecological consequences of
global change may be felt
first at the individual, pop-
ulation, and community
levels. For example,
changes may occur in in-
dividual organisms (e.g., in
altered photosynthetic
rates, changed behavior, al-
tered microbial activity)

gases and pollutants to the atmosphere. The po-
tential consequences of altered atmospheric com-
position range from climatic warming and de-
pletion of stratospheric ozone to enhanced
biological productivity through CO,- and nitro-
gen-enrichment, with subsequent alterations in
population, community, ecosystem, and land-
scape processes. Human activities also divert and
deplete surface and groundwater supplies and add

and in community structure, due to altered dis-
turbance regimes and species interactions.
Changes in both individual function and com-
munity structure may ultimately be expressed as
changes in ecosystem function, Thus, biotic and
abiotic interactions must be understood across
different levels of biclogical organization and
across different spatial and temporal scales.
Three interrelated, immediate needs exist for
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fundamental ecological research concerning glob-
al change:

® the ecological causes and consequences of
global climate change (Box 1)

# the ecological causes and consequences of
changes in atmospheric, soil, freshwater, and
marine chemistry (Box 2)

#® the impact of land- and water-use change on
global and regional processes {(Box 3).

Significance of ecological knowledge to
understanding global change

Land-use change and other human activities
have caused massive changes in the biosphere.
Deforestation, soil depletion, contamination of
air and water resources, and depletion of biolog-
ical diversity have resulted in dramatic global
change over the last century. The threat of climate
change adds a new dimension to existing global
problems resulting from human activities. The
consequences of human activities direcily and in-
directly affect and are affected by ecological com-
plexity —the diversity of species and habitats, the
patterns of ecological assemblages on the land-
scape, and differences in the productivity and
storage capabilities of ecosystems. Better ecolog-
ical information will improve predictions of glob-
al changes that might result from continued al-
terations in land and water use and industrial
activity. [t will also better enable ecologists to
predict the long-term consequences of global
change for the Earth’s resources and populations,
providing a basis for better management choices.

Research on the ecological aspects of global
change will contribute to basic ecological under-
standing of processes regulating the Earth’s biota.
Two fundamental ecological questions lie at the
center of this research: What regulates the large-
scale dynamics of plant and animal populations?
What regulates the fluxes of energy and materials
(including nutrients and pollutants) within and
between ecosystems? Answering these questions
requires ecological studies of fundamental inter-
actions among systems at different levels of bi-
ological complexity, New ecological understand-
ing of these interactions will be significantly
advanced by more collaborations between ecol-
ogists and scientists in other disciplines, includ-
ing atmospheric science, soil science, oceanog-
raphy, and environmental toxicology. Answering
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fundamental ecological questions and exiending
the scope of ecological knowledge will better en-
able ecologists to assist decision-makers in de-
vising policies to anticipate, ameliorate, or re-
spond to global change.

Advances in ecological science can contribute
1o societal decision-making by improving pre-
dictions of the global consequences of human ac-
tivities that alter ecological systems. Ecological
studies can elucidate biological processes that
regulate ecosystem or climatic processes. The ef-
fects of biola on albedo or trace-gas emissions,
for example, are nol currenily well understood.
Accordingly, the predictive ability of global cli-
mate models would be improved by incorpora-
tion of more realistic ecological feedback mech-
anisms (Schneider 1988).

Ecological advances will also contribute to im-
proved prediction of the responses of the bio-
sphere to the novel conditions expected as a result
of global change. Improved understanding of how
specific environmental changes affect species and
alter species’ interactions will better enable ecol-
ogists to predict how the distribution of species
and communities and the magnitude of produc-
tivity will change as a result of natural or human-
caused global change.

Theoretical and empirical studies are needed
to understand the links among ecological re-
sponses at various levels of biological organiza-
tion. For instance, information gained from phys-
iological studies must be used to couple local and
meso-scale models with large-scale climate mod-
els, Large-scale and longer term experiments, re-
mote-sensing techniques, and large-scale data sets
offer new opportunities for ecologists to synthe-
size their work at regional and global scales and
to cooperate among disciplines.

Most of the needs for research on global change
identified in the SBI have been considered in the
planning documents of the International Geo-
sphere-Biosphere Program (I[GBP} (National Re-
search Council 1988), the U.S. Global Change
Research Program (USGCRP) (Earth System Sci-
ences Committee 1988, Committee on Earth Sci-
ences 1990), the Global Ocean Ecosystemn Dry-
namics Research Program (GLOBEC) (1988), the
Long-Term Ecological Research Network Office
(LTER){15%0), and the Joint Oceanographic In-
stitutions (1990). Some of these issues have also
become focal points for research in the IGBP core
projects {e.g., tropical land-use change and at-
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mosphere-biosphere interactions; International
Glebal Atmospheric Chemistry Program {IGAC],
Glabally 1989). Each of these research plans
makes clear the need for strong participation by
ecologists in studying the local, regional, and
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for increased participation by ecologists in plan-
ning and research in on-going programs, especial-
ly emphasizing the importance of ecological com-
plexity in global processes and linking studies of
global change with efforts to understand biolog-

Box 3. Ecological Consequences of Land- and
Water-Use Changes

Over the past century, changes in land and water use have converted
natural systems to a variety of managed systems (e.g., agriculture,
grazing, urban and industrial uses, or intensive forestry), changing the
Earth’s atmospheric chemistry and altering the fluxes of materials into
freshwater and marine systems. Throughout the world, major diver-
sions of freshwater for agriculture, hydroelectric power, and residential
use have severely altered flow regimes and chemistry in major rivers
and have destroyed fisheries. The effects of some land- and water-use
changes can be detected regionally and giobally, and they can alter
population, community, and ecosysiem processes at substantial dis-
tances [rom the initial change.

Examples of land-use effects on emissions of greenhouse gases are
plentiful. Deforestation in the tropics alone has been estirnated to
contribute a net CO, flux to the atmosphere of around 1-2.5 Pg/yr
(Detweiller and Hall 1988, Houghton 1990) and may also be a sig-
nificant cause of the increasing concentration of atmospheric NO,
{Luizao et al. 1989). The use of fertilizers has led to increased fluxes
of nitrogen trace gases In ternperate ecosystems and may have an even
greater impact in the tropics. Growing populations of livestock (Cice-
rone and Oremland 1988) and increasing rice paddy extent and pro-
duction may represent substantial sources of the global increase in
CH.. At the same time, water diversions, removal of native vegetation,
and conversion to human land uses have increased sediment and
nutrient fluxes to surface waters, altering the hydrologic regimes and
chemistry of lakes, rivers, estuaries, and near-shore marine systems
in much of the world. Consequently, there is an urgent need to un-
derstand how the land-water—-atmosphere system responds to land-
use change.

Multidisciplinary studies at a variety of spatial and temporal scales
will be necessary to address the effects of land-conversion and water-
diversion on (1) microbial processes in the soil, sediments, and water
column; (2} physical characteristics of soils and sediments; and (3)
the roles of physiological and ecological processes in the exchange of
materials within and among the atmosphere, soils, and water (see Box
2). Such studies will be needed to evaluate the biotic and abiotic
consequences of alternative land uses, including the relatively new
sustainable approaches and the ever-increasing use of [ertilizers.

ical diversity and the sus-
tainability of local and re-
gional ecological systems.

B. THE ECOLOGY AND
CONSERVATION OF
BioLoGical DIVERSITY

The diversity of life on
Earth constitutes a unique
resource for future genera-
tions, The 1.4 million spe-
cies of organisms identified
and catalogued to date are
only a small fraction of the
5 to 50 million species
thought to exist. Human
activities have profound
consequences for biclogical
diversity at many levels.
Habitat destruction is the
chief cause of the global ex-
tinction rate estimated to
be approximately 17 500
species per vear, or almost
0.1% of the extant species
per year (Wilson 1990}, Re-
gionally, species introduc-
tions and altered distur-
bances rates may favor
increased local diversity,
but habitat loss or modifi-
cation, outbreaks of intro-
duced or native species, and
management of exploitable
systems tend to decrease
species richness and het-
crogeneity.

Because only a small
fraction of the earth is pro-
tected in parks and re-
serves, and the human pop-

global implications of the changing Earth. How-
ever, the relative research effort devoted to eco-
logical and biological questions has been drasti-
cally underrepresented in many global change
research programs.

Building on these earlier efforts, the SBI calls

ulation is growing, the accelerated extinction of
species and destruction of habitats will continue.
Current efforts to conserve biological diversity
have focused on diversity at the species level and
on prevention of extinction. However, an eco-
logical definiion of diversity also must include
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both the genetic diversity necessary to maintain
each species, and the diversity of communities
and ecosystems that support them. The goal of
preserving diversity at all levels—genes, species,
and ecosystems—requires a better understanding
of how ecological processes operating on different
spatial and temporal scales interact. To resolve
the most pressing issues concerning biological di-
versity, ecologists must

® describe the global distributions of species
and their associations and determine the fac-
tors that affect rates at which diversity
changes (Box 4)

® accelerate research on the biology of rare and
declining species (Box 5)

® determine the effects of global and regional
change on biological diversity (Box 6).

Animal and plant populations continually face
changes in climate, environmental chemistry,
water- and land-use patterns, and fragmentation
of habitats. Destruction of habitat leads directly
to reductions in the size of breeding populations
and loss of lacal genetic variability, both of which
increase the likelhood of local extinction. How-
ever, these effects may be mitigated if landscape
configurations permit the local loss of species or
genetic diversity to be offset by immigration from
nearby areas. Additionally, water diversion and
increased pollution and sedimentation in streams,
lakes, and estuaries often leads to degradation of
valuable aguatic habitat and the consequent loss
of biological diversity. Changes in land-use pat-
terns also cause the natural and semi-natural hab-
itats that harbor most biological diversity to be
contiguous with intensely managed agricultural
and industrialized urban areas. Although natural
areas function as buffers around such managed
ecosystems (Goselink et al. 1974), the proximity
of natural and managed areas also means that
natural populations are necessarily aflecied by
agricultural, industrial, and other urban waste and
by demand for resources (e.g., water). Thus, glob-
al and regional patterns of human activities need
1o be linked with descriptions of the abundance
and distribution of species and communities and
with intensive studies of the ecological processes
that regulate diversily.

Synthesis of results from many subdisciplines
of ecology will be needed to describe global and
regional patterns of biological diversity, to de-
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termine the processes that maintain diversity, and
to contribute to the conservation of biological
diversity at all levels. Ecology has been charac-
terized by numerous approaches and several dis-
tinct subdisciplines, such as physiological, evo-
luticnary, community, ecosystems, or landscape
ecology. Such variety is healthy and necessary for
understanding the processes operating at different
spatial and temporal scales that account for pat-
terns of biological diversity, However, particu-
larly challenging collaborative tasks lie ahead; for
example, (1) fine-scale individual-based models
(i.e., those that emphasize aspects of physiology,
behavior, development, and penetics) must be
integrated into more coarse-scale ecological mod-
els (i.e., those that emphasize population and
meta-population structure, species assemblages,
community structure, and ecosystem function),
and (2) physical aspects of the environment must
be incorporated into traditional biologically based
studies of populations and species interactions.

Significance of ecology to the
conservarion of bivlogical diversity

The challenges posed by global change, habitat
loss and fragmentation, and species extinctions
have the potential to stimulate significant ad-
vances in fundamental understanding of ecolog-
ical processes. For instance, the primary focus of
population and community ecology has been to
elucidate the manner in which biotic and physical
factors interact 1o account for the distribution and
abundance of species. The threat of global change
(see Section II1 A, Ecological Aspects of Global
Change) now demands that ecologists extend the-
oretical and empirical studies in order to predict
how populations and species will respond 1o the
anticipated large-scale changes in climate and en-
vironmental chemistry. Changes in land and wa-
ter use and fragmentation of habitat give impetus
to studies on the interaction between landscape
configuration {including aspects of the size, shape,
isolation, and persistence of patches) and patterns
of genetic and species diversity. The need to halt
the extinction and decline of species directs at-
tention to questions regarding the genetics of small
population size; movement, colonization, and in-
vasion dynamics; and the persistence of small
populations when interacting with multiple com-
petitors and predators or when establishing new
mutualistic relationships. The search for solu-
tions to such problems will stimulate the devel-
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opment of every facet of fundamental ecological
science.

Ecologists are increasingly asked to justify the
benefits of biological diversity compared to the
human benefits thalt might be derived from eco-
nomic development. Ecologists will be chal-
lenged over the coming decades to evaluate the
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serving diversity against the long- and short-term
costs of its loss. Thus, there is also an urgent need
(1) to forge new theory that explicitly incorporates
economic as well as ecological principles, and (2)
to conduct research on the economics of exploi-
tation and conservation.

Box 4. Biological Inventory

An ambitious program of biological inventory is needed not only
to catalog and map the world’s major distributions of species and
species associations, but also to link the pattern of distribution of
species and habitats with natural and anthropogenic processes that
affect biclogical diversity (Soulé and Kohm 1989). This effort will
require coordination among ecologists, systematists, and natural-re-
source biologists working across very different spatial and temporal
scales— from ecosystem ecologists using remote sensing and broad-
based landscape analysis to population biologists working on locally
endemic, rare forms and genetic varieties. Such investigations will
require the establishment of new and perhaps more finely tuned hab-
itat-classification schemes based on multiple aspects of individual
species, complex associations of species, and interactions between
biotic and abiotic factors. Particular attention must be paid to asso-
ciations between ecotones and patterns of global and regional biolog-
ical diversity. An inventory of the world’s biological diversity should
also incorporate the work of systematists and population geneticists
detailing phylogenetic relationships and that of paleoecologists de-
scribing the past distribution of species and communities and their
responses to environmental change.

Analysis of speciation patterns oflers clues to ecological processes
that account for changes in biclogical diversity across broad geograph-
ic arcas. For example, world-wide distributions often show “centers
of endemism,” local regicns that are particularly rich in endemic
species. Approximately 15% of the species in Costa Rica are endemic
compared with only 1% in West Germany (Reid and Miller 1989).
Remote oceanic islands, such as the Hawaiian and Ascension Islands,
show unique constellations of endemic flora and fauna. Patterns of
endemism are important 1o study because endemic species are ofien
rare and subject to higher probabilities of extinction. Accounts of the
binlogical processes that lead Lo the formation of new species will help
in establishing conservation and management programs for rare spe-
cles,

Advances in ecological research can contribute

10 the conservation of bi-
ological diversity. Studies
of rare and declining spe-
cies have immediate appli-
cation in the design of nat-
ural areas and the
development of manage-
ment plans for their pres-
ervation. Although there is
an obvicus need to set aside
and manage relatively un-
disturbed areas as pre-
serves, the conservation of
the vast majority of species
must take place within the
*“semi-natural matrix” of
forests, grazing lands, riv-
ers, and estuaries (Brown
1988). Thus, ecological
studies of the effect of land-
use change and landscape
fragmentation on biologi-
cal diversity will play an in-
creasingly important role in
(1) designing urban and ag-
ricultural landscapes that
include natural and semi-
natural areas, and (2) de-
veloping management
practices that conserve bi-
ological diversity and meet
the complex needs of a
modern society.

Needs for research on bi-
ological diversity have been
considered in Congression-
al and agency initiatives

functional significance of genetic diversity, spe-
cies diversity, and ecosystem diversity. The abil-
ity of ecologists to influence the debate on bio-
logical diversity will depend greatly on advances
in understanding the functioning of natural sys-
tems and the significance of individual species in
ecosystem processes. Because human resources
are limited, society will weigh the costs of con-

and in various national and international plan-
ning documents (e.g.. National Research Council
19895, National Science Board 1989, Reid and
Miller 1989, Soulé and Kohm 1989, di Castri and
Younes 1990, Elswerth 1990, and McNeely et al,
19903, Building on these earlier efforts, the SBI
calls for new research programs that focus on (1)
the role of biological diversity in controlling eco-
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Box 5. The Biology of Rare and Declining Species

A major focus of conservation biology is the eco-
logical and evolutionary study of rare and declining
species,

Rare species. The study of rare species may yield
different insights into ecological processes than would
studies of more common species. Ecological studies
have focused primarily on very common species,
but most species are relatively rare. Geographically
widespread species may be very uncommon locally.
Alternatively, some species may be endemic to a
very restricted locale, but may be quite abundant
there. The Hawaiian silver sword, Argyroxyphium
macrocephafus, for instance, is a plant that occurs
only in the crater of Haleakala volcano, but is rep-
resented there by over 47,000 individuals {(Rabino-
witz et al. 1986).

Although rare or endemic species are in greater
danger of extinction than are widespread, common
species, many rare species show prolonged periods
of stablc persistence, Furthermore, many of today's
common species were rare during the past. The abil-
ity of species to persist when rare depends on the
interaction between species’ life history traits and
environmental conditions. The life history phenom-
ena that underlie rare species’ population growth
and, consequently, the likelihood of long-term per-
sistence are thought to be quite different from those
of common species. Siudies are needed to under-
stand how life history patterns and other traits as-
sociated with different forms of rarity interact with
environmental factors.

Declining species. The decline of widespread, com-
mon species potentially reflects large-scale or long-
term environmental changes and is likely to have a
large impact on the communities in which they oc-
cur. The decline of amphibian species has been as-
sociated with local habitat destruction, the intro-
duction of predators, and consumption by humans.
However, population declines have also occurred
in the absence of these factors, suggesting that other
factors such as pesticide pollution, acid rain, low-
level increases in ultraviolet exposure, or ¢limate
change may be implicated in some cases (Blaustein
and Wake 1990). Natural fluciuations may also ac-

count for the decline of some species. Because am-
phibians are major consumers of invertebrates and
are eaten by many vertebrates and invertebrates, a
decline of amphibians could have ecological con-
sequences that extend throughout many ecosys-
tems. A global inventory (Box 4) is needed to pro-
vide the long-term data and the comparisons with
other taxa that are required to evaluate the status
of declining species.

Evolutionary responses. Long-term evolutionary re-
sponses in species that are rare or declining depend
upon the underlying genetic structure of constituent
populations. Rare or declining species may often
exist only as small, locally isolated populations that
are subject to increased inbreeding, The determi-
nation of breeding structure, effective population
size, and inter-population movement is essential for
understanding the polential for persistence or re-
covery of such populations.

Strategies for preserving endangered species also
will require information on the genetic and demo-
graphic constraints to adaptation in individual spe-
cies. Evolutionary change depends on the pattern
of variance in important traits and the covariance
among essential traits, as well as on the rate of en-
vironmental change and the population size and age
structure. New developments in the genetic theory
of life history phenomena will be important in un-
derstanding whether populations can adapt to en-
vironmental change,

Colonization. Conservation programs may ulti-
mately rely upon introducing endangered species
into new habitats, necessitating increased research
on the dynamics of colonization and invasion. What
features of a species enable it 1o suceeed as an in-
vader or as a colonist? How does success as an in-
vader depend on the network of interactions with
species already present in the community? What
conditions promote the establishment of early col-
onists? Ecological studies of the processes and fac-
tors that regulate both the number of species in a
community and the dynamics of species replace-
ments will help provide answers to these questions.

L

logical processes, and (2) the complex suite of

C. STRATEGIES FOR SUSTAINABLE

ecological processes that shape patterns of diver-
sity. Such ecological studies would also contrib-
ute to understanding the processes underlying
global change and the principles necessary for
sustainable use of the biosphere.

ECOLOGICAL SYSTEMS

Humans depend on natural and managed eco-
logical systems for food, shelter, clothing, and

clean air and water. As demands for the goods
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and services of the biosphere increase, so does
the need to understand the complex array of in-
teractions between humans and the biosphere.
Ecological approaches to understanding environ-
mental change increasingly will include the roles
of humans both as agents of change and as pop-
ulations responding 1o change.

Virtnally every ecosystem on Earth has been
influenced, to some extent, by the activities of
humans, Effects range from the indirect influenc-
es of globally distributed pollutants on remote,
uninhabited areas to the direct mfuence of ac-
tivities that remove species, alter their distribu-
tions, or restructure entire landscapes. In addi-
tion, large areas of the Earth’s surface are covered
by ecosystems, such as agroecosystems and forest
plantations, that have been designed and main-
tained by humans. Hallmarks of these managed
systems are low species diversity; the infusion of
large quantities of energy and nutrients to main-
tain them; and the extraction of additional en-
ergy, biomass, and nutrients. Many ecosystems

are also used for recreation, for walershed man-
agement, or as reserves to maintain biological
diversity.

As the human population continues to grow,
il will place additional heavy demands on the
earth’s ecosystems. Even if the world’s popula-
1ion equilibrated today, the pressure to increase
the quality of the lives of existing people would
tax the Earth’s resources. To prevent or reverse
the degradation of the resources of the biosphere,
human use of those resources must be made sus-
lainable. Advances in the political, social, and
economic spheres, in agronomy and resource
management, as well as in ecology are needed 1o
work toward the goal of sustaining the biosphere
{(Brown 1989). The current generation of humans
must accept the challenge to develop methods for
deriving needed resources from the environment,
and for making use of it in other ways, without
compromising the ability of future generations to
maintain themselves and 1o sustain their quality
of life.

Ecologists are now being asked to predict the im-
pact of ¢limate change and changing land-use pat-
lerns on biclogical diversity (Soulé and Kohm 1989),
How do changes in environmental chemistry, global
temperature, patterns of precipitation and wind
stress, or oceanic circulation affect population dy-
namics and global species diversity? What are the
implications of increasing fragmentation of once
large and continuous habitats? Ironically, most eco-
logical models of population growth and species in-
teractions focus almost solely on biotic rather than
on physical factors such as temperature, precipita-
tion, atmospheric or aquatic turbulence, or land-
scape configuration.

A renewexd] focus on the role of abiotic forces in
structuring biotic assemblages i1s in order. Although
nutrient concentrations and ratios have been in-
cluded in models of both terrestrial and aquatic plant
communities, these models often do not incorporate
other factors such as solar radiation, temperature,
and soil moisture. However, models of crop and
forest production explicitly consider the influence
of daily temperature and precipitation patterns on
crop growth. These models could be used 1o predict
the impact of climate change on short-term plant
growth by incorporating the temporal patterns of
temperature and precipitation derived from climate
models. One of the great challenges will be to in-

Box 6. Effects of Global and Regional Change on Biological Diversity

legrate similar fine-scale models with community
and ecosystern models (e.g., forest-gap models) to
predict the long-term consequences of climate change
on biological diversity (Huston et al. 1938).

Human activities turn natural landscapes into
mosaics of croplands, forests, and abandoned areas
in different stages of succession. Many animal and
plant species occupy a range of different habitat types
in these complex landscapes and may exhibit dif-
ferent demographic characteristics in different hab-
itat types. Greater attention must be paid to habitat-
specific demography and life history phenomena as
well as local adaptive changes in reproductive bi-
ology. We need 1o better understand the effects of
landscape pattern (i.e., the sizes, shapes, and ar-
rangement of habitat paiches) on population size,
dispersal, and diversity at the local landscape level.
When suitable habitat is fragmented, the interven-
ing habitat may impede dispersal 10 varying degrees.
Therefore, the matrix between habitat patches, as
well as the distance between the patches, may greatly
influence the regional stability of populations, es-
tablishment of new populations, and long-term per-
sistence of mobile species. Such matrix-dependent
processes require ecologists 10 focus more attention
on how the specific geometry of landscapes influ-
ences biological diversity {articles in Burgess and
Sharpe 1981, Turner 1987).
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Box 7. Indicators of Ecological Responses to Stress

Human activities induce stress in ecological sys-
tems by introducing pollutants, by altering land-
forms, and by directly adding or removing organ-
1sms, These activities indirecily affect species
composition and alter interspecific interactions
within the affected communities, ultimately chang-
ing the flux of natural and anthropogenic materials
through the system (Levin et al. 1989). To under-
stand and amelicrate the effects of anthropogenic
stresses on natural systerns, research is needed on
how different stresses affect the behavior and phys-
1ology of individuals, population and community
processes, and ecosystemn function within particular
systems and among systems (Westman 1985}). In
addition, the potential for interactions among mul-
tiple stressors requires further explication (e.g.,
Sheehan et al. 1984). Required research includes
detecting and quantifying patterns in space and time
and explicating underlying mechanisms.

Indicators. A major empirical problem is the defi-
nition and measurement of ecological responses to
various stresses. The lack of sensitive indicators of
environmental stress limits detection of the early
stages of ecological change, and this serously im-
pedes understanding and effective management of
ecological systems (Barrett and Rosenberg 1581). In
some ecosystems, functional measurements of eco-
system processes (such as productivity and nutrient
cycling) are often less sensitive indicators of eco-
system stress than are structural properties such as
species composition {(Schindler 1987). Sometimes
extensive degradation has already occurred by the
time ecosystem-level functions change. Thus, in-
dividual populations or attributes of communities
are likely 10 be better indicators of ecosystem re-
sponse to stress (Karr 1961).

Ideally, indicators would be chosen on the basis
of the speed of their response or their sensitivity to
specific stresses (Cairns 1977, National Research
Council 1986). Because unperturbed populations,
communities, and ecosystems may be quite vanable

through time, 1t is essential 1o know the basehne
variability of the physical environment and of the
selected biclogical indicators in order to determine
whether undesirable change has occurred (Sheehan
et al, 1984), It remains to be secen whether indicators
that optimize the ratio of sensitivity to variability
can be developed.

A great deal of basic research is needed before
indicators of environmental change can be used with
confidence. The development and testing of envi-
ronmental indicators requires (1) long-term studies
to establish baseline variability; (2) field perturba-
ticn experiments of appropriate spatial scale, inten-
sity, and duration to test the sensitivity and speci-
ficity of indicators (Likens 1983, Schindler 1987},
and (3) companisons of systems exposed to stresses
of differcnt types and magnitudes (Stecle et al. 1989,
Cole et al. 1990} Access to long-term research sites
and data bases (Strayer et al. 1986, Likens 1987),
which may be shared by many projects (Kitchell et
al. 1988), offers ecologists opportunities to develop
and test ecological indicators in interdisciplinary
settings.

Test systems. To assess the environmental conse-
quences of particular human activities, test systems
and rules for extrapolating from test systerns 10 nat-
ural or managed systerns must be developed. The
problem of extrapolation is central to the devel-
opment of test systems (Levin et al. 1989), involving
basic principles of scale in ecology. The spatial scale
or organizational complexity of an ecological sys-
temn, and the type, duration, and frequency of an-
thropogenic stresses may affect the response of the
system to a particular stress. Vesification of rules
for extrapolation requires experimental and obser-
vational tests al a number of scales (Frost et al.
1988}, involving collaboration among scientists and
agencies (Mooney et al. 1991). Thus, ecological re-
search is needed at scales commensurate with res-
toration and management of entire natural systems.

To promote a suslainable biosphere, ecological
science must

® determine patterns and indicators of the re-
sponses of ecological systems Lo stress (Box 7)

® provide guidelines and techniques for the
restoration of ecological systems {Box 8)

® develop and apply ecological theory to the
management of ecological systems (Box 9)

¢ furtherdevelop ourecological understanding
of introduced species, pests, and pathogens
(Box 10), and apply ecological theory to the
management of infectious diseases (Box 11)

#® develop interdisciplinary and multi-disci-
plinary approaches that integrate ecology,
economics, and other social sciences (Box
12).
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Although the exact meaning of “sustainability”™
1§ actively debated (Shearman 19900, we use the
term to imply management practices that will not
degrade the exploited systems or any adjacent
systems (Turner 1988). Achievement of sustain-
ability often requires both minimal subsidization
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plies “‘consumption standards that are within the
bounds of ecological possibility and to which all
can aspire” (World Commission on Environment
and Development 1989).

Natural systems provide a point of reference
for defining and detecting environmental degra-

Box 8. Restoring Ecological Systems

Restoration has been called the “acid test for ecology™ (Bradshaw
1987) and the “ultimate 1est for ecological theory™ (Ewel 1987). Nu-
merous attempts have been made, with varying degrees of success, to
restore degraded ecological systems {Holdgate and Woodman 1986,
Ashby 1987, Kline and Howell 1987). Improving the success rate and
cost-effectiveness of restorations requires a better understanding of
such fundamental ecological processes as nutrient cycling, succession,
competition, and predation, and of the interaction of biotic and abiotic
factors.

Effects of abiotic factors on the biota have a long and distinguished
history in ecological research. Many of the problems associated with
restoration involve a poor understanding of how physical factors in
degraded systems limit the establishment and growth of species. Phys-
ical factors may affect recovering populations directly. For example,
attempts to restore mining spoil sites have been retarded because,
following initial preparation, the soil collapses 10 a dense medium
through which roots cannot ¢asily penetrate (Rimmer 1982). Physical
factors may also affect species indirectly through their effects on in-
terspecific interactions. Exposure to stress, for example, may alter the
susceptibility of recovering plant populations to herbivory {Louda
19838).

In addition, population and community processes may have potent
effects on ecosystem processes. Fluctuations in certain populations
may reverberate throughout all trophic levels, causing changes in pro-
ductivity, nutrient cycling, and fluxes of contaminants and pollutants.
It is now apparent that the biogeochemical heterogeneity of continents
has been structured significantly by animal population dynamics (Nai-
man 1988). Ecologists also recognize that animal population dynamics
are coupled at continental and intercontinental scales (Brown and
Maurer 1989, Holling 1983).

Basic research on the couplings between community processes and
ecosystem functions is fundamental to progress on ecosystem resto-
ration. Ecological research can provide a conceptual framework 10
guide ecological restoration projects and increase their effectiveness.
To facilitate the development of such a framework, financial and
institutional support is needed for research on a broad scope of com-
munity and habitat types and on all ecological aspects of restoration,
from population genetics to ecosystem function.

dation (Box 7} and creating
models for environmental
restoration and manage-
ment (Boxes § and 9). In
addition, significant inter-
actions link managed and
natural systems at many
scales. For instance, man-
aged systems are often crit-
ically affected by “wild™
species. They may be pests
or pathogens that reduce
productivity (Box 10}, or
they may play a beneficial
role, serving as sources for
recruitment in restoration
projects, as essential sym-
bionts of harvestable spe-
cies {(e.g., as pollinators or
mycorrhizae), or as agents
of biological control (e.g..
as predators, pathogens, or
competitors of pest spe-
cies). Using knowledge
gained from natural sys-
tems to generalize about
processes in managed sys-
tems depends on ecological
research that explicitly
COompares processes in nat-
ural and managed systems
and that focuses on inter-
actions at their interface.

Significance of ecological
science to the
development of sustainable
ecological systems

Research aimed at de-
veloping ecological strate-

of managed systems so they are relatively self-
sufficient, and restoration of damaged systems
whose goods and services are essential to human
well-being. Because unchecked growth of the hu-
man population and misuse of natural resources
degrades the biosphere, sustainability also im-

gies for a sustainable hiosphere will advance fun-
damental understanding of ecological processes.
As in the past, applied ecological studies in hu-
man-affected systems will continue to make sig-
nificant contributions to understanding basic eco-
logical phenomena (e.g., population dynamics,
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Managed and natural ecosystems form a contin-
uurn from monocultures of row crops to pristine,
unexplored sites. Intermediate degrees of manage-
ment are applied to semi-natural systems such as
fisheries, grazing and forest lands, and national parks.
Managed systems generally have lower genetic and
species diversity than natural systems, with geno-
types or species adapted to relatively constant en-
vironmental regimes. Relatively open nutrient cy-
cles in managed systems often result in significant
impacts on surrounding systems. Managed systems
are usually subjected to frequent, severe, intentional
perturbations (i.e., management) that interfere with
long-term ecological processes.

Because human well-being depends upon ecolog-
ical systems, managed systems must be character-
ized by stability or by resiliency as environmental
change occurs. Lessons from natural systems suggest
that the sustainability of managed systems may be
enhanced by closed nutrient cycles (Coleman and
Hendrix 1988), increased species and genetic di-
versity, and decreased negative influences on sur-
rounding areas (Cox 1984). In a sense, ““designer™
ecosystems must be constructed with natural eco-
systems serving as the model (seec Coleman 1989).

Experiments. The science of ecology has much to
contribute to ¢nsure the sustainbility of ecological
systerns in the face of human exploitation. In ad-
dition, the advance of ecological science will greatly
accelerate if management actions can be structured
as large-scale experiments. Large experimental per-
turbations have a distinguished history of contri-
butions to ecosystem ecology (Likens 1985), and are
essential for rapid evaluation and comparison of
alternative management stratlegies (Walters 1986).
Every major development project or management
intervention is a learning opportunity if adequate

Box 9. Developing and Applying Ecclogical Theoty to
the Management of Ecological Systems

baseline and follow-up data are collected, and a
proper statistical approach is employed. By linking
such large experiments with studies in smaller scale
test systems, non-linear effects, interactions among
factors, and the roles of covariates can be under-
stood. Collaborations among ecologists, statisti-
cians, and managers offer the prospect of developing
powerful new experimental tools for evaluating the
consequences and effectiveness of management op-
tions (Matson and Carpenter 1990).

Modeling. Ecological modeling is undergoing rapid
advances and improvement. A new generation of
models will incorporate the effects of physicochem-
ical factors and community-level interactions to an-
alyze the dynamics of managed populations or eco-
systems. Management experiments offer the
opportunity to develop, test, and improve models
at scales ranging from individual organisms to eco-
systems (Kitchell 1991). Strong manipulations at
the scale of management force “informative fail-
ures” of management models and lead to rapid iden-
tification of the models that perform best in a man-
agement context (Walters 1986).

Today, the discipline of ecology faces the chal-
lenges of enlarging ecological perspectives to include
human values and needs and to identify the major
ways in which managed and natural ecosystemns af-
fect each other’s long-term well-being. If managed
ecosystems are viewed as integrating a local com-
munity with farm, non-farm, and natural resource
(forest, wetland, aguatic) sectors, then research is
needed 1o examine interactions beyond the farm,
forest, or park gate and the impact of social and
economic forces (National Research Council 1990).
A world so altered by human activity offers the
opportunity and the challenge to expand the scope
of the discipline of ecology.

succession, predator-prey systems, and ecosys-
tem processes). Increasingly, the need for extrap-
olation and generalization of ecological principles
at scales similar to those of environmental as-
sessment, restoration, and management will pro-
mote the development of theoretical and empir-
ical approaches that link processes across scales.
In addition, ecologists will be challenged to in-
tegrate human-induced perturbations (with their
characteristic type, frequency, duration, intensi-
ty, and extent} into models of the effects of stress

and disturbance on populations, species inter-
actions, and ecosysiem processes.

Ecological science can provide some of the tools
needed to assess, restore, and manage Earth’s life
support systems. To define and detect enviren-
mental degradation, and to guide the restoration
of ecological systems, studies are needed to link
population- and community-level processes with
ecosystem function. In addition, ecological stud-
ies are necessary to ¢lucidate the role of biota in
mediating the transport, fate, and effects of pol-
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THE SUSTAINABLE BIOSPHERE INITIATIVE
RESEARCH PRIORITIES

¢ Global Change
4 Biological Diversity

¢ Sustainable Ecological Systems

FiG. 5. Rescarch priorities: understanding the role of ecological complexity in giobal processes, the ecological
causes and consequences of biological diversity, and the underlying ecological processes that affect the sustain-

ability of natural and managed ecological systems.

lutants and toxicants in the environment. Eco-
logical approaches to sampling, statistical anal-
ysis, and experimental evaluation of underlying
mechanisms will be useful in improving tests of

the environmental consequences of restoration
and management strategies.

In all of this woark, it will be essential to com-
bine studies of human populations with those

The importance of introduced species, pests, and
pathogens cannot be overlooked, whether we are
restoring ecosystems, creating new ones, or trying
to predict changes in existing systems. Many an-
thropogenically altered ecosystems have been char-
acterized by problems associated with pests. In the
future, as species are introduced or move in re-
sponse 1o environmentak changes, some of today’s
desirable species may become pests in their new
environmental contexts, while some pests may be-
come more pernicious.

Control of agricultural pests can depend on cul-
tural practices (Phillips et al. 1980), the introduction
of biological control agents (Batra 1982), the use of
chemical pesticides, or combinations of these and
other methods. Building on a long history of study
of pest-control techniques, ecological research is
needed te improve understanding of the biological
basis of control. For example, research is needed to
resolve controversies over the nature of predator—
prey population dynamics (Hassell et al. 1989) in
successful and unsuccessful biclogical control {e.g.,
Murdoch et al. 1985, 1989); the number of species
of natural enemies and biological attributes of such
species to be used in biological control programs
(e.g., Crawley 1987, Myers 1987, Myers et al. 1989);
and the source area for introduced natural enemies
and the degree of their prior evolutionary exposure
10 the pest (Hokkanen and Pimentel 1989, Pimentel
and Hokkanen 1989). Additionally, the degree of
synergistic or antagonistic interactions ol pests (Al-

Box 10, Introduced Species, Pests, and Pathogens

len and Bath 1980, Haynes ¢t al. 1980) under chang-
ing sceparios (Pimentel 1977) requires further ex-
plication.

Introduced species and genetically altered organ-
isms are potential “pests” that deserve ecological
consideration. “*Designer’” ecosystems may include
introduced or altered species (Whalen 1986, Gasser
and Fraley 1989). Will any of these forms “escape”
and become pests (Elistrand and Hoffman 1990)?
What is their potential if introduced into relatively
unmanaged systems (Doebley 1990)? Critical eco-
logical experiments are needed to test specific hy-
potheses posed by these questions {e.g., Regal 1987,
Regaletal, 1989, Tiedje et al. 1989, Hoffman 1990).

The spread of infectious diseases is an ecological
phenomenon—essentially a host—parasite interac-
tion. This point is often ignored in epidemiological
studies, aithough the earliest epidemiological mod-
els{e.g., those for malaria) were explicitly ecological.
More recently, viral and other diseases have been
examined within the same framewaork that has been
used for epizootics (Anderson and May 1979, May
and Anderson 1979), Melding techniques from ep-
idermiology and ecology, this approach considers
disease-induced mortality and variable population
size, non-homogeneous mixing, and other ecologi-
cal factors. Evolutionary considerations, such as the
evolution of reduced or increased virulence, also
provide a wealth of research questions and may
suggest possible ecological approaches to disease
management.
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that examine changing patterns of resource use,
air and water quality, or global and regional cli-
mates. Some of the most important research top-
ics of the coming decade will be at the interface
of the social, economic, and ecological sciences.
These topics include both the effects of humans
on the environment and the consequences of en-
vironmental change for human populations and
human well-being.

The task of assessing, restoring, and managing

THE SUSTAINABLE BIOSPHERE INITIATIVE 397

grams devoted to enhancing the sustainability of
the biosphere,

IV. RESEARCH FOR A
SUSTAINABLE BIOSPHERE:
PRIORITIES AND KEY TOPICS

After considering intellectual frontiers in ecol-
ogy and the ecological knowledge required to help
solve urgent environmental problems (Fig. 3), we

sustainable ecological sys-
terns can only be addressed
by a comprehensive, orga-
nized research effort. Cur-
rent efforts 10 assess and re-
store specific ecosystems
(e.g.. wetlands, mining sites)
or to manage sustainable
systems (e.g., agricultural,
forest, or fisheries re-
sources) represent initial,
necessary steps toward the
goal of sustaining the bio-
sphere. However, these ef-
forts are not presently unit-
ed in a comprehensive
research framework. Such a
framework is needed be-
cause ecological processes
link natural and managed
populations to ecosystemns
and because common €co-
logical principles underlie
effective management
strategies. A comprehen-
sive approach is alsc need-
ed to link studies of sus-
tainable management
practices 1o issues of global
change and biological di-
versity.

The foundations of a
more comprehensive ap-
proach to research on sus-
tainable ecological systems

Box 11. The Ecology of Disease Spread

Recent efforts to refine ecologically based models of disease trans-
mission are yielding new insights that will improve efforts 1o control
human disease (Anderson 1989}, These models, and related empirical
studies, have identified several factors that have complex conse-
quences for the transmission of disease in human populations (Hassell
and May 1989).

The frequency and nature of contact between infected and suscep-
tible individuals largely determines the spread of disease. Rural-urban
migration, for instance, affects the probability of contact by changing
both the movement patterns of individuals and population densities.
Patterns of behavior may also influence the rate of spread of certain
diseases (€.g., the number of partners in sexually transmitted disease).
Interdisciplinary studies linking ¢cology, human demography, and
social sciences can contribute to a better understanding of the role of
migration and behavior in disease transmission.

Disease transmission often invelves multiple hosts with complex
life history patterns, as in schistosomiasis. Ecological life history anal-
ysis coupled with modern techniques for sensitivity analysis can iden-
ufy sensitive links in the transmission cycle, resulting in better pro-
grams for eradication and control.

Disease iransmission may also be regulated by intrinsic and extrin-
sic factors affecting the susceptibility of individuals. Susceptibility to
infectious disease may vary with age, gender, race, genotype, or other
intrinsic traits of individuals. Furthermore, extrinsic factors, such as
malnutrition, exposure to toxic chemicals, or migration-induced stress
may alter susceptibility to disease. By taking such ecological factors
into account, the reliability of epidemiological models as tools for the
management of public health will continue to improve {Anderson
1989). Additionally, the ecological perspective-~with its emphasis on
population and evelutionary processes—increasingly will be integrat-
ed into immunological, human genetic, and environmental health
perspectives on the spread of human disease.

have been laid by scientists working in the fields
of conservation biology (e.g., Soulé and Kohm
1989, Raven 1990) and sustainable resource use
(National Research Council 19894, 1990). The
SBI proposes the formulation of an integrated
research framework to coordinate existing re-
search efforts and to initiate new research pro-

have identified three research priorities (Fig. 5)—
global change, biological diversity, and the sus-
tainability of ecological systems. These three pri-
ority areas are developed in Section IIl, where
we define their scope, discuss their significance,
and identify research needs. In the present sec-
tion, we introduce key research topics that ad-
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dress the three priority areas and show the links
among them. Research in each of these areas has
the potential to advance the discipline of ecology
and 1o produce essential information for solving
environmental problems.

The three priority areas are interrelated. Be-
cause elements of the biosphere are naturally
linked by ecological processes, a given human
activity may have implications for all three areas.

THE SUSTAINABLE BIOSPHERE INITIATIVE
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For example, deforestation may alter regional cli-
mates by affecting the hvydrological cycle, may
reduce local species diversity by removing hab-
itats and inhibiting dispersal, and may threaten
the sustainability of fisheries by increasing sedi-
menlation in streams within the watershed,
Moreover, the three priorities pose common
challenges to the discipline of ecology. For ex-
ample, implementation of each of these priorities

No discussion of the Earth’s environmental prob-
lem is complete without explicit consideration of
the growth and shifting demographic patterns of the
human population, As the world's population con-
tinues to expand, and as developing nations move
toward standards of living that imitate those of the
mere developed nations, the effects of human pop-
ulation growth on the Earth’s resources will accel-
erate. It is essential to consider the impact of in-
creased economic demands for renewable and
nonrenewable resources on ecological systems, and
to recognize that humans are essential elements of
the ecosystem we study.

The issuves associated with population growth are
broad, involving such factors as changes in per cap-
itaincome and resource distribution; increasing pol-
lution and environmental degradation; problems of
health and poverty: the effects of urban, industrial,
and agriculiural expansion; and especially the in-
tegration of ecological and socioeconomic consid-
erations. Even those factors that are primarily eco-
nomic will have substantial environmental effects,

The human population now numbers 5.2 billion,
and is increasing at the rate of approximately 1.8%/
vr. The average growth rate, however, masks dis-
parities among populations of different regions and
different nations. The change in demography from
a situation of high birth rates and high death rates
to one of low turnover, termed “demographic tran-
sition,” has occurred in most of the developed world
but has not occurred in most of the developing world.
In much of the developing world, death rates greatly
declined after World War II; however, birth rates
in many cases increased and have only recently be-
gun 1o decline. The ecological implications of de-
mographic transition in a large number of devel-
oping nations have not been explored fully.

Today, many developed countries have replace-
ment 101al fertility rates (TFR) of about 2.1, cor-
responding to the average number of surviving chil-
dren a woman will have in her lifetime. Such a

Box 12, Ecological Processes and Human Populations

replacement pattern generates a stable population
size. However, many developing countries have
TFR’s of 4 or more, implying rapid population
growth, Efforts to reduce birth rates will require
more information and expertise on interactions
among human populations and resources. The so-
cial and economic constraints that prevent the ap-
propriate and cffective use of resources must also
be understood,

The effects of human population growth on hu-
man health and welfare cannot be treated indepen-
dently from issues of resource distribution and
availability. Often increasing levels of poverty and
disease in specific geographic locations can be at-
tributed more to shifting patterns of agricultural
production than to strict increases in population
size. For example, in some regions of Central Amer-
ica shifts from domestic to export crop production
contribute more o poverty and malnutrition than
does increasing population growth {Durham 1979).
An ecological analysis of human demographic pat-
terns must incorporate the long-term effects of shift-
ing pauterns of resource availability and distribution
along with the socioceconomic implications of these
changing patterns.

There is a real need to bring ecological techniques,
especially methods from population biology, to bear
on the problems of human population growth. Such
studies would require detailed investigations of hu-
man demographic structure, variation in growth
patterns across different regions, implications of mi-
grational patterns, and shifting age structure. These
investigations must be related to studies on chang-
ing patterns of energy use, resource production and
distribution, disease spread, and urban-industrial
expansion. To fully understand how human popu-
lations affect and are affected by ecological pro-
cesses, the complex interfaces between ecology and
social and economic sciences and policy analyses
must be developed to a much greater extent.
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Tasie 1. Key research topics that cut across the three prionty areas.*

Key Research Topics

Examples of Research Questions
1.

Determine the ecological causes and consequences of global climate change by quantifying and modeling

the links between hospheric and global change.

® What are the differences among biomes and among species within biomesin regulating interactions between
the bosphere and the abiotic realm (i.e., the atmosphere, hvdrosphere, and lithosphere)? How does
community composition affect ecosystem function?

# How do canopy- and ecosysiem-scale energy, water, and gas exchange processes interact with the physical
climate system?

# How do the direct and indirect effects of changing physical and chemical environments alter ecological
communities and the population dynamics of component species?

® To what extent are species’ ranges determined by the direct effects of climate or other physical factors,
as opposed to biological interactions?

# How would changes in ramnfall distribution affect food supply? How would this affect human population
dynamics?

® How does climate change affect plant and animal dispersal and colonizing abilities?

® To what degree does the palececological record permit prediction of future ecological and evolutionary
responscs to global change?

2. Determine the ecological causes and consequences ol changes in atmospheric, soil, freshwater, or marine

chemistry, using fundamental models of how ecological systems regulate the chemistry of the biosphere

and models for the ecological consequences of changes in these processes.

® What are the consequences of increasing CO, for biotic intcractions in terrestrial ecosystems?

® What are the relative sensitivities of animal and plant species to regional air pollution?

# Is the ocean an effective buffer for increased atmospheric CQ; inputs and, if so, what are the conseguences
of enhanced oceanic productivity?

#® How do elevated levels of nutrients affect plant-herbivore interactions? How are those changes transmitted
through higher trophic levels?

# How arc community composition and species diversily affected by persistent 1oxic substances?

® How does chronic exposure to pollutants affect human susceptibility to disease? What are the consequences
for rates or patterns of disease transmission?

3. Determing the ecological consequences of land- and water-use change through a functional understanding

of how land conversion and water diversion affect ecological processes.

® How do individuals, pepulations, and ecosystems respond to the scale, frequency, pattern, and type of
disturbance?

® How do the alierations in species composition that accompany land-use changes affect nitrogen and carbon
trace gas emissions to the atmosphere?

& How do land-use changes and water diversions affect river-basin and other water-body processes and
terresinal-aquatic interactions?

# What are the relationships between land-use patterns and various measures of water quality?

® What is the effect of landscape fragmentation on local and regional patterns of diversity?

& How do land-usc change and land convcersion affcet biogeochemical processes and trace-gas emissions?

# How does land-use change affect human population structure?

® What roles do wetlands of various types play in the production of wildlife and fisheries?

4. Determine the evolutionary consequences of anthropogenic and other environmental changes.

#® Under what conditions should new genotypes evolve in response to environmental changes, including
climate changes and new sets of species interactions?

® How does the relative likelihood of evolutionary response vs. extinction change with the rate of climate
change?

® How are demographic parameters of species and interspecific interactions affected by evolutionary changes
in physiological tolerance?

® What are the evolutionary consequences of stage- or age-specific toxicity effects?
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® What are the ecological and evolutionary consequences of long-term, intense exploitation of natural
populations?

5. Inventory the patterns of genetic, species, habitat, and ecosystem diversity. Determine the rates of change
of biological diversity and the subsequent effects on community structure and ecosystem processes. Ac-
celerate research on factors determining diversity at all levels.
® What are the distributions in the world of species and community types?
® What are the rates of loss of biological diversity across different habitats and taxonomic groups?
® What are the key species whose presence or absence can critically alter the composition of local com-

munities?
® What processes account for the patterns i biological diversity across broad geographic ranges? Do
speciation patterns serve as clues to those processes?

® How are life history traits, reproductive success, evolution, and genetics coupled through reciprocal
constraints?

6. Accelerate research on the biology of rare and declining specics and develop the scientific information

necessary to sustain populations of potentially valuable rare and declining species.

® What are the evolutionary responses of rare species to environmental change and to long-term conservation
strategies?

® What factors control the dynamics of colonization and invasion by recovering populations?

# How do 1he reproductive biology and behavior of individuals of rare species respond to stress?

» How does genetic structure affect the long-term evolutionary responses of populations that are becoming
rarc?

® What role do ccological processes play in the social, political, and econoemic trade-offs of different con-
servation or management strategies?

® What common features distinguish species that have persisted over long pericds in the past?

7. Detcrmine patterns and indicators of ccelogical responses to stress, leading to technolegies necessary to
assess the status of ecological systems, to forecast and assess stress, and to monitor the recovery of damaged
ecological systems.

® What are early indicators of stress, and what is the ecological significance of changes in such indicators?
# Can model systems be designed to adequaitely test the consequences of proposed human activities?
® What are the emparical scaling rules for extrapolating from model to natural systems?

8. Accelerate the basic science of restoring damaged and degraded ecological systems, by developing, testing,
and applying principles of resteration ecology.

# How is the structure within biclogical communities {e.g., genetic struclure, composition, or species di-
versity)} linked with the functional aspects of ecosystems (e.g., productivity, nutrient cycling, or seques-
tration and release of contaminantsy?

# How can ecological and evolulionary principles provide a framework to guide restoration projects?

® What are the separate and combined effects of physical and hiotic factors in limiting the establishment
and growth of recovering species in degraded systems?

# How do species” life history traits affect population and community structure?

® What arc the economic and sccial trade-offs for different restoration options?

® Under what conditions 15 mitigation an ecologically defensible policy?

9. Advance, test, and apply ecological principles for the design and use of sustainable, managed ecological

sysiems al appropriately large scales.

# How do physical factors and community-level interactions affect the productivity of populations of
exploited species?

¢ Is therc a “minimum mix™ of species, guilds, and life forms that would result in sustainability of a
particular system?

® Will native animals and microbes persist and participate in sustainable ecosystems composed of novel
combinations of plant species?

# What are the mechanisms allowing or preventing the coexistence of species?
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L0. Determine the principles that govern outbreaks and patterns of spread of pest and disease organisms.
® What are the effects of climate change scenarios on the redistribution of pests {(including human disease
vectors), potential pests, and their host organisms?
® Why do pest populations vary in their abundance, environmental impact, and susceptibility to extinction?
® Are multiple-predator, multiple-parasite combinations more ¢ffective than single agents in the control of

target species?

» Will parasite and predator species switch to different host species when the population of the target species
becomes so low that a residual population cannot be maintained?
# How do specific environmental changes {e.g., deforestation, drought) alter transmission of infectious

discases in human populations?

* The key research topics listed in this table are derived from the research needs discussed in the varicus
boxes in Section 11, Rescarch on each topic may address needs discussed in several boxes.

will require a better understanding of the inter-
actions between the biotic and abiotic compo-
nents of ecological systems; better integration of
population biology with ecosystem science; better
synthesis of ecotogical with evolutionary ap-
proaches; and new theoretical and empirical stud-
ies that relate patterns across disparate spatial,
temporal, and organizational scales.

Recognizing the interrelatedness and common
ecological foundations of the three priority areas,
we have identified 10 key research topics (Table
1) that further define the three priority areas. The
order of presentation of the research topics does
not reflect differences in their impornance. In-
stead, each topic represents an integral part of the
SBI—fundamental research needed to help solve
environmental problems. For each research top-
ic. we have listed examples of the types of re-
search questions that might be addressed. These
lists are not intended to be exhaustive, but to
suggest the range of ecological research approach-
es required to address each research topic.

V. RESEARCH RECOMMENDATIONS

Three specific research recommendations
emerge from unmet research needs in the three
priority areas of the SBI (Fig. 3).

RESEARCH RECOMMENDATION #1:
Greater attention should be devoted to exam-
ining the ways that ecological complexity con-
trols global processes.

Within the topic of global change, insufficient
attention has been paid to the ways in which
ecological complexity controls global processes.
Such key factors as species and habitat diversity,

patterns of distribution of ecological assemblages,
and differences in the productivity and storage
capabilities of different types of ecosystems all
influenice how the biosphere functions in the Earth
system, The role of this ecological complexity
must be incorporated if we are to understand
global processes.

RESEARCH RECOMMENDATION #2:
New research efforts should address both the
importance of biological diversity in controlling
ecological processes and the role that ecological
processes play in shaping patterns of diversity
at different scales of time and space.

Within the topic of biclogical diversity, much
of the current effort is devoted 10 enumerating
the species in various habitats and to preserving
biotically significant sites. These important ef-
forts lay the groundwork for the research pro-
posed here and must be continued, but two vitally
important topics must also be understood. First,
it will be necessary to discover 1o what extent
patterns of biclogical diversity are important in
determining the behavior of ecological systems
{e.g., responses to climate change, rates of nutri-
ent flows, or responses to pollutants). Only when
these relationships are known will it be possible
to develop management strategies for maintain-
ing natural and human-dominated ecological sys-
tems. Second, it will be necessary to0 document
how ecological processes interact with physical
and chemical factors to control or determine bi-
ological diversity, Doing s0 will require investi-
gation of the manner in which individual species
interact with and are modified by the abiotic en-
vironment on both ecological and evolutionary
time scales.



RESEARCH RECOMMENDATION #3: A
major new integrated program of research on
the sustainability of ecological systems should
be established. This program would focus on
understanding the underlying ecological pro-
cesses in natural and human-dominated eco-
systems in order to prescribe restoration and
management strategies that would enhance the
sustainability of the Earth’s ecological systems.

Plans for comprehensive programs in the areas
of global change and biclogical diversity are more
advanced than those in the area of sustainable
ecological systems. Research programs exist to
develop specific sustainable natural resources,
However, current research efforts are inadequate
for dealing with sustainable systems that involve
multiple resources, multiple ecosystems, and large
spatial scales. Moreover, much of the current re-
search focuses on commodity-based managed
systems, with little attention paid to the sustain-
ability of natural ecosystems whose goods and
services currently lack a market value. Address-
ing the topic of sustainable ecological systems will
require integration of social, physical, and bio-
logical sciences.

These Research Recommendations are made
to ecologists, to researchers in related disciplines,
and to funding agencies whose interests encom-
pass one or all of the research priority areas. Im-
mediate and long-term research programs and
tunding for research in these areas is vital to the
success of the SBL

VL IMPLEMENTATION: AN ACTION
PLAN FOR THE ECOLOGICAL
SOCIETY OF AMERICA

The Sustainable Biosphere Initiative identifes
the research needed to provide the ecological
knowledge required for a sustainable biosphere.
Successful implementation of the SBI will require
a significant increase in research in the three pri-
ority areas. Successful implementation will also
require interdisciplinary interactions that link
ecologists with the broad scientific community,
with mass media and educational organizations,
and with decision-makers in all seclors of society
(Fig. 1). Obtaining the ecological knowledge
needed for a sustainable biosphere necessitates
interdisciplinary projects involving collaboration
between ecologists and scientists in the natural
and social sciences. In addition, achieving a sus-

tainable biosphere will require dissemination and
application of ecological knowledge.

Achieving the goals of the SBI will require sep-
arate and coordinated activities by scientists and
administrators in academia, in government agen-
cies and private organizations, and in business
and industry. In this section, we identify specific
activities planned by the Ecological Society of
America to address the research recommenda-
tions and to further develop the educational and
environmental decision-making components of
the SBI. We also consider the international di-
mensions of the SBI and the funding needed to
implement it. In addition to these activities
planned by the Ecological Society of America,
implementation of the SBI will require comple-
mentary actions by individuals and institutions
{Fig. 6). Individual principal investigators, pro-
gram managers within Federal agencies, policy-
makers in governmental and non-governmental
organizations, and private foundations hopefully
will identify special opportunities within their
purview to address the objectives of the SBIL.

RESEARCH

It is ¢rucial that modern science preserve a plu-
ralistic approach to solving scientific problems.
The research opportunities described herein de-
mand new combinations of scientific disciplines
and the application and expansion of recently
developed research tools. To address these re-
search priorities most effectively, it is important
to draw on a broad base within the research com-
munity, permitting ecologists to incorporate new
ideas and reevaluate research prionties.

ACTION ITEM #1: During the coming year,
an organizing committee of the Ecological So-
ciety of America will plan workshops with the
goal of coordinating the SBI with ongeing re-
search efforts on global change and increasing
research on the role of ecological complexity in
global processes.

ACTION ITEM #2: During the coming year,
an organizing committee of the Ecological So-
ciety of America will plan workshops with goal
of developing an initiative on biological diver-
sity that focuses on the ecological causes and
consequences of patterns of biological diversity.

ACTION ITEM #3: During the coming year,
an organizing committee of the Ecological So-
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ciety of America will plan workshops with the
goal of initiating a comprehensive program on
sustainable ecological systems, emphasizing the
underlying ecological processes that affect the
sustainability of natural and managed systems.

These workshops will brnng ecologists together
with experts from related disciplines in the nat-
ural and social sciences and with resource-man-
agers and environmental policy-makers to de-
velop projects for immediate initiation.

EDUCATION

The environmental conditions that have man-
dated the Sustainable Biosphere Initiative also
demonstrate the need for ecological education
among citizens of today and tomorrow. Under-
standing and managing the biosphere requires
ecological information. There are many strategies
for addressing educational needs, such as working
with the mass media to increase public awareness
of ecological concepts and issues, making eco-
logical literacy a goal of undergraduate curricula,
and developing more interdisciplinary graduate
degree programs that involve topics necessary for
understanding the biosphere, Ecologically literate
citizens should know not only the key concepts
and principles of ecology, but also the basic pro-
cesses by which ecological knowledge is acquired
and the ways in which science and culture inter-
act.

ACTION ITEM #4; During the coming year,
the Research Agenda Committee of the Eco-
logical Society of America will oversee the prep-
aration and publication of a non-technical, pub-
lic education document that articulates the
importance of ecology and ecological research
to society.

Institutions and

Individuals

Implementation of the Sustainable Biosphere Initiative will require a wide range of activities by

A diversity of strategies should be employed
to address the educational needs of students,
teachers, the general public, and decision-mak-
ers, These include: building ecology into pre-col-
lege curricula and teacher-training programs;
making ecological literacy a goal of undergrad-
uate education; and working with the mass media
to increase public awareness of ecological con-
cepts and issues. Educational efforts for fostering
ecological understanding should build on and
work with existing programs and initiatives in
science and environmental education. Likewise,
such efforts must be systematic and sustained,

ACTION ITEM #5: During the coming year,
the Education Section of the Ecological Society
of America will develop systematic, short- and
long-term strategies for enhancing ecological
knowledge among students and the public.

The Ecological Society of America should de-
termine the human resources needed to conduct
the ecological research proposed by the SBI1 and
should examine specific vehicles 10 address the
identified needs, including training grants and ca-
reer development awards. Innovative profession-
al education programs will be needed at the un-
dergraduate, graduate, and post-doctoral levels
to break down social and intellectual boundaries
to interdisciplinary research, facilitate students’
exposure to diverse biotic and professional en-
vironmenis, introduce students to conceptual ad-
vances in subdisciplines of ecology, and promote
the incorporation of new technologies in stu-
dents’ emerging research programs. Finally, more
opportunities are needed for established ecolo-
gists and other scientists to pursue interdisciplin-
ary interactions, learn new techniques, and syn-
thesize ecological knowledge.



ENVIRONMENTAL DECISION-MAKING

Thousands of ecologically based decisions are
made annually by policy-makers and regulatory
agencies, land- and water-use planners, resource-
managers, business and industry, consulting firms,
and conservation groups. To be useful to deci-
sion-makers, ecological information must be both
accessible and relevant to their mandates and re-
sponsibilities. The research component of the SBI
is directed toward acquiring the ecological infor-
mation (i.e., conceptual approaches, methods and
tools, and data) needed to assess the status of
ecological systems; to anticipate the impacts of
management decisions and development op-
tions; and 1o conserve, restore, or manage €co-
logical systems.

The application component of the $BI calls for
the development of new institutional structures
that will make ecological information more ac-
cessible to decision-makers. For example, collab-
orative programs between management agencies
and academic ecologists offer benefits beyond the
solution of important applied questions, Agen-
cies benefit from the enthusiasm and innovative
ideas of students and postdoctoral fellows; aca-
demics are challenged by urgent, complex prob-
lems. Training of students in both basic and ap-
plied realms will have long-term benefits for the
development of ecology. Even the largest scale
management projects involve mechanistic ex-
periments and modeling studies that yield the
short-term publications needed for career ad-
vancement within academia, Thus, the alliance
of basic and applied ecology can invigorate aca-
demic ecology and strengthen the scientific basis
of environmental assessment, rehabilitation,
conservation, and management.

Application of ecological knowledge will re-
quire betier communication between ecologists
and decision-makers in all sectors of society.
Knowledge transfer must be expedited and in-
terdisciplinary barriers overcome. The experi-
ence of management-oriented professional soci-
eties in setting environmental prioritics will be
essential to open new avenues of communication.

ACTION ITEM #6: During the coming year,
an organizing committee of the Ecological So-
ciety of America will begin to explore ways in
which ecologists can beceme more responsive
and bring their expertise more fully to bear on
critical environmental problems. This commit-

e

tee will work closely with management-oriented
professional societies, resource-managers, and
other envirenmental decision-makers,

INTERNATIONAL [DIMENSIONS OF THE
SUSTAINABLE BIOSPHERE INITIATIVE

The framework for this Initiative was devel-
oped 11 North America, but the research priori-
ties and the environmental problems related to
them are important world-wide, What is needed
now 15 an extension of this initiative into an op-
erational program of global scope.

ACTION ITEM #7: During the coming year,
the Ecological Society of America will organize
a meeting of leading ecologists from many
nations of the world to evaluate the SBI and to
begin construction of an operational framework
for international cooperation.

At the same time there will be efforts to interact
with governmental (e.g., UNESCO) and non-gov-
ernmental (e.g., the International Council of Sci-
entific Unions) mternational bodies that have
programs closely related to the research agenda
of the SBL

FUNDING THE SUSTAINABLE
B1OSPHERE INITIATIVE

Meeting the financial needs of the SBI will re-
quire significantly increased funding from both
public and private sources. Although there is a
wide array of important and rewarding research
questions, the SBI has identified those that are of
the highest priority for the development of re-
quired knowledge and its application to conserv-
ing and wisely managing the Earth’s resources.

Because of the broad importance of this Ini-
tiative, creative approaches to funding research
will be required. Typically, public agencies such
as the National Science Foundation fund basic
research, mission agencies fund research that ap-
plies to problems of specific interest to the agency,
businesses fund research to answer pressing in-
dustry questions, and foundations fund topics or
themes of particular interest. The Sustainable
Biosphere Initiative encompasses all of these mis-
sions, and as a result, must be planned and funded
by a range of agencies and organizations.

Current administrative structures are insuffi-
cient to coordinate and fund the range of activ-
ities envisioned by the SBL. Consequently, it will
be necessary to develop a new administrative



structure that allows many agencies to support
the integrated research program. To accomplish
the needed coordination and funding, a variety
of vehicles should be considered, including a new
or existing interagency committee, a new national
institute, or other admimistrative arrangements,
This new organization would further develop re-
search priorities within the SBI, coordinate fund-
ing strategies, and establish and implement pro-
cedures for evaluating the research progress of
the Initiative,

ACTION ITEM #8: During the coming year,
the Ecological Society of America will initiate
discussions to develop an innovative framework
to coordinate and fund the SBI. Emphasis will
be placed on enhancing opportunities for in-
vestigator-initiated, peer-reviewed research in
the context of coordinated programs that would
fund both individual investigators and multi-
disciplinary research items.

CONCLUDING REMARKS

The ecological research agenda proposed in this
document begins with the assumption that ad-
vances in understanding basic ecological princi-
ples are required to resolve many urgent envi-
ronmental problems, continues with the
identification of three priority areas for intense
research efforts, and concludes with actions to be
initiated by the Ecological Society of America to
strengthen and expand research efforts in these
kev areas. The success of the Sustainable Bio-
sphere I[nitiative will depend upon (1} the will-
ingness of individual ecologists to participate in
the proposed aclivities, 1o disseminate the vision
of the SBI, and to plan and execute subsequent
phases, and upon (2) the vision and abilities of
policy-makers, funding agency administrators,
government officials, business and industry lead-
ers, and individual citizens to support, amplify
and extend the actions we have initiated. At pres-
ent, neither the funding nor the infrastructure in
this couniry 1s sufficient to address the research
needs described in this document. Moreover,
achievement of a Sustainable Biosphere will re-
quire mot only the acquisition of ecological
knowledge via research, but also the communi-
cation of that information and understanding to
all citizens and the incorporation of that knowl-
edge into environmental, economic, and political
decisions. Although there are formidable barriers
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to accomplishing these tasks, achieving a Sus-
tainable Biosphere is one of the most important
challenges facing humankind today. Time is of
the essence. New technologies, widespread ap-
preciation for the magnitude of environmental
problems, and an increasing appreciation for the
relevance of basic ecological research combine to
provide an unprecedented opportunity to make
significant progress in achieving a sustainable
biosphere.
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IX. APPENDICES

APPENDMX A. ECOLOGICAL PROBLEMS AT DIFFERENT LEVELS OF ORGANIZATION

Although many ecological problems cut across levels of biological organization, it is convenient 1o organize
important ccological questions according to the appropriate level of organization. In listing the following ques-
tions, we have drawn extensively on the report of the Commitiee on the Application of Ecological Theory to
Environmenial Problems (National Research Council 1986).

Level of organization
Ecological topic

Questions

Individuals
Functional Morphology

Physiological Ecology

Behavioral Ecology
Ontogenetic Factors

Individual Variability

Populations
Population Regulation

Population Stability

Dispersal and Migration

Population Structure

Among Populations
Predation, Parasitism, and Dhs-
case

Competition
Mutualism

Indirect Effects

What explains morphological variation within and among species? How
does function follow form?

How do physiological constraints limit the responses of organisms to their
biotic and abiotic environments? What determines the physiological lim-
its of an organism’s response to stress?

How do individuals respond 1o information on the physical environment,
resources, competitors, predators, or mates?

What determines variation in the response of organisms at different stages
of their life histories?

How does the genotype of an individual affect its ecological interactions?
What is the relative importance of genotypic and plastic variation in the
response of individuals to environmental variation?

What processes have the most effect on population growth rate? Which of
these are density dependent? How do density-dependent processes in-
teract with other important processes?

What is the pattern of temporal variation in population size? Does the
population density tend to return to some equilibrial level when dis-
placed? Are there multiple stable points? Is there a minimal population
size necessary to avoid extinction?

What regulates population dispersion and migratory behavior? How do
populations respond 1o Lthe frequency, scale, intensity, type, and duration
of disturbance?

How do elements of population structure (i.e., genetic and age structure;
patterns of variation in life history traits, physiology, and phenotypic
plasticity) affect the ecological responses and interactions of a population?
How does exploitation affect population structure?

To what ¢xtent do consumers or pathogens control a population? What is
the relative importance of consumers or pathogens and extrinsic factors
(e.g., stress, disturbance)? What is the role of fixed or inducible natural
defenses?

What is the role ol competition in the evolution and ecology of populations?

How do mutualistic interactions affect the response of a population to
perturbations?

What are the potential indirect interactions in a food web? What is the
relative strength of direct and indirect effects? How do higher order
interactions and non-linearities in interaction equations affect the pre-
dictability of population responses to perturbation?




Level of organization
Ecological 1opic

Questions

Communities
Community Structure

Biotic Diiversity

Succession

Community Stabality

Ecosystems
Flux of Energy and Matter

Diagnostic Indices of Funclion
Cross-system Comparisons

Ecosystemn Mcdiation of Cli-
mate, Wastes

Among Ecosystems
Landscape Ecology

Responses 10 Environmental
Change

How doees community structure affect individual species embedded within
the community? To what degree are some species interchangeable with-
out affecting community processes? What do the collective properties of
communities, including various community indices, tell us aboul their
functioning? How is community structure affected by population dynam-
ics of component species?

What are the palierns, causes, and consequences of spatial and temporal
variation in species diversity? What is the rele of diversity of genctic
composition, phenotypes, functional groups, demic structure, habitats,
landscapes, and biogeochemical processes in ecological communities?

How do population interactions and other processes at the level of the
individual organism combine to produce the relatively predictable se-
quences in community composition during colonization or re-coloni-
zation of an open habitat? What processes retard or accelerate the rate
of succession in ecological communities?

How well do communities resist environmental forces that may perturb
them? What properties of communities lead to resilicnce in the face of
environmental change? How rapidly do communities return to their ini-
tial state, and what factors determine the rate of recovery? To what degree
are communities resistant to invasion by alien species? How might we
predict the ability of a new species 1o become established in a given
community?

How does variation in energy and material fluxes affect ecosysiem structure?
What mechanisms account for the Aux of energy and matter within an
ecosystem? How does resource availability interact with other limiting
biotic and abiotic factors 10 influence biogeochemical cycling?

What ecosystem features serve as indices of ecosystem stress or “*health?”

How do ecosystems differ in stmicture, function, or response to perturbation
or management? How does climate mediate ecosystem structure and
function?

How do ccosystems mediate climate? What is the role of a given ecosystem
in processing or sequestering anthropogenic wastes?

How do land-use patterns influence the ecology of component sysiems,
including all levels of ecological organization up to the scale of the land-
scape itself?

What are the feadbacks between ecosysiem and atmospheric processes, both
within and among separate ecosystems, extending 10 a global scale? How
does vegetation affect climate? What is the response of terrestrial, aquatic,
and marine ccosystems to varation in C0O,7 What are the effects of
changing climate, atmospheric compesition, sea level, ocean circulation,
and ultraviolet insolation on ecosystern processes, including biogeo-
chemical cycling?
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APPENDIX B. CrRoSS-CuTTING ISSUES IN ECOLOGY

A [ew general ecological issues are common to many
specific ecological questions. This list identifies issues
critical to elucidating ecological processes and enhanc-
ing the usefulness of ecology for selving practical en-
vironmental problems.

Interactions among levels of ecological organization.
Virtaally all questions in ecolegy explore how phe-
nomena at one level are related to processes operating
at other levels. Even if not explicitly identified, this
issue must be considered in most ecological investi-
gations. For example, responses at the level of the pop-
ulation, community, and ecosysiem must be related to
processes at the level of the individual organism, the
Ievel at which natural selection acts.

The effects of spatial and temporal scales. Processes
and events at one scale 1o space and time have serious
implications for, and may even control, processes and
patterns al other scales. For example, intense compe-
tition for a limited resource could occur very rarely,
vet dictate many characteristics of the competing spe-
cies over long intervals of time.

The impartance of heterogeneity or diversity at all levels
of biological organization. Here we include questions
concerning the role of genetic diversity, species diver-
sity. and habitat heterogeneity at several nested scales;
landscape-scale complexity; and many other aspects of
ecological systems. For example, patchiness and het-
erogeneity of the environment may affect life history
evolution, the coexistence of species, and the main-
tenance of ccosystem processes.

How mudtiple factors combine to affect ecological sys-
tems. 11 is critical to assess the cumulative impact of
numerols factors at all levels of ecological organiza-
tion. Physical and biological factors interact to influ-
ence ecelogical processes, a better undersianding of this
interaction would help te address larger problems. For
example, organisms already stressed by crowding and
the consequent intense competition for resources may
often be more susceptible to monality when subjected
to additional stress. Multiple disciplines must be in-
corporated into ecological research as a means to un-
derstanding how multiple factors combine. Under-
standing the role of atmospheric processes,
geochemistry in the soils, and the physics of the transfer
of matter, heat, and momentum in watcr arc all critical
to developing the science of ecology.

The rofe of environmental variability. Ecological theory
and empirical study alike have demonstrated the vast
differences between systems at equilibrivm and non-
equilibrial systems. Consequently, prioritics in ¢colog-
ical research include the magnitude and specific action
of natural and authropogenic disturbance and the in-
teraction of disturbance with other biotic and abiotic
factors. Such research includes the issue of the ecolog-
ical responses to environmental stress and the question
of how structure and function of ecclogical systems at
all levels reflect stress. Implicit in this general problem
is also the question of how to detect change in ecolog-
ical systems against a background of substantial vari-
abhility.
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