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About the President’s Committee of Advisors for Science and Technology

President Clinton established the President’s Committee of Advisors for Science and Technology
(PCAST) by Executive Order 12882 at the same time that he established the National Science and
Technology Council (NSTC). The PCAST serves as the highest level private sector science and
technology advisory group for the President and the NSTC. The Committee members are distin-
guished individuals appointed by the President, and are drawn from industry, education and re-
search institutions, and other non-governmental organizations. The Assistant to the President for
Science and Technology co-chairs the Committee with a private sector member selected by the
President.

The formal link between the PCAST and the NSTC ensures that national needs remain an
overarching guide for the NSTC. The PCAST provides feedback about Federal programs and actively
advises the NSTC about science and technology issues of national importance.



EXECUTIVE OFFICE OF THE PRESIDENT
PRESIDENT S COMMITTEE OF ADVISORS ON SCIENCE AND TECHMNOLOGY
WASHINGTON, D.C, 20502

March 6, 1998

President William J. Clinton

The White House

1600 Pennsylvania Avenue, N.W.
Washington, [.C. 20500

[Dear Mr, President:

On behalf of the members of your Committee of Advisors on Science and Technology
(PCAST), | am pleased to transmit to vou "Teaming with Life: Investing in Science 1o
Understand and Use America's Living Capital." This report responds to your January 14, 1997
letter requesting recommendations to strengthen the "._understanding and management of the
biological resources,..”

As noted in your Earth Day speech in 1993, Americans have for too long been told that
we have to choose between the economy and the environment. At the United Nations this vear
during your address on elimate change, you called for ... an understanding that we can grow the
economy and still preserve the environment." In this report, we offer recommendations for
rezearch and education that will allow Americans to gain the understanding vou described. The
results of this research will enable "the Age of Biology" that vou foresee for the 21st Century.

This report recommends directions for research on management of natural capital to
ensure a sustainable future for our Mation. The research we envision should not be restricted 1o
ceology, but rather should alse incorporate economics, seciology, and information science into a
biclogical research program that will serve both society and the environment. By doing this we
will advance both ecosystem health as well as human health,

This report is unique in that it provides a road map to bring the vast advances in
information technology to the field of biodiversity in order to develop a "next generation”
National Biological Information Infrastructure, Such capabilities will allow researchers and
resource managers worldwide to make full use of information generated on ecosystems and
biodiversity. Further, the report describes, in detail, the research needed to integrate ecology and
economics, 5o that the true value of our natural resources can become part of the national
accounting system.

Specifically, we recommend that Federal expenditure on biodiversity and ecosyslems
research, which currently totals approximately $460 million per year, be increased by
approximately $200 million per year in constant dollars, phased in over three years. These
modest investment increases will yield substantial benefits toward our Nation's future prosperity.

Through agriculture, forestry, fisheries, pharmaceuticals, eco-tourism, and many other
activities, our use of bicdiversity and living capital contributes hundreds of billions of dollars to
the LS. economy each year. Much can be gained as a result of the development of strategies



outlined in this report. Through the prompt ratification of the Convention on Biological
Diversity by the United States, our country will gain further advantages through enhanced access
to biodiversity from throughout the world, and by participating in the international effort to use it
wisely. PCAST encourages you to continue to urge Congress to ratify the Convention.

This report was prepared by a distinguished panel of 20 eminent leaders in Academia and
Industry chaired by PCAST Member Dr. Peter Raven. The full PCAST endorses this report and
its recommendations, and we stand ready to assist vou in highlighting the importance of
biodiversity and ecosystems to the American public.
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EXECUTIVE SUMMARY

Over the last few decades, a new paradigm has emerged: Improving and protecting our environ-
ment is compatible with growing the Nation’s economy. As part of this paradigm, we have come to
recognize the essential linkage between the economy and the environment. We now understand that
the sustained bounty of our Nation’s lands and waters and of its native plant and animal communi-
ties is the natural capital on which our economy is founded. We also realize that a sound forward-
looking economic strategy requires that we protect this natural capital, rather than damage it and
then spend millions or billions of dollars attempting to recreate what Nature has already given us.
To protect our natural capital, our Nation’s biodiversity and the ecosystems within which it thrives,
we need to have an extensive and frequently updated environmental knowledge base. This knowl-
edge base is required to evaluate alternative plans for managing biodiversity and ecosystems as we
work to optimize the union between the environment and the economy.

Our Nation’s environmental knowledge base and our skills at using what we have are not now
sufficiently well-developed to permit us to formulate the coupled environmental and economic
strategies that will be needed in the 21st Century.

Yet, we can harness advanced information theory and large capacity computational systems to draw
our knowledge together into a clear vision of the biological world. We can revolutionize this field.
At this moment, our society is blessed with a dazzling array of new tools, from gene sequencers to
global satellites. These tools can enable us to explore environmental questions at several different
scales simultaneously, from sub-cellular to global.

The message of this report is that new technology can provide us with the tools of discovery and
techniques of analysis that will catapult us into position to meet the challenges of 21st century
environmental and economic policy planning. In the age of biology, policies that enhance human
health and wealth will be the same policies that protect the biological resources of our Nation and
the world.

The PCAST Panel on Biodiversity and Ecosystems recommends, in this Report, certain targeted
investments in research and education that will bring new tools to bear on old and new challenges
alike. These investments are modest in comparison to the overall worth of the resources they are
designed to enhance and protect, the yearly dividends Americans derive from natural capital, and
current Federal expenditures in these areas. Thus, they represent a very cost-effective use of public
funds.

The Panel recommends that the Administration:

. Integrate up-to-date knowledge into management, use, and conservation of biodiversity and
ecosystems;

. Search out America’s biological species, their genetic properties, and their interrelationships;

. Explore fundamental ecological principles in order to improve monitoring of ecosystem status,

better predict change, and optimize sustainable productivity;
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. Design new mechanisms for valuation of natural capital and create economic incentives to
conserve it in order to encourage a sustainable relationship between economy and environ-
ment;

. Apply leading-edge information science and technologies to electronically organize, interlink,
and deliver biological information for use by all sectors of society, and

. Educate Americans about the ecological and economic importance of biodiversity and ecosys-
tems and the economic impact of choices in management of our natural capital.

Taken together, the recommendations will enable us to develop sustainable strategies for conserva-
tion, management, and use of biodiversity and ecosystems. Justification for these efforts, and details
on the expenditures, agencies, and partnerships that might best achieve the desired results are
provided. This Report outlines a unique interdisciplinary research program, and lays out steps to
rapidly develop 21st-century information synthesis capabilities.

Humanity depends upon biodiversity (all the species of organisms, including their genetic diversity)
and ecosystems (co-existing species, their habitat, and the multiple interactions among these compo-
nents) for the very sustenance of life. Biodiversity and well-functioning ecosystems are themselves
interdependent. Ecosystems and the diversity of species they support underpin our economy in
very real, though often under-appreciated, ways. The living things with which we share the planet
provide us with clean air, clean water, food, clothing, shelter, medicines, and aesthetic enjoyment.
Yet, increasing human populations and their activities are disturbing species and their habitats,
disrupting natural ecological processes, and even changing climate patterns on a global scale. These
are greater stresses on the natural world than humanity has ever generated in the past, and we must
take responsibility for alleviating the impacts of our own activities. It is becoming more and more
important that we actively conserve biodiversity and protect natural ecosystems in order to preserve
the quality of human life. We propose that this can be done by enhancing understanding of the
interdependence of the economy and the environment. This understanding will make it possible to
use America’s precious natural capital to generate prosperity, and at the same time conserve it for
future generations.

To achieve this understanding, the United States needs to fully utilize current scientific knowledge
in its conservation strategies, and incorporate new knowledge into them as it is generated. In
addition, because the strength of our economy is linked inextricably to that of the world economy,
the United States should fully participate in management and conservation of global biodiversity
resources by sharing information and expertise and assisting in building scientific infrastructure in
developing nations, as well as by ratifying the Convention on Biological Diversity. In both the
national and international spheres, we need greater knowledge than we now possess. We need to
know more about the biodiversity that exists within the United States and the world, and about how
biological systems function under both natural and managed conditions. In addition, we need
means to incorporate explicitly the value of our natural capital within calculations of agricultural,
industrial, and service-sector outputs, and to provide incentives for conservation by all the sectors of
society that benefit from living resources.

We need to elevate the national biological information infrastructure (NBII) to a new level of capabil-
ity—a “next generation”—that can make maximal use of, and fully and openly share on a global
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basis, the information generated by research on biodiversity and ecosystems. We need to focus
information science research on biodiversity and ecosystems information to assure that scientific
results can be incorporated effectively into management and policy decisions. And, we need to
bring the results of a great deal of earlier research that are now only found in static media into
electronic format, because the NBII is the mechanism whereby biological data and information about
the environment can truly be made available for use by all sectors of society. Finally, to enable
Americans to understand the scientific and economic issues associated with biodiversity and ecosys-
tems, we need to bolster the scientific content of informal and formal education.

This Panel has made a number of specific recommendations for refocusing certain ongoing manage-
ment and research efforts, and for the allocation or reallocation of resources toward specific areas of
research and development. These recommendations are made in the spirit of improving the scien-
tific knowledge and infrastructure that are needed to improve our stewardship of America’s living
capital. The biological, economic, and information science research, and the support for education,
recommended in this Report will require the addition of up to $200 million annually to current
Federal expenditures in these areas. However, this Panel believes the investment is essential, and
that it is a justifiable and cost-effective use of Federal research funds.

The research that is needed is associated with many agencies in several departments of the executive
branch of the Federal government, and will require participation by academia, state and local
governments, non-governmental organizations, and the private sector including industry. Therefore,
the National Science and Technology Council, particularly the Committee on Environment and
Natural Resources, must actively and consistently coordinate the research program outlined in this
Report.

The Panel strongly recommends:

Scientific Knowledge in Service to Society. At present, governmental agencies and other entities
that are responsible for managing the Nation’s natural capital often do so in an uncoordinated—
indeed frequently conflicting—manner, largely because they are operating from differing (and
sometimes outmoded) knowledge bases. Also, many confrontations between advocates for the
environment and defenders of commercial activities could be avoided or resolved by readily acces-
sible, objective, scientific information. Conservation policy and management decisions ought to
employ the best, most up-to-date scientific information available, and as new information is gener-
ated, evolve to incorporate it. Conservation and management should also be coordinated across all
Federal, state, and local agencies and among governments and other managing entities. In fact, the
United States should develop a comprehensive national conservation strategy, building from the
elements which currently exist. To formulate such a strategy, we need to develop, through public-
private partnerships (e.g., among government, industry, and academia), an objective, accessible
knowledge base that includes what we know about species, their characteristics and interactions,
their habitats and ecosystems, how human activities impact them, and what kinds of actions com-
prise best practices for managing them. This knowledge base can then be used to foster local,
regional, and national conservation strategies that are biologically and ecologically appropriate and
economically sustainable. The goal of these strategies should be net enhancement of natural capital,
so that future generations may enjoy the bounties of nature as well as economic prosperity. These
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strategies should include mechanisms for managing and protecting ecosystems sustainably in the
face of global change and guarding our natural capital in all its forms. There are already some
excellent examples of such strategies that have been developed around the country under the
leadership of non-governmental organizations (NGOs), elements of the private sector, or representa-
tives from local, state, and Federal agencies. The expansion of the capability of the NBII to deliver,
rapidly and accessibly, comprehensive and comprehensible information for devising strategies,
making responsible management decisions, and resolving conflicts is an essential part of bringing
scientific knowledge into the service of society.

Discovery of Species. Modern biological tools are making possible a new age of biological discov-
ery during which we can seek out and catalog previously unknown species more rapidly than ever
before. Scientists estimate that fewer than 30% of species that occur in the United States have been
discovered and described (worldwide, the total is estimated to be fewer than 15%). Many described
species have useful properties; it is reasonable to predict that some of those which have yet to be
discovered also have beneficial attributes (genetic resistance to disease, food value, compounds that
could become pharmaceuticals, etc.) that can be employed in sustainable agricultural and industrial
development. The workers needed to perform this research can be Federal, state, university, or NGO
employees, but all will require the facilities of natural history museums, botanical gardens, herbaria,
culture collections, and other research collections as well as new tools for gene sequencing, phyloge-
netic analysis, and information synthesis and presentation. The Report recommends that total yearly
expenditures for discovery of species and their genetic attributes be raised to a minimum of $130
million (compared to current annual expenditures of $74 million), phased in over three years. These
funds will 1) enable taxonomists—scientists who identify and describe species—to inventory the
Nation’s biodiversity wealth, 2) train new taxonomists, and 3) support institutions that house
research collections and provide vital biodiversity information for a multitude of purposes. An
effective and efficient NBII that is interconnected with similar systems in other countries will be an
indispensable tool in this process of discovery.

Ecosystem Research and Monitoring. Interagency participation in and support for the Environ-
mental Monitoring and Research Initiative of the CENR should be continued, especially promotion
of the public-private partnerships involved in that activity. In addition, the capabilities of current
ecological monitoring sites to provide useful data should be evaluated and any shortcomings
corrected. At the same time, experimental research on biodiversity and ecosystems must be
strengthened in order to increase our ability to use the results of monitoring to predict how ecosys-
tems will respond to multiple stresses and to maximize the sustainable productivity of agricultural
and forest ecosystems. This research can be conducted at universities, within governmental agen-
cies, in public-private partnerships between Federal or state agencies and NGOs, or by other entities.
However, the research should be anchored at a system of study sites that, in parallel to astronomical
observatories, might be called “environmental observatories.” The United States has a number of
such sites—National Forest Research Laboratories, Long-Term Ecological Research Sites, some of the
National Parks, etc.—but this system needs to be expanded to cover the full diversity of ecosystem
types found in the country. Ecosystem research and monitoring also needs to be more fully intercon-
nected by efficient and effective information management systems, namely the NBII envisioned
above, and to make full use of the most effective current technology, such as laser technologies to
measure gas fluxes, high resolution remote sensing, and non-invasive near-infrared techniques for
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environmental chemistry. Investments in these sites and their research-support facilities should be
increased by approximately $55 million over the current $300 million per year. A certain proportion
of this increase in research spending should be specifically targeted to theoretical research designed
to discover fundamental ecological principles. There is new sophistication in analytic techniques,
which can be used to further increase scientific understanding of ecosystems, their vital functions,
and the impacts on them caused by human activities.

Economy and Environment. Steps should be taken to focus interdisciplinary economic, sociological,
and ecological research on the relationship between the market economy and natural capital, be-
tween society and the biosphere. In recent years, and certainly in this Report, natural capital has
been shown to be the source of a very large percentage of human economic wealth. Yet, this recogni-
tion is new enough that mechanisms for valuating natural capital and the means to incorporate that
value into assessments of economic output, or long-term costs to society caused by use of natural
capital, have yet to be articulated. These mechanisms, once defined, can be used to devise incentives
for conservation that will encourage industry, government, and communities to conserve while still
receiving benefits from sustainable use of biodiversity and ecosystems. The new approaches to the
integration of information from widely differing fields that are now available will facilitate this
research at the interface of biological and social science with economics. The Panel believes this to be
a vital area of research that can help to reduce the perception of conflict between the needs of the
environment and the strength of the economy. However, there is currently no mechanism for
supporting research directed at valuation and at development of incentives. The Panel recommends
that the National Science Foundation take the lead in an interagency granting program to make
approximately $24 million per year available for these highly interdisciplinary, extremely important,
but currently unfunded areas.

National Biological Information Infrastructure. The research initiatives described above, and
resource management decision-making, require a dramatic increase in the analytical and synthetic
capacities, as well as the information content, of the National Biological Information Infrastructure
(NBII). The Federal government should push forward to the “next generation NBII” because in its
current form, the NBII is inadequate. At present, the NBII can be used to access information in
databases held by various Federal agencies and other institutions around the country. However, the
system can be used to access only one database at a time, and for the most part, collation and correla-
tion of data from multiple databases requires hours of human involvement. The demands of policy,
management, and scientific investigation are such that collation, correlation, analysis and synthesis
of information must be automated so that people may concentrate on decision-level and creative
tasks. Furthermore, 1) databases that are online are by no means as numerous as they ought to be,
2) those that exist are uneven in the types of information that they hold, and 3) standards for data
exchange in the biodiversity and ecosystem information domain have yet to be widely adopted.
Direct support to the NBII should be increased at least fivefold to promote the development of
standards and to increase the information content of the NBII in its current incarnation while the
“next generation NBII” is being constructed. The Federal government should enable development
of the “next generation NBII” by investing a minimum of $40 million per year for five years (and
reasonable maintenance thereafter) in a system of regional nodes at which computer scientists,
information scientists, biodiversity and ecosystem scientists, and sociologists, using leading-edge
tools and technologies, will work together to develop true interoperability among multiple database
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types, new software tools for gathering, analyzing and synthesizing data, new means of scientific
collaboration, new means of presenting computational results so that biodiversity and ecosystems
research findings can be more readily applied in management and policy, and so on. Among other
useful attributes, such a system will enhance the ability of industry to develop new products,
provide much better outputs for use in education and in management of biodiversity and ecosys-
tems than is possible now, and further facilitate scientific advances. Importantly, the enhanced NBII
will add value (at relatively minor cost) to the vast datasets of physical environmental parameters
that the US obtains from its earth-orbiting satellites by making it possible to readily correlate them
with biological datasets in various combinations. The Panel emphasizes that this “next generation
NBII” is fundamentally important to the accomplishment of all of the research, management, and
education recommendations that form the remainder of the Report. The NBII envisioned by the
Panel will eventually become at least in part self-sustaining—as did the Internet itself—but the initial
impetus for its creation must come from the Federal government.

Education. Environmental education should be centered on science. An electorate that does not
understand the natural world or the nature of the tradeoffs that must be made in managing it wisely
and sustainably cannot make informed decisions. Communities that do not have an understanding
of the workings of the ecosystems within which they live will be unable to function as responsible
stewards, and will thereby too often cause and suffer from losses of biodiversity and ecosystem
services. The Panel recommends that professional development opportunities be multiplied so that
10,000 teachers per year can increase their skills for teaching about the interdependence of society
and the biosphere in an unbiased way. The recommended increase (of about $15 million to the
current $72 million per year) in informal educational opportunities will strengthen the environmen-
tal literacy of the American public, and initiate a mechanism for development of scientifically sound
curricula and teaching materials that would improve the environmental component of science
education in the Nation’s schools.

The Panel is convinced that continuation of traditional resource use patterns and their unanticipated
results (for example, global climate change) will lead to diminishing economic benefits and degrada-
tion of the other services that we derive from our living resources. To reverse the trend, we must
make sustainable use of the products of biodiversity and ecosystems, and conserve natural capital
for our children and the generations to follow. To do that, we need to know more than we do about
the living world. This Report provides a framework for research and information infrastructure
about the economy and the environment that will enable the Nation to reconcile the needs of both, a
goal the Panel believes is necessary to meet the challenges of conservation and sustainable use. The
Panel’s recommendations call for specific investment increases that total less than $200 million per
year (phased in over three years) for research, education, management, and the information infra-
structure to support them all. Current Federal expenditures for biodiversity and ecosystems re-
search and monitoring (which total approximately $460 million per year) are too low when com-
pared to the threats that global change and growing populations present to our natural capital. The
Panel believes the investments recommended in this Report are just that—modest but vitally impor-
tant investments in a knowledge base that will yield an incalculable return by enabling us to pre-
serve our living capital resources as a sustainable foundation for America’s future prosperity.
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Teaming with Life:

Investing in Science to Understand and Use America’s Living Capital

INTRODUCTION
Biodiversity and Ecosystems are Natural Capital Assets

The tremendous natural wealth with which the United States The prosperity of the United
has been endowed contributes greatly to its strength and pros- States is directly related to its
perity and remains the foundation for the well-being of current natural capital assets.

and future citizens. This wealth exists in the form of fertile land,
abundant fresh water, a diversity of biological species adapted to
many different ecological habitats, productive forests, fisheries
and grasslands, and favorable climatic conditions. From these,
society derives an array of important life support goods and
services, including medicine, clothing, shelter, agricultural
products, seafood, timber, clean air and water, and flood control.
The natural wealth from which these goods and services arise is
a capital asset of enormous magnitude. The value of this natural
capital has yet to be established in formal economic terms, but
the goods and services that flow from it are worth hundreds of
billions of dollars per year to the United States” economy. As
with any such asset, if our natural capital is properly managed, it
can yield a sustained flow of benefits for future generations.

With industrialization and the development of modern Unfortunately, natural capital
technologies, the human species has emerged as the dominant assets are seriously jeopardized
force on the planet. We have wrought massive changes that rival by the changes humans are
or exceed those caused by natural biological and geological causing on a global scale.
processes. While human impacts were once local and reversible,
they are increasingly becoming global and much less reversible.

The collective activities of American society are changing the
chemistry of land, water, and atmosphere far more dramatically
than are natural processes. It is already apparent that some of
these changes are adversely affecting our natural capital and its
ability to support us sustainably.

Collectively, all human beings, including Americans, are Past and present usage practices
playing a crucial role in the sixth major extinction event to occur have disrupted habitats and
in the course of more than three billion years of life on Earth, and endangered or destroyed

the first in the past 65 million years. Species are being driven to biological species.

extinction thousands of times faster than new ones can evolve.
During the history of the United States, more than 500 of its
known species have been eliminated (half of these since 1980) by
various causes, including destruction of habitat by human
activities or invasive species. Each of these species was associ-
ated with dozens of additional, mostly unnamed and unstudied,
species that were wholly or partially dependent on it, so that the
actual number of life forms lost is much greater.



Degradation of ecosystems
threatens the services they
provide.

Biodiversity loss and ecosystem
modifications have significant
social and economic conse-
guences.

The costs as well as the benefits
of the use of natural capital
assets must be explicitly recog-
nized by society and factored
into economic calculations.

Future economic prosperity
depends on recognizing that
biodiversity and ecosystems are
living capital.

Past and current usage practices have disturbed ecosystems
and threatened ecosystem services. For example, urban and
suburban development of watersheds has been detrimental to
natural water purification by ecosystems at a time when human
populations are growing and needing more water. Overuse of
and excess application of chemicals to soils have disrupted
natural processes. Habitat loss, air pollution and chemical
pesticides have reduced populations of natural pollinators and
natural control agents for agricultural pests. Overfishing and
agricultural runoff have diminished marine biodiversity and
increased the frequency of toxic algal blooms that cause poison-
ing of economically valuable fish and shellfish. And, chemical
byproducts from human activities are damaging the strato-
spheric ozone layer that shields Earth’s surface from ultraviolet
radiation. Fortunately, these trends can still be reversed. How-
ever, we need to know more than we do, and properly apply
what we do know, in order to make that reversal possible.

The dramatic deterioration of the natural capital of the
United States already has had major economic and social conse-
quences (see Box 1). These consequences are only just now being
recognized. For example, land-use changes have seriously
compromised the effectiveness of natural water purification
processes, which in turn has imposed massive capital costs on
many communities. More than one-third of our agricultural soils
have been lost to erosion and unsustainable agricultural prac-
tices. Decimation of pollinating insects has imposed large costs
on agriculture. Deterioration of wetlands and other natural
aspects of drainages has left communities vulnerable to flooding
and mud slides that destroy homes and disrupt utility, commu-
nication, transport and other services and infrastructure. Popula-
tion explosions of harmful algae have destroyed or seriously
impaired fisheries and recreational opportunities and created
human health hazards. Invasive species such as killer bees, zebra
mussels, fire ants, and the Mediterranean fruit fly annually cause
billions of dollars of damage to agricultural and natural systems,
pose threats to the health of our human population, and seri-
ously affect populations of native species.

Without far-reaching changes in the quality of our steward-
ship of our natural assets, problems of this sort will escalate in
both number and intensity as human populations and consump-
tion of goods and services increase. Worse, solutions to and
mitigation of these problems will become more difficult and
costly to implement. The tradeoffs that individuals and society
face in the course of pursuing the basic material ingredients of
well-being will become more vexing, in both ethical and practi-
cal dimensions, as resource scarcity and growing waste increas-
ingly constrain our options. The wise resolution of these
tradeoffs requires explicit recognition of the costs as well as the
benefits of the use of natural capital assets, so that an economi-
cally and socially optimal strategy can be devised.

We envision a new framework for managing the biodiversity
and ecosystem assets of the United States. Under this frame-
work, economic development efforts would be refocused in
explicit recognition that a very large percentage of our economy



is completely dependent on natural capital. This recognition
would require new means of determining the economic value of
biodiversity and ecosystems, and using these values to develop
economic incentives for good ecosystem management and
responsible stewardship of the Nation’s natural capital. We
believe this framework would be economically profitable,
socially acceptable, scientifically sound, politically feasible, and
environmentally sustainable.

Putting this framework in place requires taxonomic, ecologi-
cal, economic and sociological understanding that we do not
now possess. In this report, we recommend investments in
biological, economic, and information science research to gain
that understanding so that future generations of Americans can
enjoy lives as bountiful as those we enjoy today. The Recommen-
dations are presented in the main body of the report, and
concern:

* integrating up-to-date knowledge into management, use,

and conservation of biodiversity and ecosystems;

* searching out America’s biological species, their genetic
properties, and their interrelationships;

* exploring fundamental ecological principles, which,
when understood, can help us to improve monitoring of
ecosystem status, better predict and mitigate change, and
optimize sustainable productivity;

* designing new mechanisms for economic assessment of
natural capital and creating incentives to conserve it in
order to encourage a realistic relationship between
economy and environment;

* applying leading-edge information science and technolo-
gies to electronically organize, interlink, and deliver
biological information for use by all sectors of society,
and

* educating Americans about the economic importance of
biodiversity and ecosystems and the need to protect our
natural capital.

The remainder of this Introduction provides the philosophi-
cal background for our recommendations for developing a more
realistic and sustainable relationship among society, the
economy, and the biosphere—in short, teaming with life to keep
Earth teeming with life.

Living sustainably into the future
means teaming with life to keep
Earth teeming with life.



Box 1: The New York City Watershed

Problem: The Cost of Replacing a Watershed - $8 billion!

New York City has traditionally been famed for its clean water, which Consumer Reports
once ranked among the best in the Nation. New York’s water, which originates in the Catskills
Mountains, was once bottled and sold throughout the Northeast. In recent years, the Catskill’s
natural ecological purification system has been overwhelmed by sewage and agricultural runoff,
and water quality has dropped below EPA standards. This prompted the New York City adminis-
tration to investigate the cost of
replacing the natural system with an
artificial filtration plant. The esti-
mated pricetag for this installation
was $6 to 8 billion in capital costs,
plus annual operating costs of $300
million—a high price to pay for what
once could be obtained for free.

Solution: Harnessing Market
Forces for Environmental
Preservation

This high cost prompted further
investigation, which showed that the
costs of restoring the integrity of the
watershed’s natural purification
services— about $1 billion—would be
a small fraction of the cost of the
filtration plant.

Thus, New York City faced a
choice: invest $6-8 billion in physical
capital, or $1 billion in natural capital.
The latter is the course that the city
adopted. In 1997 it raised an Environ-
mental Bond Issue, and is currently
using the funds to purchase and halt
development on land in the water-
shed, to compensate land owners for
restrictions on private development,
and to subsidize the improvement of
septic systems.

In this case, a financial mecha-
nism has been implemented to

Captl‘lre some of the economic and The purification of water is one service provided by well-functioning
pubhc health values of a natural ecosystems. Photo: Joel L. Cracraft, American Museum of
capital asset (the Catskills watershed) NatualHistory.

and distribute these values to those

with stewardship responsibilities for the natural asset and its services. Note that these calculations
consider only a lower-bound estimate of the value of water purification services. However, the
decision to conserve the Catskills ecosystem for water purification will also confer protection on
other valuable services, such as flood control and carbon sequestration. This sort of financial
mechanism could be extended to other geographic locations and other ecosystem services that
would benefit municipalities and habitats throughout the Nation.




The Economic Value of Biodiversity and Ecosystems

The harvest and trade of products from biodiversity repre- Food, fiber, fuel, shelter, medi-
sent important and familiar parts of both the United States” and cines and aesthetic values are all
the global economy. The importance of the preservation of products of biodiversity.

biodiversity to human economies has been explicitly recognized
by more than 170 nations that had ratified the Convention on
Biodiversity as of June, 1997. These nations recognize that
biodiversity on one side of the globe can affect someone on the
other side of the world, that the natural heritage of any nation is
held in trust for all peoples, and that the management of that
biodiversity is a matter for global discussion. The public and
private sectors of these nations are full participants in the
management of benefits derived from biodiversity and in the
conservation of biodiversity for the future. At present, the
United States is not a full participant in the discussions, nor in
the management and conservation of global biodiversity, be-
cause it has not ratified the Convention. Neither the best inter-
ests of present and future Americans nor those of America’s
private sector industries that depend on biodiversity products
are being served by our delay in ratification. This situation
should be rectified immediately.

The Convention explicitly recognizes that economic goods
are derived from the diversity of species that exist on Earth.

Examples of these economic goods include:
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®  Agriculture. Extractions from wild species in biodiversity’s “genetic library” account for
approximately 50% of annual increases in crop productivity accomplished by biotechno-
logical and agricultural research and development. At present, just over 100 plant
species directly or indirectly contribute 90% of the global human food supply, with only
three — rice, corn, and wheat — supplying 60%, but thousands of plant species are
cultivated or consumed from the wild somewhere on Earth. Some of these may be more
nutritious or better suited to certain wide-spread growing conditions than are species
currently widely cultivated.

® Fisheries. The annual ocean fish catch is worth $2.5 billion to the US economy, and $82

billion worldwide, yet fisheries are being depleted everywhere because of poor manage-
ment of the stocks.

®  Forest goods. Products from natural and managed forests include timber, fuel wood,
game, fruits, nuts, mushrooms, honey, other foods and spices, and diverse natural
products (e.g., gums and exudates, resins, dyes, waxes, insecticides) that serve as inputs
to a wide array of chemical and biochemical industries. These wild products contribute
between $3 and $8 billion per year to the US (between $84 and $90 billion globally).

®  Pharmaceuticals. Nine of the top ten prescription drugs used in the US are based on
natural compounds from plants, fungi, animals, and microorganisms. Thus, nine of the
top ten drugs in this list are based on the products of biodiversity. In the US, the com-
mercial value of pharmaceuticals exceeds $36 billion annually. Globally, about 80% of the
human population relies on traditional medical systems, and about 85% of traditional
medicine involves the use of plant extracts. Over-the-counter plant-based drugs have an
estimated market value of $20 billion per year in the US and $84 billion worldwide.



® Medical research tools. Research on natural products also leads to basic scientific
breakthroughs that may not lead directly to a pharmaceutical product, but may
nonetheless have profound importance in biomedicine (e.g., the basis for protease
inhibitors that are now used to treat HIV). Biodiversity also provides useful tools and
models for research (e.g., neurotoxins from the skin of tropical frogs, bioassays for
toxins or antibiotic properties that utilize small mammals or microorganisms,
mechanisms for tumor suppression possessed by sharks), and indicators of environ-
mental quality (e.g., egg shell thinning in raptors resulting from excessive use of
DDT, fish die-offs from population explosions of marine algae).

®  Nature travel, horticulture and pets. The
beauty of nature and the enjoyment that
humans obtain from interactions with
other species are intangible but very real
components of the fulfilled human experi-
ence. A breath of clear Rocky Mountain air
scented by conifers on a glistening day in
December, the joys of beachcombing for
shells, the thrill of a chance encounter with
an octopus while snorkeling are all of
enormous value. In fact, “ecotourism” is
worth approximately $100 billion per year
within the United States alone (estimate
by the World Wildlife Fund, 1997). The
horticultural trade in orchids, bromeliads,
cacti, and all those plants used in land-
scaping and gardening is worth hundreds
of millions per year because of the enjoy-
ment humans derive from being sur-
rounded by the beauty of biodiversity.
Interactions with dogs, cats, parrots and
other animals has been shown to be
beneficial for the elderly, children with
debilitating diseases, and persons with
depression. Indeed, many Americans

People experience the value of biodiversity every day in their
enjoyment of pets and wildflowers. There are millions of other

species that are biologically important but under-appreciated enjoy the Fompamonshlp of pets through_

by humans. Photo: Donald W. Longstreth. out their lives.

Diverse ecosystems are well- Biodiversity exists within ecosystems. An ecosystem is a
functioning and buffered against fundamental unit of nature that includes living organisms and
disasters. their non-living environment. One of the important factors in

the maintenance of healthy ecosystem functioning is the mainte-
nance of the diversity of species that participate in the system;
the most effective way to maintain a single species or all of
biodiversity is to guard the integrity of the interactions that form
the ecosystem as a whole. The organisms obtain life-support
benefits from their ecosystem interactions. This is no less true of
human society.

Ecosystems provide services We take “ecosystem services” for granted, but we should be
that are fundamental to human paying close attention to the maintenance of the ecosystems
survival and economies. from which those services come (see Box 1).

Examples of ecosystem services include:



Pollination: The agricultural value of pollinator
service by insects is estimated to be $40 billion per
year in the US alone. One-third of all human food is
produced by the 70% of crop plant species that
require animal pollinators to produce seed. Despite
their enormous value, thousands of pollinating insect
species are threatened on a wide scale by pollution
and the use of chemical pesticides.

Seed dispersal: Attempts to restore vegetation on
degraded lands are often hampered by the absence of
natural seed dispersers. Human-facilitated dispersal
is expensive, time consuming, cost-inefficient, and
may not even succeed. Without thousands of animal
species (primarily birds, rodents and insects) provid-
ing seed dispersal services, many plant species
would fail to reproduce successfully because their
seeds will not germinate or grow to maturity if they
fall only in the shadow of the parent plant. For
instance, the whitebark pine, a tree found in the
Rockies and the Sierra Nevada - Cascade Mountains, Pollinators are threatened by pollution, habitat loss,
cannot reproduce without the services of a bird called ~ and pesticides. Photo: Meredith A. Lane, University
Clark’s nutcracker, which chisels pine seeds out of of Kansas.

tightly closed cones and disperses and buries them.

Grazing: Grasslands support animals used for labor (e.g., horses, mules, asses, camels, and
bullocks) and those (domesticated or wild) whose parts or products are consumed (such as
meat, milk, wool, and leather). Grasslands are also the original source of most domesticated
animals and crops.

Fisheries protection: Coastal wetlands and mangrove swamps protect inland areas from storm
surges and saltwater intrusion, provide habitat for many species including the eggs and
larvae of commercially important ocean fish, and buffer open waters from many land-
derived pollutants.

Removal and storage of atmospheric carbon dioxide: More than half of the carbon dioxide pro-
duced by the combustion of fossil fuel does not accumulate in the atmosphere, but is re-
moved and returned to nature. Proper management of forests, including reforestation, and
new agricultural practices can significantly increase this carbon dioxide removal and storage
service. Research suggests that this service is provided best by ecosystems with high
biodiversity.

Flood control: Every year, about 6 x 1025 cubic feet of water fall as rain onto the Earth’s land
surfaces. Soils soak up much of this water and gradually meter it out to plant roots or into
aquifers and surface streams. Living vegetation—with its deep roots and above-ground
evaporating surface—serves as a giant pump, returning water from the ground to the atmo-
sphere. If this pump is missing or lowered in volume, stream flow increases, sometimes to
disastrous levels. Experimental clearing of a New Hampshire forest led to 40% higher
average stream flow; during one 4-month period of the experiment, runoff was more than
five times greater than before. A study conducted by the non-governmental organization
American Forests, using engineering formulas developed by the Natural Resource Conserva-
tion Service, found that a 20% loss of trees and other vegetation in the Atlanta metropolitan
region produced an increase in stormwater runoff of 4.4 billion cubic feet. At $0.50 per square
foot, it would cost at least $2 billion to build containment facilities capable of controlling this
water.



Forest ecosystems provide flood control, and carbon storage and removal, among other critically important
ecosystem services. Photo: Joel L. Cracraft, American Museum of Natural History.

Values of species diversity

The National Research Council
estimates that germplasm
infusions from wild species
increase agricultural productivity
by about $1 billion per year.

Wild relatives of cultivated
species have different and
valuable adaptations.

The species that comprise the crops and livestock of US
agriculture contribute an estimated $57 billion annually to our
economy ($325 billion worldwide), species that are hunted $12
billion ($25 billion worldwide), and species that provide wood
products yet another $8 billion ($84 billion worldwide). Protect-
ing these large segments of our economy means protecting the
non-cultivated species to which crop and livestock species are
related because with genetic engineering, helpful traits in these
wild relatives may be transferred to the crop species. Successful
protection of these relatives requires the maintenance of well-
functioning ecosystems. The following examples illustrate how
non-cultivated relatives of crop species can be of significant
importance.

Rice growing in the US is worth $1 billion annually. One-
fifth of the yield of this crop is attributable to relatively recent
genetic infusions from wild sources. And, yield increase is not
the only advantage to be gained from wild diversity: In the early
1970s, a virus called “grassy stunt” posed a major threat to Asia’s
rice production: it was expected to destroy 30% to 40% of the
crop, which would have brought great hardship and economic
loss, and placed huge demands on the food supply of the rest of
the world, including the US. The threat was avoided by intro-
ducing an immunity-conveying gene from a wild strain of rice
into commercial varieties. It is important to note that the benefi-
cial wild strain of rice was originally found in a valley that was
soon thereafter submerged by a hydroelectric dam.

Corn (Zea mays) crop value worldwide is about $60 billion
per year. Most of the commercial varieties in use are susceptible



to seven main types of viral diseases. In fact, in the 1970s, a viral
outbreak caused $2 billion in damage to US agriculture. How-
ever, a very local wild Mexican species closely related to culti-
vated corn, Zea diploperennis, possesses genes for resistance to
several of these viral diseases. Commercial strains of virus-
resistant cultivated corn, with resistance from Zea diploperennis,
can be developed by transferring its resistance genes into Zea
mays.

Wheat also benefits from germplasm introductions from
wild relatives, although the existence of wild strains is threat-
ened by human activities in wheat’s native range in the Middle
East. Current collections of wheat germplasm are probably
inadequate to meet coming environmental challenges.

Because wheat, corn, rice, and other staple crops (e.g.,
soybeans) are immensely more abundant now than at any time
in their evolutionary history, and because they are grown in
monocultures, they are highly susceptible to the evolution or
invasion of new crop diseases. The loss of one of the major
grains to such a disease would destabilize the economy; the loss
of two or more would be catastrophic. A principal defense
against such loss is the preservation of maximal genetic and
species diversity among these crops and their wild relatives.

It is imperative to preserve
species in the wild for both
economic and ethical reasons.

Values of genetic diversity

The biotechnology industry and much of biomedical and
biological research and development depends directly on
products derived from studies of biodiversity. In particular, the
ability to manipulate genes emerged from surveys of the proper-
ties of enzymes found in different species of bacteria. The
commercial production of these enzymes and related products
obtained from hundreds of bacterial species has been one of the
factors contributing to the tremendous growth of knowledge in
molecular biology during the past two decades. Studies of
certain of these enzymes have already led to the development of
new methods for medical and forensic diagnosis. It is anticipated
that the future will bring the development of “gene chips” that
will profoundly enhance our ability to diagnose human and
animal diseases. It seems likely that as we progress toward the
use of more environmentally benign technologies for chemical
production and biomass utilization, many additional uses will be
found for the enzymatic diversity represented in the natural
world.

Agricultural biotechnology is in its infancy. However, based
on thousands of field trials of genetically modified plants during
the past five years, it seems apparent that many improvements
in crop and forest species can be expected. It is anticipated that
the US market for seeds of genetically modified crops will grow
to $6.5 billion during the next ten years and the annual produc-
tion value of the plants derived from those seeds will be many
times that amount. Most conceivable applications of biotechnol-
ogy in this sector depend upon manipulation of genes that
exhibit significant intraspecies variation. For example, it will

The biotechnology industry and

much of biomedical and biologi-
cal research and development

depends directly on biodiversity.

The biodiversity sources of

many genes will be more readily

accessible if the US ratifies the

Convention on Biological
Diversity.



become possible to enhance tolerance of crop species to many
abiotic stresses by transferring genes for traits such as cold
tolerance or salt tolerance from non-crop species. There is also a
possibility of accelerating the domestication of potential crop
plant species by using directed genetic methods to alter traits
that are currently impediments to widespread utilization, such
as the presence of toxic constituents or architectural features
such as pod shattering. Interestingly, many of the wild species
with desirable characteristics are native to countries other than
the United States. Access to these resources for US agricultural
biotechnology companies would be enhanced if the US ratifies
the Convention on Biological Diversity.

With the ability to transfer genes from one unrelated kind of
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The robust plant on the right is “transgenic” —it contains a gene from a bacterium that conveys the
ability to resist the Colorado potato beetle. Photo courtesy of the NatureMark unit of Monsanto.

It is essential that we preserve all
species without regard to
currently known utility, because
we may discover that utility in
the future.

organism to another, first achieved successfully in 1973, the
genetic dimension of biodiversity assumed greatly increased
commercial value. Transgenic plants, animals, fungi, and
microorganisms may gain key importance in carrying out
sustainable development. However, beneficial genes will
continue to exist only as long as the species that carry them
continue to thrive on Earth. For all practical purposes, geneti-
cally modified organisms can be produced only by combining
thorough knowledge of the genetic composition of species at the
level that is now being attained through genome sequencing
projects with detailed knowledge of the relationship between
these sequences and specific desirable characteristics of the
organisms. Many useful genes have been identified in recent
years from plants or other organisms that have never previously
been useful to humans. It is essential that we preserve all
species without regard to their immediately known utility,
because it is now, and increasingly will be in the future, possible
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to discover as yet unknown beneficial genes in previously
unsuspected sources. To allow species to disappear now may be
to deprive ourselves and future generations of unique biological
and genetic resources of great value.

Values of ecosystems

The ecosystem as a synergistic entity provides services, such Ecosystem services support
as water purification, flood control, waste disposal through human life and livelihood.
decomposition, detoxification, soil production, and so on.
Though at present it is extremely difficult to pinpoint the value
of such ecosystem services accurately, various reasonable total
annual global estimates are in trillions of dollars; those for the
US alone are in the hundreds of billions. One set of very conser-
vative estimates of economic benefits of particular services
includes the formation of arable soil ($62 billion per year in the
US and $760 billion worldwide), biocontrol of crop and forest
pests ($17 billion annually in the US and $160 billion world-
wide), and bioremediation ($22.5 billion in the US and $121
billion worldwide). Microorganisms in natural ecosystems also
fix nitrogen in forms usable by plants ($8 billion US, $90 billion
worldwide), and forest and ocean ecosystems assist in mitigat-
ing the greenhouse effect by sequestering carbon dioxide ($6
billion US and $135 billion worldwide). Waste disposal, the
breakdown of organic matter by those species within ecosys-
tems known as decomposers, has been estimated to be worth
$62 billion per year in the US ($760 billion worldwide). These
estimates must be confirmed or corrected by the sort of research
described later in this report, but they certainly indicate that
such research is warranted, because the replacement of these
services by artificial means is either impossible or prohibitively

expensive.

Just as we improve and maintain transportation systems to We should establish the eco-
avoid slowing the delivery of goods, we should restore and nomic value of, restore, and
maintain ecosystems to ensure that the services we derive from maintain ecosystems to ensure
them continue to flow. Just as the underlying capital value of that biodiversity is preserved and

that life-supporting services

human-constructed infrastructures is built into cost-benefit X
continue.

analyses for their maintenance, so the value of natural capital
should be incorporated into calculations of the costs and
benefits of uses that society proposes for its natural assets.

Aesthetic values of biodiversity within natural ecosystems

The search for solitude or comfort as well as sustenance from Religious texts from many
natural surroundings is deeply imbedded in the human spirit. traditions assert that all life on
The ethical and religious beliefs of many cultures encompass a earth is interconnected, and that

humans have the responsibility

stewardship role that encourages protection of and reverence for \ )
to sustain those connections.

natural surroundings. Religious texts from many traditions
assume that all life on earth is interconnected, and assert that
humans have the task of sustaining those connections. For
example, Ezekiel 34 entreats: “Is it not enough for you to feed on
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Humans have aesthetic, emo-
tional, and economic bonds to
other species.

America’s National Parks
provide invaluable recreational
and educational opportunities
to millions. Photo: Joel L.
Cracraft, American Museum
of Natural History.

good pasture? Must you also trample the rest of your pasture
with your feet? Is it not enough for you to drink clear water?
Must you also muddy the rest with your feet?”

Christians, in Jesus’ parables, find rich and plentiful meta-
phors of the natural world as examples of right behavior.
Catholic social teaching holds that “there is an order in the
universe that must be respected, and... the human person,
endowed with the capability of choosing freely, has a grave
responsibility to preserve this order for the well-being of future
generations.” The Orthodox Church considers humankind to be
stewards and not owners of material creation; it is imperative
that humans display love and respect towards nature. Judaism
affirms life, and with it creation as a whole. Humans are respon-
sible for the active maintenance of all life, being commanded to
respect nature and having a special position of responsibility
towards it; the rich variety of nature (biodiversity), is to be
cherished. The Koran emphasizes that, at the Last Judgment, the
ways that people have cared for the Earth will be among the
deeds that will determine their fate. Even in the most secular
segments of our culture, it is widely recognized that we have an
ethical responsibility to prevent extinctions of species.

Throughout history, humans have shown a strong curiosity
about, and aesthetic attachment to, other species. That this
connection to nature is important to people is revealed by
numerous activities involving other species, notably gardening
(even on highrise rooftops), petkeeping, wildlife and bird
watching, the simple pleasure of walking in a woods, or watch-
ing the sun set over native prairie. It is impossible to place an
objective economic value on this desire. At the same time, the
aesthetic and emotional bond to other species has enormous
economic consequences for many people. Worldwide,
ecotourism and recreational enjoyment of the natural landscape
and the species that inhabit it generates between $0.5 and $ 1
trillion a year. As noted above, within the US alone, these
activities generate at least $100 billion per year.
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Biodiversity, and ecosystem services, are worth trillions of
dollars annually, but because they are usually not traded in
markets, they typically carry no pricetags that could alert
society to changes in their supply or to deterioration of the
underlying ecological systems that generate them. These
circumstances make it easy to take ecosystem services for
granted and difficult to imagine that they could be disrupted
beyond repair. Yet, escalating human impacts on natural
ecosystems, now manifest in even the most remote parts of the
planet, imperil the delivery of these services. Unchecked and
unmitigated, these impacts will thereby impoverish and
endanger our children and grandchildren.

There is a crucial need for policies, generated by govern-
ment, business, and society at large, that can help prevent
biodiversity loss and ecosystem deterioration, and preserve the
natural capital that provides our economic prosperity. Such
policies must resolve a daunting array of tradeoffs: Where
should natural ecosystems be developed for farmland, housing,
industry, or other human activities, and where should they be
safeguarded for the valuable services that they deliver? What
balance will best serve human needs, for present and future
generations? Current understanding of ecosystem services is
not complete, yet it is substantial, wide-reaching, and policy-

relevant. As such, it can inform the resolution of these tradeoffs.

The safeguarding of biodiversity and of ecosystem services will
require that their economic and ecological value be explicitly
incorporated into decision-making frameworks.

Over the long term, we cannot rely on directives and
regulations to ensure conservation of America’s living capital.
Rather, it must be demonstrated to communities living within
ecosystems, and to industries that generate their income from
the benefits of ecosystem services, that conservation is in their
own economic interests. This requires that ecologists, econo-
mists, planners and policy-makers devise ways of managing
important ecosystems that can yield benefits to the local
community while at the same time conserving integrity of the
systems. It requires, in short, that economic development and
environmental conservation be brought into a sustainable
relationship. Investment in the design of new, efficient eco-
nomic incentives and structures for determining how to safe-
guard ecosystem services will have tremendous payoffs.
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Society and the Biosphere

Humans tend to take biodiversity
and ecosystem services for
granted.

New policies that explicitly

recognize the relationship of

society to the biosphere are
urgently needed.

Economic incentives for safe-
guarding ecosystems, the
biodiversity that comprises them,
and the services they provide
must be devised and utilized.



The Challenges Ahead

The future holds many chal- There are economic, national security, and human physical
lenges based on the economic, and mental health consequences that follow from the manner in
national security, and human which our natural capital has been, is, and will be managed from

health consequences of past

_ this time forward. We are struggling today with the unfortunate
management practices.

consequences of the management practices of the past and
present, which have not been adequate to the task. If we are to
continue to benefit from America’s abundant natural capital, we
need to develop a new framework that integrates greater eco-
logical understanding with a more realistic economic apprecia-
tion and societal perception of biodiversity and ecosystem
services. Such a framework for sustainable management of
natural capital is proposed below.

The challenges include:

® Maintaining sufficient growth in agricultural productivity to meet the projected two to
three-fold increase in global demand for food over coming decades;

® Finding means to mitigate the pressures on the waste absorption and detoxification
services of natural ecosystems that are generated by use of fossil fuels, chemical fertiliz-
ers and pesticides, and other human activities;

® Restoring natural water purification services of ecosystems that are currently degraded
by deforestation, draining of wetlands, and other activities that allow pollutants from
agricultural, industrial and residential sources to move directly into water supplies;

® Discovering new species and their genetic capabilities to solve environmental problems
and improve crops, health, and bioremediation;

® Mitigating the disruption of ecosystems caused by local or global climate change so that
disease vectors living in those ecosystems do not threaten human health;

® Discerning the most efficient ways to preserve the Nation’s biodiversity and the function-
ing of its ecosystems;

® Preserving recreational opportunities, including the simple enjoyment of natural areas
and relatively undisturbed ecosystems rich in biodiversity that are at present threatened
by pollution, urban sprawl, or intensive agriculture;

® Protecting national security from a number of threats that stem directly from effects of
environmental degradation in various parts of the world (effects such as deterioration of
human nutritional status, lack of safe drinking water, and energy scarcity):

® Well-being within US boundaries can be threatened by increased exposure to infec-
tious diseases, which can rapidly spread from areas outside our borders.
® Resource scarcity and environmental deterioration abroad exacerbate tensions,
which may lead to increased (and multiple) pressures for US intervention in
violent conflicts.
* Mass migration of peoples away from degraded areas can lead to significant social
disruption.
® Achieving necessary cooperation from other nations to deal with Earth’s environmental
problems will require concerted efforts to reduce the global impacts of US consumption
of products of biodiversity and of ecosystem services. With our prosperity comes an
obligation to act responsibly, especially if we expect other nations to do the same.
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Sustainable Management of Natural Capital

We offer a vision of a promising new framework for realign-
ing the relationship between the environment and market
economics. This framework would devise incentives to encour-
age the redirection of market forces so that they act to conserve
rather than destroy ecosystem services. It would seek to illumi-
nate profitable, efficient strategies for bringing the impacts of
myriad human activities into balance with what Earth’s life
support systems can sustain. This framework calls for the
establishment of new economic instruments and methods, and it
will require assigning appropriate economic value to natural
capital and the channeling of market forces based on that value.

To achieve this vision and implement the framework, it will
be necessary for biologists to gain an appreciation of economics
and interact with economists. And, economists will need to work
with ecologists and other biologists to develop a new way of
thinking about biodiversity and ecosystems. This will involve a
concerted policy and funding effort to generate the new and
deeply cooperative research effort that is needed. Together,
biologists and economists must conduct research of several

types:
® identification and characterization of natural capital

assets and the processes that generate goods and ser-
vices from those assets,

® improvement of on-the-ground management of natural

capital that balances the ecological needs of the capital
assets with the economic needs of society,

® economic assessment and accounting mechanisms for

tracking the status of the assets and the supply of goods
and services, and

® means for generating market incentives for conservation

of capital to promote the flow of goods and services over
the long term.

We need a new approach for
managing natural capital, based
on the best of current knowl-
edge, that incorporates the
needs of the environment with
the needs of people.

This new approach will require
cooperation across many
disciplines, especially between
biologists and economists, and
integration of research activities.

Identification and characterization of natural capital

The safeguarding of vital biodiversity and ecosystem
services based on their economic value requires that they first be
identified. In comparison to record-keeping involving physical
and financial capital, little formal accounting has been taken of
the stocks of natural capital. At a variety of scales, from local
communities to nations and the entire globe, an explicit catalog-
ing of biodiversity and important ecosystem services is needed.
For any given geographic location, it is also important to know
which of these services are supplied locally, which are imported
from elsewhere, and which are supplied globally.
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Means of monitoring the ecologi-
cal and economic status of
biodiversity and ecosystems
should be put into place.

Better understanding of the
ecosystem processes that yield
natural goods and services must
be gained.

In addition to knowing what services are delivered, how
they are delivered, and how important they are (in economic or
other terms), it is critical that society be able to track trends in
the quality and rate of supply of goods and services from
biodiversity and ecosystems, just as it tracks similar trends in its
financial goods and services. Sustainable management of
Earth'’s life support systems requires widespread, systematic
monitoring of ecosystem services all over the world, with
measurements taken at appropriate scales. Because not every-
thing can be monitored, indicators of various sorts need to be
developed, tested, and refined.

We need to develop a sound understanding of the ecosys-
tem processes that yield natural goods and services, such as
water-purification or generation of soil fertility, if society is to
make a rational evaluation of the tradeoffs it faces as it pursues
material prosperity. This includes an understanding of how
ecosystem services are generated by biodiversity, how suscep-
tible they are to human disruption, and how amenable they are
to repair. A brief outline of some of the important questions that
require further research before they can be answered effectively
can be found in Box 2.

functioning of others?

Box 2:

Some of the important questions about ecosystems and the services they provide:

®* What ecosystems provide which life support services?
* What are the relative impacts of alternative human activities upon the supply of services?

* What are the relationships between the quantity or quality of services and the condition

(e.g., pristine vs. heavily modified) and spatial extent of the ecosystem supplying them?
Where do critical thresholds lie?

* To what degree do ecosystem services depend upon the ecosystem being biodiverse
(from the genetic to the landscape level)?

* How interdependent are the services? How does exploiting or damaging one influence the

* To what extent have various services already been impaired? How are impairment and risk
of future impairment distributed geographically?

¢ To what extent, and over what time scale, are ecosystem services amenable to repair?

* How effectively, at how large a scale, and at what cost can existing or foreseeable human
technology substitute for ecosystem services?

* Given the current state of technology and scale of the human enterprise, how much natural

habitat and biodiversity are required to sustain the delivery of ecosystem services locally,
regionally, and globally?

* Can we anticipate all the effects of perturbing a complex system and be alerted while there
is still time to prevent serious consequences?

* How can ecosystems best be managed to preserve biodiversity and ecosystem resiliency?
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Valuing and accounting for natural capital as an economic asset

How can we measure the vital but largely unquantified New, more accurate methods
values of natural capital and the goods and services that flow for economic assessment of
from it? No general, well-established methodology exists, and biodiversity and ecosystems
this is an area in which cross-disciplinary research is urgently are needed.
needed. Possible methods of assessing economic value include
calculations from:

* Direct Market Value: Sometimes ecosystem services contrib-
ute directly to the production of something that does have an
established market value, such as timber. Assigning the value
of an output to the resources used in producing it requires
understanding on two fronts, scientific and economic, and at
present this understanding is likely to be missing.

* Indirect Inference: Sometimes it is possible to infer from
people’s choices in other areas what value they place on an
environmental attribute or service, even if there is no market
for it or its products. A few approaches have been developed,
but more and better ones are needed.

* Contingent Value: Another means of estimating worth of
services is to ask people directly what value they place on
them (that is, to ask people what they are willing to pay to
preserve certain types of environmental assets). There have
been many such studies, but their utility is a matter of consid-
erable argument, because of the value-laden nature of the
questions.

* Replacement Value: In the New York watershed example (Box
1), there was a well-defined cost to replacing the services of
the Catskill ecosystems, namely the cost of engineering an
artificial filtration plant, so that cost could be equated with the
value of the ecosystem service. However, it is not always
possible to apply this method.

We need new accounting systems that track both the Sustainable management of
biological status of ecosystem services and the measurement of natural capital will require new
their economic value. In particular, the national accounting kinds of eco-financial accounting.
system should incorporate both the usual measures of wealth
(e.g., Gross National Product or Gross Domestic Product) and
the long term environmental costs of unsustainable use of
natural capital. Although research has begun to develop the
mechanisms by which such a system of accounting could be
implemented, we are far from having a satisfactory framework,
and much additional research is needed. We also need national
(or regional) ecological accounting systems in many respects
parallel to our traditional national and regional economic
accounting systems. The task of developing ecological account-
ing systems would be distinct from the task of modifying
traditional economic accounting to include long term environ-
mental costs.
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Managing and conserving natural capital for economic benefit

Securitization involves giving
individuals or corporations the
right to gain financially from
ecosystem services in return for
taking responsibility for conserv-
ing the ecosystem.

Biodiversity can be securitized to
encourage conservation of
genetic and species diversity.

Establishing tradable quotas for
ecosystem services automatically
places market value on them.

There are several different mechanisms through which
biodiversity and ecosystems can be integrated into financial
markets to build an awareness of the economic benefits of
conservation and sustainable use. Securitization mechanisms are
one; the establishment of markets in tradable quotas is another.
However, research that will lead to additional market incentives
is needed.

An example of securitization is provided by the New York
watershed example described in Box 1. Think of establishing a
corporation, say the NY Water Company, that has the right to
sell the pure water from the Catskills, or in general the services
of the ecosystem that is conserved. In the case of a watershed,
the corporation would own and sell water. In this example, the
NY Water Company would have the right to manage the
Catskill watershed and the right to sell the water from it to New
York City. Because the NY Water Company would have a
monopoly on the supply of water for the region, the latter
transaction would probably have to be regulated, perhaps by
the Public Utility Commission of the State of New York or its
equivalent. The sale of pure water would be sufficiently profit-
able to attract private investment into the NY Water Co., which
could then use these funds for conservation of the Catskill
watershed by taking such steps as improvements in sewage
treatment and purchase of land to control the activities occur-
ring on that land.

Securitization can work for biodiversity as well. For ex-
ample, Costa Rica’s National Institute of Biodiversity (INBio)
was established to hold that nation’s biodiversity as a public
asset and to manage it in such a way as to realize present values
while conserving as much of this biodiversity as possible for
future use—the very definition of sustainable development.
Through individual commercial contracts, INBio has been able
to capture some of this value and use it to promote rational
management, including the preservation of the natural capital
on which commercial exploitation depends. Similar national
institutions have been set up in other countries, and provide an
important model for the US and Europe.

The establishment of markets in tradable quotas—as has
been done in the US for sulfur dioxide emissions and as is
proposed for carbon dioxide on a global scale—is another
means to redirect markets. If a regime of tradable carbon
emission quotas were to make provision for credits for carbon
sequestration (i.e., storage in trees or properly managed agricul-
tural soils)—as under the current system of Actions Imple-
mented Jointly by the Parties to the Framework Convention on
Climate Change—then this would automatically place a market
value on one of the more important services provided by forest
ecosystems. Indeed, the carbon sequestration services provided
by forests may be as valuable to society as the production of
wood and pulp. Incentives for dual management of forests to
optimize both fiber production and carbon storage are essential.
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Other uses of tradable quotas could be established to create
incentives for conservation of other aspects of our natural
capital.

Developing and Implementing a New
Economic — Ecological Framework

The intelligent management of biological resources, both in
the United States and throughout the world, requires a level of
coordination that has been difficult to attain. Part of this report
is devoted to an examination of some of the mechanisms that
should be brought into play to achieve such coordination.
Responsibility for the sustainable management of biodiversity
in the US is distributed among a number of Federal agencies,
and is also an important activity of state and local governments
and of the private sector. Management for the overall good
depends on continuing to improve coordination among the
activities of these entities. We urge that such coordination be
approached as a matter of high national priority.

Mechanisms that will promote rapid information flow from
science into sound management decisions are an absolutely
essential part of this coordination and the implementation of the
recommendations of this Report. Information flow facilitates
coordination among different entities. Also, data that are held
by government agencies, museums, libraries and other institu-
tions are needed for the various types of research that are
recommended. In addition, educational institutions, industries,
and the public must have access to available information on
biodiversity and ecosystems. Mechanisms to promote this vital
information flow include networks, computers, computer
programs, data standards, and so on—the components of an
information infrastructure. Thus, major portions of this report
are concerned with strengthening the current National Biologi-
cal Information Infrastructure (NBII), which is part of the
National Information Infrastructure, and supporting the com-
puting, networking and information science and computer
science research that will result in the “next generation” of the
NBIL Very modest investments will go far to increase the
information content of the NBII as it is currently configured.
Larger investments are needed to achieve a significant step
forward in information management and manipulation. The
“next generation” NBII would be possible very rapidly for an
investment of $90 million per year, but can be achieved with $40
million per year for five years, followed by reasonable yearly
expenditures for maintenance.

New results from scientific research in several biological
fields (taxonomy and systematics, genetics, population biology,
ecology and ecosystems), and in the social sciences and espe-
cially economics, are needed to provide a sound basis for
conservation and sustainable use of the Nation’s natural capital.
Much of this research should be interdisciplinary, combining
biological and socioeconomic efforts to develop economic
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The scientific discoveries and
developments, and the policy
debates and decisions, that
result from these activities
should be communicated clearly
to the American populace.

The management, research, and
education measures set out in
this report are critical elements in
ensuring sustainable prosperity.

incentives for all sectors of society to participate in conserving
biodiversity and ecosystems. This report provides guidance as to
the sorts of research that are needed and the means by which
that research should be supported. Overall, support for research
in the several areas discussed in this report (biodiversity catalog-
ing, ecological pattern and process, economics, and the intersec-
tion among all of these) should be increased by 36% (a total of
$138 million across a number of agencies). This investment will
greatly increase knowledge of the biodiversity resources of the
US, increase our grasp of ecosystem functioning and the means
to restore it, and generate an understanding of the interaction of
economics and ecology.

The results of the various research programs we recommend
here, and information about environmental issues, should be
shared with the American public. This information will be much
more valuable if the populace understands the scientific ap-
proach to environmental issues. We recommend increasing
support for agencies and institutions that provide scientifically
centered informal environmental education and professional
development for teachers, as well as the exploration (by another
PCAST Panel, or a Presidential Commission) of mechanisms for
improving the scientific basis for environmental education in the
schools.

The approach we recommend weaves together insights
from, and builds upon, the strengths of both the natural and the
social sciences so that scientific knowledge, economic reality, and
policy-making may be better integrated. Implementation of this
approach will enable the United States to preserve and enhance
its natural wealth, and to make the best use of that wealth in the
long-term interests of its citizens. The measures we set out in this
report are important for ensuring sustainable prosperity in the
United States.
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SECTION I:

Make Use of Current Knowledge in
Managing Biodiversity and Ecosystems of the US

“These are our national treasures. When we maintain our national parks, nourish our wildlife refuges,
protect our water, and preserve places like the Everglades, we are standing up for our values and our future,
and that is something all Americans can be proud of. God created these places but it is up to us to care for
them. Now we are and we’re doing it the right way, by working together.”

William J. Clinton, 12 October 1996

In order to manage the living resources of the United States
and the world sustainably, it is necessary to use the scientific
information that is currently available to inform conservation
strategies at the local, regional, and national levels. It is also
necessary to generate new knowledge to fill in gaps in our
understanding—which is the topic of succeeding sections of this
Report. Our first recommendations, however, concern using
knowledge that we do have, organizing it electronically, and
providing it to all parties that need it. To accomplish this, we
will need to form partnerships among governmental organiza-
tions at Federal, state, and local levels, and between them and
the private sector. These partnerships, using up-to-date infor-
mation, can begin the process of developing coordinated local,
regional and national strategies by designing best management
practices and further sharing information.

Public-Private Partnerships Should Manage, Use, and Conserve
Biodiversity and Ecosystems

Develop coordinated strategies for conservation and sustainable management of
biodiversity and ecosystems of the United States.

This Panel was charged with recommending actions to Improvement in our strategies for
improve the Nation’s conservation of biological resources in the the conservation and sustainable
21st Century. At present, governmental agencies and other management of biodiversity and
entities that are responsible for managing the Nation’s natural ecosystems is needed.
capital sometimes do so in an uncoordinated—indeed conflict-
ing—manner, largely because they are operating from differing
(and sometimes outmoded) knowledge bases. Also, many
confrontations between advocates for the environment and
defenders of commercial activities could be avoided or resolved
by applying objective, scientific information—ready accessibil-
ity would enhance such use. Conservation and management
should also be coordinated across all Federal, state, and local
agencies and among governments and other managing entities.

In fact, the United States should develop a comprehensive
national conservation strategy, building from the elements
which currently exist.
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An agreed-upon knowledge
base can foster local, regional,
and national conservation
strategies that are biologically
and ecologically acceptable
and economically sustainable.

Steps should be taken to
assure that policy decisions
are made using the best
scientific information available.

Plans for conservation and
sustainable management of
natural capital should incorporate
many components,

and be devised through
public-private partnerships.

To formulate such a strategy, we need to develop, through
public-private partnerships, an objective, accessible knowledge
base. The expansion of the capability of the NBII to deliver,
rapidly and accessibly, comprehensive and comprehensible
information for devising strategies, making responsible man-
agement decisions, and resolving conflicts is an essential part of
bringing scientific knowledge into the service of society. The
Ecosystem Management Initiative, which attempted to codify
information needs in different regions, was a beginning. An
agreed-upon knowledge base can then be used to foster local,
regional, and national conservation strategies that are biologi-
cally and ecologically acceptable and economically sustainable.
The goal of these strategies should be net enhancement of
natural capital, so that future generations may enjoy the boun-
ties of nature as well as economic prosperity. These strategies
should include mechanisms for managing and protecting
ecosystems sustainably in the face of global change and guard-
ing our natural capital in all its forms; they should also employ
the best, most up-to-date scientific information available, and
should evolve to incorporate new information as it is generated.
There are already some excellent examples of such strategies
that have been developed around the country under the leader-
ship of non-governmental organizations, elements of the private
sector, or representatives from local, state, and Federal agencies.

The Science Board of the Department of the Interior recently
took a good step toward assuring the use of the best informa-
tion available in policy decisions. The Science Board is chaired
by the Secretary and includes the assistant secretaries and
bureau directors. Each bureau has selected a significant man-
agement issue that should be informed by science but which
may offer room for improvement in this respect. For example,
the Bureau of Land Management has chosen to review fire
management. A team, including representatives from other
agencies in the Department, has been formed to review the
inclusion of up-to-date science in the fire management decision-
making processes of the Bureau. Following review, a presenta-
tion that includes analysis, steps planned for improvement, and
recommendations on actions requiring authorization outside of
the Bureau will be made to the Board. The review will be
designed to answer several questions: Is the scientific informa-
tion being used actually relevant to the policies and decisions
that must be made? Has information been provided in a way
that facilitates its use? Is the information timely? Is it credible?
Is it understood by decision makers? Is it understood by stake-
holders?

The process instituted by the Department of Interior Science
Board is commendable, and should be considered for adoption
throughout the government.

Any plan for conservation and management should:

* be based on agreed-upon guiding principles,

® incorporate mechanisms for managing ecosystems
sustainably in the face of global change,
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® protect critical ecosystems and rare and endangered
species,

* minimize the introduction of non-native species and
mitigate damages caused by invasives already present,

® account for the needs of society and the economy while
guarding natural capital in all its forms, and

* provide for ongoing research to continually better our

ability to live prosperously and sustainably on the
benefits that we derive from natural capital.

The planning, thought, and exploration that would go into
the development of these strategies for the sustainable manage-
ment of biodiversity and ecosystems would be of great benefit
to local communities, the Nation, and all levels of organization
in between. Once developed, the strategies would guide future
management decisions while allowing flexibility to incorporate
new knowledge. In addition, the coordination of actions among
various agencies would help to eliminate duplication of effort
and therefore save funds that could be invested more wisely.
Coordination also would illuminate research areas in which
agencies and academia could cooperate, and would facilitate
the development of information systems that would serve not
only management agencies but also the public. The develop-
ment process should provide forums for discussion, so that
lessons learned by one entity can be instructive to many. We
should build on and learn from efforts such as the Ecosystem
Management Initiative, which attempted to discern the appro-
priate Federal role in regional management. At present, we are
probably not gaining the full value of lessons learned from
policy successes and failures. Forums also provide an avenue
for input from the public and from the private sector, which in
itself can be of great value in time and expense saved, opportu-
nities for understanding gained, and in litigation avoided.

The absence of coordinated strategies for conservation is
one factor that allows the continued degradation of our natural
capital. If coordination of management and research activities
among Federal agencies, and between the Federal government
and other public and private stakeholders, is not achieved,
many of these agencies will continue to manage inefficiently or
to work at cross purposes with each other. This in turn leads to
unnecessary expenditures, interagency conflict, public dissatis-
faction, and mismanaged natural resources. In the absence of
coherent strategies, it will become more and more difficult to
bring the results of up-to-date research into management and
policy decisions.

Individuals, companies, local communities, state govern-
ments, and Federal agencies all have a stake in the development
of these strategies. A special role of the Federal government
should be to provide a framework for activities at all levels and
to provide for the integration and availability of the highest-
quality information for these purposes. In doing this, it should
facilitate the organization of workshops that would bring
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of biodiversity and ecosys-
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number of benefits.

Failure to develop coordinated
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help coordinate regional efforts,

and implement best practices on
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Agencies that manage
biodiversity and ecosystems
should invest personnel time and
expertise in development of best
practices, local and regional
partnerships, and coordination at
the national level.

Priority topics include alien
species, endangered species, and
harmful marine algae.

together knowledgeable people from government, academia,
non-governmental organizations and the private sector to
establish agreed-upon best practices for management of ecosys-
tems. Compilation of regional best practices that emerge from
the workshops would then enlighten a national strategy for
managing Federal lands. Because much research has shown that
greater biodiversity improves the services that ecosystems
provide, and because of the importance of preserving
biodiversity as a capital asset for future generations, the federal
government has a special obligation to manage its lands to
maximize their biodiversity. Indeed, such management is
socially necessary and socially sustainable because both its costs
and its benefits are shared equitably by all current and future
generations.

The development of nationally coordinated strategies for
managing biodiversity and ecosystems would be a natural
outgrowth of the concept of “ecosystem management” that has
been employed in several agencies in recent years, partly in
connection with understanding the effects of global climate
change on agriculture, human health, and in other areas. The
budgets of these agencies should include funds for cooperating
in the development of coordinated strategies for the sustainable
management of biodiversity and ecosystems. Trained biologists
and other specialists should be recruited by the agencies and
promoted to management positions within them to insure that
current understanding of the underlying facts and concepts
involved in these strategies is represented at policy-making
levels. Job descriptions, especially those for management
positions, should be rewritten when appropriate to facilitate
such recruitment and promotion.

All agencies with responsibility for managing biodiversity
and ecosystems should be directed to cooperate in developing
coordinated management of the nation’s biodiversity and
ecosystems. Certain elements of appropriate management are
already in place or being developed, such as the plan for
dealing with invasive alien species (see Box 3). Other topics
that should have priority among management actions involve
endangered species (see Box 4) and harmful marine algae (see
Box 5). Coordinated efforts have already been developed to
deal with some local situations. For example, the diverse group
of stakeholders that constructed the San Diego Multi-Species
Conservation Plan (see Box 6) includes private landowners and
other citizens, representatives of conservation groups, universi-
ties, industries, and agencies at all levels of government.
Similar activities, such as the Northwest Forest Plan and the
public-private partnership that is working to save and improve
the Everglades ecosystem, are underway throughout the
Nation, and should be fully encouraged within a coordinated,
national context.
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Box 3: Priority Management Action: Invasive Species

The Problem

Exotic or alien species are organisms that have been introduced, usually by the activities of
humans, from one part of the world to another. Some exotic species are called invasive species
because their populations spread rapidly and do extensive economic and biological damage in the
area where they have been introduced.

For example, the zebra mussel
(Dreissena polymorpha), which was acciden-
tally introduced from the Caspian Sea into
the Great Lakes in the mid 1980s, is now
found in all freshwater habitats from New
York west to Minnesota and south to
Louisiana. It has cost more than $5 billion
just to clean out pipes clogged by extremely
densely clustered populations of these
mussels.

Just 79 of the more than 4,000 alien
species in the US cost our economy $97

billion between 1906 and 1991. One Zebra mussel populations cover surfaces and clog apertures and
.. . . ) . openings, causing millions of dollars worth of damage. Photo
projection, involving only 15 of the highest- courtesy of lllinois Natural History Surovey.

impact non-indigenous species, predicts
losses of another $134 billion over the next 50 years. And at present, approximately one-fourth of
annual US agricultural GNP is lost to invasive species and the cost of controlling them.
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Zebra mussels have spread dramatically in the past 10 years through major North American river systems. Maps:
Nonindigenous Aquatic Species Information Service, USGS Biological Resources Division.

Recommendation:
Focus research on the conditions that enable introduced species to establish and
spread, negotiate internationally to prevent introductions, and assure that

appropriate regulatory mechanisms are available and used.

A mechanism to coordinate resources and initiatives to evaluate, control and mitigate the
impact of invasive species should be developed across Federal agencies. And, increasing the
amount and quality of scientific information on invasive species should be a priority for the
National Biological Information Infrastructure.
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Box 4: Priority Management Action: Endangered Species

The Problem

Seven hundred and seventy species of plants and animals are federally listed as endangered
or threatened; many more species remain to be studied to determine their status. The most
important factors that endanger these organisms are habitat destruction and degradation and
invasive species (see Box 3). More than 500 US species have been driven to extinction in the
history of the country by these and other factors.

Among endangered species on the US list, only 36% are improving or stable and 33% are
continuing to decline (the fate of the remainder is unknown). Two major factors contribute to
these poor statistics. Management of endangered species has often focused on the species rather
than on conservation or restoration of its habitat. And, more than half of the listed species exist
mostly or entirely on non-federal land; statistics show that endangered species on private land
fare worse than do those on Federal property.

Much more understanding of the genetics, population biology, and ecological requirements
of species is needed in order to design habitat management plans that restore and improve their
chances of survival.

#u—"r ‘-'# The American bald eagle is one endangered species that
is recovering. In 1961, it was estimated that there were
Sfewer than 2500 pairs in the contiguous United States.
By 1995, the population was estimated to have risen to
approximately 10,000 pairs. Photo courtesy of Kansas
Wildlife and Parks.

Recommendation:
Build scientific understanding of genetic, population, and ecological dynamics
into species recovery plans and design habitat conservation plans within an
ecosystem context.

Resources commensurate with the actual costs of studying, protecting, and restoring native
habitats and species are urgently required. The amounts that have been devoted to these activi-
ties have not begun to approach the needs for research funding and environmental mitigation.
The research that is recommended in this report can greatly contribute to the habitat and ecosys-
tem level strategies that are emerging as a workable way to protect endangered species. Further,
the amount and quality of information on endangered species in the National Biological Infor-
mation Infrastructure (NBII) is currently inadequate and must be upgraded in order to support
species recovery and habitat conservation plans. Again, the recommendations in this report for
strengthening the NBII contribute to meeting these information needs.

An important component of the recovery plans will be incentives for private landowners to
manage land to conserve species. It is important that conservation efforts begin sooner, and
focus on shared habitats. By the time species are formally listed as endangered or even threat-
ened, their populations have been so reduced in number and/or distribution that prospects for
recovery are problematic. It is essential that landowners be given incentives to monitor natural
communities for decline and to mitigate that decline.

The number of endangered species is likely to escalate rapidly during coming decades as
remaining natural habitats are further impacted by fragmentation, destruction, pollution and
climate change. Coordinated local, regional, and national conservation strategies could greatly
reduce this threat.
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Box 5: Priority Management Action: Harmful Marine Algae

The Problem

“Red tides” or “brown tides” are examples of popula-
tion explosions, or “blooms,” of one or a few species of
marine algae and other organisms from the diverse assem-
blage usually present in the marine environment. These
blooms often cause toxic and disease events, both of which
threaten seafood supplies and human health. Algal blooms
are associated with outbreaks of paralytic shellfish poison-
ing, amnesic shellfish poisoning, and gastroenteritis in
humans as well as ear and eye infections from swimming in
waters contaminated by these blooms.

Complex marine microecosystems that involve algae,
bacteria, and viruses are associated with these biotoxic
events. Examples include
the contamination of
oysters in the Gulf of
Mexico, scallop fishery
destruction off the coast
of Long Island, poisoning
of shellfish on both coasts
of North America, and the
recent fish kills on the
East Coast attributable to
the highly toxic microbe,
Pfiesteria piscicida.

Factors that influence
the proliferation and
persistence of these
marine organisms include
the introduction of excess
nitrogen and phosphorus
into the marine environment, often driven by the over-fertilization of nearby agricultural lands or
sewage runoff from livestock or human sources. These in turn are exacerbated by the removal of
terrestrial wetlands that could filter such nutrients from water as it drains toward the sea. An-
other factor is overfishing, which disrupts food webs and changes the natural control grazing
species provide on algal population size. However, too little is known about the physical, chemi-
cal, and biological processes that govern the distribution and population growth of these harmful
algal and other microbial species.

(above) Scanning electron micrograph
of two of the many life-stages of
Pfiesteria piscicida. Photo courtesy of
North Carolina State University
Aquatic Botany Laboratory.

(left) Fish killed by lesions caused by
toxic life stages of Pfiesteria
piscicida. Photo courtesy of North
Carolina State University Aquatic
Botany Laboratory.

Recommendation
Combine field, laboratory and modeling studies in a coordinated effort to charac-
terize the physical, chemical and biological processes that govern the growth,
distribution and impacts of harmful algal blooms.

Research is needed to understand the life cycles, physiological requirements and
adaptabilities, and toxic properties of the organisms. In addition, the ecological processes that
naturally promote algal blooms need to be understood so that the effects of human activities on
these coastal and marine ecosystems can be modeled and mitigated. As this information is
accumulated, it must be rapidly distributed through the National Biological Information Infra-
structure. The national strategy for conservation of biodiversity and ecosystems must address the
threats to marine and coastal biodiversity that are posed by harmful marine algae.
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Box 6: The San Diego Multi-Species Conservation Plan

The Players

The San Diego Multiple-Species Conservation Plan (MSCP) has been described by
the New York Times as “the Nation’s most ambitious attempt to balance the preserva-
tion of nature with urban development ... a plan to save not just one or two endan-
gered species, but an entire landscape with its panoply of plants and animals, while at
the same time setting aside relatively unrestricted areas for real-estate development.”

The 580,000 acres covered by the plan includes San Diego, surrounding unincorpo-
rated areas of San Diego County, and ten other cities.

The habitat consists mainly of coastal sage shrub and chaparral interspersed with
grassland, oak woodlands, wetland areas, and groves of exotic eucalyptus. The
planning area is a biodiversity “hot-spot” with more than 100 species of plants and
animals that are considered imperiled by urban development. And, there is enormous
development pressure in the planning area, because the human population is pro-
jected to increase by 50% over the 1990 level to 3.3 million by 2015.

The Process

The MSCP is a cooperative and voluntary program for local governments, private

land owners, and other stakeholders. An
extensive GIS database of vegetative com-
munities, species locations, elevation, slope,
soils, drainages, and other physical param-
eters was developed to design and analyze
management alternatives, and ultimately
the selection of a “preserves” alternative.
Under the MSCP there is now a commit-
ment of 172,000 acres (approximately 30% of
the total area) as “preserves” (including
63,000 acres donated by developers and
27,000 acres that will have to be purchased).

The biological goal of the MSCP is
maintaining ecosystem functioning and the
conservation of 85 species. There is a 50-year
guarantee of no future environmental
assessments or more restrictive listings for
those species. Biological monitoring will be
conducted by local, state and Federal
agencies as agreed upon in the plans.
Research is needed to ensure that monitor-
ing efforts provide as much useful informa-
tion as possible.

A public-private partnership in action

The Natural Heritage Network is an
example of a public-private partnership
that provides information to many users.
Initiated almost twenty-five years ago,
this collaboration consists of computer-
ized biodiversity inventories for all 50
states. The natural heritage programs
that are part of the network are usually
state agencies charged with natural
resource or wildlife management. They
collect, manage, and distribute informa-
tion about species and ecosystems at risk.
The Nature Conservancy, a private non-
governmental organization, provides
technical and scientific support to the
network. Each year the Network re-
sponds to more than 80,000 direct re-
quests for information. A variety of
Federal agencies also use the information
and work closely with the network’s
public and private participants.
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Increase the Information Content of the
National Biological Information Infrastructure

Promote and support rapid development of the
National Biological Information Infrastructure to
bring the most up-do-date scientific research available into
local, regional, and national conservation strategies.

The National Biological Information Infrastructure (NBII) is
that part of the National Information Infrastructure devoted to
providing biodiversity and ecosystem information, and biologi-
cal information in general. The NBII is not a single facility, but
rather a distributed one that includes all institutions or agencies
that provide online databases of biological information. How-
ever, the amount of information that the NBII can provide at the
moment does not reflect even a small percentage of the body of
ecological and other biological knowledge. There is much
information available in the scientific literature and even in
databases that is not part of the NBII and is not readily acces-
sible, but which could be extremely useful in the generation of
habitat conservation plans and other biodiversity and ecosys-
tem management strategies. Steps should be taken to increase
the online electronic information content of the NBIL; these steps
are outlined below.

Biological information about biodiversity and ecosystems is Improvements
among the most complex scientific data to manage electroni- in electronic availability of
cally, yet it is vitally important that we do so. There are intellec- biodiversity and ecosystems
tual challenges in the area of biodiversity information analysis, information are needed.

synthesis, presentation, validation and long term storage that
require considerable information science and computer science
research and infrastructure. In Section V of this report, we call
for the research needed to enable the “next generation” NBII
that will address these challenges.

In the meantime, however, there are data collection and
provision actions that should be taken now to increase the
biological information content of the current NBIL These
include:

* allocation of a certain percentage of all research funding
specifically for the long term management of the data
and information generated by that research,

* development and adherence to data and metadata
standards and best use protocols,

*  provision of new funding for digitizing the data associ-
ated with specimens in natural history collections, and
conversion of “legacy” ecological datasets, and

* setting of priorities to guide information gathering. For
example, data on endangered and invasive species
should have a high priority (see Boxes 3, 4, 5).
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Ongoing activities that
contribute to the NBII
should be strengthened.

The benefits of a well-devel-
oped NBII include greater
return from capital assets and
on investment in R&D, and
rapid availability of information
for management decisions.

Failure to fully support the NBII
will mean that opportunities to
capitalize on past investments in
R&D will be lost.

The Federal Government is a
major data generator and
provider that should play a
leading and facilitating role in
building the NBII.

Other priorities, based on recommendations made in the
National Research Council study “A Biological Survey for the
Nation” (www.nap.edu/readingroom/books/ bio/
contents.html), with which this Panel agrees, are presented in
Access America section A04 (www.gits.fed.gov/htm/env.htm).

There are a number of current Federal agency activities that
can improve the performance of the NBII if they are recognized
by, and budgetarily supported by, upper levels of participating
agencies as an important contribution to the NBIL These
include the Integrated Taxonomic Information System (ITIS),
the National Environmental Data Index (NEDI,
[www.nedi.gov]), and CENDI, which was formed by an inter-
agency (NASA, NIH and the Departments of Commerce,
Energy, Health and Human Services, Defense, and Interior)
Memorandum of Understanding to facilitate information
management. Other agencies, notably the Department of
Agriculture and its subsidiaries, should be directed to partici-
pate in these efforts, which should be coordinated so that
duplication of effort is prevented.

Federal government expenditure on research, development,
and management that is related to environment is on the order
of $5.3 billion per year (including NASA expenditures for the
Earth Observing System, and Department of Energy expendi-
tures on global change and energy issues that are inextricably
linked with other environmental issues). Of that amount,
approximately $600 million is spent on information generation
through research, data collection through monitoring, and the
storage and analysis of data. Many of these data are measure-
ments of the physical parameters of the environment. The
biological data that would be delivered by the NBII can be
combined with these data, making both more useful to all
public and private sectors, and providing a greater return on
these expenditures than would otherwise be the case.

Existing high-quality information is not currently being
incorporated into management decisions. There are a number of
reasons for this, but two of the most important are: 1) lack of
electronic availability of needed biological information, and 2)
lack of skill on the part of many resource managers to analyze
and interpret that information. The recommendations for the
NBII as described here will address the first of these shortcom-
ings. The “next generation” NBII described in Section V will in
part address the second by increasing the ease of use of infor-
mation through software developments, and by providing a
system that is driven by user needs. Of course, entities that
employ resource managers will need to insist that those persons
have appropriate skills.

The NBII is truly national, in that it interlinks datasets held
by individuals, museums, governments, industry, and so on.
However, the Federal government is a major user and provider
of information, and should play a leading role in the develop-
ment of the NBII, and participate in public-private partnerships
to enhance the NBII. All agencies of the Federal government
that hold or generate data that are relevant to biodiversity and
ecosystems should be directed to:
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*  Make all data they hold (those in agency databases as
well as those generated by the work of both intramural
and extramural individual researchers whom they
support) fully accessible via the NBIL

* Discover redundancies in data collection routines
among agencies, and eliminate duplication of effort and
expenditure wherever possible by combining efforts or
utilizing data collected by another agency.

*  Coordinate software and systems development with
other agencies to eliminate duplication of effort and
expenditure wherever possible.

*  Cooperate with other government agencies, scientists,
and the private sector to establish and adopt data and
metadata standards, authority files and thesauruses for
biodiversity and ecosystem information.

An NBII that is truly functional must be designed from the Building the NBII will require
perspective of the users, and must be adequately funded to public-private partnerships to
achieve the goal of full electronic accessibility to biological promote software development,

adopt data standards, and invest

information for all citizens. Despite the great economic value of ) IV
in data acquisition.

biodiversity and ecosystem services, the biodiversity and
ecosystem information domain has not received adequate
attention from professional software developers. The building
of the NBII is an excellent opportunity to forge public-private
partnerships in software development by providing incentives
for private-sector developers to become engaged in this infor-
mation domain. The Nation should harness the intellectual
energies of small businesses by providing incentives for them to
become involved. These incentives could take several forms:

*  Contracts with mission agencies for specific develop-
ments, with follow-on agreements that provide a market
for those developments;

*  Cooperative agreements among several agencies and
between them and the private sector for development
and technical support of software that serves several
agencies.

*  Direct grants for exploratory developments in stan-
dards and software from the Biological Resources
Division of the USGS, and from the Division of Biologi-
cal Infrastructure of the NSE. Current budgets for these
activities should be at least doubled over the course of
three years, and thereafter maintained against inflation.

The US possesses approximately 750 million biological Georeferenced data on species
specimens in its natural history museums and herbaria. The occurrence and digitized literature
georeferenced data (geographic coordinate data attached to the about those species are needed
biological information) from these specimens is urgently needed as part of the NBII.

as a tool to study status and trends of biodiversity and ecosys-
tems, but the vast majority of this information has not been
digitized. Also, literature dating back to the time of Linnaeus
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(mid-1700s) and before is still vital to the study of biodiversity
and ecosystems. Therefore, critical Federal and non-Federal
information resources (museums, libraries) will require funding
to digitize their information and bring it online as a part of the
NBIL

Funding for this effort should come in part from a partner-
ship among state and local government, institutional, and
private sources, but substantial Federal funding must be
provided to leverage support from other partners. Clearly, the
priority of the information to be digitized and the scientific
merit of data-capture projects must be used as a criterion for
allocating funds within a system of merit review. An appropri-
ate mechanism for grants for digitizing data already exists.
There is a working relationship between the NSF’s Directorate
for Biological Sciences and the USGS/BRD, first established by
Memorandum of Understanding in 1995 and strengthened by
several interagency agreements since. Therefore, USGS/BRD, in
partnership with the appropriate NSF/BIO programs, could
fund such projects based on the NSF merit review system.

Within NSF/BIO, approximately $3 million is available
annually to proposals for museum data digitization. The
relevant programs should, over the course of the next several
years, make data acquisition a priority for proposals and
awards, and the NSF should add significantly to the funds
available to museums for information provision projects.
Because the USGS/BRD is central to the development of the
NBII, the agency’s current budget for data acquisition should be
increased by an order of magnitude within three years, and
maintained against inflation thereafter.
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SECTION II

Assess, Monitor, and Study the
Biota and Ecosystems of the United States

“To learn more about where we stand in protecting all our biological resources ... and ... to help the agricultural
and biotechnical industries of our country identify new sources of food, fiber, and medication.”
William J. Clinton, 21 April 1993

“Biological information is the most important information we can discover. ...DNA is like a computer
program but far, far more advanced than any software we’ve ever created.”
Bill Gates, The Road Ahead (1996), p. 228

Ecosystems, whose properties depend on those of the To achieve sustainable
organisms that occur within them, provide the basis for all development, we must deepen our
human activities everywhere on Earth. Since the invention of knowledge of living systems and
agriculture approximately 10,000 years ago, humans have the organisms that comprise them.

expanded from hunter-gatherer societies comprising no more
than several million individuals scattered throughout the world
into the overwhelmingly dominant force on the planet. During
the second half of the 20" Century, human numbers have
increased from approximately 2.5 billion to nearly 6 billion
people, most of whom share high aspirations for material well-
being. As a direct result of this growth, however, the character-
istics of the atmosphere have changed substantially, agricul-
tural lands have decreased by 15 to 20 percent, and a major
proportion of the world’s forests has been cut without replace-
ment. No wonder that noted conservationist George Schaller
has stated, “We cannot afford another century like this one.”
To survive and flourish, humans must learn to make
sustainable use of the Earth’s living resources. To do so, we
must deepen our knowledge of living systems and the organ-
isms that comprise them. And we must make that knowledge
available and employ it in constructing a world that will
continue to support our societies and the needs of our children
and grandchildren. Societies that master this knowledge and
use it effectively will have a major competitive advantage.
Understanding and managing ecosystem services, including
individual organisms and their genes, will provide the key to

sustainability.

In the following pages and sections, we lay out plans for a Research on biodiversity and
multifaceted, interdependent program of research and educa- ecosystems will provide the
tion that we are convinced, if implemented properly, will knowledge needed for
provide the United States with the knowledge it needs to sustainability.

sustain the Nation’s prosperity for succeeding generations.
Economics research, informatics research and infrastructure,
and education are treated in sections three through five. The
biological portion of this research program is addressed here,
and has three major, intertwined components:

»  Expansion of our knowledge of the biological resources
of the Nation,
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*  Expansion of our system of environmental observato-
ries so that we may know how we are impacting the life
support systems of the Earth, and

*  Expansion of our knowledge of the functioning of
ecosystems so that we may better manage them.

Any of these three components could contribute to the
knowledge needed for solving the environmental problems that
our Nation faces. However, a real solution, and a truly sustain-
able future, can be gained only if the interdependence of the
three branches is recognized and a multifaceted program of
research carried out.

Assess the Biotic Resources of the United States

Discover and document the biotic resources of the United States,
including species, their genetic diversity, and their distribution into

Species and their genes must be
discovered and inventoried—at
present, fewer than 30% of US
species are cataloged.

habitats and ecosystems.

America is a nation of explorers and catalogers of diversity.
Beginning with the request of President Thomas Jefferson to the
Lewis and Clark expedition to explore the West and search for
“minerals, soils, climate, peoples, and animals in their diverse
kinds, as well as ...the dates at which particular plants put forth
or lose their flowers or leaf, times of appearance of particular
birds, reptiles or insects, “ the Federal government has sup-
ported biodiversity research and exploration that has contrib-
uted to the development of our Nation’s economy. As need for
sustainability increases, so should support for exploration and
research that will meet the need. We are in a new age of discov-
ery, equipped with newly developed tools unimaginable to
explorers of the 19th Century, the last great age of biodiversity
discovery in this country. We are also facing unprecedented
needs for that discovery. There are willing partners in the
private and academic sectors, but the Federal government must
focus and provide consistent impetus for the intense discovery
effort that is needed as we enter the 21* Century. This should be
accomplished by strengthening systematic biology research
programs, particularly for biodiversity inventory, as described
below.

The United States, on the basis of its proportional represen-
tation of relatively well-known groups of organisms, harbors
perhaps 500,000 or more species, or at least 5 percent of the
world total. Of these, we have named fewer than 150,000, and
even for most of those we know very little beyond the names.
No wonder the management of our natural systems seems at
present so difficult—without knowledge of the players, their
roles and interactions in ecosystems can hardly be predicted. A
recent study coordinated by the National Center for Ecological
Analysis and Synthesis found that the factor that most hampers
the success of Habitat Conservation Plans (HCPs) in preserving
and restoring species and their habitats is lack of scientific
information about the species involved. When there is scientific
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information about the species, it is well employed within the
HCPs. The research discussed here will contribute to the body
of knowledge needed for this and other purposes.

Research to document America’s species more completely is The identities and interactions of
needed if we are to achieve full benefit from the economic and species must be understood
other opportunities that will inevitably follow from knowing to maintain the productivity,
the properties and interactions of species. In this discovery sustainability, and

process, emphasis should be placed on those groups of organ-

stability of ecosystems.

isms that are important for managing our habitats and ecosys-

tems, enhancing the
sustainable use and
economic importance
of these ecosystems,
improving human
health, and maintain-
ing the productivity,
sustainability, and
stability of our
agricultural lands,
forests, streams and
lakes, and coastal
marine waters. Many
organisms of substan-
tial ecological and
economic importance
are among the least
well known species in
the US—fungi,
nematodes (round-
worms), mites,
insects, and bacteria.
As our knowl-
edge of genomes and
genetics of individual
organisms increases,
it will be increasingly
possible to locate and

Inonotus dryadeus is a root-rot fungus that grows in live oak forests throughout the Gulf
Coast of the U.S. It has been known since the middle of the last century, but only recently
has research revealed that the glistening droplets of liquid it exudes from the surface of the
golden-yellow fruiting body protect it from bacteria and other fungi. This U.S. species of
fungus may have potential as a source of new pharmaceutical antibiotics. Photo: Meredith
Blackwell, Louisiana State University.

utilize the genes of individual organisms to improve the charac- Knowledge of species will
teristics of other species used in agriculture, forestry, the chemi- providg a sound baseline for
cal industry, and other economic enterprises. Knowledge of the understanding the consequences

nature and occurrence of individual species will provide the

of global change.

basis for such exploration. This program of research will
significantly increase the supply of new genetic material for
pharmaceutical and biotechnology industries, improve our
ability to control harmful invasive species and prevent the
demise of endangered native ones, and provide a scientifically
sound baseline of knowledge for monitoring, assessing, and
predicting the consequences of global change.

We suggest embarking on a ten-year mission to understand Biodiversity discovery requires
what biodiversity we have, where it is, how it came to be there a search of terrestrial, aquatic
and how it interacts with its habitats. This discovery project and marine habitats for plants,

should include all kinds of organisms and all types of habitats
(terrestrial, freshwater, marine).

animals, fungi, and microbes
new to science.

There are several ways to survey biological diversity, and
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Priority should be placed on
groups of organisms that are

ecologically and
nomically important.

eco-

each has merit. One is to collect all the members of a particular
major category of organisms, such as plants, in a particular
geographic area (such as is being done by the Flora of North
America project for the US and Canada). Another is to seek out
all the species that belong to a particular group of organisms,
such as a family of beetles, wherever in the world they might
occur (as is done by monographic taxonomists). Yet another is
to conduct an All Taxa Biological Inventory (ATBI) of a circum-
scribed region. A project of this sort allows researchers to
determine not only the identity and morphological characteris-
tics of the organisms but also to accumulate information about
their ecological interrelationships. Detailed inventories of small
areas, perhaps as little as a hundred hectares, would reveal
much about the interrelationships of organisms that are funda-
mental to the functioning of ecosystems. ATBI projects dealing
with larger areas should also be conducted with an eye to
establishing baselines for monitoring ecological changes and
gathering information for educational programs and
bioprospecting. An ATBI project in Great Smoky Mountains
National Park is in the planning stages, and should be sup-
ported as one arm of the effort to document the biodiversity of
the United States.

An inventory of the plants, animals, fungi and microorgan-
isms of the US is such a large task that choices need to be made
to maximize the efficiency of the activity and the utility of the
results. We have deliberated about appropriate choices, and
recommend some groups for intensive initial attention:

® Plants (vascular plants and “bryophytes”) are fundamental to
the structure and functioning of ecosystems, and are respon-
sible for much of their productivity. Along with approxi-
mately 50,000 species of algae worldwide and up to a few
hundred species of photosynthetic bacteria, plants are the
only organisms on Earth capable of transforming light
energy to chemical bonds in the process of photosynthesis,
which ultimately is the basis of all life. Plants are relatively
well known, with perhaps 90 percent of the estimated
260,000 species (worldwide) having been discovered.
Because they are key elements in agriculture, forestry, and
other productive systems, and because it is critical to make
wiser use of them in the course of achieving sustainable
development, plants should be explored in depth through-
out the world and conserved to the extent possible. The
Flora of North America project is providing the first com-
plete synthesis of the estimated 20,000 species of plants in
the United States and Canada, which will provide an indis-
pensable basis for improved management, conservation, and
use of our plant resources. It should be supported on an
ongoing basis.

® Fungi, along with bacteria, are the decomposers of the
biosphere and play a role indispensable to the continued
existence of life on Earth by breaking down the organic
materials accumulated by photosynthetic organisms. Fungi
growing in symbiotic relationships with the roots of most
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kinds of plants (mycorrhizae), includ-
ing all of the tree species native to the
US, are indispensable to the healthy
growth of those plants. Other fungi,
such as lichens, harboring
cyanobacteria or green algae, are
major contributors to the biological
productivity of many natural commu-
nities and to the input of nitrogen in
these areas. Fungi are also major
disease-causing organisms of plants
and animals, including domesticated
crops and livestock, and cause serious
economic impacts by destroying
organic materials such as wood,
paper, stored food, and the like. Fungi
also play a central role in many
industrial processes, including baking
and brewing. And, more than 3,000
antibiotics have been patented from
fungi and bacteria. Despite their Marasmiellus pacificus is a species of fungus that grows on the
overwhelming economic and ecologi- s.talks of cul%iva%ed ginger pltmts. Ye.t,,‘ it was collected for the first
cal importance, little attention is being time by a scientist in 199Q in Hawai'i, 'whzch demonstrjates thqt

. ) there are many LS. species yet to be discovered. Photo: Dennis
pald to fungl on a broad scale, and Desjardin, San Francisco State University.
only about 20,000 species of an
estimated total of perhaps 115,000 in
the US (70,000 of an estimated 1.5
million worldwide) have been discovered. Because of their
significance and the fact that perhaps only a small fraction of
the species in the US have been discovered, we recommend
strongly that fungi be targeted for intensive inventory effort.

® Bacteria — The fundamental importance of bacteria in every
living system on Earth is beyond question. They are also
important as disease-causing organisms. Nonetheless, our
efforts to date to learn about bacteria have been inadequate.
Only about 3,000 species of bacteria have been characterized
and named by being grown in culture and studied in detail,
as required by current laws of naming them. However, the
use of DNA sequencing methods to detect individual species
regularly reveals the presence of 5,000 or more species,
almost all unknown, in a single gram of soil. Bacteria exhibit
metabolic diversity far greater than that of any other group
of organisms, and occur in extreme habitats such as deep in
the soil, under vast ice caps, in near-boiling hot springs, and
in highly saline environments where no other known life
forms can survive. The genes and enzymes that make these
modes of existence possible have an obvious and direct
commercial importance (see Box 7). Perhaps fewer than one
in a hundred species of bacteria can be cultured using
currently available techniques, but an improved inventory
would lead to the discovery of many species of bacteria with
properties that are economically useful (including novel
genes) or ecologically significant.
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® Insects and Other Arthropods—

Hymenoptera—Bees, wasps, and ants are among the most benefi-

cial insects. Bees are the foremost insect pollinators of

flowering plants. Wasps are important parasites in natural
systems and are essential biocontrol agents for pests such as
the gypsy moth, worms, flies, and scales that attack food
crops and forest ecosystems. Ants play a major role in
terrestrial ecosystems by influencing soil fertility and acting
as predators and decomposers. About 17,500 species have
been characterized in the United States, with thousands
more awaiting discovery. Increased knowledge of the
estimated 36,000 US species will significantly improve our
ability to manage agricultural ecosystems.

Hemiptera— As many as a third of the true bugs found in the
United States have yet to be discovered and described. This
is an important gap in our knowledge of the insect fauna
because true bugs are major plant pests of forest ecosystems,
corn, rice, soybeans, fruit trees, and numerous horticultural
crops and ornamentals. They are also the source of dyes and

Many species of great ecological importance lacquers, and are of potential importance for new biotech-

are extremely small, such as these microscopic nology products. Further, some have been used in weed and
larvae of marine invertebrates. Photos:

Richard Emlet, Oregon State University. insect biocontrol.
Coleoptera—DBeetles are the most diverse of all groups of insects (a

conservative estimate is 25,000 species known from the US,
with another 7,000 undescribed), and thus are critical
components of all terrestrial ecosystems. Beetles are also
economically important. In the United States, bark beetles
are the most economically devastating forest insect pests,
causing the annual loss of well over 8 billion board feet of
standing timber worth about $2 billion. Another group of
beetles, the weevils, is highly diverse (over 2,600 are known,
but hundreds of additional species remain to be discovered
and described for North America north of Mexico). They are
pests of fruit, ornamentals, and field crops, and effective
control programs will require much more taxonomic knowl-
edge of the group. Some other beetles, in contrast, are
beneficial, yet we have insufficient understanding of their
diversity. Among the estimated 3,200 or so US species of
rove beetles, for example, are numerous species with poten-
tial biocontrol importance.

Lepidoptera (butterflies and moths) are among the most widely
appreciated insects, yet most species are small and nonde-
script, and the majority of these have not been discovered or
described. Many moths are agricultural pests. As noted
above, butterflies are useful index organisms for under-
standing the fate and function of natural communities. Yet
even in these economically and ecologically important
groups, our understanding of their diversity remains incom-
plete: there are about 14,000 US species, with up to an
estimated 3,000 remaining to be described.

Aphids are well known to the public as pests of plants and cause
millions if not billions of dollars of damage each year. They
also serve as important vectors of a wide diversity of plant
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diseases. They are diverse, but about 66% of the fauna is
undescribed.

Gall midges are cryptic little flies that form galls on various parts
of crop plants; an example is the Hessian fly, which is a
major pest of wheat. Gall midges are very diverse but about
80% of the species are undescribed. It is highly probable that
many species could be used as indicators of the status of
various natural ecosystems.

Spiders have a high profile because they are encountered by the
public on a daily basis, a few are medically important, and
they are one of the most abundant and influential compo-
nents of agricultural ecosystems, thanks to the fact that they
prey on many different kinds of insects. They are diverse,
but about 20% of the fauna remains undescribed.

® Soil and Sediment Microorganisms—

Soils and sediments are a critically dynamic center of global
ecosystem processes. Microorganisms control many soil and
sediment functions including, among others, nutrient
cycling, formation and decomposition of organic matter,
transport and degradation of pollutants, and provision of
clean water. Knowledge of soil organisms and their contribu-
tions to ecological processes is essential if we are to maintain
and manage ecosystems properly and secure the Nation’s
food supply. Yet, soil and sediment microorganisms (bacte-
ria, protozoa, annelids, nematodes, oligochaetes, polycha-
etes, termites, ants, mites, fungi, and others) are severely
understudied. One group that is particularly poorly known
is the nematode worms. There are approximately 20,000
named species, but conservative estimates place the actual
number closer to one million. Likewise, mites (including
chiggers and ticks) have a high profile because they are
important plant pests and are vectors of diseases. Yet, with
fewer than 40,000 mite
species discovered and
described, it is esti-
mated that the global
total may approach 1
million species.

® Marine Invertebrates—

The marine biota is
very poorly known
compared to the
terrestrial biota. An
increase in our under-