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We dedicate this book to the millions of plant, animal, and micro-
bial species we share this small planet with, and to our own species,
Homo sapiens. who first walked on Earth some 195,000 years ago and
struggled to survive over the millennia to become the magnificent and
extraordinarily powerful beings we are today.

May we have the wisdom, and the love for our children and all
children to come. to use that power to save the indescribably beautiful

and precious gift we have been given.



FOREWORD

cologists have long used the metaphor of the canary in the mine to caution

humanity. Like the delicate little birds once carried into coal mines follow-

ing explosions or fires in order to detect poisonous gases. some sensitive

plants and animals around us, by virtue of their sickness and dying, give
early warning of dangerous changes in our common environment. The masterful
presentations in Sustaining Life: How Human Health Depends on Biodiversity docu-
ment beyond reasonable doubt that we ourselves are at risk of becoming a canary in
today’'s world. In myriad ways humanity is linked to the millions of other species on
this planet. What concerns them equally concerns us. The more we ignore our com-
mon health and welfare, the greater are the many threats to our own species. The
better we understand and the more we rationally manage our relationship to the rest
of life, the greater the guarantee of our own safety and quality of life.

Sustaining Life helps to fill a large and relatively unoccupied niche in environ-
mental literature. Most people understand very well the dire effects of toxic pollution
on their health. They also know that the ozone hole in the upper atmosphere is not a
good thing, and that global warming, destruction of forests, and depletion of fresh
water reserves are serious global threats. What has been harder to grasp, not only
by the general public but also by most scientists, is the profound influence biodiver-
sity has on human well-being. The reason is the prevailing world view that health is
largely an internal matter for our species, and, with the exception of domesticated
species and pathogenic microorganisms, the rest of life is something else.

The theme of Sustaining Life, in contrast, is that biodiversity matters profoundly
to human health, and in almost every conceivable way. The mismanagement and
destruction of species and ecosystems ongoing around the world mindlessly, and
needlessly, lower the quality of the planet’s natural resources, destabilize the physi-
cal environment, and can hasten the spread of human infectious diseases and the
invasive enemies of the crops and forests on which our lives depend. There has been
only a minimal effort to reverse this trend. In addition, bioprospecting, the explora-
tion of biodiversity in order to open its mother lode of new pharmaceuticals, is still
largely neglected and rudimentary. Little attempt has been made to utilize natural
biodiversity to enhance public health. These various shortcomings produce the great-
est burden for the developing countries, where 8o percent of humanity lives and most
health crises erupt.

The shift in world view recommended by the authors of Sustaining Life is predi-
cated on the increasingly obvious principle that humanity, having evolved as part of
the web of life, remains enmeshed within it. We do not float above the biosphere in
some higher spiritual or technoscientific plane. Life swarms around us, and even in
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us: Most of the cells in our bodies are not human but bacterial; more than 700 species
live within our mouths alone, a specialized community that helps prevent the inva-
sion of pathogen species. An estimated four million bacterial species occur in a ton of
fertile soil, comprising ten billion or so organisms to each gram of weight. Although
invisible, the collectivity of these organisms in soil and elsewhere is vital to our con-
tinued existence. Similarly, while a few thousands of the millions of insect species in
the world afflict us as pests and disease carriers, we depend on the rest for our very
lives. If beneficial insects did not flourish, most of the land ecosystems of the world
would collapse and a good part of humanity would perish with them.

For many reasons, not least our own well-being, we need to take better care of
the rest of life. Biodiversity, the authors of Sustaining Life argue with compelling
urgency, will pay off in every sphere of human life, from medical to economic, from
our collective security to our spiritual fulfillment.

Edward O. Wilson



PROLOGUE

ne of the main reasons the world faces a global environmental crisis is

the belief that we human beings are somehow separate from the natu-

ral world in which we live, and that we can therefore alter its physical,

chemical, and biological systems without these alterations having
any effect on humanity. Sustaining Life challenges this widely held misconception
by demonstrating definitively, with the best and most current scientific information
available, that human healith depends, to a larger extent than we might imagine, on
the health of other species and on the healthy functioning of natural ecosystems.

Biological diversity—the variety of life on Earth—is at the heart of our efforts
to relieve suffering, raise standards of living, and achieve the UN. Millennium
Development Goals (a set of eight goals adopted by U.N. member nations for the year
2015 to promote human health and well-being around the world—they range from the
goal of halving extreme poverty and hunger, to ensuring environmental sustainabil-
ity. to combating HIV/AIDS, malaria, and other diseases). We cannot do without the
countless services provided by biodiversity: pollinating our crops; fertilizing our soils
with nitrogen, phosphorus, and other nutrients; providing millions of people with
livelihoods, medicine, and much else. Advances in medicine, including treatments for
currently untreatable diseases, would not be possible without the powerful pharma-
ceuticals derived from plants, animals, and microbes or without the knowledge gained
from other species in biomedical research. We must conserve and sustainably use this
pillar of human life. Yet biodiversity is declining at an unprecedented rate and is woe-
fully underappreciated as a resource and as an issue meriting high-level attention.

This publication is an attempt to help the world change course. I applaud the
Center for Health and the Global Environment at Harvard Medical School for
assembling the international scientific team, from developed and developing coun-
tries alike, that produced this seminal work. I am delighted that this educational
effort is also the product of close cooperation with a number of U.N. agencies, includ-
ing the Secretariat of the Convention on Biological Diversity, the U.N. Environment
Programme, and the U.N. Development Programme.

Written in straightforward, nontechnical language that any reader can under-
stand, Sustaining Life is meant to educate and inform. But it also aims to convey a
sense of urgency around the issue and, ultimately, to convince policy makers and
the public that our future health and prospects—indeed, our very lives—depend on
addressing this challenge with all our creativity and will, so that we do not deprive
future generations of the opportunity to benefit from Nature's wealth.

Koft Annan



PREFACE

dward O. Wilson once said about ants, “We need them to survive, but they

don’t need us at all.” The same, in fact, could be said about countless other

insects, bacteria, fungi, plankton, plants, and other organisms. This fun-

damental truth, however, is largely lost to many of us. Rather, we humans
generally act as if we were totally independent of Nature, as if we could do without
most of its creatures and the life-giving services they provide, as if the natural world
were designed to be an infinite source of products and services for our use alone and
an infinite sink for our wastes.

During the past fifty years or so, for example, our actions have resulted in the
loss of roughly one-fifth of Earth'’s topsoil, one-fifth of its land suitable for agricul-
ture, almost go percent of its large commercial marine fisheries, and one-third of its
forests, while we now need these resources more than ever, as our population has
almost tripled during this period of time, increasing from 2.5 to more than 6.5 billion.
We have dumped millions of tons of chemicals onto soils and into fresh water, the
oceans, and the air, while knowing very little about the effects these chemicals have
on other species or, in fact, on ourselves. We have changed the composition of the
atmosphere, thinning the ozone layer that filters out harmful ultraviolet radiation,
toxic to all living things on land and in surface waters, and increasing the concen-
tration of atmospheric carbon dioxide to levels not present on Earth for more than
600,000 years. These carbon dioxide emissions, caused mainly by our burning fossil
fuels, are unleashing a warming of Earth’s surface and of the oceans and a change in
the climate that will increasingly threaten our health and the survival of other spe-
cies worldwide. And we are now consuming or wasting or diverting almost half of all
the net biological production on land, which ultimately derives from photosynthesis,
and more than half of the planet’s renewable fresh water. '

We are so damaging the habitats in which other species live that we are driv-
ing them to extinction, the only truly irreversible consequence of our environmental
assaults, at a rate that is hundreds to even thousands of times greater than natural
background levels. As a result, some biologists have concluded that we have entered
what they are calling “the sixth great extinction event,” the fifth having occurred
sixty-five million years ago when dinosaurs and many other organisms were wiped
out. That event was most likely the result of a giant asteroid striking Earth; this one
we are causing.

Most disturbing of all, as a result of all of these actions taken together, we are dis-
rupting what are called “ecosystem services,” that is, the various ways that organisms,
and the sum total of their interactions with each other and with the environments in
which they live, function to keep all life on this planet, including human life, alive.
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We have done all these things—our species, Homo sapiens, one species out of
perhaps ten million on Earth, and maybe even many times more than that, behaving
as if these alterations were happening someplace other than where we live, as if they
had no effect on us whatsoever.

This heedless degradation of the planet is driven by many factors, not the least
of which is our inability to take seriously the implications of our rapidly growing
populations and of our unsustainable consumption of its resources, largely by peo-
ple in industrialized countries, but increasingly by those in the developing world.
Ultimately, our behavior is the result of a basic failure to recognize that human beings
are an inseparable part of Nature and that we cannot damage it severely without
severely damaging ourselves.

This book was first conceived in 1992 at the Earth Summit in Rio de Janeiro,
when the largest collection of world leaders ever assembled until that time, along with
tens of thousands of concerned policy makers, scientists, environmentalists, and oth-
ers, gathered to set ambitious goals for controlling global climate change and for con-
serving the world's biological diversity. What we recognized then, and what is even
more widely apparent now, is that, in contrast to the issue of global climate change,
which has seen significant attention paid to the potential consequences for human
health, with chapters devoted to this topic in all the major international reports, the
same has not been true for the issues of species loss and ecosystem disruption.

This general neglect of the relationship between biodiversity and human health,
we believe, is a very serious problem, for not only are the full human dimensions of
biodiversity loss failing to inform policy decisions, but the general public, lacking an
understanding of the health risks involved, is not grasping the magnitude of the biodi-
versity crisis and not developing a sense of urgency to address it. Tragically, aesthetic,
ethical, religious, even economic arguments have not been enough to convince them.

To address this need, the Center for Health and the Global Environment at
Harvard Medical School proposed that it coordinate an international scientific effort
to compile what was known about how other species contribute to human health,
under the auspices of the United Nations, and to produce a comprehensive report
on the subject. Happily. the U.N. Environment Programme, the U.N. Development
Programme, and the Secretariat of the Convention on Biological Diversity agreed
to co-sponsor this project, and at a later time, the International Union for the
Conservation of Nature and Natural Resources joined them. The result is this book,
Sustaining Life: How Human Health Depends on Biodiversity.

We have focused much attention in Sustaining Life on seven groups of organ-
isms in order to illustrate what their loss and, by extension, the loss of countless other
organisms mean for human health. We have focused particular attention on amphib-
ians, which are among the most threatened of any group of organisms on the planet,
with almost one-third of some 6,000 known species in danger of extinction, and more
than 120 believed to have already gone extinct in the past few decades. There is no
evidence in the fossil record that such a high rate of extinction among amphibians,
which have been on Earth for more than 350 million years, has occurred in the past,
so it is believed that this loss is a new, and human-caused, phenomenon.

We have given many examples in the book of how amphibians contribute to
human medicine—from the vitally important chemicals they contain that may
lead to new pain killers and drugs to treat high blood pressure, to the central roles






NOTES FOR READING

ommon names for species are capitalized throughout the book, so that
it is clear, for example, that we are talking about the species called the
Green Frog, rather than just any green frog.
The term “bacteria” is capitalized when it refers to the domain
Bacteria. one of the three major categories of life in the three-domain model (the other
two are the Archaea and the Eukarya). Any general member or members belong-
ing to the domain Bacteria are referred to as lowercase “bacterium” or “bacteria.”
respectively.

Latin names are given in parentheses after the common species names and are
in italics. as in Green Frog (Rana clamitans). Common names can differ markedly
by region and by country.

Weights and measures are generally given in both U.S. and metric amounts.
Which one comes first is determined by which units were used for the original
statistic.

Suggested readings are given at the end of each chapter, along with relevant
websites. for those wishing to explore subjects in greater depth. We chose readings
that are easily available online or in bookstores or libraries.

Scientific references from the peer review literature, for those wishing to consult
primary sources, are given in a separate reference section at the end of the book. chap-
ter by chapter, with those cited in the text listed first by number, in the order they are
cited, followed by other references that have been consulted, in alphabetical order.

Because we needed to cover an enormous range of subject areas in order to pro-
vide a comprehensive examination of the dependency of human health on biodiver-
sity, we have asked a number of experts to write sections for some of the chapters to
complement and enrich the work of the chapter authors. In addition, large portions
of the volume have been peer reviewed by leading figures in their respective fields.
Contributing authors and peer reviewers are identified at the end of the book. by
chapter.

The reader may notice that there is some repetition in the chapters of key con-
cepts, for example, about the impacts of global climate change on biological systems.
This has been deliberate. because we expect that most people will read chapters indi-
vidually rather reading the book from cover to cover. As a result, we wanted each
chapter to be able to stand on its own.

Finally, we have tried to stay away from technical terms and concepts, because
our goal has been to make the information contained in this book understandable to
all. When such terms are used, we have provided definitions immediately after them,
rather than in a separate glossary.
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NOTES FOR READING

Sustaining Life was certainly written for scientists, physicians, and public health
professionals who need to understand the fundamental connections between human
health and Nature. We hope they will use it in their research, their teaching, and in
their practice of medicine. But it was primarily written for the general reader and for
policy makers, so that they could appreciate what we are in danger of losing with a
loss of biodiversity. Ultimately, it is they who will determine whether or not humans
are successful in protecting the natural world.
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This is the token of the covenant which | make between Me and you
and every living creature that is with you, for perpetual generations
. and the bow [rainbow] shall be in the cloud; and | will look
upon it, that | may remember the everlasting covenant between
God and every living creature of all flesh that is upon the earth.

~—GENESIS 9116

There is not an animal on the earth nor a being that flies on its
wings, but [forms part of] communities like you.

—KORAN (QUR'AN) 6:38

All this world is strung on me like jewels on a string. | am the taste
in the waters, the radiance in the sun and moon, the sacred syllable
Om that reverberates in space, the manliness in men. | am the
pleasant fragrance in earth, the glowing brightness in fire, the life
in all beings.

—BHAGAVAD GITA Vil:7-9

My love to the footless, my love to the two-footed, my love to the
four-footed, my love to the many-footed . . . All sentient beings,
all breathing things, creatures without exception, let them all see
good things, may no evil befall them.

—“GRADUAL SAYINGS” OF THE BUDDHA
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Carl Linnaeus Dressed as a Laplander
After Returning from Lapland in
Northern Sweden. —-1735-1740. (Mez-
zotint engraved by H. Kingsbury after
Martin Hoffman. In the Public Domain
http://www.ucmp.berkeley.edu/
history/linnaeus.html.)

BOX 1.2

CARL LINNAEUS

We owe a great debt to the Swedish botanist and physician Carl Linnaeus,
also known as Carolus Linnaeus or Carl von Linné, who in the mid-eigh-
teenth century devised an ingenious way of using Latin names to iden-
tify individual species, which is the method that scientists still use today.
Linnaeus first named the genus with an initial capital letter, for example Acer,
and then the species, all in small letters, for example, saccharum, as in Acer
saccharum (Sugar Maple) or as in our species, Homo sapiens. Geographical
variants of species, also called subspecies, are often described by a third
name, as well, for example, Pan troglodytes troglodytes, a subspecies of the
Common Chimpanzee from West—Central Africa that is believed to be the
original source of the HIV/AIDS virus (as discussed in chapters 6 and 7).
When the genus has already been mentioned or when it is clear which
genus is being considered, it is often abbreviated, as in A. saccharum. If
one is talking about an organism or organisms but knows only the genus,
the convention is to name the genus, followed by an abbreviation for spe-
cies, as in Acer sp. or Acer spp. Some genera, such as Anopheles mosqui-
toes, have special two-letter abbreviations (in this case An.) so that they are
not confused with their close cousins, the Aedes mosquitoes (abbreviated
A. or Ae.). An. gambiae (Anopheles gambiae) is the most deadly carrier of
malaria in Africa today, whereas Ae. aegypti (Aedes aegypti) is the main car-
rier of dengue fever and yellow fever viruses.

In formal usage, the Latin name is followed by the name of the tax-
onomist who described it. When it is followed by L., it indicates that the
name was given by Linnaeus. Taxonomists are scientists who classify and
group organisms into hierarchical categories called taxa (singular taxon),
such as their genus and species, or the family, order, class, or phylum to
which they belong.

This system has allowed for worldwide recognition of particular spe-
cies, which may have many different common names in different coun-
tries and in different languages. A species’ Latin name will be written in
italics in this book.

WHAT Is BIODIVERSITY?




The Relatedness of Life

ne way to assess the breadth of biodiversity is to make a family tree for

all life on Earth. Such a tree, as is illustrated in Ernst Haeckel's extraordi-

nary figure published in 1866 (figure 1.2). gives a sense both for the total
variety of life known at that time and for how organisms were thought to be related
to one another. Published only seven years after Darwin's Origin of Species (Haeckel
dedicated his book to Darwin, as well as to Wolfgang Goethe and Jean Lamarck),
Haeckel's book, Generelle Morphologie der Organismen. drew upon Darwin’s theory
of evolution and related Haeckel's own ideas about how various life forms evolved
from shared common ancestors.

Our newfound ability to compare genes from different organisms has revolution-
ized the construction of such a tree and, as a result, our appreciation of biodiversity.
This revolution has come about primarily on two fronts. The first involves the orga-
nization of the broadest groupings of life, which was what Haeckel did. The second
deals with how best to define a species, especially species of microbial organisms. In
most basic biology courses, life is still grouped into one of five kingdoms: Animals,
Plants, Fungi. Protists (the simplest of the eukaryotes, the name for those organisms
whose cells have nuclei). and Monera (which are prokaryotes, or one-celled organ-
isms without nuclei or other membrane-enclosed organelles such as mitochondria or
chloroplasts). Haeckel's classification scheme was essentially the same—Animalia,
Plantae, and Protista were the three main branches, with Monera defined as pro-
tists, and Fungi as plants. But in contrast to the five-kingdom model first devised by
Robert H. Whittaker in 1969,' Haeckel's did not distinguish between prokaryotic and
eukaryotic organisms. The ability to recognize the fundamental differences between
these two groups was an outgrowth of increasingly sophisticated microscopes.
unavailable to Haeckel.

Both the five-kingdom model and Haeckel's categorize organisms mainly by
their observable form and component parts, or their phenotype, a way of classifying
living things that is now being complemented, by many scientists, with methods that
put greater emphasis on an organism's genes. This conceptual change has come about
from a recognition that different organisms may look the same but. in fact, have strik-
ingly different genetic compositions that serve to identify them as separate species
(figure 13). It has also resulted from a realization that the traditionally defined king-
doms do not represent equal divisions of life—some kingdoms may be more closely
related than others. For instance, the genetic evidence shows that animals, plants,
fungi, and protists are all more closely related to one another than any one of them is
to the prokaryotic Monera.

Another configuration of the Tree of Life with greater fidelity to these genetic
distinctions was first proposed by Carl Woese in 19go. Woese's tree has three
major branches: Eukarya, Archaea. and Bacteria (figure 1.4). This model, which
has found growing acceptance among scientists, represents a major shift from the
traditional division of living things into five kingdoms, grouping all life instead
into these three branches, known as domains. The three-domain map illustrates
that most genetic diversity is likely to be found among the microbes; that. in evo-
lutionary terms, vascular plants (e.g.. corn from the genus Zea), fungi (eg. the
genus Coprinus belonging to the mushroom family, the Coprinaceae. known as the
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Figure 1.2, Ernst Heinrich Philipp August Haeckel’s Tree of Life. (From his Generelle Morphologie der Organismen. G.
Reimer, Berlin, 1866. Boston Medical Library in the Francis A. Countway Library of Medicine.)
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Figure 1.3. The Caterpillars of Ten Different Butterfly Species Comprising What Was Originally Thought to Be One Species—the
Neotropical Skipper Butterfly (Astraptes fulgerator). Years of morphological study, combined with DNA bar-coding of museum specimens
(a method of using a short DNA sequence from a particular portion of an organism’s genome, assigning specific colors to the nuclectides,
and then arranging them in order as stripes, like the universal product code, as a means of identifying different species), identified ten
different species among butterflies that were all thought to belong to one species, A. fulgerator. The adults of these species differ very
subtly and could not be distinguished one from the other, but their caterpillars have distinctive appearances and somewhat differing
ecological preferences, and they feed on different plants. The caterpillars have been given interim names based on their primary food plants
or color characteristics. Hidden diversity was revealed by combining DNA bar-coding with traditional methods of species classification.
Such cryptic species may be prevalent in tropical regions. (From Hebert et al. Proceedings of the National Academy of Sciences of the USA,
2004;101{41):14812—14817. © 2004 National Academy of Sciences.)

SusTAINING Lire: How HUMAN HEALTH DEPENDS ON BIODIVERSITY



Figure 1.4. Three-Domain Map. This map,
made up of the prokaryotes—Archaea and
Bacteria—and the eukaryotes (organisms
that possess a nucleus), groups organisms
according to their genetic differences. Species
are classified along a continuum that connects
them back to a single common ancestor.
(Reprinted with permission from Norman
Pace, “A Molecular View of Microbial Diversity
and the Biosphere.” Science, 1997,276:734~
740. © 1997 American Association for the
Advancement of Science.)
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ink caps), and higher animals (e.g.. our genus Homo) have all evolved relatively
recently; and that all organisms can ultimately be traced back to a single common
ancestor. In a sense, the three-domain model stands the classical Haeckel “Tree of
Life" on its head, with humans—in fact, with all plants, animals, and fungi—at
the very “bottom” of the tree, at least in terms of biodiversity and the length of our
existence on Earth, instead of, as we like to see ourselves, at the very “top.” The
three-domain model has stimulated much-needed research into the evolutionary
relationships among organisms in general and into the world of microorganisms

in particular.
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The Microbial World

etermining just how species-rich the microbial world is remains difficult

for several reasons. For one, most microbes cannot be grown in culture,

which has made research directed at establishing their identities a chal-
lenge. By making rough estimates with a microscope of the numbers and types of
bacteria in samples of seawater, lakes, sediments, and soils, for example, it was found
that less than 1 percent of the total were able to be cultured. (New RNA analyses of
bacterial communities have come to the same conclusion.) Nor can they generally be
reliably distinguished one from the other based on their appearance—one bacillus
(a type of bacterium shaped like a rod), for example, looks pretty much the same as
any other.

Scientists have turned to genetics in the belief that comparing the genes of vari-
ous bacteria and archaea may be a more rigorous way of telling them apart. One
of the most reliable genes to examine encodes a kind of RNA in ribosomes called
16S rRNA (ribosomes are the factories within cells where protein synthesis occurs).
The composition of the 16S rRNA gene has remained relatively constant in most
organisms for millions of years. Over time, however, slight changes in the gene have
accrued as species have evolved, with the result that each species ends up possessing
a distinct 16S rRNA gene. By comparing the subtle differences in this gene between
organisms, scientists can distinguish one species from another. They can also gauge
how closely related they are to each other and when they last shared a common
ancestor. This was the method used to put together the three-domain map shown in
figure 1.4. The 16s rRNA gene also happens to be short, which makes it easy and
inexpensive to produce many copies for sequencing studies via the polymerase chain
reaction or PCR (see section on the bacterium Thermus aquaticus on page 179 in
chapter s5).

Using these new technologies, scientists have scoured Earth, taking microbial
samples from every conceivable locale: from the surface waters of the Sargasso Sea
near Bermuda to volcanic vents in the deep oceans, from Lake Vostok which is buried
under Antarctic ice, to hot water geysers in Wyoming's Yellowstone National Park,
from rainforest soils in Brazil to desert soils in the U.S. Southwest, and they have
begun to understand how vast and how diverse the microbial world is.

The number of individual microbes on Earth is thought to be a high as 4 to 6
times 10 to the 30th power (4—6 x 10*°), a count that some have said may be one billion
times more than the total number of stars in the universe! Most of them are thought
to live in subsurface layers of the land and the oceans.” But no one really knows how
many microbial species there are, even to the nearest order of magnitude (estimates
run from ten million to as high as one billion distinct species).

In a single cubic meter of soil alone, there may be millions of different microbial
species, and yet only 6,000 species of bacteria and archaea have been formally named.
What is not clear, however, is whether in another cubic meter of soil of the same type,
or of a different type, or one found in some other part of the world, the same bacte-
rial species would be found or whether they would be different ones. That is, it is
not clear whether bacterial species are in general so widely distributed that the same
ones end up being found everywhere. What is clear is that most of the biodiversity on

SUSTAINING LIFE: How HUMAN HEALTH DEPENDS ON BIODIVERSITY



Earth, on land and in the oceans, is most likely microbial, and that scientists know
almost nothing about microbial diversity. What they do know is startling. For exam-
ple, research dene by Sigmund Sokransky, Bruce Paster, and their colleagues at the
Forsyth Institute in Boston has identified more than 700 distinct bacterial species, as
well as an assortment of archaea, fungi, and amoebas, that reside in the human mouth
(with the total number of organisms in the mouth estimated to surpass six billion).
And some 8oo distinct microbial species, almost all of which are bacteria (including
thousands of strains), have been found living in the human intestine (see box 3.1 on
microbial ecosystems in chapter 3).

The Archaea

he Archaea were the first prokaryotes. While they resemble the Bacteria,

their prokaryotic cousins, under a microscope, the Archaea can be distin-

guished by their unique biochemistry. In some ways, they are more like we
eukaryotes than they are like bacteria. For example, they wrap their DNA in pro-
teins called histones, as do we, while bacteria use other types of proteins. In other
ways, they are very different. They make their membranes out of ether-linked lipids,
while bacteria (and we humans) make ours out of ester-linked lipids. We know very
little about archaeal species, but they are believed, like the Bacteria, to be extremely
diverse. '

Originally, archaea were thought to be confined to extreme environments, but
that is not the case. Archaea inhabit many other places as well, such as temperate
soils, the roots of plants, and even the human mouth and intestine, as mentioned
above. Many, though, are indeed capable of living under extreme conditions and are
called “extremophiles,” perhaps because they evolved when their environments were
extreme by today’s standards and have maintained the biochemical adaptations that
had allowed them to live in these environments. Take, for instance, one of the archaea
known only as “strain 121,” because it can live at a scorching 121 degrees Celsius,
well above the boiling point of water. This remarkable microbe was found in a volca-
nic deep sea vent along the Juan de Fuca Ridge in the northeast Pacific Ocean, at a
depth of 7.447 feet (2,270 meters, or about 1.4 miles).?

Archaea have also been found in saturated salt brines, such as the intensely
salty waters of the Dead Sea and the Great Salt Lake; at the very deepest points in
the oceans, such as the 6.8 mile (11 kilometer) deep Mariana Trench off the coast of
the Philippines (for comparison, the depth of the Mariana Trench is more than 200
times the height of the world’s tallest building, Taipei 101, in Taiwan), where they
are subjected to enormous pressures and an absence of oxygen; thousands of feet
underground; and in harshly acidic or alkaline conditions. Two archaeal species (of
the genus Picrophilus) were discovered in another volcanic vent, this one off of north-
ern Japan, living in extremely acid conditions, at a pH of less than 1 (the same pH as
0.1 molar sulfuric acid). Another archaeon, Deinococcus radiodurans, can survive a
radiation dose of 1,750,000 rads. In comparison, an exposure of 500 to 1,000 rads is
enough to kill a human. Some archaea can even live on methane or sulfur instead of
oxygern.

WHAT IS BIODIVERSITY? 11




In spite of rapidly growing knowledge about the microbial world in recent
decades, and that most of the biological diversity on Earth is clearly microbial, this
chapter, and others in this book. focuses primarily on the macroscopic, multicellular
world of plants and animals, for that is still what we know best.

DETERMINING RATES OF
SPECIES EXTINCTION

tartling figures have been published about how many species are going
extinct each year or even each hour. All of these estimates require a determi-
nation of how many species exist, a number about which there is considerable

12

BOX 13

ARE VIRUSES ALIVE?

Scientific debate continues about whether or not
viruses should be classified as life forms. Because
this book is about biodiversity, for completeness
sake, we briefly discuss this question here. For
one thing, viruses employ DNA or RNA, the basic
genetic material for all life on Earth, and like all
other living things, they contain proteins. They also
reproduce, although as far as is known, they can-
not do so by themselves, but instead require the
genetic machinery of a host cell in order to multi-
ply. And they evolve in response to their environ-
ments, as can be widely appreciated from studying,
for example, the evolution of influenza viruses
(see “Diversity of Pathogens” in chapter 7, page
308). Whether or not to call viruses alive, however,
depends on how one defines what it means to be
alive, for example, whether living things have to
be composed of cells (viruses are not) or have to
reproduce on their own (viruses cannot). But, as is
true with the issue of whether or not bacteria can
be classified as species, or whether or not microbes
can form ecosystems, it all depends on where one
draws the line. While the details of this debate are
far beyond the scope of this chapter, viruses are
being treated by some biologists as if they belong
to the Tree of Life. They are classified, for example,
in much the same way as other organisms, even up
to their Latin names.

Some have grouped them by their geometric
structures, or by the identity of the host organisms
they infect. But the most commonly accepted classi-
fication scheme for viruses, one developed by Nobel

Prize—winning biologist David Baltimore, is based
on their type of DNA or RNA. For example, viruses
can be classified by whether they carry their genetic
material as a single-stranded or double-stranded
piece of DNA or RNA. Some viruses, known as ret-
roviruses, such as the HIV virus, store their genes as
RNA only for it to be made into DNA when the virus
infects a cell. Various other infectious agents share
some characteristics of viruses, including viroids,
satellites, and prions (prions are infectious proteins
discussed in box 7.1 in chapter 7), but these agents
have even less of the generally accepted characteris-
tics of life forms than viruses do.

The taxonomy of viruses is similar to that of
cellular organisms, with the exception that the high-
est level of classification for viruses is the order to
which they belong. If we look at the Ebola Virus from
Kikwit in the Democratic Republic of Congo (for-
merly called Zaire), for example, it is classified as
follows: Order Mononegavirales, Family Filoviridae,
genus Ebolavirus, species Zaire ebolavirus.

A recent study demonstrated that a virus called
Acidianus Two-Tailed Virus, or ATV, that grows inside
an extremophile archaeon in a volcanic hot spring
in southern Italy produces two protein-containing
tails on its own, without the presence of the host
cell. (These tails may assist the virus's locomotion
in these environments where host-cell density is
low.)? This finding suggests that other viruses may
likewise be more independent of host cells than we
realize and have characteristics that we would define
as being alive.

SUSTAINING LiFE: How HUMAN HEALTH DEPENDS ON BIODIVERSITY






14

High Andes in Bolivia; hundreds of newly described species of fish, plants, and other
organisms from the deep oceans; new species of fish from the depths of the Amazon
River; and newly identified species of fish and crustaceans in tropical peat swamps
in Southeast Asia.

Estimates of how many species are presently living on Earth range from six to
fifteen million or more, but tend to cluster around ten million. These figures not only
exclude microbes, but are also likely to significantly underrepresent species that are
small in size, such as mites and nematodes (round worms), and those found in inac-
cessible or difficult to study places such as the oceans. In these cases, enormous spe-
cies biodiversity may be missed.

MARINE SPECIES

Although the oceans cover 71 percent of the planet’s surface and make up more
than g5 percent of the volume of the biosphere, only 250,000 to 300,000 marine
species have been described, a fraction of the numbers found on land.”® Less than
5 percent of the oceans have been explored, a result of their vast expanse and inac-
cessible depths, and much less effort has been spent, compared to that on land,
examining life in the seas. When concentrated efforts have been made, we begin to
get a glimpse of the enormous extent of marine biodiversity. In 2004, for example,
as a part of the ten-year Census of Marine Life project (www.coml.org/), research-
ers from seventy countries have added approximately 13,000 new species to total
counts, including 106 newly described species of marine fish. And there is grow-
ing evidence that when the smallest marine organisms—the minute arthropods,
worms, phytoplankton, zooplankton, bacteria, and archaea—are included in these
tallies, marine biodiversity may approach, and even exceed, levels found on land.’
A sampling from the Sargasso Sea near Bermuda tends to support this hypothesis:
Hundreds of new microbial species were found in surface water samples taken from
only four sites.”

For coral reefs, species counts are prone to similar underestimates, particularly
for smaller organisms that are likely to have more limited geographic distributions.
Believed to contain the greatest species diversity of all shallow-water marine ecosys-
tems and often called “the rainforests of the seas,” tropical coral reefs could harbor
as many as 950,000 species, more than ten times the number (some ¢93,000) that have
been described to date."

Uncertainties about the magnitude of marine biodiversity are even greater for
the deep oceans. The average depth of the world’s oceans is 12,467 feet (3.800 meters,
or more than 23 miles), and the soft sediments that blanket the deep ocean’s bottom
comprise 65 percent of Earth’s surface, representing the largest area of habitat of any
kind on Earth."? These sediments may contain even more species than are found in
shallow waters, a prediction that has been supported by the remarkable diversity of
organisms found in even small samples of deep sea mud. More than 8oo species were
found, for example, in just 215 square feet (21 square meters) of ocean bottom sampled
off the U.S. East Coast, almost 6o percent of which were previously unknown.” In
some Australian sediment samples, more than go percent of the species found had
never been seen before. As a result of these and other sampling expeditions, some
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Figure 1.6. Ammonite Fossils. The oceans have been home to an enormous diversity of life for hundreds of milliens of years. These
ammonites, belonging to the Class Cephalopoda, which includes present day species of the Chambered Nautilus (Nautilus pompilius),
as well as octopus, squid, and cuttlefish, were extremely numerous, widespread, and diverse in ancient seas. This was particularly
true during the Mesozoic Period, which lasted from 245 million years ago to the end of the Cretaceous Period, 65 million years ago, at
which time ammonites, along with the dinosaurs, wentextinct. (From Jean Charles Chenu, lllustrations conchyliologiques, ou descriptions
et figures de toutes les coquilles connues vivantes et fossiles, classées suivant le systéme de Lamarck, Vol. 4, Plate 12, 1842-1853. From the
collections of the Ernst Mayr Library, Museum of Comparative Zoology, Harvard University.)
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TABLE 1.1. NUMBER OF NAMED DISTINCT
LIVING SPECIES BY GROUP
(EXCLUDING PROKARYOTES)

NUMBER OF NAMED SPECIES

Group (IN THOUSANDS)
Protozoa 40
Algae 40
Plants 270
Fungi 70
Animals
Vertebrates 45
Nematodes 15
Mollusks 70
Arthropods (total) 855
Crustaceans 40
Arachnids 75
Insects 720
Other animals 95
Total 1500

Adapted with permission from Robert M. May. The dimensions of life on Earth. in
Nature and Human Society: The Quest for a Sustainable World. Peter H. Raven
(editor), National Academy Press, Washington. DC. 1997.

have predicted that the number of deep sea organisms, including worms {e.g., poly-
chaetes [segmented marine bristleworms] and nematodes), crustaceans, and mol-
lusks, may range anywhere from 500,000 species to more than 10 million."

While there may be uncertainty. as there is on land. about the number of species
that live in the oceans, there is none about the richness of marine life at higher taxo-
nomic levels. The oceans are home to forty-four phyla (see figure 1.1 for an example of
a phylum) compared to only twenty-eight on land. Of all thirty-three known animal
phyla, thirty-two inhabit the sea, while only twelve live on land. This richness most
likely reflects the fact that life first appeared in the oceans and that it existed there for
almost three billion years before moving onto land. It also suggests that the variety
of body plans and of genetic, biochemical, physiological, and metabolic patterns and
pathways is likely to be greater in the oceans than it is on land, and that the oceans
offer an extremely rich, and largely unexplored, resource for biomedical research.

Extinction Rates Before Humans

xtinctions are natural events and occurred long before humans walked on
Earth. Thus, any claims of human-caused biodiversity loss must take into
account what we know from past “background™ or “natural” extinction
rates. Studies of once abundant and widespread marine species that dominate the
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fossil record show that these species generally lasted from one to ten million years
before going extinct naturally. Mammalian species are thought to last on average
about 2.5 million years, and at least for some rodent species, there is evidence about
what determines their natural cycles of emergence and extinction. These cycles seem
to be associated with long-term, periodic changes in climate that result from varia-
tions in the path of Earth around the Sun and in the tilt of its axis of rotation (called
the Milankovitch cycles, after the Serbian astrophysicist Milutin Milankovitch, who
developed the mathematical explanation for Earth’s natural, long-term, periodic, cli-
matic cycles of heating and cooling).”

Suppose that extinctions were spread out over time and did not occur simultane-
ously. (Simultaneous extinctions occur as the result of, e.g., a single catastrophic event
like the asteroid that landed in the Gulf of Mexico sixty-five million years ago and
that is believed to have been the cause of the extinctions at the end of the Cretaceous
Period, when dinosaurs and ammonites largely disappeared.) Then, based upon find-
ings from the marine fossil record, we would expect one species out of a sample of a
million to go extinct about every one to ten years. The background extinction rate can
then be estimated at approximately one extinction for every million species each year,
which, given the marine fossil data, is a number at the higher end of the range (the
lower end would be one extinction per million species every ten years). This number
can be transformed into a ratio that is stated as “one extinction per million species-
years.” We think of this as the background rate of extinction.

For birds, recent extinctions (i.e., those that have occurred in the last 2,000 years)
run about one or a few per year.’ The total number of bird species is about 10,000, so
this translates roughly into an estimated 100 extinctions per million species per year, or
about 100 times the background rate. Extinction rates for other groups of animals and
plants, such as amphibians, primates, and some gymnosperms, tend to be even higher.

It is reasonable to ask how one can apply an extinction rate derived from the
marine fossil record to modern-day birds or, for that matter, to any other groups of
organisms alive today. To address this question, one must bear in mind that the spe-
cies that are most prone to current extinction are both localized and rare. So, data from
ancient marine organisms are likely to underestimate, if anything, current extinction
rates among nonmarine organisms, because these ancient marine populations were
once very widespread and very abundant and therefore less vulnerable to extinction.
Speciation rates (i.e., the rate at which new species develop) and the creation of what
are called “molecular phylogenies,” which are maps of evolutionary relationships
among organisms based on comparative analyses of their genes and proteins (using
methods similar to 16S rRNA analyses—see page 10 and figure 1.4, the three-domain
map, which attempts to create a molecular phylogeny for all life on Earth), can be used
to supplement estimates for background extinction rates. These data broadly support
an average origin time for modern species of around one million years ago.

First Contact with Humans
here is good evidence that early humans were responsible for species losses
on a large scale. The prevailing explanation for the disappearance of doz-

ens of large mammalian genera between 10,000 and 50,000 years ago is
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that human hunting was the main cause. Important differences separate these early
human-caused extinctions from those of the present time. Past extinctions typi-
cally were among large, predator-naive, land animals living in limited geographic
areas, and they seem to have been mainly the consequence of overexploitation.
The threats to species in the latter half of the twentieth century and today, such as
habitat degradation and destruction, overharvesting, pollution, and global climate
change, occur on a global scale, and as a result, they tend to cause widespread
extinctions that occur in all types of organisms in habitats around the world. These
differences render suspect arguments that attempt to downplay concern over cur-
rent species loss by pointing to the role that humans may once have played in the
distant past.

Recent Extinction Rates

n the past 500 years, a total of 844 species have been listed by the International

Union for the Conservation of Nature and Natural Resources (IUCN; see

box 1.4 for more information on the IUCN}) as having gone extinct (if we also
count the 122 species of amphibians that the Global Amphibian Assessment [www.
globalamphibians.org] lists as probably extinct, this number approaches 1,000). but
it is clear that numerous others have not been counted. The extinction status for
most plants, animals, and microbes is poorly known, even for those species that
have been identified, and most biologists believe that only a small percentage (10 to
15 percent or less) of the total number of species alive today (see the above section
“How Many Species Are There?”) have been discovered to date. Historically, most
extinctions that have been identified have occurred on oceanic islands, but over
the past twenty years, continental extinctions have become as common as those on
islands. The consensus of scientists is that the current rate of species extinctions is
on average somewhere between 100 and 1,000 times greater than prehuman levels,
and that we are moving toward an extinction rate that is on average 10,000 times
greater.

The three case histories presented below, which typify recent extinctions (i.e.,
during the past few hundred to few thousand years), support the claim that present
extinction rates are unusually high.

PACIFIC ISLAND BIRDS

Polynesians colonized Pacific islands between 4.000 and 1,000 years ago. Their
imprint on these islands is fresh and provides unambiguous evidence of massive
human-caused extinctions. For example, the bones of many bird species persist
into, but not through, layers of archaeological digs that show the earliest presence
of human beings. Along with other archaeological evidence, this indicates that these
bird species went extinct after humans appeared, but not before. There is little doubt
that early colonists ate the large, probably tame, and often flightless birds in great
numbers. They also introduced rats onto the islands, and the rats, too, would have
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Figure 1.7. The O'o (Moho nobilis) of Hawai'i,
Which Is Now Extinct. (From Baron Lionel
Walter Rothschild, The Avifauna of Laysan and
the Neighbouring Islands. R.H. Porter, London,
1893-1900.)

found the tame birds easy pickings. With only Stone Age technology, the Polynesians
may have exterminated as many as 1,000 bird species, representing about 10 percent
of the world’s total at that time. In some places, they may have exterminated all the
bird species they encountered.

In Hawai'i, we know of forty-three bird species that once lived on these islands
only from their bones. But because bird bones are fragile and easily pulverized, we
may never find the bones of all the species that went extinct. How many might be
missing? One way to answer this question is to look at the number of bird species
known to have been alive in the past 200 years whose bones have not been found
in archeological digs. Using this number, one can then arrive at an estimate of
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how many bird extinctions may have occurred without leaving a trace, and that
number is 40.

James Cook landed on the Hawaiian Islands in 1778, and European settle-
ment, with introductions of cattle and goats, began shortly thereafter. The livestock
destroyed native plants that were as unprepared for large mammalian herbivores
as the birds were for the rats introduced by the Polynesians. More bird extinctions
occurred following European settlement. Today, our only records of some eighteen
other species of birds, not included in the above counts, are the specimens collected
and preserved by nineteenth-century naturalists. The total number of Hawaiian bird
species that are believed to have gone extinct since humans first arrived on the islands
in the fourth and fifth centuries A.D. is therefore 101 (40 + 43 + 18). What remains
today? A dozen bird species are so rare that there is little hope of saving them. If we
cannot find these species, then they probably cannot easily find each other either,
in order to reproduce. Another dozen we can find, but their numbers are so small
that their future survival is uncertain. Of an estimated 136 species that once existed
before human contact, only eleven now survive in populations that suggest they have
a future.””

Birds have not been the only casualties. Of 980 native Hawaiian plants, 84 are
extinct and 133 have wild populations of fewer than 100 individuals. Hundreds of
land snails and several reptiles have also been documented as being among the vic-
tims of human settlement. ’

As the Polynesians colonized the Pacific, from New Zealand north to Hawai'i
and east to Easter Island, they exterminated not only 1,000 bird species but a large
number of other species as well. All Pacific islands, with the exception of those most
remote, are thought to have had several species of pigeons and parrots each, many of
which have completely disappeared.

Pacific islands are not unusual. In the last 300 years, the islands of Mauritius,
Rodrigues, and Réunion in the Indian Ocean have lost thirty-three species of birds,
including the dodo, thirty species of land snails, and eleven species of reptiles, and
St. Helena and Madeira in the Atlantic Ocean have lost thirty-six species of land
snails. Island species are particularly vulnerable to extinction, because islands often
lack large predators of, as well as significant numbers of native species competitors
for, or diseases of, alien species. Thus, when alien species are introduced, especially
alien predators, the results can be devastating. The ranges of most island species are
also generally small, so there is a greater chance that habitat destruction will destroy
their entire habitat. This raises the obvious question: Do we find evidence of massive
extinctions only on islands?

SOUTH AFRICAN FLOWERING PLANTS

To begin to answer this question, let us look at the Cape Floristic region, a small area
of the southern tip of Africa that possesses enormous plant diversity. On a per area
basis, this region has more species of plants than any other in the world, including
the Amazon rainforest. It is home to a distinct and unusual flora composed of sev-
eral vegetation types, the most common and species-rich of which is known as the
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fynbos (which gets its name from the Afrikaans word for “fine bush,” describing the
appearance of many fynbos plant species). Of the approximately 8500 plant species
that have been identified in this region, thirty-six have become extinct in the last
century, and some 618 species are threatened, that is, are likely to become extinct
within at most a few decades (see box 1.4 for a description of the IUCN and categories
of endangerment). [nvading alien plants—particularly Australian wattle trees (from
the genus Acacia)—and the conversion of natural areas to agriculture are the two
major identified causes that are endangering species and causing their extinction in
the region.

AUSTRALIAN MAMMALS

Of sixty recent mammalian extinctions, nineteen are from Caribbean islands, yet
another instance of high extinction rates for islands. But eighteen more were on the con-
tinent of Australia, and these represented around 6 percent of all its known nonmarine
mammalian species. The extinctions have been equally divided between two areas.
The first is the southern arid zone—a sparsely inhabited area of mostly spinifex des-
ert (spinifex is a coarse grass with sharp-pointed leaves) where there is also extensive
livestock grazing. The second is the wheat belt of the southern tip of western Australia,
where g5 percent of the natural woodland has been cleared. Another forty-three mam-
malian species are no longer found in one-half or more of their former ranges. Some
survive only because they live on protected offshore islands. Medium-sized ground
dwellers weighing between 35 grams (a little more than an ounce), such as mice and
rats, and 5.5 kilograms (about 12 pounds), such as wallabies (animals that belong to the
same family as kangaroos but are smaller in size), have been hardest hit. Those that
have had greater survival success include bats, some arboreal (living in trees) species
such as opossums and gliders (gliders are marsupials [mammals that have a pouch
where newly born offspring complete their development] that are able to glide on air
currents, sometimes for great distances), and those that use rock piles for shelter.

Three causes are thought to be behind the extinctions: the destruction and frag-
mentation of natural habitats, the introduction of livestock and other species, and
recent changes in the frequency. severity. and duration of fires. Domestic farm ani-
mals may have also destroyed vegetation cover and caused extensive soil erosion and
compaction. Introduced rabbits are competitors with some native species for some
food resources already in decline. The predatory Red Fox {Vulpes vulpes) introduced
in the 1860s, perhaps for fox hunting, may well have destroyed populations of some
small mammals, even in remote areas. Supporting this hypothesis is the fact that
foxes are absent from areas of the continent that have the fewest extinctions, and that
fox control programs have been successful in halting the decline of some small mam-
mal populations.

These three examples of recent species extinctions are for both plants and animals
and have taken place on both islands and continents. They are typical of other extinc-
tions in groups of terrestrial animals and plants that have been well studied, all of
which bear a distinct human fingerprint.
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Predicting Future Rates of Extinction

urveys are conducted on a regular basis to determine the number of the world's

species threatened with extinction. The most authoritative of these surveys

is put out every few years by the International Union for the Conservation
of Nature and Natural Resources (IUCN), now known as the World Conservation
Union. based in Gland. Switzerland. For more than thirty years, members of the
IUCN's Species Survival Commission (SSC), a network of more than 7,000 scientific
experts, have been evaluating the conservation status of species and subspecies on a
global scale. The SSC publishes its findings regularly as the Red List of Threatened
Species.

Suppose that all these “threatened” species will become extinct in the next
100 years (many would go sooner, of course). If so, then future rates of extinction
for birds, with 12 percent of the roughly 10,000 or so known bird species considered
“threatened,” would be 1,200 extinctions per million species per year, or more than
1,000 times background rates. Similar estimates obtain for other groups. The conclu-
sion is that extinctions have been high in the recent past and that their rate is rapidly
accelerating.

This conclusion leads to some obvious questions. First, will speciation (the devel-
opment of new species) create new species to offset these losses? In the geological past,
there have been five episodes. the five major extinction events, when, as the conse-
quence of various factors, large fractions of Earth's biodiversity were eliminated. For
example in one of these events known at “The Great Dying,” which occurred about
250 million years ago during the Permian period, an estimated go to g5 percent of
all marine species were eradicated over a time scale of one million years or more. We
know from this extinction event, and from others in the geologic record, that biodi-
versity did eventually recover, but that it did so over millions to tens of millions of
years.

Second, can we predict where species will become extinct (and perhaps improve
our estimates of how many will do so) by looking at the detailed causes of their extinc-
tion? Sometimes, but most often this is not possible. For example, accidentally or
deliberately introduced species can cause extinctions, but whether they will or will
not is generally hard to know. Predicting future extinctions from these introductions,
or from other factors such as global climate change, may not now be possible, because
the cascade of events that follow them often involves so many variables, and because
our understanding of the physical, chemical, and biological systems that are affected
is generally so inadequate.

Just because we have difficulty with these predictions, however, does not mean
the threats are insignificant. In fact. we have seen from the above examples of spe-
cies extinctions, both on islands and on continents, the devastating effects from
introduced species. And it is becoming increasingly clear that global climate change
will threaten the survival of large numbers of species in coming decades, with
some estimates saying its direct effects, and those that are indirect, for example, by
changing habitat, will result in the extinction of some 15 to 37 percent of species by
the year 2050."
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Predicting the magnitude of extinctions from habitat destruction, the factor
usually cited as being the most important cause of current and expected extinctions
(in birds, e.g., it is implicated in about 75 percent of the approximately 1,200 species
that are threatened). may be somewhat easier. Habitat destruction is continuing and,
in some cases. accelerating, such that some common species may lose their habitats
within decades.

SECONDARY EXTINCTIONS

nce one species goes extinct, it is likely that many others will go extinct

as a result. Some are easy to understand. For every bird or mammal or

insect that goes extinct, those species of parasites or bacteria that can
live on and/or in no other host will also disappear (see box 3.1 on microbial ecosys-
tems in chapter 3). An example may be seen with some termite species, which have
within them flagellated protozoa that are, in turn, associated with different types of
bacteria. Presumably, these species of termites, protozoa, and bacteria. having co-
evolved, are highly specific to one another, so if the termite went extinct, so would
the protozoa and the bacteria. Other changes can be quite complicated. Species are
bound together in ecological communities to form a food web of interactions. Once
a species is lost, other species that fed upon that species or that benefited from it,
competed with it. or were food for it would also be affected. These species, in turn,
may affect yet other species. Ecological theory suggests that the patterns of second-
ary extinctions may be highly complex and thus difficult both to demonstrate and
predict.

Not surprisingly. then, few clear-cut examples of secondary extinctions have
been documented. Perhaps the best example involves the butterflies of Singapore.
About g5 percent of the island's forests have been cut. and about half of its
roughly 400 species of butterflies have been lost. The main cause is obviously
habitat destruction. but the various butterfly species differed in how vulnerable
they were. Those that had a wide variety of food plants generally fared better
than those that were more specialized, feeding on just a few species. Specialized
species, it seems clear, will go extinct when they lose the one (or few) species on
which they feed.

THE LOSS OF POPULATIONS
AND GENES

hile much of the concern over the loss of biodiversity centers on the
global loss of species, most of the benefits that biodiversity con-
fers depend on local species populations.” An obvious example is
a forest that provides protection to a city’s watershed. While no species might
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go extinct globally if the forest were to be cut down, there would be a loss of the
ecosystem services the forest provided, for example, in preventing soil erosion
and in filtering out pollutants in air and groundwater. Simply put, it is the local
loss of diversity that is important in this case. In addition, populations also sup-
ply genetic diversity, since different populations across a species’ range will dif-
fer to varying degrees in their genetic composition. Such genetic diversity has
great value for agriculture, for example, when plant breeders rely on the diversity
of genes in the wild relatives of crops to provide these crops with resistance to
various diseases. When populations of species are eliminated locally, some of their
genes may become extinct globally.

The average number of different populations per species has been estimated
for well-known species to be roughly 220.® If this average applied to all species, it
would suggest that there may be more than two billion species populations globally,
of which, it is estimated, 160 million (8 percent) are lost each decade. If present trends
continue, while many species may be saved in protected areas (e.g.. in national parks
and zoos), those species will be just remnants of their once geographically extensive
and genetically diverse selves.

CONCLUSION

onservationists justifiably place tropical forests on land and coral reefs in

the ocean at the top of their priority lists because they are thought to hold

such large fractions of the world s known species. These ecosystems are also
likely to hold a significant proportion of the world’s species populations. Nonetheless,
a comprehensive strategy for saving biodiversity needs also to save some ecosystems
that may contain fewer species, not only because of the various services they may
provide, but also because of the distinctive ecological composition and evolutionary
information they contain. Tundra, temperate grasslands, lakes, polar seas, estuar-
ies, and mangroves are all good examples. Some of these major habitat types, such
as tropical dry forests and Mediterranean-climate shrublands are, on average, even
more threatened than are tropical moist forests."” The Florida Everglades or Brazil's
Pantanal, for example, do not rank as places with a high concentration of species,
but they achieve prominence because flooded grasslands are scarce globally and are
uniformly vulnerable. Other regions attain prominence because of the biological phe-
nomena they house, such as the Arctic tundra and its migratory shorebirds, polar
bears, and caribou.

Species diversity provides a kind of insurance policy for ecosystems, buffer-
ing them against such stresses as temperature changes, diseases, and pests that
can result in species loss and ecosystem disruption. This is known as “ecosystem
resilience” or “ecosystem reliability” and is a function of there being a diversity of
responses to stressors among diverse organisms. For example, some coral species
are more resistant to bleaching than others, so a reef with greater coral species diver-
sity may suffer less bleaching and be more likely to survive the stress of sea surface
temperature warming.”’ Population and genetic diversity may also confer stability.
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Genetically and spatially diverse forests of willow species (Salix spp.) have greater
resistance to infestation by the Willow Beetle (Phratora vulgatissima), while mixed
populations of Sockeye Salmon (Oncorhynchus nerka) are better able to maintain
productivity despite changes in climatic conditions that affect their freshwater and
marine environments.”"* Honeybee colonies provide still another example of diver-
sity conferring a survival advantage. Beehive temperatures must be regulated to
ensure the well-being of those inhabiting it, particularly the brood. As temperature
rises outside the hive, worker bees inside will start to fan hot air out. The tempera-
ture at which any given bee starts to fan is genetically programmed (the male bees
that mate with the queen to produce the colony are the source of its diversity). Hives
that have a greater diversity of fanning thresholds among worker bees because of
greater genetic diversity have core temperatures that are more gradually adjusted
and more stable.”

There is also a greater likelihood, with higher species diversity, of redundancy
at the level of functional groups and, as a consequence, of greater ecosystem resil-
ience.” That is, if one or more species in an ecosystem is lost or is no longer able to
perform its functional role, for example, as a decomposer of leaf litter or as a pollina-
tor of certain plants, other species present that perform these same functions may be
able to take their place.

The functioning of an ecosystem is thus critically dependent on the biodi-
versity of its constituent species and populations, and it is this functioning that
determines the ability of ecosystems to provide the essential goods and services
that keep humans and all other species on the planet alive. This is the subject of
chapter 3.

But first we will look at how human activity threatens biodiversity.
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Figure 2.1. Dymaxion Map of Earth. The Dymaxion map, created by Buckminster Fuller, is a global projection onto the surface of an icosahedron,
a three-dimensional shape made up of twenty planar faces, each of which is an identical equilateral triangle. The icosahedron has then been
cut and unfolded into two dimensions. Fuller claimed that the Dymaxion projection, which we call the Fuller Projection in this chapter, had
advantages over all others: There is less distortion of the relative sizes and shapes of land masses; the map demonstrates that there is no “right
way up” in the universe, no “up” or “down,” no “north" or “south”; and it shows the continents as an almost continuous land mass (which had
been true when they were joined together as a supercontinent called Pangea before 250 million years ago), rather than as groups of continents
separated by oceans. (© 1938 Buckminster Fuller. Spaceship Earth Satellite Map © 2002 Jim Knighton and Buckminster Fuller Institute. The
word “Dymaxion” and the Dymaxion Map are trademarks of the Buckminster Fuller Institute. See www.bfi.org))

Figure 2.2. Global Fuller Projection Map Showing Tropical Deforestation and Biodiversity “Hotspots.” This map has been created by repositioning
the Fuller Projection continents, and by using the Environmental Systems Research Institute’s (ESRI) ArcGIS software, which allows GIS data
to be plotted onto a Fuller Projection. It shows both cleared and remaining tropical forests, along with other areas that are designated as
biodiversity “hotspots.” Scientists have been showing increasing interest in Fuller Projections, because of their ability to preserve the relative
sizes and shapes of land masses. (Map created by Clinton Jenkins, using Fuller world projection; originally appeared in S.L. Pimm and C. Jenkins,
Sustaining the variety of life. Scientific American, 2005;293(3):66-73.)
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Figure 2.3. Satellite Images of Rondonia, Brazil,
in 1975 and in 2001. Note the massive clearing
of tropical rainforest, over a period of less than
thirty years, in this region on both sides of
parallel, regularly spaced, newly constructed
roads, resembling what is often described
as a “fish-bone pattern.” (Courtesy of U.S.
Geological Survey.)
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Figure 2.5. Coral Reef: Hard Corals Just Beneath
the Water's Surface Off the Island of Sulawesi

in Indonesia.
Pictures.)

(© Fred Bavendam/Minden

that existed before the onset of trawling. Trawling has had such a negative impact

on shallow-water seafood stocks that in recent years trawlers have had to move to
the deep oceans. Some 40 percent of trawling now occurs at depths beyond the con-
tinental shelves. Today's trawlers can penetrate to depths as great as 2 kilometers
(1.24 miles), and their deep-water catch can be found in supermarkets worldwide."” In
a story that parallels what occurred in shallow waters, the trawlers that first fished
these deep and virgin grounds brought up as much coral as fish. Yet, after only a few
years, trawling these same areas yielded relatively little coral bycatch because the
seafloor habitats had already been stripped bare.

Deep-water trawling has especially devastating effects on slow-growing marine
organisms and their habitats, in particular, those found in deep-sea or “cold-water”
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of peninsular Malaysia has undergone mass attrition, mainly as a result of habitat
degradation resulting from deforestation for timber. After a four-year intensive collect-
ing effort, only 45 percent of species historically recorded from the peninsula could be
found there. And in Mexico, while thirty-six fish species were considered at risk in the
1960s, within ten years that figure had risen to 123, and it continues to rise.”

What makes these freshwater ecosystems so vulnerable to human activities and
environmental change is in part a reflection of the disproportionate richness of inland
waters, but it is also a result of fresh water being a pivotal resource underpinning the
welfare of our own species. Fresh water is essential for human health, food produc-
tion, hydropower generation, transportation, and economic growth and development.
It is also an important focal point of many cultures and religions. During the twen-
tieth century, global human population increased fourfold; during that same period,
water withdrawn from freshwater ecosystems increased eightfold. Humans currently
appropriate half of the estimated annual global runoft (which broadly equates with
net precipitation on land), and the growing water requirements of increasing human
populations have transformed rivers and lakes around the world. As a result of large-
scale water extraction, mostly for irrigated agriculture, the natural flow of one or
more of the planet’s great rivers on almost every continent, such as the Colorado,
Ganges, Nile, Indus, and Yellow rivers, have been so reduced that they no Ionger flow
to the sea during the dry season.

In addition to draining rivers, we also impound and redirect them. In some
places such as China, people have been doing this for millennia. The manipulation
and control of the water supply have been, and continue to be, an enduring preoccu-
pation of our species. Construction of massive engineering systems for water storage
and flow regulation has transformed the planet’s waterways. Our total impact has
been extraordinary. Today, some 41,000 large dams more than 15 meters (about 49
feet) high, and countless smaller ones, regulate the flow of more than 6o percent of
the world’s rivers and retain some 10,000 cubic kilometers (km®) (2,399 cubic miles)
of water on land, a figure that represents more than five times the volume of all of
the world’s rivers. As of 1998, an additional 349 dams more than 6o meters (about
197 feet) high were planned or under construction around the world. Impacts are, of
course, not limited to freshwater biodiversity. Worldwide some eighty million people
have been forcibly relocated as a result of these mammoth water engineering proj-
ects. With the completion, projected for 2009, of the Three Gorges Dams in China,
a further 1.9 million displaced peoples will be added to that tally. Dam construction
can also cause outbreaks of some infectious diseases, such as schistosomiasis (see
chapter 7, page 300). Globally, water impounded in artificial reservoirs since the
19508 represents a 700 percent increase in the standing stock of river water held on
land. This massive redistribution of weight, according to some published reports, has
contributed to measurable changes in Earth's rotation and in its gravitational field **

Such enormous changes in hydrology, coupled with harmful changes in water
chemistry that result from water storage in reservoirs (e.g., by trapping nutrients and
preventing them from flowing downstream), riparian deforestation (i.e., alongside riv-
ers, streams, lakes, and ponds), widespread introductions and/or escapes of exotic spe-
cies, and the overexploitation of species intensify the threat to freshwater biodiversity.

Further damage comes from pollution. The productivity of freshwater systems
is largely driven by the capacity of water to act as a solvent, but this capacity also
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makes them vulnerable, as their positions in landscapes turn lakes, rivers, and wet-
lands into prime recipients of nutrient runoff from sewage and fertilizers, and of toxic
substances, such as heavy metals, pesticides, and human medicines. Unlike marine
waters, fresh waters usually lack the volume necessary to sufficiently dilute con-
taminants or to mitigate their impacts. Eutrophication (the overenrichment of aquatic
systems with nutrients) and algal blooms are now widespread, and the massive loss
of global wetlands, due to draining and “reclamation,” has undermined the capacity
of many freshwater systems to absorb these organic inputs (see section on pollution,
below).

Yet another threat to freshwater systems comes from the mining of coal, the
world’s greatest substrate for electricity generation. Before being sold, coal is washed
to remove impurities, including soil and rocks. The wastewater from this process con-
tains a variety of toxins, including heavy metals such as mercury, lead, and arse-
nic. In Kentucky and West Virginia, billions of gallons of this wastewater have been
stored in about 500 impoundments known as sludge lagoons or slurry ponds. With
heavy rains (which are predicted to increase in both number and intensity with global
warming), these containment structures periodically collapse. The largest of such
events in recent times occurred in 2000, when at least 300 million gallons of the Big
Branch slurry impoundment breached its confinement and ran into the Big Sandy
River in Kentucky and eventually into the Ohio River. (In comparison, the Exxon
Valdez spill released eleven million gallons of oil into Prince William Sound.) The
toxic slurry created an aquatic dead zone that stretched for 20 miles. It also contami-
nated the water supply of 27,000 people.?”

Mountaintop coal mining literally decapitates mountaintops with explosives to
get at coal seams below, dumping the rubble into neighboring valleys, where it buries
headwater streams and contaminates stream and river systems. More than 400,000
acres in Appalachia have been affected by surface coal mining, including mountaintop
mining, along with some 1,200 miles of streambeds.” Still further consequences for
freshwater ecosystems come from the burning of coal to generate electricity. Burning
coal is a major source of mercury and of air pollutants, such as sulfur dioxide, a major
cause of acid rain, and produces more global-warming CO, than any other fossil fuel.
In fact, coal-burning power plants in the United States produce as much CO, as all of
America’s cars, trucks, buses, and planes combined.*

Extending through great distances and across landscapes, freshwater ecosys-
tems have extensive interfaces with their surroundings—from headwaters to estu-
aries, from their main channels to surrounding floodplains, and from their surface
waters to the groundwater beneath. Each of these interfaces also varies over time,
both with season and with longer term cycles. Because of these complex relation-
ships, “fencing off " isolated stretches of freshwater systems to safeguard them is
futile, and protection of one or a few water bodies is unlikely to maintain ecosys-
tem integrity or its harbored biodiversity. In practice, relatively large areas of land
need to be managed in order to fully protect even relatively small water bodies. To
be successful, protection of freshwater biodiversity requires control of the upstream
network, the surrounding land, the riparian zone, and downstream reaches. As such,
a healthy and stable freshwater ecosystem that sustains its biodiversity may be the
best indicator of whether modifying that ecosystem and consuming its fresh water
are sustainable in the long term.
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have markedly expanded the capacity and reach of fish catching. However, overfish-
ing is not a new phenomenon. It was also a feature of previous centuries, when some
of the largest and most abundant vertebrates were stripped from the oceans.”

It took only thirty years in New England. for example, to eliminate what were
originally abundant whale populations, and by the early nineteenth century, because
their local stocks were exhausted, New Englanders had to make voyages lasting three
to four years to the Hawaiian Islands, and to other distant regions, in order to find and
hunt whales. Similar examples of such early overexploitation come from many other
parts of the world. Steller's Sea Cows (Hydrodamalis gigas) in the Bering Sea were
driven to extinction by the year 1768, just twenty-seven years after they were discov-
ered by shipwrecked Russian voyagers. In the Galapagos, fur seals were exploited to
the verge of extinction by the nineteenth century.”®

Nineteenth-century accounts from tropical Australia describe bays and seagrass
meadows that once thronged with Dugongs (Dugong dugon), marine mammals related
to manatees that are about ¢ feet long and weigh approximately 8oo pounds. Migrating
herds containing perhaps hundreds of thousands of animals stretching over distances
of three to four miles were reported.> The total population of Dugongs in the late nine-
teenth century was, by current estimates, between 1 and 3.6 million individuals. Today,
Dugong populations are greatly reduced as a result of decades of overhunting. They
remain highly vulnerable to habitat loss, because they frequent coastal waters, depend
on seagrass beds for food (which are increasingly threatened in many parts of the world),
and have low reproductive rates. In the Torres Strait, which separates Papua New
Guinea from the Cape York Peninsula in Northeast Australia—the most important
Dugong habitat in the world—population estimates in 1996 were fewer than 28,000.”

When the first settlers reached the New World, the Chesapeake Bay was a cra-
dle of abundance. It was visited by Gray Whales (Eschrichltius robustus), dolphins,
otters. manatees, Atlantic Sturgeon (Acipenser oxyrinchus), sharks, rays, turtles, and
alligators, and it supported vast oyster populations that kept its waters clean. Today,
as a result of overharvesting and overdevelopment of the watershed and coastline,
there are few reminders of this bountiful diversity, and the Chesapeake is plagued by
harmful algal blooms and oxygen-depleted water.”

Farther north, in the Gulf of Maine and the Grand Banks off Newfoundland, the
continental shelf once abounded with Atlantic Cod (Gadus morhua). At the time John
Cabot planted the flag for England in 1497. these giant predatory fish dominated these
regions. They hunted in enormous schools, and for four centuries we have exploited
them with hooks and nets and traps. The cod in this region comprised one of the richest
fisheries the world had ever seen. The slide in their numbers began with the introduction
of the trawl to New England in the early twentieth century. The collapse of Canadian
cod stocks in the early 1ggos is widely considered to be one of the most catastrophic in
the history of fishing. In 1988, 479,141 tons of Atlantic Cod were caught in Canada; in
1995, a mere 12,490 tons were harvested.”® The harvesting that led to this decline was
so intense that it decreased the age at which the cod reproduced. In the mid-198os, for
example, cod living off Newfoundland and Labrador began to breed by six years of
age; by the mid-1ggos, they began at five. Cod not only were breeding earlier but were
smaller in size. These changes have come about as the result of genetic changes in cod,
presumably from the selection pressure of overfishing.”” A moratorium on cod fishing
has been imposed over much of eastern Canada since 1992. Despite this moratorium
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being in place for more than a decade. Atlantic Cod have shown no signs of a comeback,
and the fish are now so scarce in Canada that an expert panel of scientists has recom-
mended that they be listed under that nation’s federal Species at Risk Act.

The ecosystem transformations that we began centuries ago with harpoon and
spear, we continue today with factory trawlers, purse seines (a net that encircles its
catch and then gets pinched off at the bottom), and long-lines (a kind of fishing line
with thousands of hooks that can extend dozens of miles—every year more than
a billion hooks are set on long-lines).** Globally, the world’s fisheries are in serious
trouble. Studies performed in the world's major ocean regions have concluded that
the total mass of large predatory marine fish is only about 10 percent of what it was
about forty to fifty years ago, at the advent of industrialized fishing practices. In addi-
tion, the fish that we are catching are younger and are also from lower on the marine
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have the capacity to outcompete their wild parents. Although there are as yet no con-
firmed reports of such invasions, the evidence that GM canola genes and GM maize
genes have found their way into commercial non-GM canola plants and native maize
plants, respectively, is not reassuring. GM fish such as salmon could also pose enormous
risks to wild species, driving them to extinction by successfully interbreeding with them
and producing less fit offspring. (See chapter g for further discussion of GM organisms.)

Our deliberate introductions have a long and generally embarrassing history. In the
1890s, some New Yorkers introduced 100 European Starlings (Sturnnus vulgaris) into
Central Park, because starlings were mentioned in the Shakespeare play King Henry
the Fourth, and there was a desire to bring all the birds that showed up in the Bard’s
work to the United States. These New Yorkers were simply following a long-established
tradition, much like that which led, for example, to hunters introducing exotic birds and
mammals to shoot, or fishermen bringing to their waters challenging new fish to catch.

While English garden birds in New York, originally intended as quaint curiosi-
ties, have caused some problems (e.g., clogging of jet engines and damaging crops),
some intentional introductions have been devastating. Invading organisms threaten
other species in many ways—they may compete with them for space or for food, dis-
place them, consume them, act as parasites, or transmit diseases to them, all of which
may result in a decline or extinction of local populations or of an entire species.

Consider what happened to the genus Partula, which contains fifty-eight species
of tree snails that live on the Society Islands, northwest of Tahiti. In the late 1970s, a
predatory snail, Euglandina rosea, was imported from Florida to control the African
Land Snail (Achatina fulica) that was itself introduced onto the islands a decade ear-
lier. Unfortunately, E. rosea preferred Partula species to the alien African snails it
was intended to control, and it ate to extinction in the wild fifty-four of the fifty-eight
Partula species. Many of these species were salvaged in captive breeding programs,
but these programs did not guarantee survival: A parasite, for example, wiped out the
last few remaining Partula turgida in 1996 in the London Zoo.%

Kudzu (Pueraria lobata), a vine brought from Japan to the southeastern United
States to help prevent erosion along the banks of newly constructed roads, provides
another example of disastrous consequences from the introduction of a new, inva-
sive species and demonstrates how transportation corridors can facilitate the spread
of invasives. Kudzu has blanketed large areas with its rapid, unimpeded growth,
completely smothering native trees and other plants and damaging power lines. It
now covers some seven million acres in the United States, a figure that is expected to
double in the next ten years.”

But most introductions are not deliberate. Rats of several species were stow-
aways on oceanic voyages, including probably those of Columbus, and certainly
those of the Polynesians as they colonized Pacific islands. The Pacific island of Guam
has lost almost all of its native forest birds as well as most of its lizards to a tree
snake, Boiga irregularis, thought to have arrived there as a cargo stowaway on U.S.
transport ships during World War II (the snake is aggressive and poisonous enough
to hospitalize about fifty people a year on Guam).*? Infected humans took HIV—the
virus that causes AIDS—from Africa to the rest of the world. In much the same way,
early European colonists of the New World and the Pacific introduced other infec-
tious organisms, such as the spirochete bacterium that causes syphilis and the virus
that causes smallpox, to populations that had no resistance to them. Smallpox alone
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may have killed half or more of the Native American population in the few decades
following the arrival of Spanish conquistadores to the Americas.

The health of ecosystems has also suffered from invasive species. The Zebra
Mussel (Driessana polymorpha), a coin-sized, black-and-white striped mollusk that
was brought inadvertently to the U.S. Great Lakes aboard ships from Russia in 1986,
has proliferated so widely in the lakes and other waterways in nineteen U.S. states that
it has threatened these bodies of fresh water by lowering oxygen levels and outcom-
peting many other organisms, such as freshwater clams, for food.””* The American
Comb Jellyfish (Mnemiopsis leidyi), also known as the Comb Jelly. or in Britain as the
Sea Gooseberry or Sea Walnut, has traveled in the opposite direction. It is believed that
it was transported in the bilge water of ships going from the Chesapeake Bay in the
United States, first to the Black Sea, and finally to the Caspian Sea, where it caused a
collapse of the anchovy fishery.® The International Maritime Organization has esti-
mated that some 7,000 different species are transported in the roughly three to five
billion gallons of cargo ship ballast water that is moved around the world each year.”

Two alien species are major threats to Lake Victoria in Africa. The Nile Perch
(Lates niloticus), introduced to create a major fishery in the lake, has driven several
native fish species to extinction and has devastated the economies of fishing villages
around the lake that had depended on them.” And the Water Hyacinth (Eichhomia
crassipes) has spread so extensively in the lake, as it has in other lakes and rivers
all over the world (though there is evidence that it may be less widespread in recent

Figure 2.9. Water Hyacinth (Eichhomia crassipes) Invading a Lake. (Courtesy of David Sanger Photography.)
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Antibiotics are also very widely given to livestock and used in aquaculture.
According to a 1998 study by the U.S. National Academy of Sciences, 19 million
pounds (9500 tons or about 8,618 metric tons) of antimicrobials are used every year in
the United States alone for nontherapeutic purposes in cattle, swine, and poultry—
more than six times the amount, some three million pounds, used annually in the
United States for treating people.”” While some antibiotics are given to treat specific
infections or are used on a chronic basis to prevent the development and spread of
infections in overly crowded conditions, most are given, especially to pigs and poul-
try, to promote more rapid growth using less feed. There are very great potential costs
to this practice. For one, antibiotic resistance can develop in the infectious organism,
both to the antibiotic that has been used and to others in its class. Given that antibi-
otic resistance is already a crisis in human medicine, continuing the nontherapeutic
use of antibiotics in livestock production, especially antibiotics that have chemical
structures and actions similar to those used to treat human infections, is extremely
ill-advised, because it may generate even more strains of antibiotic-resistant bacteria
that can infect humans.

For these reasons, and others, the World Health Organization has recommended
that such nontherapeutic antibiotic use in livestock be banned. Potential ecological
problems exist, as well. It has been shown, for example, that antibiotics can cause
adverse effects in some aquatic plants and can alter the diversity, growth, and activ-
ity of some soil bacteria. In addition, the release of antibiotics into coastal marine
ecosystems can harm some crustaceans and other organisms.

The same is true for human medicines, which are released in vast amounts into
the environment around the world via wastewater discharge. This is a serious and
escalating problem that is just beginning to receive scientific scrutiny. In 2002, for
example, the U.S. Geologic Survey found that 8o percent of U.S. streams sampled
contained a host of drugs, including antidepressants, hormones, and steroids. Similar
contamination has been found in many other countries.” It should come as no sur-
prise that these human medications have major effects on other species, often at low
concentrations, given how close we are biochemically to other organisms. If the syn-
thetic estrogens in birth control pills such as ethynylestradiol, for example, end up
in waterways, as shown in lab experiments, they can kill trout at chronic exposures
of concentrations of one part per billion and can reduce the fertility of male trout
by half at levels 100 times smaller.” In some rivers in the state of Colorado, male
White Sucker fish (Catostomus commersonii) living downstream from sewage treat-
ment plants have been found to be developing female sexual organs, presumably from
estrogens in the wastewater.” And in the south branch of the Potomac River in the
state of West Virginia, male bass are bearing eggs.”

Antidepressants such as fluoxetine (Prozac), widely used and highly persistent
in the environment, have been shown to cause developmental abnormalities in aquatic
organisms, although these effects occur at concentrations that are ten times or more
greater than those found in municipal sewage effluents.”® Even the most modern
sewage treatment plants in the most highly industrialized countries are not equipped
to filter out or to breakdown the enormous amounts of human medicines and their
metabolites that end up being released into the environment, for which the impacts on
wildlife (and on people) are still largely unknown.
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and future climates—-their reports are considered the benchmark for predictions
of climate change). scientific evidence confirms that human activities are the cause
of a substantial part of the warming experienced over the twentieth century. New
studies indicate that temperatures in recent decades are higher than at any time in
at least the past 1,000 years."! It is very unlikely—the IPCC Fourth Assessment
Report says the chances are between 1 and 10 percent™*—that these unusually high
temperatures can be explained solely by natural climate variations. In this chapter,
and in the book as a whole, we refer to these human-caused changes in Earth’s cli-
mate both as “global warming™ and “global climate change.” or at times. just “climate
change.” A more accurate phrase would be “global warming with associated changes
in global climate.”

With warming of the global climate over the last century, animals and plants
have responded in many ways, some of which have already been alluded to in this
chapter and are presented in others. Plants leaf out or flower earlier. migratory birds
arrive earlier in the spring, and species ranges move toward the poles or to higher
altitudes. Some ecosystems, such as alpine meadows. cloud forests, arctic tundra, and
coral reefs, are especially sensitive to warming, and species in these regions may be
particularly at risk.

Average global surface temperatures are expected to increase further from 1.1
to 6.4 degrees Celsius (around 2 to 11.5 degrees Fahrenheit) by the year 2100. The
magnitude and the rate of this increase, unprecedented for the last 10.000 years, will
threaten the survival of many species, especially those unable to migrate to new
ranges or otherwise adapt. Global climate change. by itself or acting synergistically
with other environmental changes secondary to human activity, could well become
the factor most responsible for species extinctions over the next 100 years. A recent
study, for example, looking at a sample of some 1.000 species from terrestrial regions
from Mexico to Australia, representing a total of 2o percent of the planet's land area,
has predicted that given the most probable climate-warming scenarios. about one-
quarter of these (the range is 15 to 37 percent) will be at risk of extinction by the year
2050.""?

In this section we look at some models and provide a number of examples of how
global warming and the associated changes in global climate are now affecting, and
how in the future they might affect. species extinctions around the world. There is no
topic more important for us to consider, because these human-caused global changes
are accelerating rapidly and may become the main driver of species loss and ecosys-
tem disruption in coming decades. The reader should understand that the examples
given below have occurred as the result of an average warming of global surface tem-
peratures of only around 1 degree Fahrenheit during the past 150 years or so, and
that the upper limit of warming predicted by the IPCC for the year 2100 is more than
ten times this amount. To appreciate how enormous this change would be, consider
that this degree of average warming for the surface of Earth. more than 10 degrees
Fahrenheit. matches that which has occurred since the end of the last ice age, about
18,000 thousand years ago, when significant areas of North America, Europe, and
Asia were covered by glaciers of ice one mile thick.

A more comprehensive review of climate change and species loss than what is
given below is not possible here but can be found in such sources as Climate Change
and Biodiversity listed in the Suggested Readings at the end of this chapter.
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events that will increase in number and intensity as the atmosphere contin-
ues to warm, caused the Mississippi River to overflow its banks, flooding
some g3 million hectares (around 23 million acres) of farms, towns, and cit-
ies in nine U.S. Midwest states and washing into the river tons of industrial
and agricultural chemicals as well as human and animal wastes. The size
of the dead zone in the Gulf of Mexico, beginning at the mouth of the river,
increased dramatically following these events, as a result of excessive nutri-
ent and toxic chemical exposures (see page 52 for a more complete discussion
of the formation of dead zones in coastal marine ecosystems). Many fish, mol-
lusks, and countless other organisms perished.

Forest Pest Infestations: Warming of the Kenai Peninsula in the state of
Alaska over the past thirty years has affected the life cycle of the Spruce Bark
Beetle (Dendroctonus rufipennis), allowing more to overwinter and speeding
up their reproductive cycle to one year instead of two or three. Exploding
populations of beetles have attacked White Spruce (Picea glauca) and Lutz
Spruce (a White—Sitka hybrid) trees, resulting in the destruction of more
than three million acres of spruce forests in the Kenai. The trees were also
more vulnerable, because they were less able to mount their usual defense
against the beetles—an outpouring of sap, which clogs the beetles’ larval
channels in the trees—secondary to drought conditions from the warm-
ing. (See chapter 6, page 251, for a map of these forest losses and for a more
detailed discussion.) Large numbers of species are clearly threatened by such
massive destruction of these forests and by the subsequent fires that ignited
in the stands of dead timber."**

There has been a similar effect due to warming on the life cycle of the
Mountain Pine Beetle (Dendroctonus ponderosae) in Rocky Mountain pine
forests in the western United States, with the beetle reproducing in one year
instead of two. In this case, the beetle wreaks its destruction on the pines by
transmitting a fungal disease called Pine Blister Rust (Cronartium ribicola).

Drought and Coastal Wetlands: Prolonged droughts secondary to climate
change may set the stage for stressors, which are relatively harmless when
they occur in isolation, to act in concert and become deadly. For example, a
severe three- to four-year drought in some southern parts of the United States
beginning in 1999 resulted in an unprecedented die-off of salt marshes along
more than 1500 kilometers (about g40 miles), totaling more than 250.000
acres, of the Southeast and Gulf coasts. Experimental evidence suggests that
the following sequence of events most likely transpired. The drought stressed
the dominant plant in the marsh, Cordgrass (Spartina alteriflora), by causing
marsh soils to be too dry, too salty. too acid, and perhaps also too concentrated
in toxic chemicals (coastal wetlands are highly effective sponges for toxic
compounds, including heavy metals, discharged by urban centers). At the
same time, Periwinkle Snail (Littoraria irrorata) populations had increased.
perhaps because of declines in populations of their major predator, Blue Crabs
(Callinectes sapidus), and these snails feed on a fungus (genus Fusarium) that
lives on Cordgrass. As they eat the fungus, the snails pierce holes into the
Cordgrass, already weakened by drought, facilitating the fungus’s infection

SUSTAINING LIFE: How HUMAN HEALTH DEPENDS ON BIODIVERSITY



of the plant, ultimately converting the salt marshes into mudflats." Because
salt marshes are among the most diverse of all coastal ecosystems, this mas-
sive die-off clearly affected large numbers of resident species.

In making the argument for the importance of preserving biodiversity, it has been
necessary to begin with a discussion of the impacts of human activity on individual
species. But as we discuss in chapter 3, this importance derives largely from the
contributions that species make to the structure and functioning of ecosystems.
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Wdod-eating termites are also dependent on
icroorganisms. They have flagellated protozoa in
their intestines that, in turn, are living symbiotically
/ ith many different types of bacteria that surround

them and live within them, all of which serve to break
down the indigestible components of wood—lignin
and cellulose—into digestible compounds for the ter-
mite. New studies of bacteria in the gut of the termite
Reticulitermes speratus have identified more than 300
different species in each individual, and there are esti-
mates that the number may be as high as 700!

Corals depend on their resident zooxanthellae,
microscopic photosynthesizing organisms that provide
them with oxygen and nutrients, to survive.! Without
them, corals appear “bleached” and become vulner-
able to fatal infections. The larvae of some oysters and
barnacles will not settle and metamorphose into adults
until they are colonized by specific bacteria. And cocoa
trees are protected from certain fungal diseases by the
presence of other fungi that live within their tissues.*

We, too, are colonized by a vast, dynamic, and com-
plex world of microbes—on our skin and our eyes, and
in all our organs that communicate with the outside
world, such as our ears, mouth, nose, trachea, lungs,
gastrointestinal tract, and vaginal canal. The number of
bacteria in our intestines alone is on the order of 100
trillion, which is about ten times the total number of
human cells in our bodies, and these bacteria together
are thought to contain 100 times more genes than the
entire human genome." Let us look briefly at three of
these “ecosystems.”

SKIN

Qur skin is heavily populated with a wide assortment of
bacteria, fungi, and mites, the microscopic arthropods
that live in our sebaceous (oil) glands and hair follicles.
Different regions of the skin have different numbers
of microbial flora. For example, the moist areas of our
armpits and the spaces between our toes may harbor
as many as 10 million bacteria per square centimeter
(about 65 million per square inch), whereas dry areas
such as our forearms may contain only one hundred
thousandth that number. It is as if one were comparing
a rainforest with a desert.! And the species themselves
may also differ from one skin environment to another.
One recent study of skin microbes on the forearms
of six healthy people identified a total of 182 bacterial
species belonging to 91 genera. There was a great deal
of variation from one person to another, with only four
species found on all six subjects. Forearm skin micro-
bial populations also changed over time, with many of
the original species no longer present, being replaced
by others, when the subjects were tested again 8 to 10
months later.™ Some skin microbes have been found

Electron Micrograph of a Hair Follicle Mite. Hair Follicle Mites
(Dernodex folliculorum) are thought to be present in a large
proportion of people. They live, generally unnoticed, mostly in short
hair follicles, such as in those of eyelashes and eyebrows. They also
live in the nose and ears, where they feed on secretions and cellular
debris. Besides D. folliculorum, another skin mite species, Demodex
brevis, inhabits sebaceous or oil glands in our skin. Whether these
mite species play a beneficial role for us under normal conditions,
for example, by ingesting dead cells and microbes, is not known.
They are found in greater numbers in patients with various skin
diseases, but it is not clear whether their increased populations are
a consequence, rather than a cause, of these conditions. (Photo ©
Andrew Syred, Microscopix Photolibrary. Data source: B. Baima and
M. Sticherling, Demodicidosis revisited. Acta Dermato-Venereologica,
2002;82(1):3.)

Three Follicle Mites Burrowing into a Hair Follicle. (© Andrew Syred,
Microscopix Photolibrary.)
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There, polluting compounds such as nitric oxide, the precursor of ground-level ozone,
produced mainly by automobiles and power plants, can be transformed into harmless
compounds.” Some soil microbes are also capable of many of these transformations.
One group of microbes known as “methanotrophs,” for example, that live in well-
drained, well-aerated soils and belong to the Archaea (see chapter 1, page 11), break
down methane ® a powerful greenhouse gas that is involved in global warming.

PURIFYING WATER

Many well-vegetated upland areas, freshwater wetlands, and estuaries function to
purify water. The purification processes involved can be biological, physical/chemi-
cal, or a combination of the two.

Upland Areas

Forests, shrublands, and grasslands that occur in upland areas throughout the world
are important sources of clean water for human use. The journey of water through
these ecosystems is like slowly dripping water through a massive filter. The rain that
falls on many of these ecosystems often contains substantial amounts of chemicals,
such as inorganic nitrogen {in the form of ammonium or nitrate compounds), and
other inorganic and organic compounds. As it percolates through the soil, the water is
stripped of many of these chemicals, both by being taken up by plants and microbes
and by coming into contact with chemically reactive sites on clay and on organic mat-
ter to which such compounds bind. For example, in healthy middle-aged forests in
New England, rain enters with an average nitrogen load of about eight pounds per
acre each year. Stream water leaving these forests often contains less than one-tenth
the concentration of nitrogen that was present in the rainfall.’

Freshwater Wetlands

Since the dawn of civilization, freshwater wetlands have been absorbing and recy-
cling nutrients from human settlements. This ecosystem service is performed by
a variety of wetland ecosystem types, including those that occupy lowland areas
along streams and rivers, and those that border lakes. As water flows through these
wetlands, plants, microbes, and sediments filter out nutrients, such as nitrogen and
phosphorus, from the water column. Plants take up these nutrients and incorporate
them into root, stem, and leaf material. Microbes transform a water-soluble form of
nitrogen into gaseous forms that are biologically inactive and harmless to the envi-
ronment. And physical and chemical processes in sediments, such as those involving
the adsorption (an accumulation of a substance on the surface of a solid, forming a
molecular film) of phosphorus to particles, function to purify water.

Nutrient retention and processing, characteristic of natural wetlands, have
been exploited in reconstructing former wetlands, such as is now occurring in the
marshlands of southern Iraq,'” or in the building of new ones, such as those being
developed by some coastal cities and towns. They are constructed so that water flows
slowly over sediments and through vegetation, giving them time to strip the water of
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animal, and microbial
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Retains sediment

Stores surface water and
reduces flood damage

Provides fish and
shellfish breeding
grounds and
nurseries
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toxins in water

Recharges underground Filters and recycles nitrogen
aquifers and phosphorus released
by human activity into water

Figure 3.4. Freshwater Wetlands Ecosystem Services. (Original photo by Mauro Marini, www.dreamstirme.com. Text design by Tong Mei Chan.)

nutrients." In addition to controlling the rate of water flow, managers of constructed
wetlands often keep vegetation in a rapid growth phase through periodic harvest-
ing in an effort to maximize the amount and the speed of nutrient uptake. They also
regulate oxygen levels in the sediments to increase the loss of gaseous nitrogen, and
manipulate the supply of soluble iron and aluminum to enhance the rate of phospho-
rus removal.

Constructed wetlands also have the ability to remove human-made com-
pounds, including some that are toxic, from flowing water. Ata U.S. Environmental
Protection Agency research laboratory in Athens, Georgia, for example, studies
have shown that an enzyme produced by the invasive Parrot Feather (Myriophyllum
brasiliense), a freshwater plant that can spread rapidly to clog rivers, ponds, and
irrigation channels, effectively breaks down trinitrotoluene, better known as TNT."”
This has led to several successful pilot projects in which constructed wetlands were
able to remove the chemical from water that had been contaminated by military fir-
ing ranges. (See also “Binding and Detoxifying Pollutants in Soils, Sediments, and
Water,” below.)

Estuaries

Bivalve mollusks in estuaries, including mussels, clams, and oysters, act as filtering
systems that can remove suspended materials and that consume algae secondary to
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eutrophication (the overgrowth of algae in aquatic ecosystems resulting from exces-
sive levels of human-released nutrients). An often-cited example is the filtering capac-
ity of Eastern Oysters (Crassostrea virginica) in the Chesapeake Bay. For centuries,
oysters in the bay were so numerous that they could filter its complete volume in
approximately a three-day period. The result of this massive filtering activity was to
maintain clear and oxygen-rich waters.

A combination of pollution, habitat destruction, overharvesting, and other
pressures has dramatically reduced the oyster population of the Chesapeake Bay,
and those of other major estuaries along the U.S. East Coast. For the Chesapeake,
the decline has been so great that it now takes almost a year for the oysters to filter
the bay, more than 100 times as long as it did as recently as about 100 years ago."”
The result of this decline has been the loss of a critical ecosystem service, the filter-
ing of water that has been essential to maintaining the quality of the bay. Its waters
are now murkier and poorer in oxygen concentrations and in aquatic life."

MITIGATING FLOODS

For millennia, many regions of the world have been subject to extreme weather
events, including periods of excessively heavy rainfall and the short-term flooding of
relatively flat areas, known as “flood plains,” that border lakes, rivers, and streams.
Flood plains include a variety of habitats such as forests and wetlands. Some flood
plains bordering major rivers are vast, such as those of the Mississippi River, whose
flood plain is up to 130 kilometers (8o miles) wide in some areas. Examples of other
large river flood-plain ecosystems include the Sudd swamps on the White Nile in
Sudan and the Okavango River wetlands in Botswana. Unaltered flood plains serve
as habitat for many plant and animal species. For example, the Gran Pantanal of the
Paraguay River in South America is home to an estimated 600 species of fish, 650
species if birds, and 8o species of mammals.””

Flood plains are one of Nature's “safety valves.” Following excessive rains,
floodwaters flow over riverbanks and into the forests, wetlands, and other habitats
that constitute flood plain ecosystems. Some of the water is soaked up by the soil. In
time, the floodwaters recede, leaving behind a new supply of nutrient-rich sediments
that enhance the flood plain’s fertility and make these ecosystems among the most
productive in the world.

Many ancient civilizations—for example, in Mesopotamia, Egypt, China,
and India—used flood plains as agricultural sites, taking advantage of the periodic
enhancement of soil fertility by the flood-related deposition of nutrientrich sedi-
ments. As human populations have grown, development pressures on flood plains in
many parts of the world have increased, resulting in a compromising of the ability of
flood plains to absorb floodwaters.

The Mississippi River and its tributaries, which drain about one-third of the
lower forty-eight states, flooded during the summer of 1993 following above average
rains in the first half of the year and an unusually high number of torrential rain
events during the summer. Such extreme precipitation events, including both tor-
rential rains and droughts, are predicted to increase in frequency and intensity as a
result of global warming.'® The loss of the flood plain alongside the river compounded
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August 14, 1991

Illinois River

Mississippi River

Missouri River

August 19, 1993

Figure 3.5, St. Louis, Missouri, Before and After the Summer Flooding of 1993. Satellite photos taken August 14, 1991, and August 19, 1993. The
Ilinois, Missouri, and Mississippi Rivers breached their banks secondary to torrential rains and to the compromising and development of the
rivers’ flood plains, flooding millions of acres of towns, cities, and farmland. (Courtesy of NASA Earth Observatory Photo.)




Figure 3.6. Flooded Farm near Hillview, lllinois, on the Hlinois River, Summer 1993. (Courtesy of Jim Wark, Airphoto.)
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the devastation. Floodwaters spread over 93 million hectares (23 million acres), inun-
dating farms, towns, and cities in nine midwestern states—North Dakota, South
Dakota, Nebraska, Kansas, Minnesota, lowa, Missouri, Wisconsin, and Illinois. The
toll was enormous—so people were killed, more than 70,000 homes were lost, 87
million acres of farmland were damaged. and total property losses were estimated at
s12 billion,"”

The high cost of the flood damage has been attributed to three practices: the
drainage of flood plain wetlands, the building of permanent structures on flood
plains, and the construction of levees to keep floodwaters from spilling over. In the
Midwest, one of the original, and most important, changes to the landscape was, in
addition, the loss of beaver dams. Beavers had shaped the flood plain landscape for
thousands of years prior to European settlement. The seventeenth- and eighteenth-
century fur trade brought the beaver to the verge of extinction in Illinois by the mid-
nineteenth century (the beaver is once again abundant there due to its reintroduction).
With the loss of beaver dams, and the start of intensive farming that required the
draining of wetlands, came unimpeded tributary flow into the Mississippi River and
increased flooding."

During the past century, the drainage of wetlands in the U.S. Midwest intensi-
fied to produce more farmland and home sites. The flood-moderating service of these
wetlands was not recognized. Missouri, lllinois, and Iowa, the three states that suf-
fered the most damage from the 1993 floods, have less than 15 percent of their original

wetlands."”

SusTAINING Lire: How HUMAN HEALTH DEPENDS ON BIODIVERSITY




Building permanent structures such as barns. houses. and factories on flood
plains also increases damage and the accompanying financial losses when floods
occur, for two reasons. First, they are valuable properties. Second. these structures
and their associated roads, parking lots. and other paved surfaces reduce the area
of soils and sediments that are able to absorb floodwaters. If forest or other natural
vegetation covers a flood plain, the floodwaters spread over the land slowly, and the
land absorbs much of the water. Because land in a developed flood plain is less able to
absorb excess water. the water spreads more rapidly and extensively.

Finally, hundreds of levees were built along the Mississippi and its tributaries to
hold floodwaters back from the flood plain. Although levees may save lives and prop-
erty where they are built, they cause floodwaters upstream to surge, damaging farms
and towns that are less protected. In addition, they prevent the periodic deposition of
sediment in the flood plains that replenishes the soil. serving to maintain its levels
and its ability to absorb floodwaters. The building of levees and the subsequent loss
of marsh soils, along with the draining, destruction, and development of freshwater
wetlands, is thought to be, in part, responsible for the massive flooding of areas of
New Orleans following Hurricane Katrina.?

CONTROLLING EROSION

Inland Sites

Vegetation provides natural protection for soils against erosion in several ways. First,
the plant canopies intercept rainfall and reduce the force with which rainwater hits
the soil surface. Second. roots bind soil particles in place and prevent them from
washing down slopes. Third, old root channels help to minimize the powerful force of
surface runoff by routing water into the soil, like drain pipes. Animal burrows serve
the same function.

The U.N. Food and Agriculture Organization (FAQO) has estimated that during
the closing decade of the twentieth century, erosion damaged or destroyed each year
between ten and twenty million acres of the world's cropland. Erosion has affected
some areas more than others. In China by 1978, erosion had forced the abandonment
of about one-third of all arable land. Erosion rates in many parts of Africa are esti-
mated to be nine times higher than erosion rates in Europe.’

Erosion can affect human health in both direct and indirect ways. By reduc-
ing the area of croplands. erosion may contribute to food shortages and compro-
mised nutritional states among people in some developing countries. Erosion can
also directly cause deaths through mudslides. For example, intense rains falling
on steep slopes that were cleared of their forests in the Caribbean and throughout
Central and South America have resulted in thousands of people dying in mas-
sive mudslides in recent decades, including those accompanying Hurricane Mitch
in 19g8.”

Large-scale mudslides became the signature of Hurricane Mitch, which grew to
become the Atlantic basin’s fourth strongest hurricane ever, with sustained winds of
180 mph for more than 24 hours. The hurricane stalled off the coast of Honduras from
October 27, 1998, until the evening of October 2g, dropping up to 25 inches of rain in
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Figure 3.7. Mudslide in the Hamlet of Rincon Argentino, in Tecpan, Guatemala, October 5, 2005. This mudslide, a result of torrential rains from
Hurricane Stan, killed four children and left fifteen people missing. Mudslides in places were a half a mile wide and 15 to 20 feet deep. (Courtesy
of Reuters/Marijo Linares.)

one six-hour period in some places. The heavy rains led to widespread flooding and
mudslides that resulted in 33,000 homes being destroyed, at least 7,000 deaths and
5,000 missing, and thousands of cases of cholera, malaria, and dengue fever.””

Hurricane Stan, which dumped torrential rains on Guatemala and other parts of
Central America from September 29 through October 5, 2005, killed more than 1,036
people in Guatemala alone; left 130.000 homeless and three million without power,
water, and other basic services; destroyed crops and livestock; and damaged nearly
2500 miles of roads, cutting off many regions from outside help.” A U.S. Geological
Survey research team reported that many of the deadly mudslides occurred in areas
where the forests had been cleared to make way for agriculture.

Ocean Edge

Mangrove forests and salt marshes are the most common ecosystems found in many
coastal areas. They perform an important ecosystem service by buffering the land
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BOX 3.2

THE TSUNAMI OF DECEMBER 26, 2004

The great Southeast Asian Tsunami of December 26, 2004, which
killed more than a quarter million people, left millions homeless,
and caused widespread devastation in Indonesia, Thailand, India, Sri
Lanka, and other countries, provides an important case study for the
role that natural coastal ecosystems may play in the physical protec-
tion of people and land against storm surges. Preliminary studies in
Sri Lanka suggested that in areas where coral reefs, vegetated coastal
sand dunes, and healthy mangrove forests were intact, damage to
the coastal zone was lessened. And investigations in Thailand, par-
ticularly in the most affected province of Phang Nga, demonstrated
that mangrove forests and seagrass beds significantly mitigated the
destructive force of the tsunami.*< Model simulations have supported
the role of coral reefs in buffering the impacts of tsunamis.? But some
researchers have stated that while mangroves and coral reefs dampen
the destructive action of normal storm-generated waves, their protec-
tive roles during tsunamis are less clear, and that distance from the
epicenter, elevation and distance from the shore, shoreline profiles,
wave characteristics, and other factors may be as or more important
in determining levels of destruction on land.*

Figure 3.8. Photo of Mangroves in Southeast Florida. The strong, dense branches and roots of mangroves break up the force of waves and
storm surges and stabilize coastlines. (Courtesy of U.S. National Oceanic and Atmospheric Administration.)
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Figure 3.9. The India Mustard Plant (Brassica juncea). Brassica juncea can absorb in its tissues a variety of toxic metals. (© 1995-2004 Missouri
Botanical Garden. From F.E. Kohler's Medizinal-Pflanzen, Gera-Untermhaus, 1887, www.illustratedgarden.org/mobot/rarebooks/.)







Two phytoremediation examples stand out as models for environmental cleanup
and public health protection. The first involves an experiment conducted in a small
pond near the ill-fated Chernobyl nuclear power plant in the Ukraine. The pond, like
other areas surrounding Chernobyl. was heavily contaminated with strontium-go,
cesium-137. and other toxic radioactive substances that had been released during the
reactor fire in 1986. Scientists grew Sunflowers (Helianthus annuus) on Styrofoam
rafts floating in the pond, with their roots dangling in the water like those of lettuce
plants growing in hydroponic tanks. The Sunflowers were found to rapidly accumu-
late radioactive strontium and cesium in their tissues to levels that were several thou-
sand times higher than concentrations in the water.* .

Another noteworthy success story was the cleanup of a lead-laced tract of Iand at
the DaimlerChrysler company complex in Detroit. The cleanup process was straight-
forward. First. the top four feet of soil were moved to a nearby site and planted with
India Mustard and Sunflowers, both of which can accumulate lead. The lead con-
centration in the soil was reduced by 43 percent as a result of these plantings. which
brought the site into compliance with both federal and state regulations. The project
cost about half of what it would have cost to cart the 5,700 cubic yards of soil to a
hazardous waste landfill. Instead, the cleanup crew had to dispose of only a few cubic
yards of lead-rich plant material >’

Some microorganisms in naturally functioning estuarine and marine ecosys-
tems are also able to perform the ecosystem service of detoxifying wastes generated
by humans, such as petroleum and petroleum byproducts, such as gasoline, that are
spilled into these environments on a regular basis. Many of the component compounds
present in these spills carry health risks for humans and for many other organisms.
When these compounds adhere to sinking particles, they settle to bottom sediments,
where in some settings, naturally occurring microbes, such as the marine bacterium
Alcanivorax borkumensis SK 2, are able to detoxify them. ultimately turning them
into carbon dioxide and water.*®

Microorganisms are also being investigated to turn other man-made chemicals
into harmless substances. One, for example, an anaerobic bacterium named BAV1, has
been found to break down vinyl chloride, a hazardous industrial chemical present in
about one-third of all toxic waste Superfund sites in the United States.™ Vinyl chloride
can causes neurological symptoms such as dizziness and headaches with acute expo-
sures, and a rare form of liver cancer with longer term exposures. Other microbes are
able to degrade some pesticides. such as malathion, atrazine, and DDT, as well as such
herbicides as 2.4 5-trichlorophenoxyacetic acid (commonly known as 2,4.5-T),* * and
to reduce the harmful effects of some radioactive elements.*

CONTROLLING PESTS AND
DISEASE-CAUSING PATHOGENS

A pest is any organism that interferes in some way with human welfare. A variety of
weeds. insects, rodents, bacteria, fungi, and other organisms compete with humans
for food. affect fiber production, or spread disease. Croplands and pests go together.
One estimate is that croplands support more than 50,000 species of plant pathogens,
9.000 of insects and mites. and 8,000 of weeds. The loss of productivity in these
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BOX 33

SO INTRICATELY IS THIS WORLD RESOLVED

So intricately is this world resolved
Of substance arched on thrust of circumstance,
The earth’s organic meaning so involved
That none may break the pattern of his dance;
Lest, deviating, he confound the line
Of reason with the destiny of race,
And, altering the perilous design,

Bring ruin like a rain on time and space.

Fromn The Collected Poems, by Stanley Kunitz.
© 2000 by Stanley Kunitz.
Used by permission of W.W. Norton & Company. Inc.

taken into account, and when a fair proportion of the profits received are used to
benefit local populations.

PSYCHOLOGICAL, EMOTIONAL, SPIRITUAL,
AND INTELLECTUAL VALUES

The value of leisure in natural settings to humans is multiple and includes (1) per-
sonal psychological benefits such as better mental health, personal development
and growth, and personal appreciation: (2) psychophysiological benefits such as
improved cardiovascular health; (3) social and cultural benefits. such as community
satisfaction, reduced social alienation, tighter family bonding, a greater nurturance
of others, increased cultural identity. and diminished social problems by atrisk
youth: (4) economic benefits such as reduced health costs, increased productivity.
less work absenteeism, and decreased job turnover; and (s) environmental benefits
such as improved relationships with, and a greater understanding of. our depen-
dency on the natural world. Edward O. Wilsons “biophilia” hypothesis suggests
that many of these benefits may derive from our innate and hard-wired bond with
other living organisms.”

Our natural world is a thing of beauty largely because of the diversity of living
forms found in it. Artists have attempted to capture this beauty in drawings. paint-
ings, sculpture, and photography. and it has inspired poets, writers, architects, and
musicians to create works reflecting and celebrating the natural world. This work has
led to fulfillment and rejuvenation for the artists and their audiences.
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TABLE 3.1. MACRONUTRIENTS AND MICRONUTRIENTS

MACRONUTRIENTS MICRONUTRIENTS

Carbon Arsenic lodine Tin
Hydrogen Barium Iron Tungsten
Oxygen Boron Manganese Vanadium
Nitrogen Bromine Molybdenum Zinc
Phosphorus Chlorine Nickel

Sulfur Chromium Selenium

Calcium Cobalt Silicon

Magnesium Copper Sodium

Potassium Fluorine Strontium

problems such as climate change, acid precipitation, photochemical smog, and “dead
zones” in the oceans. We will need to better manage these element cycles if we are
going to be successful in using the global environment in sustainable ways.

Table 3.1 lists the elements believed to be essential for animals, microbes, and
plants. The elements required in large quantities are referred to as macronutrients.
Six elements—carbon, hydrogen, oxygen, nitrogen, phosphorus. and sulfur—are
the major constituents of living tissue and comprise g5 percent of the biosphere.

POLLINATION AND SEED DISPERSAL

Pollination

Flowering plants and their animal pollinators work together in Nature. Because plants
are rooted in the ground. they lack the mobility that animals have when mating. Many
flowering plants rely on animals to help them mate. Bees, beetles, butterflies, moths,
hummingbirds, bats, and other animals transport the male reproductive structures,
called pollen, from one plant to another. in effect giving plants mobility. One of the
rewards for pollinators is food—nectar (a sugary solution) and pollen. Plants often
produce food that is precisely correct for a specific pollinator.” The nectar of flowers
pollinated by bees. for example, usually contains between 30 and 35 percent sugar,
the concentration that bees need in order to make honey. Bees will not visit flowers
with lower sugar concentrations in their nectar. Bees also use pollen to make “bee
bread,” a nutritious mixture of nectar and pollen that is eaten by their larvae.*

Seed Dispersal

For millions of years, animals have consumed fruits and scattered piles of seed-rich
dung across wide expanses of the landscape. This critical ecosystem service helped
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Figure 3.14. Oil Palm Tree (Elaeis guineensis). (© 1995-2005 Missouri Botanical Garden. From F.E. Kohler's Medizinal-Pflanzen, Gera-Untermhaus,
1887, www.illustratedgarden.org/mobot/rarebooks/.)
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BOX 35

ASSIGNING DOLLAR VALUES TO ECOSYSTEM
SERVICES, EDITORS’ NOTE

There are large incentives for assigning dollar figures to ecosystem
services, the most important of which are to help people recognize
the value of what is being threatened by providing them with mon-
etary equivalents, and to assist policy makers in how best to allocate
often sparse public funds to help protect and restore natural environ-
ments. Many scientists and economists are involved in this work,®
and clearly, there is a need for such calculations, because trade-offs
generally must be made in public policy decisions. But while this may
make sense for some services on local and regional scales, where the
choices are clear and relatively easily monetized, such as with New
York City’s water supply or with the cash crops mentioned above, in
the view of some scientists, it does not make sense in many, and
perhaps in most, other cases.«¢ By assigning a dollar value to an eco-
system service, there is the implication that we could re-create that
service if we spent the amount of money designated. But this is not
possible for services that are on so vast a scale that there is no way
we could re-create them or are so complex that we barely understand
how they work, such as the breakdown of organic matter and the recy-
cling of nutrients or the sequestration of carbon by plants on land
and in the oceans that helps regulate global climate. Is it possible to
assign dollar values to services that are, in essence, priceless and that
we cannot live without? The conclusion of the researchers who stud-
ied the disastrous results of the experiment known as “Biosphere 11,”
where ecosystems were artificially created (at enormous expense and
with significant scientific input) within a sealed environment in the
Arizona desert in an effort to provide all the life support services nec-
essary to keep four men and four women alive in that environment for
a period of two years, was that, as no one yet knows how to re-create
the natural biological systems that provide life support services in a
“Biosphere 11,” we had better do everything in our power to preserve
“Biosphere |"—Earth.

PALM OIL IN MALAYSIA

Often a pollinator’s worth to a crop is apparent only when it is missing or added. The
story of Oil Palms in Malaysia illustrates this point. The African Oil Palm (Elaeis
guineensis) was introduced to Malaysia from the forests of Cameroon in West Africa
in 1017. At that time, the weevil that pollinated the palm was not brought along with
the trees. For decades, the palm growers of Malaysia relied on expensive, labor-inten-
sive hand pollination, much like the apple growers of Maoxian County in Nepal, as
illustrated in the opening figure for this chapter. In 1980, the weevil was imported to
Malaysia. The presence of this natural pollinator soon boosted fruit yield in the palms
by 40 to 6o percent, and also generated substantial savings in labor. amounting to
approximately $140 million per year.”
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Figure 3.15. Desertification Vulnerability in Africa, 2005. (Courtesy of Soil Survey Division, Natural Resources Conservation Service, U.S.
Department of Agriculture.)
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Figure 4.3. Hand-Colored Frontplate of Gerard's Herball, 1597. (Courtesy of Bodleian Library, University of Oxford,
Reference L.1.15.Med.)
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Figure 4.6. Natural Product Drug Discovery and Development in the United States.

and its derivatives as cancer chemotherapeutic agents is being actively investigated
in a variety of anticancer screens.*’

The combination of a high demand for artemisinin-based antimalarials and lim-
ited commercial-scale production of Artemesia annua (in only a few locales in China
and Vietnam) has left artemisinin-based therapies in short supply. The World Health
Organization has stepped in to develop a plan to bolster production.

One possible solution to the supply problem may come from biotechnology.
Scientists in California have recently produced the base structure of the chemical
artemisinin in the bacterium Escherichia coli. and in yeast (Saccharomyces cerevi-
siae), by transferring the necessary genes from Artemisia annua into these microbes.
For E. coli or yeast to become a viable source for artemisinin. the base structure would
need to be modified, and the entire process would have to be scaled up to achieve com-

6.7

mercial production levels.

Traditional medicine, as practiced by indigenous people today, relies on its own ver-
sion of “clinical trials,” where natural products continue to be used only if they have
been shown to be effective. These trials may take place over very long periods of
tilme, sometimes over hundreds of years by generations of healers, and they lead to a
vast and detailed knowledge of the medicinal properties of many natural substances.
That is why many believe there is such enormous potential for finding new medicines
among those used by traditional healers.

But there are also problems in using these leads for drug discovery. For one, there
is the problem of diagnosis. In the absence of diagnostic tools such as blood tests,
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Jaborandi or Ruda-do-monte

his material is extracted from the leaves of the plant Pilocarpus jaborandi.
Indians of northeast Brazil, including the Apinaje, have used it as an
inducer of breast milk production and as a diuretic. The active prin-
ciple, the alkaloid pilocarpine, was first isolated in Brazil in 1875, and from the
early to the middle part of the twentieth century it was the drug of choice for the
lowering of fluid pressure inside the eyeball (intraocular) in glaucoma, an eye dis-
ease that can lead to an irreversible loss of vision because of high intraocular pres-
sures. The value of pilocarpine, present in other Pilocarpus species, as well, but
found in the highest concentrations in P. jaborandi, reached an estimated USs40

Figure 4.7. Member of the Apinaje Community
in Brazil Gathering Jaborandi Leaves.
(© Michael Balick.)
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licensure—that development of the drug had to involve the source country—Medi-
Chem established a new company together with the state of Sarawak called Sarawak
Medichem Pharmaceuticals. This joint venture has been held up as a model of suc-
cessful benefit sharing by the U.N. Convention on Biological Diversity (see www.
biodiv.org/programmes/socio-eco/benefit/case-studies.asp).

The calanolides belong to a class of anti-HIV agents called nonnucleoside reverse
transcriptase inhibitors (NNRTIs), but in contrast to other drugs of this class, which
generally share common structural elements and can thus induce cross-resistance
that limits their effectiveness, calanolides A and B have unique structures and do not
induce cross-resistance with other NNRTISs, such as nevirapine. Calanolide B is in
preclinical trials in the United States. and calanolide A is approaching phase II clini-
cal trials in combination therapy with other anti-HIV medications.

Sweet Clover (Melilotus Species)

Warfarin is the drug of choice for the long-term prevention and treatment of blood
clots. Its ascent to occupy this position involved a series of improbable and. at times,
bizarre circumstances that brought it from the cow pastures of North America to
the medicine cabinets of millions of people around the world. The story begins with
immigrant farmers who settled North Dakota and the Canadian province of Alberta
around the turn of the twentieth century. The unforgiving climate there was unsuit-
able for raising traditional silage crops for their cattle, so these farmers were forced
to cultivate melilots, or sweet clover (Melilotus spp.). which had been introduced to
North America centuries earlier from Europe and Asia. (Melilotus species are now
considered invasive species in North America.) The use of clover, although a nutri-
tional success, came at a terrific cost. Cows began to die by the score, either from
minor bumps or cuts that led to unstoppable bleeding, or from spontaneous internal
bleeding. Publications about this hemorrhagic disease in cattle, which became known
as “sweet clover disease,” began to circulate in the early 1920s. Two veterinarians,
Frank Schofield in Alberta and Lee Roderick in North Dakota, deduced that it was
only when cattle ate spoiled sweet clover hay that they got the disease. However, it
took many more years and a chance encounter with a despondent farmer before the
molecule that was to become warfarin was discovered.

On a blisteringly cold afternoon in February 1933, a farmer named Ed Carlson
showed up at Karl Paul Link’s laboratory at the University of Wisconsin in Madison.
He had trekked 190 miles in a blizzard with a dead heifer, a milk can filled with unclot-
ted blood, and 100 pounds of spoiled sweet clover hay (the strength and endurance of
farmers in this region was legendary) in hopes of obtaining advice about how to stem
the epidemic of “sweet clover disease” in his cattle. Link, it turns out, had become inter-
ested in “sweet clover disease” the year before and had been working to develop a sweet
clover plant that was low in coumarin, a compound in melilots that has a sweet smell,
similar to vanilla, but a bitter taste that caused cows generally to avoid plants with high
coumarin concentrations. Carlson’s chance visit to Links lab—he had actually planned
to go to the nearby Agricultural Experiment Station, but it was closed—resulted in Link
becoming more intensely focused on his coumarin research, and six years later, Harold
Campbell, one of Link's colleagues, isolated the compound dicoumarol from spoiled
sweet clover hay. Dicoumarol, formed when various molds, including some species of
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Figure 4.11. Sweet Clover Field in Custer State Park, in the Black Hills of South Dakota. (© 2005 Cerald Brimacombe.)

Penicillium and Aspergillus, metabolize coumarin in sweet clover, inhibits the blood
clotting process by interfering with the synthesis and metabolism of vitamin K. It has
been successfully used as an anticoagulant since the early 1940s.

Warfarin is a synthetic compound derived from coumarin. Its development and use
followed another strange turn of events. When Link was confined to a sanatorium after
having been diagnosed with tuberculosis, he had a great deal of time on his hands and
soon became an expert in the history of rodent control. Following his release, he resumed
his work on coumarin, and in 1948 he patented warfarin, which was, and still is, an
extremely effective rodenticide, killing rats and other rodents by causing them to bleed to
death. Link then tried to interest physicians to use warfarin with their patients, but they
were reluctant, given the compound’s reputation as a rat killer, until it became widely
known that a Navy captain had survived a suicide attempt with warfarin. Warfarin then
rapidly supplanted dicoumarol and to this day is a mainstay in anticoagulant therapy."

ANIMALS

The Medicinal Leech (Hirudo medicinalis)

Not much transpired in the world of anticoagulant therapy after the introduction of
warfarin until the advent of lepirudin in the 19gos, the first major breakthrough for

MEDICINES FROM NATURE 133






Figure 4.13. Three Leeches Being Used to Treat Degenerative
Osteoarthrosis (a new term for osteoarthritis) of the Ankle Joint.
(Photo by Andreas Michalsen, University of Duisburg-Essen,
Germany.)

Figure 4.14. Scanning Electron Micrograph (Colorized) of Canine
Hookworm (Ancylostoma caninum) Mouth. (© Dennis Kunkel
Microscopy, Inc.)

The Medicinal Leech has, in addition, been found to be effec-
tive in treating the pain, and sometimes the inflammation, of
osteoarthritis of the knee and other joints, perhaps due to the anes-
thetics, anti-inflammatory compounds, and complex cocktails of
other bioactive chemicals that it injects with its saliva. What these
compounds are and how they are working are not clear, but there
is great interest in identifying them as potential new medicines in
themselves and as leads to other effective synthetic compounds."

While large numbers of leeches are being raised in various
laboratories around the world, leech overharvesting in the nine-
teenth century, compounded in the twentieth by the draining of
wetlands, which is prime leech habitat, has led to marked reduc-
tions in the wild of Hirudo medicinalis populations in Europe. To
make matters worse, dwindling global amphibian populations
have compromised the viability of newborn leeches, because they
rely on amphibian eggs for some of their first meals. As a result
of these conservation concerns, protections have been offered for
the Medicinal Leech under endangered species laws in several
European countries, and the leech has been listed in appendix II
of the Convention on International Trade in Endangered Species of
Wild Fauna and Flora (or CITES—see appendix B).

The Canine Hookworm (Ancylostoma caninum)

Phase Il clinical trials are currently under way for use of the nem-
atode anticoagulant peptide NAPc2 for the treatment of certain
types of heart attacks. This potent medicine, which acts on a dif-
ferent portion of the coagulation cascade than other licensed medi-
cations, was not isolated from the saliva of the Canine Hookworm
until the late 19gos. even though the anticoagulant properties of
hookworm saliva had been recognized since the first years of the
twentieth century.”

In 2003, NA Pcz showed additional promise when it increased
the rates of survival in an experimental primate model of Ebola
virus infection. The rationale behind NAPc2's use in Ebola
patients was that it might prevent the life-threatening bleed-
ing that can occur with Ebola infections by interfering with the
virus's ability to manipulate blood coagulation. (See the section
on Ebola in chapter 5.) A. caninun has also been the source of
a substance that inhibits platelet aggregation, in much the same
way that aspirin does.'®

Pit Vipers

The renin—angiotensin—aldosterone system consists of a set of enzymes and a hor-
mone that act in concert to maintain blood pressure in humans. Central to this sys-
tem is an enzyme called the angiotensin-converting enzyme, or ACE, which serves to
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most important sources for new pharmaceuticals in coming years. It is estimated that
less than 1 percent of all microbial flora has been investigated to date, but even this
figure is probably a significant overestimate, because the microorganisms present in
most environments have barely been studied. The surface waters of the open ocean,
for example, are believed to contain, on average, a total of more than 500,000 microbes
per milliliter (more than 1.6 million per cubic inch)."” And recent studies have demon-
strated an extraordinary, and largely unexplored, diversity of microbial species in
marine environments, particularly in the deep oceans, that may be 10 to 100 or more
times greater than for that of any previously described microbial environment? (see
chapter 1. page 14. for further discussion of microbial diversity).

Initially, scientists concentrated on certain microbes in soil that could be easily
visualized and grown using culture media similar to those used in clinical microbiol-
ogy laboratories. These were species belonging to the order Actinomycetales. However,
once techniques became available in the 19gos to extract DNA from soil samples, the
Actinomycetales, though initially thought to be the most abundant of all soil microbes,
were, in fact, shown to constitute only a small proportion of its total microbial world.
Actinonmycetales do. however, remain critically important in the treatment of human
disease, particularly in the development of antibiotics. Some of these will be discussed
below. along with some other highly useful medicines derived from microbes.

Penicillin

Microbes were not considered to be important sources for medicines until 1928, when
the Scots physician Alexander Fleming noticed that a mold, Penicillium notatum,
that had contaminated one of his cultures of staphylococcus bacteria inhibited the

Figure 4.16. Photo of Sir Alexander Fleming in His Laboratory. (Courtesy of U.S. Library of Congress.)
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Figure 4.7. Fleming's Original Petri Dish.
(a) Penicillium mold. (b) Colonies of
staphylococcus bacteria. Note how the
colonies avoid the area around the mold. (©
Alexander Fleming Laboratory Museum/St.
Mary’'s NHS Trust.}

growth of those bacteria that were adjacent to it. He deduced that something from
the mold must be killing them, and shortly thereafter he isolated penicillin. A decade
later. thanks to the work of many scientists. including Howard Walter Florey. the
systemic drug penicillin was developed, and over the next several years, it proved
to be a remarkably effective antibiotic for millions of patients. Fleming was awarded
the Nobel Prize in Medicine or Physiology in 1945. In the late 1940s, however, initial
reports of resistance to penicillin, secondary to its destruction by bacteria, began to
surface. Ever since, we have been in a continuous search to find new antibiotics that
remain one step ahead of bacteria, organisms that have the ability to rapidly develop
antibiotic resistance.

Over the last fifty years, tens of thousands of semisynthetic and synthetic
beta-lactams, the chemical family to which penicillin as well as the cephalosporins
belong, have been described. Cephalosporins, another group of antibiotics made
by a fungus, Cephalosporium acremonium, were discovered in 1945 by Giuseppe
Brotzu, a professor of hygiene from Cagliari, Sardinia, in a sample of seawater that
was adjacent to a sewer drain. Brotzu had observed that young people who swam
in the polluted water, in contrast to many others in the city, never came down with
typhoid fever and surmised that something in the water must be protecting them.
Following this hunch. he was able to culture C. acremonium in the water and isolate
cephalosporins.?’ Almost all beta-lactams are now made by semisynthetic means
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from the basic penicillin and cephalosporin building blocks. Approximately thirty
of these are still in use today.

The original penicillin-based antibiotics have been repeatedly modified over
the years so that they can kill bacteria that became resistant to their predecessors.
Early resistance to penicillins occurred because some bacteria developed the ability
to cleave penicillin's beta-lactam ring by the action of the enzyme beta-lactamase,
thus interfering with the antibiotic's ability to block bacterial cell wall manufac-
ture. This spurred the development of beta-lactamase—resistant penicillins, such as
methicillin. However, resistance to methicillin among Staphylococcus aureus popu-
lations soon appeared and has become, in some areas, quite common. Methicillin-
resistant S. aureus (called MRSA) poses a major risk to human health, because very
few antibiotics can treat it. One of these, vancomycin, also derived from a microbe,
is described below.

The Aminoglycosides

Stimulated by the discovery of penicillin. Selman Waksman in the United States
investigated a number of actinomycetes, tropical soil bacteria that are members of
the Actinomycetales, to determine if they, too, contained antimicrobial compounds. It
should be pointed out that in the middle 1940s, the actinomycetes, because they had
aerial myceliae (the network of threadlike projections that are characteristic of fungi)
were considered to be fungi like Penicillium, but subsequently it was shown that
actinomycetes lacked nuclear membranes (fungi, being eukaryotes, possess nuclear
membranes), and they were correctly classified as bacteria.

In 1944, Waksman and his co-workers reported the discovery of streptomycin,
the first of a group of antibiotics called the aminoglycosides, isolated from the bac-
terium Streptontyces griseus. Streptomycin was highly effective against the bacte-
rium that causes tuberculosis, Mycobacterium tuberculosis. However, resistance
to streptomycin in M. tuberculosis, and in many other microbes, soon appeared,
leading to the development of a host of semisynthetic variants, some of which are
still widely used.”

The Glycopeptides

Glycopeptides, another important antibiotic class, of which vancomycin is the pro-
totype, are the mainstay of treatment for multidrug-resistant Staphylococcus aureus
infections. Vancomycin comes from a fungus, Amycolatopsis orientalis, which was
originally found in the early 1950s in a soil sample from the jungles of Borneo. Once
easily treated, infections from Staphylococcus aureus have in many cases become life-
threatening, due to their evolution of resistance to the beta-lactams and to many other
classes of antibiotics.

The Tetracyclines

From a screening program at Lederle Laboratories in the middle 1940s, the first
of the tetracycline antibiotics, chlortetracycline, was discovered from the bacte-
rium Streptomyces aureofaciens, another actinomycete. Although this material
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BOX 4.1

GRAM STAINING

Gram staining refers to a process for distinguishing between dif-
ferent kinds of bacteria, which differ in how they build their cell
walls. It was developed by the Danish bacteriologist Hans Christian
Joachim Gram in 1884. Gram-positive bacteria absorb and hold
onto Gram's stain and appear purple under the microscope. Gram-
negative bacteria don't take up the stain and appear pink. Although
more than one hundred years old, the Gram stain is still relied upon
by physicians to provide rapid and reliable information about the
identity of bacteria that can be used to guide appropriate antibiotic
treatment.

was not active against Mycobacterium tuberculosis, it was against a broad range
of other microbes. In 1950, another tetracycline, oxytetracycline, was found in
Streptomyces rimosus, and over the next two decades, thousands of derivatives of
the base tetracycline structure were either synthesized or isolated from fermenta-
tion broths.”

Resistance to the tetracyclines, however, also developed rapidly, a result of the
ability of resistant bacteria to remove the antibiotic via a pump, thereby reducing
intracellular concentrations to ineffective levels. (This basic enzyme system, called
the tet-efflux pump in bacteria, has also been found, in modified forms, in some tumor
cells that develop resistance to certain chemotherapeutic agents.) New tetracyclines
that are not recognized by the molecules of this pump system are currently being
developed.

The Anthracyclines

Though the anthracyclines, derived from yet another Streptomyces species, and their
many derivatives that have been synthesized over the last forty years, have activity
against some Gram-positive bacteria and some yeasts, they have been used primar-
ily to target cancer cells. Perhaps the best known is Adriamycin (doxorubicin), iso-
lated from a variant of Streptomyces peucetius by Aurelio DiMarco in Italy in 1967.
Despite having significant side effects (irreversible cardiac toxicity that limits the
total lifetime dosage one can take), doxorubicin is still a prime treatment for breast
and ovarian carcinomas.* Semisynthetic derivatives of the basic structure have been
approved in the last decade, and still others are in clinical trials, with efforts being
made to overcome some of the toxicity problems.

The Statins

The statins have become among the most, if not the most, prescribed medications
in the world today, because of their ability to reduce an individual’s risk of having
a heart attack or stroke by about 25 percent and, even more remarkably, to cut that
person’s chance of dying from these diseases by almost as much.
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Research has shown that high blood cholesterol levels, particularly the type of
cholesterol known as low-density lipoprotein, increase these risks. A number of fac-
tors contribute to how much cholesterol people have circulating in their blood, but
the two most important are how much cholesterol they eat and how much their livers
produce. In most people, these contributions are roughly equivalent. The success of
statins can be attributed to their ability to interfere with an enzyme, called HMG
CoA reductase, that the liver relies on to manufacture cholesterol. (How this enzyme
functions was demonstrated in baker’s yeast, Saccharontyces cerevisiae, an organism
whose immense value to medicine is covered in chapter 5.)

The first statin, called compactin (also called mevastatin), was isolated in 1976
from two different Penicillium species, P. citrinum and P. brevicompactum, by two
groups of researchers working independently, one in England and the other in Japan.
The drug showed promise in treating patients with a disorder known as familial
hypercholesterolemia, an inherited condition in which blood cholesterol levels are
dangerously high and can, in its most severe form, lead to heart attacks in children
before they turn three years old. In 1987, Merck Pharmaceuticals patented and mar-
keted lovastatin, a drug derived from yet another fungal species, Aspergillus terreus,
that is basically a modification of the original compactin molecule. Since that time,
several other statins have been developed.”*

Current research on statins has investigated whether these drugs may have even
broader clinical application. Animal experiments have demonstrated, for example,
that statins can increase survival from severe bacterial infections that become sys-
temic and are able to compromise blood flow to vital organs. And statins are being
investigated for their ability to help lower the risk of developing dementia, but the jury
is still out on this question.”’

Given the value of these fungal compounds to people with heart disease and
strokes, two of the most common diseases of humanity, and the promising prelimi-
nary results for treating other diseases, the statins must be considered among the
most important medications in the world today.

Rapamycin

Originally found to be a potent antifungal drug, rapamycin was headed for the dustbin of
medical history shortly after its isolation by the Indian scientist Suren Sehgal in 1972.
He found that the molecule produced by a bacterium, Streptontyces hygroscopicus, har-
vested from the soils of Easter Island (known in the native tongue as Rapa Nui—hence
the name rapamycin), had a worrisome side effect—it suppressed the immune system.
Twenty years later, this side effect would warrant its approval for use as a medicine.
Having been abandoned as an antifungal agent in the 1980s, rapamycin’s
development tracked along three separate, though related, paths. The first entailed
its immunosuppressive activity. Scientists discovered that rapamycin could, in a
unique way, block the activation of T-lymphocytes, the immune cells that can attack
transplanted organs. (An additional benefit has come from this research—because
of its unique cellular activity, rapamycin has also advanced our knowledge about
how T-lymphocytes become activated.) Rapamycin is less toxic to the kidneys and to
other organs than currently available immunosuppressive drugs and has, as a result,
become an important part of antirejection therapy in kidney transplant patients.?
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certain antiviral agents, they cannot be cured). Carrageenans may also be able to
prevent transmission of the human papilloma virus, the cause of genital warts, and of
the bacterium that causes gonorrhea, which can lead to infections of the reproductive
tract in women and result in sterility.*

Two carrageenan molecules, lambda-carrageenan and kappa-carrageenan,
have been mixed together in a gel formulation named Carraguard (developed by the
Population Council) that is in a phase III clinical trial for HIV prevention in a group
of more than 6,000 women in South Africa. Carraguard is applied inside the vagina
prior to intercourse and is thought to work by binding either to the HIV virus or to
cells infected with HIV. so that they cannot adhere to the cells lining the vaginal
canal and cause infection. And, in contrast to many other compounds that are rapidly
broken down in the acidic environment of the vagina, Carraguard is quite stable and
may remain active for periods of 18 hours or more.*

Another molecule that has generated great interest is fucoidan, a complex string
of sugars and sulfate molecules derived from some species of brown algae, originally
isolated in 1913 by the Swedish scientist Harald Kylin. Fucoidan has shown promise
as an anticoagulant,” cancer chemotherapeutic agent, contraceptive, and antimicro-
bial. In tissue culture studies, fucoidan was shown to kill T-cells infected with human
T-cell leukemia virus type 1 (HTLV-1).* Leukemias are cancers of the white blood
cells, and T-cell leukemia may develop when they become infected with HTLV-1 (see
also chapter 7. page 317. for a discussion of HTLV-1). Fucoidan may help prevent the
spread of tumor cells by blocking their attachment to the extracellular matrix, the
web of sugar and protein molecules between cells that provides structure to tissues.

A similar mechanism may explain fucoidan’s ability to block the attachment of
a sperm to an egg (and thus its potential use as a contraceptive), as well as its ability
to prevent herpes simplex and HIV infections in animal models. The combination
of these two attributes in the same molecule—as a contraceptive and as a preven-
tative for sexually transmitted viral diseases—has raised considerable interest in

fucoidan’s future as a medicine.**+

ANIMALS

Marine animals also produce a host of unique and medically useful molecules.*® One
is bryostatin-1, a potent anticancer agent discovered in the bryozoan Bugula neritina.
Bryozoans. or “moss animals.” are tiny marine creatures that live in colonies held
together by calcium carbonate that frequently attach to hard surfaces such as ship
bottoms or pier pilings. They can encrust such surfaces or form lacelike or fanlike
structures. Bryostatin-1, both a potent inhibitor of cancer cell growth and a potent
activator of the immune system, is currently in clinical trials for various types of
cancer, including leukemias and lymphomas. Bryostatin-1 may not be made by the
bryozoan itself but by a commensal bacteria that lives inside it.”

Another example is trabectedin, developed by the Spanish company PharmaMar
and licensed for eventual sales in the United States by Johnson & Johnson (pending
FDA approval), a potent anticancer agent extracted from the Caribbean sea squirt
Ecteinascidia turbinata. (Sea squirts, also known as ascidians or tunicates, are bal-
loon-shaped animals that feed by siphoning water. Because they possess a primitive
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Figure 4.21. The Soft Coral Pseudopterogorgia
elisabethae. (© 2005, Howard R. Lasker)

Figure 4.22. Close-up of P. elisabethae.
(© 2005, Howard R. Lasker.)

The success of this program. now in operation for more than twelve years. has con-
vincingly demonstrated that the corals represent a significant sustainable resource
when harvesting is scientifically managed and controlled, provided, of course, that

the coastal marine ecosystems in which they live are preserved.”

Among the many compounds that have been developed from marine animals, a
few in particular reveal how marine biodiversity loss can foreclose on the possibility of
discovering new medicines, During an exploration of marine invertebrates in the waters
off the coast of the Central Philippines, a sea squirt, identified as a species of Diazona,
was collected and examined as part of a National Cancer Institute project. The animal
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Figure 4.23. A Species of the Sea Squirt, Genus Diazona. (Courtesy of Paddy Ryan/www.ryanphotographic.com.)

contained an exciting new class of anticancer agents, called the diazonamides, which
are potent inhibitors of cancer cell growth, achieving this effect by a mechanism of
action that was at the time unknown to researchers. Multiple recollection attempts were
made without success, and it was initially thought the organism, along with the prom-
ising diazonamides it contained, was lost. Eventually, the Diazona species was found
deep within coral reef caves, and in recent years, one of the diazonamides, diazonamide
A, has been synthesized. But the initial inability to find another of the specific Diazona
species prevented early development of these compounds as anticancer drugs.™

The same thing happened with curacin A. This compound, which has a mechanism
of action similar to that of paclitaxel, was discovered in blue-green algae (cyanophytes)
in 1994 off the coast of the Caribbean island Curacoa. Luckily, its discoverer was able
to culture the original source, because when he returned to the same area a short time
later, it had been developed and the original site no longer existed. The stories of the
diazonamides and curacin A are the marine equivalents of what happened on land
with calanolide A, described above.”

The Sponge Cryptotethya crypta

In the autumn of 1945, Werner Bergmann found a previously undescribed sponge,
which came to be named Cryptotethya crypta, while swimming in the waters off
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Elliott Key. Florida. Bergmann and his colleague Robert Feeney discovered two
remarkable compounds in C. crypta. one they named spongouridine, the other spon-
gothymidine. What was remarkable about these compounds was that they contained
the sugar arabinose in place of the usual ribose or deoxyribose as the sugar compo-
nent of each nucleoside, chemicals that form nucleotides, the building blocks of RNA
and DNA. It had been believed prior to Bergmann and Feeney's discovery that only
ribose and deoxyribose sugars would have any biological activity.

Scientists had tried to manipulate the other major component of nucleosides,
the “bases,” in the hope of making new drugs. After the discovery of spongouridine
and spongothymidine, they began to focus instead on the sugars. and in the last few
decades, these efforts have led to the discovery of critically important new medicines.
One is cytarabine, or Ara-C, patterned directly after spongouridine and spongothy-
midine. Produced in 1960, Ara-C is a key component of combination chemotherapy for
acute leukemias and lymphomas. Another is azidothymidine or AZT, synthesized in
1904. AZT, belonging to a group of drugs called the nucleoside reverse transcriptase
inhibitors, was the first antiviral medication approved for the treatment of HIV/AIDS
(see also section on primate research in chapter 6, page 240) and is still an essen-
tial part of HIV/AIDS therapy and of preventing the transmission of the virus from
mother to child. Still other drugs. such as acyclovir, the treatment of choice for herpes
simplex virus infections, and newer HIV/AIDS medications. owe their inspiration to
the discovery of the novel compounds from the sponge Cryptotethya crypta.’*>’

MARINE MICROBES

Since the 1970s, the search for new pharmaceuticals in the oceans has focused on
macroscopic plants and animals, in particular, those found in coral reefs. These inves-
tigations continue today, as has been described above, with many studies demon-
strating the enormous value of these marine resources to human medicine. What has
been especially exciting in recent years is the discovery in the marine environment of
another world that holds immense potential for new medicines with novel structures
and activities. William Fenical's group at the Scripps Institute of Oceanography in
La Jolla, California. is one that has pioneered research in the medicinal potential of
marine microbes.* They have looked into compounds derived from microbes that live
symbiotically with marine invertebrates and marine plants, as well as those that are
free living.

As mentioned above, ordinary seawater contains more than 1.6 million microbes
per cubic inch (100,000 per milliliter) and an astounding level of microbial diversity.*
Levels of microbial diversity in ocean bottoms may be even greater. Like soils on land,
they ultimately become the repositories for the settling of all marine organic matter,
which provides an unusually rich environment for microbes.

Until recently, microbiologists did not appreciate the diversity of marine microbes
because they relied on culture techniques that originated in the nineteenth century to
isolate and identify them. What is clear today is that these old methods failed to find
their targets because the cultures lacked the proper ingredients to support the growth
of marine microbes, as they did not reflect the environments in which these micro-
organisms evolved. With new cultures based on careful analyses of the nutritional
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requirements of marine bacteria and fungi and new molecular biology methods that
analyze genetic material, researchers have begun to give us a glimpse into the enor-
mous biodiversity of the marine microbial world.

To ensure further discovery, access to even the most remote ocean environments
needs to be possible, and most important, these undeveloped marine resources must
be carefully preserved. Over the past five to ten years, the field of marine microbial
drug discovery has been clearly established as one of the most exciting frontiers in
natural drug discovery. with more than 100 papers published in the scientific litera-
ture each year.

Almost all of the examples of marine pharmaceuticals mentioned above (with the
exception of discodermolide) have come from shallow waters, yet deep-water environ-
ments contain organisms belonging to plant. animal, and microbial families that also
offer great promise to human medicine, some of which have never been seen before.
These include species that live in very hot water, for example, those that live in the
so-called “"deep smokers” of volcanic vents, and those that reside in very cold envi-
ronments, such as the “cold methane seeps.” Accessing such deep-water organisms,
however, remains technically difficult, and as a result, the oceans at depths greater
than about 50 meters (165 feet) remain largely unexplored. Dredging or trawling can
be employed. but both lead to extensive seafloor habitat damage and the problem of
nonselective sampling. Manned submersibles or remotely operated vehicles can also
be used, but the high cost of these methods precludes their being extensively used for
routine collecting.

One example of recently identified, deep-water organisms that have poten-
tial use as medicines are a major new group of actinomycetes in deep ocean sedi-
ments. As mentioned above, this group of Gram-positive bacteria is the most prolific
source for antibiotics used for human infections, such as the aminoglycosides, tet-
racyclines, and anthracyclines. Prior to 2002, only one marine species in the order
Actinomycetales had been described, and it was common to assume that other marine
actinomycetes must have come from the land. However, Fenical's group showed that
this new marine actinomycete, found at depths of 1.100 meters (3.660 feet) in tropical
oceans, belonged to a completely new genus, Salinispora. They also discovered that
this Salinispora species contained a unique proteasome inhibitor (the proteasome is
an organelle within mammalian cells that recycles proteins the cell no longer needs)
that, like a few others found in some fungi and bacteria and also manufactured syn-
thetically, can result in the death of tumor cells. The proteasome inhibitor from the
Salinispora bacterium is about to enter phase I clinical trials as an antitumor agent.*’

A theme that is becoming more and more apparent in marine drug discovery, as
well as that on land, is that often compounds that are thought to be made by plants
and animals are actually being produced by microbes that reside within them. One
such case, in addition to those mentioned above. is a set of cyclic peptides thought
to have been made by the sea squirt Lissoclinum patella but discovered instead to
be manufactured by a cyanobacterium, Prochloron, an organism that completely
infiltrates the sea squirt. The same may be true for some sponges. Evidence is accru-
ing that Porifera sponges from both shallow and deep waters, for example, contain
microbes that may be involved in the production of pharmacologically active mol-
ecules, originally isolated from the sponges. An example is manzamine A, a potential
antimalarial and tuberculosis treatment. isolated from a Porifera sponge that was
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human suffering they cause. We need to greatly expand our investigations of natural
compounds before the species that make them are lost, in order to understand and to
harness their enormous potential for human medicine. But we need to do so ethically,
with deep care and respect for the organisms we are studying, and sustainably, so
that our investigations do not threaten their survival.
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A BRIEF HISTORY OF
BIOMEDICAL RESEARCH

he first documentation in Western medicine of the use of other organisms to

comprehend the analogous structures and functions of the human body was in

Greece about 2500 years ago (~450 B.C.), when Alcmaeon cut the optic nerve in a
living animal and noted that it became blind. A few decades later in Greece, Hippocrates,
considered the “father of medicine™ in the Western world, studied the act of swallowing in
living pigs and directly observed the beating of the heart, noting how the upper chambers,
the atria, alternated their contractions with the lower ones, the ventricles. The strict pro-
hibition against all forms of human dissection at this point in history forced the need for
animal experimentation to obtain knowledge of human anatomy and physiology. Early
research on animals continued in ancient Alexandria (the seat of learning in the Western
world for hundreds of years after Alexander the Great founded it in 332 B.C)), where,
for example, two Greek physicians, Herophilus and Eristratos, were able to distinguish
the functional differences between nerves that carried sensory information, nerves that
stimulated muscles, and tendons that regulated muscle contraction. The work of Galen
(129199 A.D.). the Greek physician to the Roman emperor Marcus Aurelius and per-
haps the most influential physician of all time, was particularly important. Galen made
many astute observations about human physiology. particularly about the heart, lungs,
brain, and spinal cord. by studying animals. One of his enduring legacies was his treatise
De Anatomicis Administrationibus (On Anatomical Procedures) that contains the first
known documentation of precise scientific techniques for animal experimentation.?

There is little documentation about Western medicine in general, and medical
research in particular, during the Middle Ages (roughly from the fourth to the fif-
teenth centuries), but it is widely believed that little was accomplished in these areas
then, because scientific inquiry. with its emphasis on direct observation in the pur-
suit of truth rather than on faith, was seen as a threat to Christianity and was thus
severely constrained by the political power of the Church.

The same, however, was not true during this period in the Islamic world or in
China and India, where science and medicine continued to flourish.

The establishment of universities in Europe beginning at the end of the eleventh
century rekindled an interest in science and medicine, as did the ongoing writings of
Islamic scholars, who kept the treatises of Greek and Roman scientists and physicians
alive by translating them into Arabic. But it was not until the sixteenth century, when
Galen's work was rediscovered, that there was a revival in applying scientific methods
to the study of anatomy. In 1543, Andreas Vesalius. a Belgian working at the University
of Padua in Italy, produced his masterpiece on human anatomy, De Humani Corporis
Fabrica, relying on the illegal dissection of human corpses (obtained from fresh graves),
supplemented with insights gained from vivisection (the dissection of living animals).
Almost 100 years later, the British physician William Harvey. also working in Padua,
elucidated the circulation of blood in humans using animal models, a seminal demon-
stration that such experiments not only could provide valuable anatomical knowledge.
but could also be used to understand human physiology. Harvey’s most famous treatise,
Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus (or An Anatomical
Exercise on the Motion of the Heart and Blood in Animals), published in 1628, reports
on studies of sheep, dogs, pigs. pigeons. chicks. toads, frogs, serpents, small fishes,
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BOX 5.1

[SLAMIC MEDICINE IN THE
MIDDLE AGES

From the eighth through the thirteenth century,
the Golden Age for Islamic science and medicine,
prominent physicians in the Eastern Caliphate of
Baghdad and the Western Caliphate of Cordoba
made detailed observations about the functioning
of the human body in health and disease and wrote
sophisticated medical texts that were influential in
the practice of medicine for several centuries (see
references a—c). Some of the medical scholars that
stand out include the following:

NINTH- THROUGH ELEVENTH-CENTURY
BAGHDAD CALIPHATE

* Hunain Ibn-Ishaq (also known as Johannitius),
who wrote “Ten Dissertations on the Eye,” the
oldest systematic treatise on ophthalmology.

« Abu-Bakr Muhammad Ibn-Zaharia (al Rhazes),
the greatest Arab clinician of his time, who
wrote Liber Continens, an encyclopedia of medi-
cal practice and treatment, which included Liber
de pestilential, a treatise on smallpox and chick-
enpox that is considered a masterpiece in the
annals of clinical medicine.

¢ Abu-Ali  Husain Ibn-Abdallah  1bn-Sina
(Avicenna), who integrated the medical doc-
trines of Hippocrates and Galen with the bio-
logical concepts of Aristotle. His al-Quanun
(Canon Medicinae), one of the most influential
medical books of all time, served as a text-
book in medical schools of the Western world
for centuries (see also chapter 4, page 119 and
Figure 4.2).

TENTH- THROUGH TWELFTH-CENTURY
CORDOBA CALIPHATE

Cordoba at the beginning of the tenth century,
according to Maria Rose Menocal, was one of the

most sophisticated and cultured cities the world
has ever known.? In addition to its 9oo baths, paved
and oil-lamp-lit streets, and clean water brought in
by aqueducts, it was the city of books and the center
of great learning in science, medicine, art, religion,
philosophy, and literature. The caliph’s library alone
was said to contain 400,000 volumes, and there
were an additional 200,000 volumes in scores of
other libraries around the city, at a time when the
largest library in Christian Europe had perhaps a
total of 400 manuscripts. In addition, Cordoba was
a place where Christians, Jews, and Muslims lived
together peacefully and prospered, perhaps more
than at any other time in history, before or since.
Some of the luminaries in Cordoba during this time
include:

* Abu-Al-Quasim Khalaf Ibn-Abbas Al-Zahrawi
(Albucasis), who wrote al-Tasrif (The Method),
the most important work on medieval surgical
practices, used in Europe until the seventeenth
century.

* Ibn-Rushid (Averroes), known for the Colliget, or
the Collection, an encyclopedia on medicine in
the Galenic tradition.

* Moses Maimonides or Moshe ben Maimon, also
referred to as the Rambam and sometimes as
“the Eagle” (and known in Arabic as Abu-Imran
Musa Ibn-Maimon), the great Jewish Rabbi, phi-
losopher, and physician who wrote a number of
medical texts, the most famous of which was
his Medical Aphorisms (written in Arabic and
titled Fusul Musa), used widely by physicians for
more than 500 years. Though born in Cordoba,
he fled with his family as a teenager, ending up
eventually in Cairo, where he was chief physi-
cian to the Sultan of Egypt.

The discovery of ether anesthesia in the 1840s and, later in the century, the
development of sterile surgical techniques and of the sciences of bacteriology and
immunology resulted in an explosion of animal experimentation that has lasted until
the present time. To illustrate one example, consider the work of the French chemist
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< William Harvey
works out human
blood dirculation

Figure 5.4. Time Line of Some Historical Medical Milestones from 400 b.c. to 1885 a.d. That Rely on
Research with Animals, Plants, and Microbes. (Design by Tong Mei Chan.)

of stem cell research and of neurogenesis {the growth of new nerve cells]), and how
human immunity, particularly what is called innate immunity. works-—all of which
demonstrate how dependent human biomedical research in these fields is on a wide
variety of other organisms. We could have chosen many other domains of research
to illustrate this dependency. As mentioned above, most of the species used in this
research are not endangered, but are discussed to provide examples of the critically
important medical information that other species, some of which are threatened with
extinction, possess.

Genetics

esearch on genetics began long before anyone knew what a gene was.

Based on their observations that individual date palm trees possessed only

male or only female reproductive structures, the ancient Babylonians and
Assyrians began practicing artificial pollination from the time of King Hammurabi,
around 2000 B.C. Thousands of years earlier, archaeological evidence shows that
Native Americans in Mexico began to cultivate the predecessor of corn or maize.’
In these early genetic experiments, and in those to follow in cultivated plants and in
domesticated animals over the millennia, people began to observe that various traits
in one generation were passed on to succeeding ones.

Hippocrates, Aristotle, and Plato—from the mid-fifth to the early fourth
centuries B.c.—wrote about the inheritance of human traits, including some
that seemed dominant (i.e., showed up more frequently) over others in offspring.
Beginning with these Greek philosophers and lasting until the eighteenth and
even until the nineteenth centuries, a debate raged about whether new life was
preformed as miniature complete organisms in the egg or sperm, or whether it
developed from components supplied by one or both parents. Animal breeding
experiments by the French mathematician Pierre-Louis Maupertuis in the eigh-
teenth century, in which he noted that first-generation hybrids had characteristics
of both parents, led him to conclude that individuals were formed from the “semi-
nal fluid” of each parent.

SusTAINING LiFe: How HUMAN HEALTH DEPENDS ON BIODIVERSITY



¥ _Louls Pasteur discovers that
micro-organisms caused disease,
and develops methods of immu-

"".‘Q‘k Ky

Several prominent figures in the history of science and medicine during the
seventeenth, eighteenth, and nineteenth centuries such as Robert Hooke, Caspar
Friedrich Wolff, Matthias Schleiden, Theodor Schwann, and others contributed to
our understanding of the role of cells, cellular division, and nuclei in the passing
on of traits from parents to offspring. They used a wide variety of organisms in
their work, including insects, sponges, bryozoans (small aquatic organisms that
affix themselves to rocks and form colonies that resemble mosses), foraminifera
(single-celled microscopic organisms that have a hard calcium carbonate shell with
holes through which filaments project), chickens, pigs, and toads. The Cork Oak
tree (Quercus suber) was particularly important because it was the appearance of its
cork tissue under a microscope that led to Hooke's discovery of plant cells, which he
called “cells” because the boxlike structures reminded him of the cells that monks
occupied in monasteries.

But it was not until the elegant experiments by the Augustinian abbot Gregor
Mendel from Brno (in what is now the Czech Republic) that genetics was firmly
established on scientific grounds. Studying hybrids in Sweet Peas (Lathyrus odora-
tus), Mendel was able to show mathematically that traits are passed from one gen-
eration to the next as discrete units (what we now know as genes), that each parent
supplies to its offspring an equal number of these units, and that the traits in the
offspring are the result of how these units combine, with some being dominant and
others recessive.

Mendel's seminal 1865 paper “Experiments in Plant Hybridization,” published
only six years after Darwin's Origin of Species, marks the beginning of modern
genetics. Unfortunately, it seems that Darwin did not know about this work, or if he
did (this question is a subject of some controversy), he did not understand its signifi-
cance, because Mendel's insights could have helped him explain how selected traits
were passed on to succeeding generations. It was not until the twentieth century that
the scientific concepts of evolution and genetics were successfully integrated.

Reviewing the genetic discoveries of the past 100 years is beyond the scope of this
book (see the paper by Lorentz and colleagues® for a review). Instead, we concentrate on
the history of a few of the key model organisms, including the Laboratory, or Common
House, Mouse, the Fruit Fly, Zebrafish, the bacterium E. coli, Baker’s Yeast, and the
microscopic roundworm C. elegans. Studies of these organisms and their genetics have
contributed greatly to our knowledge about human health and disease’
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BOX 5.2.

IMPORTANT BIOMEDICAL
RESEARCH ADVANCES FROM
DIVERSE SPECIES OVER THE PAST
125 YEARS

by Alan Lioyd Hodgkin and Andrew Fielding
Huxley (for which they won the Nobel Prize,
sharing it with John Eccles, in 1963), and others
that further clarified how nerve cells transmit
information.

* 1931: Discovery of genetic transposition. in

* Around 1881: Agar first used to culture bacteria. her studies on corn chromosomes, Barbara

Although the microbiologist Robert Koch has
been credited with the first use of agar, derived
from any one of several marine red alga species
(genera include Euchema, Gelidium, Gracilaria,
Hypnea, Gigartina, and Macrocystis), the idea to
do so came from Fanny Eilshemius, the wife of
one of Koch’s colleagues, who had been using
it in her puddings. Agar plates remain to this
day the mainstay of bacterial culture around the
world. A Japanese legend dated to 1658 tells of
the first appreciation of agar’s ability to solid-
ify when an innkeeper in Japan by the name of
Minoya Tarazaemon prepared a warm-weather
seaweed soup in winter that, when disposed of
on snow, turned gelatinous.

1883: Phagocytes, the first line of defense in
innate immunity (see text), are discovered in
bipannaria (the first stage of starfish larvae).
Nobel Laureate llya Mechnikov was able to
make this discovery because of bipannaria’s
translucent body cavity that enabled him to
directly visualize a phagocyte eating a splinter
he had inserted into the organism.

1905: Discovery of sex chromosomes in the
Yellow Mealworm Beetle and various Hemiptera
(a large order of insects that includes various
species of beetle and bugs). Nettie Stevens
showed that differences in the composition
of chromosomes in male and female Yellow
Mealworm Beetles (Tenebrio molitor) were
easily identifiable. Edmund B. Wilson demon-
strated similar differences with many species of
butterflies. These experiments led to a recog-
nition that an organism’s sex depends on the
presence of X and Y chromosomes.

1909: Discovery of giant axons in squid.
L. W. Williams describes the squid giant axon
in his book The Anatomy of the Common Squid,
Loligo pealei. In it he wrote: “The very size of the
nerve processes has prevented their discovery,
since it is well-nigh impossible to believe that
such a large structure can be a nerve fibre.”
This axon was ideally suited to the experiments
of K. C. Cole, who in 1937 made the first mea-
surements of voltage changes underlying a
nerve impulse, as well as further experiments

McClintock showed that genes are transferred
between paired chromosomes during cell divi-
sion, a process essential to promoting genetic
diversity among offspring. For this pioneering
work, she won the Nobel Prize in 1983.

1962: Green fluorescent protein (GFP) isolated
from the sea sponge Aequorea victoria. GFP
has been a powerful tool in molecular biology.
Scientists can detect the presence or absence of
a gene of interest by associating it with the gene
that encodes this fluorescent marker. Since the
discovery of GFP, more than thirty other fluo-
rescent proteins, all derived from Nature, have
been discovered.

1964: Mitochondrial DNA from Neurospora
crassa, a red bread mold, identified and char-
acterized. Edward Reich and David Luck used
this organism to uncover that mitochondria, the
main fuel source of eukaryotic cells, not only
possess DNA, but that this DNA is maternally
inherited. Neurospora had also been used ear-
lier in the century by George Wells Beadle and
Edward Lawrie Tatum to establish that each gene
encodes just one protein, for which they shared
the 1958 Nobel Prize with Joshua Lederberg.

1984: A complete map of neurons in the brain
of C. elegans is completed, comprising 302
neurons and approximately 8,000 synapses
(connections between neurons). This first com-
prehensive blueprint of an organism'’s brain has
yielded an exceptional opportunity to observe
how genes and environment interplay in the
course of neural development.

1997: Sheep clone produced from adult sheep
cells.

2004: Adenovirus used to reverse the bleeding
tendencies of dogs and mice with hemophilia
by introducing a normal form of the gene defec-
tive in hemophilia. Viruses have emerged as the
most promising means of administering gene
therapy, because they have a built-in apparatus
for delivering genes to cells, and they have easily
manipulable genomes that can be designed to
carry a normal copy of a defective gene without
causing disease.



TABLE 5.1. SOME M AJOR MEDICAL DEVELOPMENTS
DEPENDENT ON ANIMAL RESEARCH

Medications

Anesthetics used in surgical procedures
Antibiotics, including penicillin
Anticoagulants such as warfarin
Antidepressants

Antiretroviral drugs for HIV

Asthma medicines
High-blood-pressure and heart-failure drugs
Insulin for diabetes

Leukemia chemotherapies

Painkillers such as ibuprofen

And most other human medicines (which are tested first on animals for toxicity—
see chapter 4)

Other Therapies/Medical Diagnostic Tools

Blood transfusions

Breast cancer treatments and other cancer chemotherapy
Cardiac catheterization

Cardiac pacemakers

CTor "CAT" scans

Electrocardiograms (EKG)

Heart and lung bypass machines for open heart surgery
Intravenous feeding

Kidney dialysis

Organ transplantation for corneas, heart valves, hearts, kidneys, and bone marrow
Tests for infectious disease, including HIV

Vaccines

Haemophilus influenzae B
Hepatitis B

Measles

Meningitis

Polio

Tetanus

Whooping cough

THE LABORATORY, OR COMMON HOUSE,
MOUSE (MUS MUSCULUS)

Researchers who independently reported their rediscovery of Mendel's laws (the
mechanisms of inheriting dominant and recessive traits) in 19oo had worked, like
Mendel. with higher plants as their experimental subjects. The question immediately
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Figure 5.8. Drawing of Eomaia scansoria, a
Small Mammal Considered to Be the Common
Ancestor of Both Mice and Humans. (Recons-
truction artwork by Mark A. Klinger/Carnegie
Museum of Natural History.)

DNA copies itself, how genes turn on and off, how DNA makes RNA, and how RNA
makes proteins. All other genetic research has relied on these initial insights, learned from

E. coli. More is known about the molecular biology of E. coli than about that of any other
organism, yet there is still a great deal that is not understood. despite more than 100 years
of research, such as the functions of many of the proteins encoded by its genome.
Because of the simplicity of E. coli’s genome relative to that of other laboratory
organisms, it is an excellent model for genetic research. For example, it is being used to
determine how other organisms cope with conditions that lead to an unraveling of their
proteins, the so-called “heat-shock ™ response. By studying how E. coli decides which
proteins to destroy because they cannot be salvaged, and which ones to refold, scientists
may learn how similar molecular decisions are made in humans, in such protein-fold-
ing diseases as Alzheimer's disease, Huntington’s disease {an inherited, degenerative,
fatal neurological disease characterized by involuntary jerking movements and mem-
ory loss), and Creutzfeldt-Jakob disease (a rapidly fatal neurological disease, thought
to be the human form of “mad cow” disease)."'? Also, some genes originally discovered
in E. coli have been shown to have important counterparts in other organisms, includ-
ing humans. For example, the recQ gene in E. coli has five homologues (homologues
are genes that are related to each other by descent from a common ancestor) in humans,
including one responsible for Werner's syndrome (which leads to premature aging).
one for Bloom's syndrome (characterized by a high number of chromosomal recombi-
nations), and one for Rothmund-Thomson syndrome (associated with chromosomal
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TABLE 53. SOME PLANTS, ANIMALS, AND MICROBES WITH KNOWN (OR ALMOST
COMPLETELY KNOWN) GENOME SEQUENCES

NUMBER OF GENES YEAR SEQUENCE
SPECIES® (ROUGH ESTIMATES) wAS COMPLETED CoMMON NAME
Anopheles gambiae 15.100 2002 Mosquito
Arabidopsis thaliana 25,800 2000 Thale (or Mouse-Ear) Cress
Caenorhabditis elegans 20,400 1998 roundworm
Drosophila melanogaster 14,000 2000 Commen Fruit Fly
Escherichia coli 4,400 2003 intestinal bacterium
Homo sapiens 25.000 2001 Human
Mus musculus 25,000 2002 Common House Mouse
Neurospora crassa 10.000 2003 bread mold
Pan troglodytes 25,000 2005 Chimpanzee
Rattus norvegicus 22,000 2004 Brown Rat
Saccharomyces cerevisiae 6.000+ 1997 Baker's Yeast

*Nearly 300 species have had their genomes decoded, and more than 700 others are in various stages of analysis.

Sources: Cogent database (maine.ebi.ac.uk) and Entrez Genome Database (www.ncbi.nlm.nih.gov/Genomes/).

instability), all three of which predispose to human cancers when
they are mutated.”

THE BACTERIUM THERMUS
AQUATICUS

The bacterium Thermus aquaticus has also been a key organism
for genetic research. First isolated by Thomas Brock and Hudson
Freeze in 166 from a hot spring in Yellowstone National Park, this
extremophile (see chapter 1, page 11) grows at temperatures of up
to 79 degrees Celsius {more than 174 degrees Fahrenheit!). What
makes T. aquaticus able to thrive under conditions that would kill

most other microbes (the process of pasteurization, e.g., designed
to sterilize such liquids as cow’s milk for human consumption, is

Figure 5.9. Scanning Electron Micrograph of E. coli. (Courtesy
of National Institute of Allergy and Infectious Disease, National
Institutes of Health.) are its uniquely designed proteins that can withstand high tempera-

typically done at temperatures between 63 and 72 degrees Celsius)

tures. One of these, the enzyme Taq polymerase, which T. aquaticus uses to replicate its
own DNA, has led to the development of the polymerase chain reaction (PCR), which
is a process employed by scientists to generate millions of copies of a particular piece of
DNA. PCR has revolutionized molecular biology through vastly extending its capacity
to identify, manipulate, and reproduce DNA. By making the cloning of genes possible.
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for example, PCR has paved the way for the determination of all the genomes that have
been sequenced thus far. It has also become an important tool for diagnosing many infec-
tious agents, such as the hepatitis C virus, the tuberculosis bacterium, and Chlamydia
trachomatis (a leading cause of blindness worldwide), and for screening newborns for
some inherited diseases, such as cystic fibrosis. And, as is well known, it has been used
to identify individuals from minute traces of their genetic material that they have left
behind (e.g., in cells from the inside of their mouths present on a licked postage stamp, or
in sperm present in semen). In coming years, PCR will undoubtedly become even more
widely used as a diagnostic tool, for it provides rapid and highly reliable results

BAKER’'S YEAST (SACCHAROMYCES
CEREVISIAE)

Baker's Yeast (Saccharomyces cerevisiae), a one-celled, free-living fungus used to
make bread dough rise and to brew beer and other alcoholic beverages, and its cousin,
Saccharomyces pombe, are ideal laboratory subjects. Despite at least one billion years
of evolution separating yeasts and humans, still almost one-third of the more than 6,000
genes in the yeast genome have equivalent genes in humans. In fact, portions of our
genome are so similar to that of yeasts that more than seventy human genes are able to
repair various genetic mutations in yeasts.” In addition, almost 40 percent of yeast pro-
teins are similar to mammalian proteins,"” and some fifty genes in the yeast S. pombe are
counterparts of human genes known to be involved in various human diseases, half of
which are cancers."® Because yeasts are among the simplest and most ancient organisms
containing nuclei, this suggests that many human diseases are caused by disruptions of
fundamental cellular processes that have remained largely unchanged for hundreds of
millions of years and that are likely to be found in all other organisms possessing nuclei.
Yeasts have been the workhorses of eukaryotic genetic research for decades. In the
late 1950s, for example, transfer RNA, or tRNA (the molecule responsible for the ulti-
mate translation of information encoded in DNA into the manufacture of proteins), was
discovered in a yeast by Robert Holley.” However, yeast's most important contribution
has been to reveal the workings of how eukaryotic cells make copies of themselves by cell
division. As frequently as every go minutes, yeasts reproduce by “budding.” This process
involves genes that regulate and enable such key cellular processes as the duplication
of chromosomes, checking the accuracy of that duplication (so as to ensure that DNA
mutations do not get passed on to offspring), and finally cell division itself. Studies with
yeasts have demonstrated which genes regulate this reproductive cell cycle and how they
work together. These studies have also begun to shed light on how cancer cells develop in
humans, as all human cancers are thought to involve one or more defects in this cycle."®

THE ROUNDWORM CAENORHABDITIS
ELEGANS

The genome of the microscopic nematode or roundworm Caenorhabditis elegans, only
one millimeter (0.04 inches) long, was sequenced in 1998. As a multicellular organ-
ism with about 19,000 genes (more than three times the number of genes found in
yeast), it shares approximately 40 percent of these with humans. C. elegans can teach
us about the human genome in ways that bacteria and yeast cannot, such as about
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YOU HAVE MADE YOUR WAY FROM

the control of embryonic development. It has also helped us understand two basic
processes found in all multicellular animals.

The first process involves the events that occur when a cell must die, either as a part
of normal development or because it has been irreparably injured. C. elegans is a key
mode] for studies of this “programmed cell death,” also known as apoptosis. Because the
organism is transparent, it is possible (under a microscope) to observe its cells dividing,
differentiating, and developing into a complete organism—from the stage of a fertilized
egg to a mature adult, with each worm eventually having exactly gsg cells. In compari-
son, humans have trillions of cells. Programmed cell death is essential for normal devel-
opment in all embryos, fetuses, and adults. When tadpoles metamorphose to become
frogs, for instance, some tadpole tissue has to be eliminated, so that tissues for the frog
can develop. The same is true in humans, who lose the cells that make up the webbing
between our fingers and toes during fetal development (testimony to our common ori-
gins with amphibians). In rare instances. this webbing may persist, in whole or in part,
in the human newborn, a condition called syndactyly. The balance between cell divi-
sion and cell death has to be tightly regulated and
exquisitely timed in all multicellular organisms, so
that the right number, right type, and right orga-

WORM TO MAN, AND MUCH IN YOU IS nization of cells develop. Studies with C. elegans

STILL WORM.

—Friedrich Nietzsche, Thus Spake Zarathustra

Figure 5.10. Photomicrograph of C. elegans. The cells of C. elegans
can be easily visualized under a microscope, making it possible
to study them directly in real time. In this image, two neurons  Span was by slowing down their consumption of glucose.?

labeled AS] and ASI, which monitor external levels of glucose (two Another C. elegans gene, called ctl-1, is also involved in the
corresponding uniabeled neurons are on the other side), are stained
green because they carry a green fluorescent protein transgene (see
box 5.2). (Photo by Weiqing Li, Gary Ruvkun Lab.)

have identified the specific genes that control apop-
tosis. a finding that ultimately may facilitate better
treatments for diseases characterized by excessive
apoptosis, such as degenerative diseases of the ner-
vous system, like Alzheimer’s disease, Parkinson’s
disease, and Huntington's disease, as well as for those where apoptosis is reduced, such
as in autoimmune diseases and cancers.”

Research on C. elegans’s ability to enter into a metabolically
slowed down state, known as the “dauer™ phase, has been equally
rich. C. elegans larvae. which feed on soil bacteria, can enter this
hibernation-like state when food supplies are low. Compared to their
normal life span of two to three weeks when food is abundant, worms
in the “dauer” phase can live up to eight times longer. Several genes
regulate what state the nematode is in. but one in particular, dis-
covered by Gary Ruvkun and his colleagues at the Massachusetts
General Hospital in Boston, the daf-2 gene, has been the subject of
much attention. Worms with a defective daf-2 gene do not enter the
“dauer” phase, and yet they can still live significantly longer than
normal worms. While looking at the human genome for genes simi-
lar to daf-2 in C. elegans, Ruvkun made a startling discovery: the
daf-2 gene closely resembles the human gene that codes for the insu-
lin receptor, the protein that in the presence of insulin tells a cell to
take up glucose from the bloodstream. This observation suggested
that one way daf-2—deficient C. elegans may achieve their longer life

dauer phase. It has been shown to promote the destruction of free
radicals, highly reactive, cell-damaging molecules that form, for
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THE COMMON FRUIT FLY
(DROSOPHILA MELANOGASTER)

Common Fruit Flies (Drosophila melanogaster; see the opening figure for this chap-
ter), which seem to generate spontaneously in our kitchens when fruit is left out to rot,
have been. along with mice, one of the most important model organisms for studying
genetics for almost the past 100 years. The fly’s genome, published in the year zoo0o0,
contains, like that of C. elegans, a surprising similarity to our own. For example, of
the genes known to be mutated or deleted in human diseases. at least 60 percent are
found in Drosophila. If one looks only at such genes associated with human cancers,
the proportion that are similar in the Fruit Fly climbs to 68 percent.”®

Beginning in 1910, Thomas Hunt Morgan at Columbia University began his
seminal studies with Drosophila, which were to be continued by his students Alfred
Henry Sturtevant, Calvin Blackman Bridges, and Hermann Joseph Muller over
the next three decades. Morgan discovered that some traits in Drosophila, such as
having white eyes (instead of the usual red ones), were sex-linked (i.e., their genes
were carried by one of the sex chromosomes—usually the X chromosome—but not
the other). From his knowledge of the X and Y sex chromosomes derived from other
insect studies, Morgan determined that the gene for white eyes was located on the
X chromosome, paving the way for an understanding of sex-linked traits in humans.
Morgan’s students greatly expanded his work with Drosophila, showing for the
first time that genes were located on chromosomes and were arranged linearly like
pearls on a necklace, that genes for specific traits could be found in precise and fixed
locations on the chromosome, and that gene mutations could be induced by X-rays.
These early insights derived from studies of Drosophila, insights that we now take for
granted but that were revolutionary in their day, have formed much of the basis of our
understanding of chromosomes and genes.*

The foundation for modern genome research, that is, determining the entire genetic
sequence of an organism, as opposed to working on specific parts of the sequence, also
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Figure 5.12. Section 49 of Polytene Chromosome 2R of a Drosophila. These chromosomes are found in the salivary
glands of some flies, including Drosophila. They are long and thick, made up of a large number of parallel chromosome
fibers. The dense bands mark the locations of specific genes, making it possible to investigate their functions. (© Anja
Saura, University of Helsinki.)
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BOX 5.4

SOME MOUSE MODELS OF GENETIC DISEASES
IN HUMANS

» Down Syndrome: One of the most common genetic birth defects
in humans, occurring in one out of every 800 to 1,000 live births,
Down syndrome results from an extra copy of chromosome 21, an
abnormality known as trisomy. The Ts65Dn mouse, developed at the
Jackson Laboratory in Maine, mimics trisomy 21 in humans, exhibit-
ing many of the same behavioral, learning, and physiological defects,
including mental deficits, small size, obesity, hydrocephalus (a condi-
tion where too much fluid accumulates in the brain), and impaired
immunity. The Ts65Dn mouse is the best research model we have for
Down syndrome.

» Cystic Fibrosis (CF): The Cftr knockout mouse has helped advance
research on cystic fibrosis, the most common fatal genetic disease in
the United States today, occurring in approximately 1 in every 3,300
white births, 1 in every 9,500 Hispanic-American births, 1 in every
15,300 African-American births, and 1 in every 32,000 Asian-American
births. Scientists now know that CF is almost always caused by a
defect in the gene that encodes the information necessary to produce
CFTR, a protein that regulates the passage of chloride and other sub-
stances in and out of cells. Studies with the Cftr knockout mouse have
shown that there is an inability to fight certain bacteria in the lung,
perhaps because of the presence of thick mucus characteristic of the
disease, resulting in potentially life-threatening infections. These mice
have become models for developing new approaches to correct the
CF defect and cure the disease.

 Cancer: The p53 knockout mouse has a disabled Trp53 tumor suppres-
sor gene that makes it highly susceptible to various cancers, includ-
ing lymphomas and osteosarcomas. The mouse has emerged as an
important model for Li-Fraumeni syndrome, a rare genetic syndrome
in people in which individuals are predisposed to developing many
different types of cancer.

+ Type 1 Diabetes: This autoimmune disease, also known as juvenile
diabetes, or insulin-dependent diabetes mellitus (IDDM), accounts
for up to 10 percent of diabetes cases. Nonobese diabetic (NOD)
mice are enabling researchers to identify IDDM susceptibility genes
and disease mechanisms in people.

» Muscular Dystrophy: The Dmd™* mouse is a model for Duchenne
muscular dystrophy, a rare human neuromuscular disorder in young
males that is inherited as a sex-linked recessive trait and results in
progressive muscle degeneration.

+ Ovarian Tumors: The mouse models known as SWR and SWX) pro-
vide excellent research platforms for studying the genetic basis of a
type of tumor called the ovarian granulose cell tumor, a very serious
malignancy in young girls and post-menopausal women.

Adapted from National Human Genome Research Institute, Background on Mouse as a
Model Organism. 2005; available from www.genome.gov/10005834 [cited August 30, 2007].
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came from initial experiments with Drosophila. David S. Hogness and his colleagues
at Stanford University used Drosophila in 1974 to produce the first cloned segment of
chromosomal DNA. This was the first step in making a complete map of the Drosophila
genome and in the development of the techniques used in the Human Genome Project.”

Drosophila continues to be a mainstay of genetic research, facilitated by its
short life span and the ease of maintaining large numbers of individuals. In 1983, the
homeotic or “hox™ genes, which determine the basic body plan of animals, were first
discovered in the Fruit Fly. And so was the gene that encodes the Toll receptor, which
led to the discovery of Toll receptors in mice and in humans and to a quantum leap
in our understanding of innate immune systems? (see also “The Immune System,”
below). Drosophila have also been essential to identifying genes involved in the gen-
eration of circadian rhythms (the biological clocks for various cycles in animals) and
in aging, aggression, learning, and memory.*

Finally. the role of the p53 gene, which produces a protein essential for protecting
cells from developing cancers. has been worked out in experiments with Drosophila
{as well as in the Laboratory Mouse—see box 5.4). The p53 protein has the ability
to detect DNA damage in a cell about to undergo cell division and to “direct” that
cell to activate its DNA repair proteins. If the DNA is too damaged to be fixed, the
p53 protein “directs” the cell to undergo apoptosis. Mutations in the p53 gene are the
most common of those found in human cancers. By studying uncontrolled division in
Drosophila cells that have an inactive p53 gene, we may begin to uncover some of the
genetic mechanisms involved in the development of human cancers.”

ZEBRAFISH (DANIO RERIO)

As vertebrates. fish are genetically closer to humans than are Drosophila, C. elegans,
Baker's Yeast, and E. coli and can therefore be used, as these other organisms cannot
be. as models for some diseases. such as those involving bone formation. Fish are espe-
cially important to our understanding of vertebrate evolution because they have the
largest number of known species and the greatest population sizes of any vertebrate.
The Zebrafish (Danio rerio), originally from rivers in Southeast Asia, has long been a
favorite for those keeping tropical fish. In recent years, they have also emerged as major
laboratory animals in genetic research, with more than 1,000 researchers in some 250
labs around the world studying them. They offer some important advantages over mice
in that they are less expensive to keep in a lab, and they reproduce in greater numbers.
A female Zebrafish, for example, will generally produce dozens to hundreds of eggs at a
time, thus being able to create larger populations of specific mutant strains for study.
Also. in contrast to the mouse. the fertilization of eggs in Zebrafish takes place
outside of the animal. and because their young are transparent, Zebrafish organs
can be observed and manipulated at every stage of development. Furthermore,
early development is extremely rapid, with fertilized eggs becoming small, swim-
ming. feeding fish with all their organs formed in just five days. Though studies with
Zebrafish began only about thirty years ago, what they have taught us in this short
period of time about the mechanisms involved in the formation and the function of
various tissues such as muscle, cartilage. bone, and skin, and of various organs such
as the heart, eye, brain. and kidney, has been truly remarkable. In addition, studies
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Zebrafish have been especially important for studying the development of the
human heart. More than fifty strains of Zebrafish have been isolated that model vari-
ous developmental and functional heart abnormalities. These Zebrafish mutants have
phenoty pes similar to the human syndromes and contain mutations in the same genes
that are affected in the human inherited diseases.”

The Regeneration of Cells, Tissues, and Organs

ince the elegant regeneration experiments with the freshwater polyp hydra by
the Swiss scientist Abraham Trembly in 1744, who demonstrated that small
pieces of the animal could grow into complete organisms, there has been a
great deal of speculation and scientific interest about whether it might be possible for
humans to regrow injured or diseased body parts. In fact, we do regrow cells and tis-
sues all the time, replacing cells that are sloughed off from our skin, the inside of our
mouths, and the lining of our intestines. We are also constantly replenishing our red
and white blood cells and replacing injured liver cells, and recent research (which we
shall discuss below) strongly suggests that we are also regenerating nerve cells in our
brains (a process called neurogenesis) on a regular basis.
But the prospect of replacing heart tissue after a heart attack or nerve cells
and their connections in the spinal cord after spinal injury has intrigued and defied
investigators for most of the past century.

REGENERATION RESEARCH

All regenerating tissues require control mechanisms to regulate the stages of the regen-
eration process and to guide the behavior of the cells involved. In general terms, in order
for regeneration to happen, one or both of two different processes must occur. The first
involves the persistence of undifferentiated cells, called stem cells, that are pluripotent
or totipotent. If a cell can differentiate only into certain types of tissues it is said to be
pluripotent; if it has the potential to develop into all the tissues in that organism, itis said
to be totipotent. Stem cells can serve as needed to replace more differentiated cells that
have become damaged. A good example of this process in humans can be found in our
skin, where stem cells that sit at the skin’s bottom layer reproduce to supply new cells to
the upper layers where they are routinely lost. The second process entails cells that have
already differentiated into a specific cell type, such as a hair cell. blood cell, or liver cell,
to revert to a less differentiated state (i.e., become a type of stem cell). enabling them to
become other types of cells. This process is known as dedifferentiation.

Regeneration research is a young science, and the specific genetic and molecular
mechanisms that govern such processes as just described, which mediate, for exam-
ple. the regrowth of limbs in salamanders or of heart tissue in Zebrafish and mice,
are only just beginning to be mapped out. One of the difficulties in uncovering these
mechanisms has been that some of the best regeneration subjects, like the hydra,
planaria (minute freshwater flatworms), and urodele amphibians (salamanders and
newts), are species for which mutant strains are not readily available for study, nor do
they have well-described genetics. Nevertheless, these organisms continue to provide
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Figure 5.16. Drawings of Regenerating Plan-
arium. These are the original drawings of
Thomas Hunt Morgan, showing the stages of
regenerationofaplanarium (Planaria maculata)
cut in half. (From T.H. Morgan, Experimental
studies of the regeneration of Planaria
maculata. Archiv fur Entwicklungsmechanik der
Organismen, 1898;7:364-397.)

activity. However, in the past few years, researchers have had greater success, notably
through the use of RNAi techniques (see section on C. elegans, above) and in observing
their effects through the use of fluorescent proteins to mark genes.*

Tantalizing molecular clues suggest that ancient genetic and molecular mech-
anisms that regulate regeneration in hydra have been conserved for hundreds of
millions of years of evolution. If so, hydra, given their deep evolutionary roots, may
be an ideal organism to clarify some of the fundamental pathways of regeneration.
Such information may be of tremendous value in trying to sort out our own capacity
to regenerate, which in humans largely disappears by the time one is born.

Planaria

Regeneration in planaria—freshwater, free-living, cross-eyed flatworms that have
also captivated generations of high school students-——was first described by the
German scientist Peter Simon Pallas in 1766. Like hydras, planaria have extraordinary
regenerative powers. Thomas Hunt Morgan, before he began the work for which he is
known on Drosophila. demonstrated that if one cut a planarium into pieces, a fragment
as small as 1/27gth of the total worm could still regenerate into a complete organism.
Several other investigators continued Morgan's work, but until quite recently, planaria
have been largely ignored in studies on development and regeneration, because they
did not lend themselves easily to genetic and molecular approaches. But as interest
in stem cell research has steadily increased, planaria, which are among the simplest
organisms that have three tissue layers, bilateral symmetry, and distinct organs, and
that regenerate by mechanisms more like those of higher animals than of hydras. are
once again receiving attention.

There are thousands of species of planaria, but the one that has become a labora-
tory favorite is Schmidtea mediterranea. a species that has one strain that reproduces
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promoting the replacement by the organism's own cells of its injured or diseased parts.
It is thought by many that stem cells have the potential of treating a wide variety of
human ailments—damaged organs, such as heart muscle after heart attacks or brain
tissue after strokes; degenerative diseases such as Parkinson’s disease and amyotrophic
lateral sclerosis (ALS or Lou Gehrig's disease); and diseases where the specialized cells
are absent or fail to function, such as in type 1 diabetes. Stem cells are also being touted
as possible solutions to the shortage of organs available for transplantation. Perhaps no
other area of medical research has generated more excitement, and more controversy,
than stem cell research.

Research with experimental animals has laid the groundwork for stem cell
research in humans. Animal models have been essential for pioneering the techniques
used to isolate stem cells in people and have also offered a first glimpse at how these
cells are signaled into action and then grow and differentiate.* This work comple-
ments ongoing studies with stem cells taken from human embryos, and with those
that are normally present in human adults—for example. in their intestines, skin,
testes, bone marrow, and other organs.

Animal stem cell experimentation has moved in several directions that hold great
promise for human medicine. We look briefly at research on two diseases: Parkinson’s
disease and type 1 diabetes.

Parkinson's Disease

Parkinson's disease, the most common neurodegenerative movement disorder in peo-
ple, afflicts approximately one million people in the United States; about 40,000 people
develop the disease each year.”” Data on how many people worldwide have Parkinson’s
are sparse, but at least four million, and quite possibly millions more. have the disease.
The observation that Parkinson’s involves a progressive degeneration of specific nerve
cells that produce a chemical called dopamine. and that these cells are located in a
region of the midbrain called the substantia nigra, was initially made in rabbits and
was later confirmed in nonhuman primates and in humans (research on Parkinson’s
involving nonhuman primates is discussed in chapter 6). This finding led to treatment
for Parkinson’s patients with a medication called levodopa or L-dopa. a compound that
restored brain dopamine levels and that is still the treatment of choice.

In the past two decades, studies in animals and in people have demonstrated that
transplanted nerve cell tissue can heal injuries to the spinal cord and the brain that
have long been thought to be irreparable. Since the late 198os. for example, hundreds
of patients with Parkinson’s disease have had transplants with human fetal nerve cells.
These cells were able to make dopamine and, in some cases. to reduce the debilitat-
ing symptoms of the disease.” One of the major difficulties with current medicines
for Parkinson’s disease, including L-dopa, is that they lose their effectiveness when
patients take them over long periods of time, and that they can often lead to the appear-
ance of debilitating involuntary movements. As a result, these early encouraging tri-
als with embryonic nerve cell transplantation generated a great deal of interest. The
results, however, have been inconsistent, and younger patients, who have Parkinson’s
more rarely. show more clinical benefit than older ones* Practical difficulties have
limited research in this area, not the least of which is the problem of obtaining human
embryonic tissue, a result of the current heated debate about the ethics of its use.”
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Attempts to better understand the potential for such transplantation have been car-
ried out using undifferentiated rodent embryonic stem cells. After implantation into the
brains of rats that had the equivalent of Parkinson’s disease, these cells both prolifer-
ated and fully differentiated into dopamine-producing nerve cells. resulting in a gradual
and sustained improvement in the motor functions of these “parkinsonian™ animals.
One of the most exciting and unexpected findings in this research was that only about
10 percent of the implanted cells became functional neurons; the remainder seemed to
play a role in preventing diseased cells from dying.”* Such an experiment has recently
been successfully repeated in Cynomolgus Monkeys, long-tailed. Old World mon-
keys of Southeast Asia and Indonesia, also called the Long-Tailed. or the Crab-Eating,
Macaque (Macaca fascicularis). This work raises the intriguing possibility that embry-
onic stem cell transplants in human brains could not only result in a replacement of dis-
eased or dead neurons in patient's with Parkinson’s disease, strokes, and perhaps even
Alzheimer's, but could also potentially arrest the degenerative processes.

Mouse embryonic stem cells have also been shown to repair damaged nerve cells
in the spinal cord following injury,* and in the brain following a stroke, and to myeli-
nate axons in the brain and spinal cord in myelin-deficient rats (myelin. a substance
consisting of fat and protein, coats the projections of neurons and increases the trans-
mission speed of their electric signals). These experiments with mice and rats demon-
strate the enormous potential for embryonic stem cell transplantation to treat a range

of human neurological conditions, including spinal cord injuries and strokes.*”

Type 1 Diabetes

Like Parkinson’s disease, where a specialized cell {the dopamine-secreting nerve cell)
is dysfunctional, type 1 diabetes (previously known as juvenile onset diabetes) is a
disorder involving the destruction of a specific cell type in the pancreas, the beta cell,
that secretes insulin, a protein that controls the amount of sugar present in blood.
Because both disorders involve single cell types that are defective, they are potentially
well suited to stem cell transplantation.

The limited availability of human pancreases for transplantation has pushed
researchers to look for other ways to meet the enormous clinical demand. Two
approaches have thus far yielded disappointing results. The first, growing human
beta cells that have been forced to replicate in tissue cultures has failed because these
cells tend to lose their ability to produce insulin.” The second, involving transplanta-
tion of human embryonic stem celis. has also been problematic because, although
these cells do differentiate into insulin-producing cells. they do so only rarely and.
even when they do. they do not produce a sufficient quantity of insulin.”

Again, it has been necessary to rely on laboratory animals to answer basic ques-
tions about how cells capable of producing insulin might be successfully transplanted
into humans to treat type 1 diabetes. Mice, rats, and the African Clawed Frog (Xenopus
laevis) have revealed the role of the Pdx1 gene, which regulates the expression of multi-
ple genes involved in the production of insulin and in the transport of glucose. Through
the introduction of the Pdx1 gene, fetal liver cells from both mice and humans have
been transformed into insulin-secreting cells. And when transplanted into mice hav-
ing the equivalent of type 1 diabetes, these cells restored normal function for prolonged
periods.” These early cell transplantation experiments in mice offer some hope for
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eventually curing type 1 diabetes, a disease that afflicts roughly 53 million people world-
wide, including almost 400,000 children, and that causes untold human suffering.*

The potential application of stem cells extends well beyond these two diseases. Mice,
Zebrafish, and other laboratory animals are being used to investigate the possibilities
of stem cell transplantation for treating a wide variety of other human maladies.
including various blood disorders, heart attacks, and diseases of the liver.

NEUROGENESIS

Despite laboratory evidence as early as the 196os that showed that new neurons were
being continuously regenerated in adult mammalian brains, this capability, called neu-
rogenesis, was not widely accepted until the late 19gos. Until then, the conventional dog-
ma—that neurogenesis in mammals was restricted to the embryonic period or, for some
nerve cells, to no later than the time just after birth—was considered incontrovertible.
Indeed. when one of the editors of this book (E.C.) was in medical school during the late
1960s, he was very confidently taught that we are born with all the nerve cells we are ever
going to have and that we spend the rest of our lives, at first slowly and then more rapidly.
losing them. Happily. this does not seem to be the case. How was this discovered?

Research done in the 1960s by Joseph Altman showed for the first time that new
neurons were being formed in the brains of adult rats and cats. Given the strong belief
at that time that this could not be happening, however, his ground-breaking work
was mostly dismissed. Research on neurogenesis continued over the next decade in
various fish models but had little impact in changing prevailing beliefs.

It was not until the seminal and elegant work with songbirds by Fernando
Nottebohm and his group at Rockefeller University was first reported in the late 1970s
that the possibility of neurogenesis in the central nervous systems of warm-blooded
vertebrates began to be taken seriously. Nottebohm and his colleagues noticed that the
regions of the brain that made up the song system in canaries were larger in males than
in females (male canaries do most of the singing and sing far more complex songs than
do females), and that these regions in male brains changed in size depending on the time
of year—they were largest in the spring at the start of the breeding season. They dis-
covered, further, that the male hormone testosterone, if given to adult female canaries,
resulted in their singing more, and in an enlargement of their brain song centers, par-
ticularly the region called the “high vocal center.” Initially, it was speculated that these
changes in volume might be the result of changes in the number of synapses or connec-
tions between neurons, but it became clear after several years of radioactive labeling
experiments that new neurons were indeed being produced, that they came from stem
cells that were located in a region of the brain called the lateral ventricles, that they
migrated to the song centers of canary brains where they replaced dying neurons, that
these new neurons joined existing neuronal circuitry, and that they, too, were eventually
replaced. While this research did not set out to study neurogenesis. but rather the song
centers in the brains of some songbirds, it nevertheless has spurred further neurogen-
esis research and ultimately a more detailed understanding of the human brain.®*!

Currently, work by Elizabeth Gould at Princeton University and others has estab-
lished that neurogenesis occurs in the dentate gyrus (a region of the hippocampus, the
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area of the brain most actively involved in the establishment of new memories) of adult
rats and mice and of primates—tree shrews, marmosets. and macaques.®*** And Peter
Eriksson and his colleagues from Goteborg, Sweden. have conclusively demonstrated
that neurogenesis occurs in the human hippocampus throughout adulthood.*

Further investigation has identified some of the controls on hippocampal neuro-
genesis. Estrogen stimulates the production of new neurons in the dentate gyrus in rats,
as does living in more complex artificial environments (e.g., cages containing mazes for
rats and mice) or in enriched natural ones, such as Black-Capped Chickadees (Parus
atricapillus) living in the wild as opposed to in captivity. Glucocorticoids, such as cor-
tisone, which are released during stressful experiences. decrease neurogenesis in this
brain region. It has also been shown that prenatal stress in pregnant rhesus monkeys
and rats has lasting effects on their offspring, reducing neurogenesis in later life.*’

The implications of this work for human medicine, begunin rats and songbirds, and
developed in half a dozen other species, cannot be overstated. It has changed the way we
think about learning and memory and raised the possibility of halting or even reversing
some of the devastating effects of some degenerative conditions such as Alzheimer’s.
It has altered our outiook on the possibility of repairing damaged central nervous sys-
tem tissue in victims of stroke or head injury. not from grafts of embryonic stem cells,
but from mobilizing their own neuronal stem cells, present in their brains, both in the
young and in adults, to carry out the repair. It has highlighted the importance of reduc-
ing stress during the prenatal and early postnatal periods, as stress at those times may
lower the number of new neurons formed in the human brain well into adulthood. And
it has affected our understanding of how stress, hormones. and the complexity of one’s
environment. by altering rates of neurogenesis in the hippocampus. may affect one’s
capacity for learning and for creating new memories. Knowledge about neurogenesis
in the adult human brain is still at a very rudimentary level, and no one can now esti-
mate how and when neurogenesis may be employed to solve human ills. But, given that
as recently as twenty years ago it was widely believed that old neurons could not be
replaced at all by new ones in adult mammalian brains, much less in human ones, we
should allow for the enormously exciting possibility that someday we may be able to
harness our own neurogenic potential to treat diseases that cause great suffering, and to
revitalize brains that, as a result of injury, disease, or aging, are beginning to fail.

The Immune System

Il plants and animals live within a sea of microbes that envelop their exterior

surfaces and line the walls of internal organ systems that communicate with the

utside world, such as the gastrointestinal tracts and lungs of animals. Almost

all of these microbes live without causing their hosts any harm, and some even pro-

vide life-sustaining services, such as the conversion of unusable nitrogen gas into usable

forms by nitrogen-fixing bacteria on the roots of certain plants, or the production of vita-

min K by bacteria that live in the human intestine (see box 3.1 on microbial ecosystems

in chapter 3). Only very few microbes are pathogens and consider their host organisms

as food, initiating local infections or causing a variety of systemic infectious diseases. Of

course, when organisms die, they all become food for a great number of different species
of microorganisms, with the process of putrefaction beginning immediately.
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Plants and animals have evolved multilayered defensive systems to protect them
against attack by microbial pathogens. While ancient Greek physicians recognized
some aspects of these defenses in humans, for example, that those who survived bouts
of the plague developed resistance to becoming infected again, and while Pasteur (see
“A Brief History of Biomedical Research.” above) and others had some understanding
of immunization more than 100 years ago. it has been only in the last few decades that
researchers have begun to unravel the molecular intricacies of the immune system.
Many species, from the Fruit Fly and the Cecropia Moth (Hyalophora cecropia) to
lampreys and the Domestic Pig (Sus domestica), have contributed to these insights.

There are two main components of the immune system—the ancient innate
immune system, whichall organisms possess, and the adaptive immune system, which
is found only in higher vertebrates, having first evolved around 450 million years
ago in the first sharks, skates, and rays (known collectively as the elasmobranchs),
the earliest known vertebrates to have jaws. Adaptive immunity is a highly complex
system in which the foreign markers of pathogens are recognized, and highly specific
chemical and cellular responses are mobilized to destroy them. These responses can
be “remembered” by immune system cells known as lymphocytes and can be trig-
gered again by future exposures to the same pathogens. This capacity explains the
ability of vaccines to protect us from infectious diseases. Adaptive immunity may
have allowed early elasmobranchs to venture into new environments where they were
exposed to pathogens possibly unfamiliar to their innate systems. Humans have both
systems, as do all other vertebrates that have evolved since the elasmobranchs.

In this section, we discuss only innate immunity. examining some of its most
basic components and how they interact with adaptive systems. We consider hagfish
and lampreys, both of which, while possessing only innate immune systems, dem-
onstrate some primitive features of adaptive immunity. (Chapter 6 discusses sharks,
which possess all the requisite parts of adaptive systems.) By this examination, we
show how research on the ancient immune systems of these organisms has led to a
better understand of the origins and functioning of our own.

INNATE IMMUNITY

All organisms, from the simplest one-celled archaea to the most complex higher primates
and marine mammals, possess some form of innate immunity that protects them from
infections. Although originally thought to be quite primitive, responding only nonspecifi-
cally to microbial assaults, the innate immune system has been shown, in multicellular
organisms, to be highly complex and pathogen specific and under the control of a sophis-
ticated set of receptors. The term “innate immunity " has generally been applied only
to multicellular organisms, but in this section we use the term to include any response,
including those by single-celled organisms, that fights pathogens. All life. including sin-
gle-cell eukaryotes such as paramecia and single-cell prokaryotes such as bacteria and
archaea, must have the ability to produce antimicrobial peptides, or other antimicrobial
compounds such as the potent antibiotics made by some species of the bacterial genus
Streptomyces (see the discussion of microbes in chapter 4. page 136). in order to survive.

Innate immunity is designed to generate an immediate response, in the first min-
utes to hours to days following an infectious challenge. By contrast, the mechanisms
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of adaptive immunity do not become fully mobilized for several days. and it is believed
that in most instances they are never activated, because innate immune defenses are
sufficiently effective in terminating the great majority of infections before they can
take hold and cause disease.

Receptors

What are the components of the innate immune system? First there are the receptors.
A variety of receptors called pattern recognition receptors (PRRs) have evolved to rec-
ognize speciftc molecular structures that have been highly conserved by evolution in
pathogenic microbes. These structures are known as pathogen-associated molecular
patterns (or PAMPs), and they are characteristic for specific pathogen groups. For
example, there are receptors for the lipopolysaccharides (abbreviated as LPS) of Gram-
negative bacteria such as Salmonella (see box 4.1 in chapter 4 for an explanation of
Gram staining); the glycolipids of mycobacteria, such as the mycobacterium that causes
tuberculosis; the lipoteichoic acids of Gram-positive bacteria, such as Pneumococcus
that can cause pneumonia; the mannans of yeasts; and the double-stranded RNAs of
viruses (produced by most viruses at some phase in their replication).*® Because some
pathogens can present multiple PAMPs, each of which can be identified by a distinct
receptor, there are potential built-in redundancies in the system.

The seminal discovery in Drosophila in 1996 of the Toll receptor led to an appre-
ciation of the complexity and specificity of innate immune receptors. The Toll receptor,
which had been known to regulate dorsoventral (back vs. front) orientation in the develop-
ing fly, was also found to be essential for recognizing and defending the Fruit Fly against
the fungus Aspergillus fumigatus. The subsequent discovery in mice and in humans of
a Toll-like receptor, called TLR4, and of its ability to recognize LPS from Gram-negative
bacteria demonstrated the central role that these and other receptors are thought to play
in innate immunity.”” To date a total of thirteen mammalian TLR subtypes, each identi-
fying a specific PAMP, have been identified (ten in humans), and there is evidence that
collectively Toll-like receptors (it is assumed that more await discovery) may be able to
recognize most, if not all, common pathogenic viruses, fungi, bacteria, and protozoa.*”

Cellular and Chemical Response

After a pathogen has been identified by the appropriate receptor or receptors. a vari-
ety of cellular and chemical responses are set in motion. These include the arrival
of tissue macrophages. which produce high levels of chemicals called cytokines or
chemokines, which serve to direct blood flow to the infection and to regulate the
traffic of the body’s cellular defenses: neutrophils, amoeba-like cells that, along with
the macrophages. engulf and destroy invading microbes; eosinophils, which play a
specific role in some parasitic infections such as malaria; and “natural killer” (NK)
cells. which are thought to help destroy virus-infected cells (and cancer cells) and to
produce proteins that cause microbial pathogens to break apart. NK cells may also
kill dendritic cells, which serve to present the pathogen's antigens (specific surface
proteins) to lymphocytes, a process that serves to trigger the antibody and cellular
responses of the adaptive immune system.* If the innate system has been successful
in terminating the infection, the adaptive system is not needed.
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such as the African Clawed Frog (Xenopus laevis). produce peptides that are particu-
larly active against some species of Gram-negative bacteria and fungi (as well as a wide
range of protozoa) that flourish in the damp places where they live. Frogs that live on
land in dry niches, by contrast, produce antimicrobial peptides that target species of
Gram-positive bacteria and fungi that have adapted to drier conditions. The Scots Pine
produces a completely novel peptide that targets fungi infecting its roots.”

While pathogenic microbes are generally able to develop resistance rapidly to
commonly used antibiotics, creating a looming crisis for clinical medicine today. the
same has not been the case for antimicrobial peptides. They have remained effec-
tive in fighting pathogenic microbes for hundreds of millions of years. How has this
been accomplished? A few explanations have been offered. For one. when an organ-
ism releases antimicrobial peptides in response to an invading microbe, it generally
releases a diverse cocktail of them, each with a different structure and each poten-
tially lethal to the microbe. For the microbe to develop resistance to this defensive
assault, it would have to do so for all the peptides at once. a highly unlikely event.
In addition. antimicrobial peptides strike at vital microbial structures. Bacterial
membranes are structurally distinct from the membranes of multicellular organisms
(notably, the outermost layer is predominantly composed of negatively charged lip-
id-containing molecules). Antibacterial peptides specifically target these distinctive
molecular structures. punching holes in them and causing bacteria to break apart.
To develop resistance against this type of attack, bacteria would have to redesign
the basic building blocks of their membranes, yet another highly unlikely event.
Antimicrobial peptides can also interfere with essential molecular pathways.”””
For example, a peptide from the European Sap-Sucking Bug (Pyrrhocoris apterus)
kills both Gram-positive and Gram-negative bacteria by disrupting proteins (called
DnaK proteins) that are responsible for preserving the structure of the bacteria’s so-
called housekeeping enzymes, which are necessary for survival.

The ability of antimicrobial peptides to stave off resistance has catalyzed a wave of
research designed to develop effective and safe antibiotics for fighting various pathogenic
agents in people. Although difficulties have been encountered in these searches, the field
is still in its infancy, and it is clear that these substances. which were first discovered in
the Cecropia Moth, hold enormous promise for the treatment of infectious disease.

THE IMMUNE SYSTEM OF JAWLESS
FISH—THE AGNATHANS

The oldest known survivors of the agnathans, or jawless fish, which share a com-
mon ancestor with sharks and other elasmobranchs. are the hagfish and the lam-
preys. However, unlike the elasmobranchs and the vertebrates that have evolved
after them, all of which have adaptive immune systems, hagfish and lampreys pos-
sess innate immunity alone. They do not seem to be at a loss, however. Their innate
immune systems have served to protect them, as well as all invertebrates, plants,
and microbes, from infections for hundreds of millions of years. As the evolutionary
bridges to the development of adaptive systems, hagfish and lampreys offer unique
windows into the origins and the basic functioning of the human immune system.
Atlantic Hagfish (Myxine glutinosa), as scavengers that eat dead and decay-
ing marine organisms, are exposed to very high concentrations of microorganisms.
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many other equally important areas of research, for example, how human cancers
develop, the process of aging, or the genesis of cardiovascular disease, to demonstrate the
central roles that other species have played in our understanding of these conditions.

Some might say that it is not necessary for us to preserve organisms in the wild,
that we can produce all the variants we could possibly ever need in the lab, with selec-
tive breeding and genetic modification. Certainly our experience with developing
ever-increasing numbers of mouse strains illustrates the importance of such efforts.
Others might say that, like Noah, we should simply preserve a few individuals of each
species that is threatened in seed banks or zoos or botanical gardens or aquaria so that
we will have them for the future, for breeding or for whatever information we might
need from them. And again, there is great merit in these attempts at preservation.

But because we know so little about what species exist and about what lessons
are to be learned even from those species we have identified, because Nature has
been figuring out how organisms can best survive and protect themselves against
diseases for hundreds of millions of years, and because whatever organisms we can
save in artificial environments represent only a minute sample of the genetic diver-
sity of their species, there is no substitute for preserving species and the ecosystems
in which they live in their natural states, for them, and for us.
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Country borders

Figure 6.1. Fuller Projection of Global Amphibian Diversity. This map was created using the Environmental Systems Research Institute’s ArcGIS
software, which allows the GIS data to be plotted onto the Fuller Projection. It shows the global distribution of amphibian species. Note the
marked concentration of amphibians in South America, particulatly in the Amazon Basin. (Map and land mass arrangement created by Clinton
Jenkins, 2005.)

With the exception of the oceans and the poles, amphibians, especially frogs and
toads, are found throughout the world, living in a variety of habitats from deserts
to subpolar regions, at sea level and at mountain snow lines, from the ground to the
highest treetops. Salamanders are confined to the Northern Hemisphere, with the
exception of the Plethodontidae, the lungless salamanders (which breathe through
their skins), whose range extends into Central and South America. North America
has the greatest salamander diversity of any continent, with nine of the ten exist-
ing families represented, but Central and South America together have the largest
number of salamander species. all of which are plethodontids. For the mole salaman-
ders. the Ambystomatidae, all of which have lungs, the United States has the greatest
diversity of any country. Caecilians are found only in the tropics. (See figure 6.1 for
the global distribution of amphibian species and figure 2.1 in chapter 2, which shows
Buckminster Fuller’s global projection map, called the Dymaxion Map, from which
figure 6.1 has been derived.)

THREATS TO AMPHIBIAN SURVIVAL

Amphibians are threatened by many factors that are the direct result of human
activities—the degradation, destruction, and fragmentation of their habitats;
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overexploitation; the introduction of alien species; increased exposure to ultraviolet
B radiation; pollutants of many types; global climate change; and various infec-
tions. Generally in the past, the scientific literature discussed each of these sepa-
rately, with the implication that one can explain the precipitous and widespread
losses of amphibian populations in different parts of the world by looking at
individual factors alone. Increasingly, however, such discussions have begun to
describe the declines as a function of multiple factors acting together, and by study-
ing the interactions among these factors, we may better understand amphibian vul-
nerability. Those species that appear to be the most vulnerable—species that live
near streams in mountainous tropical environments®—merit particular attention
for such study.

One theory about why amphibians are so endangered is that some species, in
particular, some tropical species, have evolved to live within narrow ranges of envi-
ronmental conditions. When these conditions, such as temperature and humidity.
change even by modest amounts so that they are outside the ranges of adaptation,
a collapse of the exposed amphibians’ vital systems (e.g., their immune system) can
result, and they become vulnerable to other threats, such as infectious diseases.* The
events that appear to be the cause of death in these situations, such as infections by
chytrid fungi (see below), may instead be the ultimate manifestation of a cascade of
events, such as those that can be seen in some people with HIV/AIDS who succumb
to opportunistic fungal infections when their inmune systems have been sufficiently
weakened. In this section, we look at each of the factors that are thought to threaten
amphibian populations individually, but the reader needs to bear in mind that, in
general, they are not acting in isolation.

Loss of Habitat

Because many amphibians occupy two distinct habitats during their lifetimes,
water and land, and can be affected by alterations in either one, they are poten-
tially more vulnerable to habitat loss than most other organisms. As a result,
many of the major alterations to Earth’s landscape—including the clearing of for-
ests, draining of wetlands, conversion of land for agriculture or development, and
the building of roads that cut off access to aquatic breeding areas—may all affect
amphibian populations. Frogs and toads with extremely small ranges, such as
Oreophrynella weiassipuensis (which does not have a common English name) that
inhabits only a single mountain near the Guyana—Brazil border, are particularly
atrisk.’

Salamanders have been the object of many habitat studies. Some have shown
that old-growth forests contain three to six times more salamanders than second-
growth forests. This is most likely the result of old-growth forests’ ability to maintain
moist and cool habitats, such as in the many fallen, decaying logs that are present,
which salamanders depend on for their survival. Clear-cutting is especially destruc-
tive to salamanders, with one study demonstrating that salamander catches were five
times higher in mature forest stands than in those that were clear-cut. This study
concluded that clear-cutting in U.S. national forests causes the loss of some fourteen
million salamanders each year.’
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Overexploitation

Humans have eaten frogs for millennia, particularly larger species such as bullfrogs
that have meaty hind legs. Most of the current trade supplies European markets,
especially France and Belgium, where frogs’ legs have long been sought-after delica-
cies. Tens of millions of frogs are sacrificed each year, with most of these being taken
from such countries as Indonesia, Malaysia, and Bangladesh, sometimes illegally.
India banned the export of frogs in 1987, after determining that the profits from such
export were less than the costs of importing pesticides to substitute for the pest-con-
trol services provided by the frogs. Asian Bullfrogs (Kaloula pulchra) are the main
species being exploited, but other species are also taken.? To what degree this over-
exploitation of some Asian frog species contributes to their being threatened has not
been studied. The same is true for the question of how losing millions of frogs such as
Asian Bullfrogs, a major insect predator, will affect insects that attack rice fields in
Asia, or mosquitoes that carry major human infectious diseases such as malaria and
Japanese encephalitis.

Introduction of Alien Species

Amphibian declines and extinctions have also been ascribed to the introduction of a
variety of species, including fish, other amphibians, and crayfish. Stocking mountain
lakes with Rainbow Trout (Oncorhynchus mykiss) and Brook Trout (Salvelinus fon-
tinalis) for sport fishing in the California Sierra Nevadas, for example, was found to
cause a major decline in the Mountain Yellow-Legged Frog (Rana muscosa), whose
eggs and tadpoles were eaten by the fish. Removal of the trout resulted in a rebound in
R. muscosa populations.”'® In addition to feeding on native amphibian species, other
introduced species, such as the North American Bullfrog (Rana catesbeiana) may
carry infectious diseases, like chytridiomycosis (see below), which may spread and
threaten native populations. And finally, introduced amphibian species have been
known to hybridize with native species or outcompete them, in both cases threaten-
ing survival !

Ultraviolet B Radiation Exposure

The amount of ultraviolet B radiation (UVB) reaching the surface of Earth in recent
decades has increased as a result of human-caused depletion of the stratospheric ozone
layer (see section on UVB in chapter 2, page 60). UVB is potentially harmful to all life
because it can cause mutations in DNA, and experiments in amphibians have shown
that exposure to UVB can cause increases in embryo and larval mortality, skin dam-
age, and behavioral changes and can impair growth and development."? Some field
studies have shown UVB to decrease the viability of some amphibian species’ eggs,
but others have not. Why the results of these studies vary may be explained, at least in
part, by the variability in the amount of UVB the amphibians are exposed to, because
this amount depends on cloud cover, altitude (there is greater exposure at higher alti-
tudes), and the amount of dissolved carbon in the aquatic environments (which blocks
out UVB) where amphibians lay their eggs. Amphibians also vary in their ability to
deal with UVB exposure—some may sustain greater damage than others given the
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likely to be filled by precipitation (rather than by groundwater springs) and have less
buffering capacity than do permanent ponds. Acidification also increases the solubil-
ity of some toxic metals, such as lead, aluminum, and mercury, the last of which has
been found to bioaccumulate in some amphibian species, such as in the Northern
Two-Lined Salamander (Eurycea bislineata bislineata) in Maine.”

The Cricket Frog (Acris crepitans), once the most common amphibian in the
state of Illinois, has undergone a marked population decline in recent decades; it is no
longer found in Canada and is rarely seen in the Upper Midwest region of the United
States. By studying museum specimens collected over the past 150 years, scientists
were able to link an increased incidence in hermaphroditism (i.e., having both male
and female sex organs) in Cricket Frogs, both temporally and geographically, with the
presence of organochlorine compounds such as PCBs and DDT. They hypothesized
that these compounds may have acted to disrupt sexual development and reproduc-
tion.'® Cricket Frogs may also have suffered from periods of drought and cold win-
ters. Unlike some closely related species in these areas, which survive the winters by
burrowing underground, submerging under water, or producing antifreeze, Cricket
Frogs spend the winter in shallow, wet areas at the edges of wetlands. When it is too
dry or too cold, they cannot survive at the northern and western extremes of their
ranges, areas where much of their population losses have been found.

Poliutants may also be a cause of limb deformities in some frogs, making them
easier prey for such predators as herons and egrets. These deformities, found in
some sixty species of frogs, salamanders, and toads in forty-six states in the United
States, have been linked in some cases to infection by a trematode worm (Ribeiroia
ondatrae).”” Exposure to agricultural chemicals may make these infections more
likely to occur.

Two of the agricultural chemicals that may pose the greatest danger for amphib-
ians are the herbicides glyphosate (the active ingredient in Roundup) and atrazine.
Glyphosate is now the most commonly used pesticide in the United States, with a total
of about 40 million kilograms (around 44 million tons} applied on 20 million acres in
1999.” Roundup is highly toxic, when applied at manufacturer’s recommended con-
centrations. to three species of amphibians, Leopard Frogs (Raha pipiens), American
Toads (Bufo americanus), and Gray Tree Frogs (Hyla versicolor), killing g6—100 per-
cent of the larvae in test ponds after three weeks, and 68—86 percent of the juveniles
on land.” Given the rapid, worldwide increase in the use of this chemical to grow
some genetically modified crops, glyphosate’s demonstrated toxicity to some amphib-
ians, in the midst of a growing amphibian extinction crisis, should raise serious inter-
national concern.

Atrazine is the second most commonly used herbicide in the United States and
also one of the most used worldwide. At concentrations that were 400 times lower than
levels found in rainwater in some parts of the U.S. Midwest, and thousands of times
lower than those that can be present in agricultural runoff (less than one part per bil-
lion {1 ppb]. or 1 millionth of a gram of atrazine in a liter of water), atrazine was found
to promote hermaphroditism and impair sexual development in both African Clawed
Frogs (Xenopus laevis) and Northern Leopard Frogs (Rana pipiens).”*** And at some-
what higher concentrations, 4 ppb, which is still only 1 ppb more than the maximum
allowable level of atrazine in U.S. drinking water,”* atrazine resulted in embryo and
larval mortality in Streamside Salamanders (Ambystoma barbouri).”* When atrazine
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was mixed with minute concentrations (0.1 parts per billion) of eight other pesticides to
replicate conditions found in a typical Nebraska corn field, where multiple herbicides.
fungicides. and insecticides are generally used in combination, more than one-third
of the Northern Leopard Frog tadpoles exposed to the mixture died.? These findings
have been challenged by the agrochemical company Syngenta. the primary producer
of atrazine. But given that there may be no places in the United States where atrazine
levels are less than those shown to be toxic to X. laevis and R. pipiens, and that the
herbicide may affect pregnant women by causing their fetuses to grow more slowly
or by predisposing them to early deliveries,” the U.S. Environmental Protection
Agency's granting permission for the continued use of atrazine. and the review by its
Scientific Advisory Panel, especially in light of a ban on its use in France, Germany,
Italy, Sweden, and Norway, should be reconsidered.

Global Climate Change

In the case of the Western Toad described above, and other amphibians found in the
Cascade Mountains of the Pacific Northwest, reduced precipitation resulted in shal-
lower pond and lake depths where these amphibians lay their eggs and may have
contributed to high rates of mortality. This climate effect was thought to be a product
of an intense El Nifio event (a normal cycle of the Pacific Ocean in which water warms
near the Equator every three to seven years and disrupts weather patterns over a
broad expanse of countries bordering the Pacific and beyond). Mounting evidence
suggests that global warming, by further warming sea-surface temperatures around
the world, more so in eastern equatorial regions than in western ones, is likely to
create more El Nifio conditions on average and more extreme precipitation patterns
{floods and droughts).”**

Climate change may also affect amphibians by changing the timing of seasons
and. as a result, when a species will migrate and reproduce (see section on global cli-
mate change in chapter 2). In Britain, for example, the spawning time of the Common
Water Frog (Rana esculenta, also known as the Edible Frog because of the use of its
legs in cooking) and the breeding pond arrival time for the Common Newt (Trituris
vulgaris) have come significantly earlier over the seventeen-year period between 1978
and 1995. Such alterations may threaten populations by disrupting their relationships
with other species on which they depend. for example, those that constitute their food
supply or their predators or competitors, all of which may change the timing of their
own biological cycles, but by differing amounts.">’

The impacts of global climate change on amphibians have been perhaps more
thoroughly explored in the cloud forests of Central America, particularly the
Monteverde Cloud Forest Preserve in Costa Rica (which contains 10500 hectares,
or about 26,000 acres), than anywhere else. Here, all forested regions have warmed
significantly—from 1975 to 2000, by 0.18 degrees Celsius (032 degrees Fahrenheit),
on average, per decade. The warming has resulted in a raised height for cloud for-
mation (also caused by deforestation in the lowlands surrounding the mountains);
shifts in the habitat occupied by populations of birds. reptiles, and amphibians,
with some species moving up the mountains to occupy new ranges that meet their
biological needs (some organisms that already live at the very top of the mountains
have nowhere to go); increased cloud cover from larger amounts of water vapor in the
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atmosphere secondary to the warming and to particulate air pol-
lution from upwind urban populations; and alterations in daytime
and nighttime temperatures. These climate-induced changes are
thought to have created favorable conditions for the pathogenic
fungus Batrachochytrium dendrobatidis to thrive, contributing to
the deaths of some amphibian species in Monteverde, and perhaps
in other parts of Central and South America.”’ The Golden Toad
(Bufo periglenes) was last seen in 1989 and is presumed extinct
(see figure 63). Its bright orange image has become an icon for
amphibian extinctions.*

The Harlequin Frog (Atelopus varius) was thought to be
extinct, with reports that it had not been seen since 19g6. But

Figure 6.3. Male Golden Toad (Bufo periglenes). The Golden Toad,

whose range was limited to the cloud forests of Monteverde, would : :
gather by the hundreds in pools during mating season. In 1989, only range, three live A. varius adults were found. Other A[EIOPHS spe-

in 2003, at a site in Costa Rica within its known geographical

a single male Golden Toad seeking a mate was found. The speciesis  cies once thought to be extinct have also been found *** Although
now believed to be extinct, because no individuals have been seen

discoveries tend to instill hope that these species m -
since that time. (© |.W. Raich/lowa State University.) such re pe p SERRLSED

vive, the reality is that they are still considered to be Critically
Endangered and perilously close to extinction.

Figure 6.4. Female Harlequin Frog (Atelopus varius) Showing Warning Colors. The Harlequin Frog, thought to be extinct, was rediscovered in

Costa Rica in 2003. As a group, however, more frogs of the genus Atelopus are thought to have gone extinct than those belonging to any other
amphibian genus. Several members of this genus contain toxic alkaloids, like the tetrodotoxins, that have potential human medical uses (see

page 214). (© Michael and Patricia Fogden, www.fogdenphotos.com.)
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Of some 117 species of Atelopus frogs that live in the tropics of Central and South
America, at least thirty have been missing from all their known habitats for periods
of eight years or more and are presumed to be extinct. Only ten Atelopus species have
stable populations.®® All of the extinctions may involve the chytrid fungus B. dendro-
batidis. An important threshold seems to have been passed in the late 1980s when mass
mortality among frogs and toads of the American tropics seems to have begun.*

Infection

Chytrids are ubiquitous fungi that are found in aquatic habitats and moist soils. They
are believed to be among the most ancient of the fungi; the oldest fossils of fungi that
have been found are chytrid-like organisms. Those species that are parasitic infect
mainly plants, algae, protists, and invertebrates. The chytrid Batrachochytrium den-
drobatidis, which has been implicated in the deaths of amphibians around the world
from the disease chytridiomycosis, an infection of the most superficial layers of the
amphibian skin, is the only chytrid known to parasitize vertebrates. First discovered
in 1998 in dead amphibians in Australia and Panama, B. dendrobatidis has been
linked to the decline of some ninety-three amphibian species worldwide, with com-
pelling data to suggest that the fungus was the immediate cause of these declines (see
www.jcu.edu.au/school/phtm/PHTM/frogs/chyglob.htm). The fungus is lethal to
amphibians most likely because, as it grows on skin, it interferes with the skin’s vital
functions, including respiration and the exchange of fluids. The fungus can also grow
in the mouths of tadpoles and obstruct their feeding.

The sudden appearance of lethal chytridiomycosis from B. dendrobatidis in
amphibians over the past ten to twenty years has suggested to some that it is an
emerging infectious disease, invading new habitats and exposing amphibians that
have little or no immunity to it.**¥ Supporting this theory is the observation that
outbreaks of chytridiomycosis seem to affect amphibians as if the outbreaks were
spreading from one area to the next over time.”® One hypothesis is that B. dendroba-
tidis is being introduced by some amphibian species that carry the fungus without
showing signs of disease, such as the African Clawed Frog (Xenopus laevis, used
extensively in biomedical research {see chapter 5. page 193] and as an early preg-
nancy test [female frogs injected with the urine of pregnant women ovulate])* and
the American Bullfrog (Rana catesbeiana), which is used as a food source.*® They
are thought to be among the agents for spreading the disease to other amphibians in
new habitats. People, including researchers, have also been implicated in the spread
of the pathogen, carrying it into previously B. dendrobatidis-free environments. A
recent study has shown that in one area where there had been no chytridiomycosis.
El Copé in Panama, the fungus had an extremely rapid spread over a four-month
period in 2004, during which time amphibian abundance decreased by more than so
percent, and thirty-eight frog species (some 57 percent of the total number at this site)
were infected. Temperature and rainfall patterns at the site during this epidemic were
apparently similar to those found in long-term records.*®

As with other contributors to amphibian declines, how much chytrid fungi have
affected amphibian populations remains controversial, because some species, and in
some instances even different populations of the same species, may not be affected
when the fungi infect them. Some antimicrobial peptides found in frogs’ skin, such as
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THE ALKALOID TOXINS

Tropical frogs belonging to the family Dendrobatidae are commonly referred to as
poison-dart or poison-arrow frogs. This designation, however, is not strictly correct,
since only three species, all belonging to the genus Phyllobates and all found in the
Choco region of western Colombia in South America, have been used to coat blow
gun darts, employed by native tribes to hunt birds and mammals, and only these
three contain the highly toxic batrachotoxin alkaloids in sufficient concentrations to
be used as dart poisons (see section below on batrachotoxin, page 220). Of the other
frog species in the family Dendrobatidae, only eighty or so that belong to the genera
Dendrobates, Minyobates, Epipedobates, and Phyllobates contain alkaloids. None of
these frogs is as toxic as the three true poison-dart frogs; their alkaloids are either
much less toxic to begin with or are present in lower concentrations. But these com-
pounds still serve as powerful deterrents to predation, because they have a bitter taste
and cause unpleasant effects in the mouths of predators. Some of the dendrobatid
frogs are threatened by habitat destruction or by disease, and as a result, restrictions
to their collection have been widely adopted under the Convention on International
Trade in Endangered Species of Wild Fauna and Flora (or CITES—see appendix
B). Nevertheless, by using samples that were, in most cases, collected before these
restrictions were put into place, researchers have identified more than 8oo alkaloids
from more than fifty species of these frogs.”

Dendrobatid frogs raised in captivity, it turns out, cannot synthesize alkaloids by
themselves. Rather, they must acquire the building blocks for these compounds from
their diets, in large part from alkaloid-containing ants, mites, beetles, and millipedes.***
After ingestion, the alkaloids are stored in the granular glands of the amphibian skin
and, in at least one case, can be made more toxic through chemical tinkering by the
frog.*® Other amphibians also possess such alkaloids in their skins—Mantella frogs
from Madagascar, Melanophryniscus toads from South America, and Pseudophryne
frogs from Australia (these Australian frogs, in contrast to the dendrobatids, actually
do synthesize one class of their alkaloids). Toxic alkaloids have also been found among
the highly endangered Harlequin Frogs of the genus Atelopus (see the discussion above
on widespread extinctions of Atelopus frogs), including tetrodotoxin, chiriquitoxin, and
more recently, zetekitoxin AB, a potent sodium-channel blocker (see page 220), found in
the Panamanian Golden Frog (Atelopus zeteki),”' which is nearly extinct in the wild.?

Numerous alkaloids have been identified, such as the pumiliotoxins and epibati-
dine, that have potential as, or may serve as models for, important new medicines.

The Pumiliotoxins

The first two pumiliotoxins were isolated from the Panamanian Poison Frog
(Dendrobates pumilio). Nearly 100 pumiliotoxins and many other compounds similar
in structure, namely, the allopumiliotoxins and the homopumiliotoxins, have been
discovered in frog skin extracts. They have been considered as possible medicines for
strengthening the contraction of the heart, due to their effects on the flow of sodium
and calcium across membranes.*? To date, however, this has not been pursued because
of their toxicity. Synthetic modification of these compounds, however, could create
effective derivatives with lower toxicity.
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(Bombina variegate). But research to find other antimicrobials from amphibians did
not begin in earnest until Michael Zasloff reported in the late 1980s a new class of
antimicrobial peptides, the magainins, found in the African Clawed Frog (Xenopus
laevis: see figure 6.9 for a photo of Xenopus laevis and page 222 for a discussion
about its importance to biomedical research). During the same period, working at the
University of Rome “La Sapienza,” Vittorio Erspamer was isolating a large number
of bioactive peptides from frogs of the genus Phyllomedusa. In the last two decades,
more than 200 antimicrobial peptides from a total of six “structural families” of pep-
tides have been found in the skin of a wide variety of frogs and toads, and numer-
ous analogues based on these naturally occurring peptides have been synthesized.”
The diversity and potency of these compounds should come as no surprise, given the
great variety of habitats in which amphibians live, the great diversity of pathogenic
microbes found in these habitats, and the marked vulnerability of amphibians to skin
infections, given that their skin functions not only as a protective barrier but also as a
regulator of the passage of both water and electrolytes. We describe here the magain-
ins from Xenopus and antimicrobials from the frog Phyllomedusa sauvagei.

Magainins

The magainins found in the skin and the gastrointestinal tract of Xenopus laevis are
broad-spectrum antimicrobial agents that have an affinity for bacteria, binding to
acidic phospholipids (fatty-acid—containing compounds that are major components
of all biological membranes) on the surfaces of bacterial membranes. Magainins kil
both Gram-negative and Gram-positive bacteria by making their membranes more
permeable, thereby causing them to break apart. Remarkably. they also are lethal
to some pathogenic fungi and protozoa, but they do not kill mammalian cells, with
the possible exception of certain cancer cells that have been harvested from humans
and mice.*

A synthetic derivative of magainin called pexiganan has successfully completed
phase I1I clinical trials for the treatment of infected diabetic foot ulcers, demonstrat-
ing both efficacy and safety in treating infection and promoting wound healing.
However, its commercial development has been delayed because of requests by the
U.S. Food and Drug Administration (FDA) for additional studies.*” Pexiganan is also
being investigated for the treatment of other bacterial infections, including those lead-
ing to septic shock.*®

Dermaseptins

South and Central American leaf frogs of the genus Phyllomedusa produce skin secre-
tions that contain, according to Vittorio Erspamer. a “huge factory and store-house of a
variety of (biologically) active peptides.” Among these are antimicrobial compounds
called the dermaseptins, five of which have been isolated from the skin of the frog
Phyllomedusa sauvagei, which inhabits the Chaco (dry prairie) regions of Argentina,
Brazil, Bolivia, and Paraguay.

In the lab, dermaseptins are obtained from live frogs (as is also now the case for
other amphibian skin compounds) by gently squeezing skin glands on their backs,
washing off the secretions, and isolating the molecules. The dermaseptins have
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from batrachotoxin are currently being investigated, the compound has been used to
test the action of various anesthetic, anti-arrhythmic, and anticonvulsant drugs on
sodium channels, thereby leading to safer, more effective medications.”

REGENERATION

Amphibians of the order Urodela, which includes newts and salamanders, unlike
nearly all other vertebrates (with the notable exceptions of Zebrafish and the lab-bred
MRL mouse described in chapter 5), are capable as adults of regrowing tissues, such
as heart muscle and nerve tissue in the spinal cord. and even organs, such as complete
limbs, jaws, and tails.””’

The first serious examination of urodele regeneration was made by the Italian
priest and scientist Lazzaro Spallanzani, who published An Essay on Animal
Reproduction in 1768, describing his experiments with limb, tail, and jaw regenera-
tion in aquatic salamanders. A great deal has been learned since Spallanzani’s early
experiments. After a urodele’s limb is severed, the cells at the limb’s stump do a most
extraordinary thing: They revert from being specialized cells to more generalized.
dedifferentiated cells that are capable of reproducing the limb that has been lost (see
“Regeneration Research™ in chapter 5, page 187). In a urodele, following the loss
of a limb, an entirely new one, almost indistinguishable from the original, can be
grown in approximately three months’ time. Injured spinal cords have been shown
to heal in even less time. Studies with adult Eastern Spotted Newts (Notaphthalmus
viridescens) demonstrate that in as little as four weeks, enough of the spinal cord has
regrown that the newts recover their ability to swim, although complete regeneration
of the spinal cord structure and all its connections may take as long as two years.”

Many genes have been identified that control this process, for example, the same
genes that have been identified in Zebrafish known as fgf20 and hsp6o and that are
also present in people,” although application of this knowledge has yet to be realized.
What these findings have made clear is that regeneration is an evolutionarily ancient
process and that it occurs in different ways in different species.”” Of all the organisms
known to be capable of regeneration, with the exception of the MRL mouse, urodele
amphibians are the most closely related to us, and thus they may offer our best hope
for understanding how we may be able to unlock our own latent ability to regenerate

lost cells, tissues, and perhaps even organs.®*

EARLY EMBRYONIC DEVELOPMENT

Amphibians have been at the center of research into the very first stages of animal
development since the early nineteenth century. In the 1820s, the Italian scientist
Mauro Ruconi and German scientist Karl Ernst von Baer used the embryos of vari-
ous frog species, including the Common European Frog (Rana temporaria) and the
Edible Frog (Rana esculenta), to investigate how these organisms (and, as it turns out,
all animals) progress from single cells to a ball of cells, having a central cavity, known
as a blastula. By the end of the nineteenth century, at least a dozen other amphibian
species—notably the Fire-Bellied Toad (Bombina bombina)—would be used to fig-
ure out the complex developmental processes that occur during these earliest stages
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as keeping bears in small cages and milking their gall bladders for bile, often through
open wounds.

Polar Bears are at great risk because they face a variety of environmental
assaults. Some scientists predict that they, the largest carnivores on land (with males
reaching 2.5 meters [more than 8 feet] in height from nose to tail, and up to 11 feet if
one measures them standing on their hind legs, and weighing as much as 600 kilo-
grams [more than 1,300 pounds]), will be extinct in the wild by the end of the twenty-
first century, and perhaps even earlier, due to disappearance of the Arctic sea ice upon
which they depend.®® Like other bears, Polar Bears are threatened by habitat loss.
They are also killed by hunters, both for their meat (for human consumption and for
dog food) and to make rugs and clothes, and by trophy hunters, who pay $20.000 or
more for the chance to shoot a Polar Bear. While such hunting is tightly regulated
by the United States and Canada (though banned in Norway), there is concern that
overhunting may be threatening Polar Bear populations in some areas, such as Baffin
Bay (between Canada and Greenland), parts of the Chukchi Sea (north of the Bering
Strait, between Siberia and Alaska), and parts of Russia.*’ Polar Bears are especially
threatened by the accumulation of high concentrations of pollutants in their tissues
and by global warming. In addition, because of increasing oil and gas exploration and
transport in the Arctic, they may be exposed to a greater number of oil spills into the
marine environment and to habitat alteration from increased shipping.

POLLUTANTS

Organochlorines—for example, PCBs; polybrominated diphenyl ethers (flame retar-
dants known as PBDEs. most of which originate from the United States); perfluoro-
alkyl substances (e.g., perfluorooctanoic acid and perfluorooctane sulfonate. called.
respectively, PFOA and PFOS), which are used in fire-fighting foams. stain repel-
lents, lubricants, and the manufacture of Teflon; and some pesticides—accumulate
in the fatty tissues of marine organisms and become progressively more concentrated
up the food chain.® These compounds are being found in increasing concentrations
in the Arctic, carried there, it is believed, by currents and northbound winds. largely
from industrialized regions of North America and Europe, and perhaps also by the
excreta of birds such as Northern Fulmars (Fulmarus glacialis, a gull-like bird of the
North Atlantic).” Because Polar Bears are at the top of the marine food chain. they
tend to be exposed to very high levels of these pollutants. PBDE1s53, for example, a
PBDE congener (there are 209 different congeners. or molecular forms, of PBDE),
was seventy-one times more concentrated in Polar Bears than it was in Ringed Seals.
their main food, biomagnifying to the same degree as PCB congener PCB194.” The
persistence of organochlorines in Polar Bears, however, varies—some are metabo-
lized in the bears’ livers into harmless substances, while others reach high levels in
vital organs during the long periods of fasting that accompany denning.

Especially high levels of pollutants have been found in Polar Bears living in and
near the region of the Kara Sea, into which drain several rivers carrying industrial
wastes from western Siberia.” Recent studies indicate that PCB exposures (and per-
haps those from other toxic substances as well) are already having significant biologi-
cal impacts—including (1) immune system defects, as evidenced by reduced levels of
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antibodies in populations of Canadian and Svalbard Polar Bears (the Svalbard islands
lie to the east of Greenland and just west of the Kara Sea, above the Arctic Circle),*
(2) impaired bone mineral formation (in East Greenland Polar Bear populations) from
higher blood concentrations of organochlorines,” and (3) effects on hormonal systems
(in Svalbard bears), with levels of cortisol, progesterone, estrogen, testosterone, and
thyroid hormone changing in association with exposure to toxic chemicals.” * In lab-
oratory studies, alteration of these hormones can lead to disturbed growth patterns,
reproductive failure, and weakened immune systems that leave the bears at greater
risk of disease and death. Pollutants such as PBDEs may also be causing increased
rates of hermaphroditism that seem to be present among Svalbard Polar Bears.*

GLOBAL CLIMATE CHANGE

Of all the threats to Polar Bear survival, however, global warming is the greatest. Over
the past three decades, the thickness of Arctic sea ice has been reduced by approxi-
mately 15 to 20 percent as a result of such warming, with some areas showing reduc-
tions of up to 40 percent. Predictions are that the pace of this melting will quicken in
coming years, as Arctic temperatures are expected to rise by as much as 4 to 7 degrees
Celsius (7—13 degrees Fahrenheit), about twice the amount that the planet as a whole is
expected to warm, by the year 2100.” In Siberia and Alaska, temperatures have already
warmed by 2 to 5 degrees Celsius in the past fifty years, melting permafrost and plac-
ing great stresses on wildlife, human populations, and ecosystems in these areas. The
melting of Arctic ice reduces Polar Bears’ access to their main prey. Ringed Seals (Phoca
hispida) and Bearded Seals (Erignathus barbatus), which can then more easily avoid
capture, because there is more open water for them to surface for air.** Such conditions
have already resuited in nutritionally stressed Polar Bears in the most southern-based
populations, such as those that live in Canada’s western Hudson Bay, leading to higher
mortality, particularly for cubs. and lower reproductive success for females. Populations
have fallen by 22 percent from 1987 to 2004 in this region. the first ever documented
decline.® Further, hungry bears are more likely to seek alternative food sources. increas-
ing the incidence of human—bear interactions that may lead to their being killed. And
while Polar Bears can swim for many miles—to hunt for seals and to move from one
ice sheet to another—the rapidly increasing areas of open water in the Arctic may be
causing the observed increase in the number of drowned Polar Bears.”

Other species. such as Ringed Seals (Phoca hispida). which depend on intact
ice sheets for foraging and for giving birth to and rearing their young (see page 68 in
section on Global Climate Change in chapter 2), and some migratory bird populations
are also thought to be at risk from the melting of Arctic ice. And warming may expose
Ringed Seal pups to greater levels of predation, as the roofs of their snow dens are
more likely to collapse. The loss of Ringed Seals, a major food source for Polar Bears,
will further compromise their survival '*

The loss of Polar Bears, as well as other denning bears, not only deprives us of
these magnificent creatures but also results in the loss of potential medicines and
prime biomedical research models for understanding and treating several human dis-
eases that cause much human suffering and large numbers of deaths worldwide, such
as osteoporosis, kidney failure, and diabetes types 1 and 2.
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Figure 6.10. Mother and Cub Polar Bears on Ice Floes Separated by Large Areas of Open Water. Open water reduces polar bears’ ability to hunt
seals and leads to drownings. (© 20062 Tracey Dixon, www.trp.dundee.ac.uk/~spitz.)

Figure 6.11. Ringed Seal Pup. The Ringed Seal
{Phoca hispida), made up of five subspecies,
is the most numerous and widely distributed
marine mammal in the Arctic. Like the bears,
which depend on these seals for food, Ringed
Seal populations are under pressure from
overharvesting, pollution, and the melting
of Arctic ice from global warming. (© B&C
Alexander.)
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extract from denning bears that inhibits the activity of osteoclasts, the cells that
are involved in the normal process of bone breakdown, and stimulates cells called
osteablasts that form new bone, and others called fibroblasts that form new cartilage.
This extract has also been shown to reverse bone loss in rats that had their ovaries
removed, simulating a postmenopausal state in humans.

Osteoporosis is a major public health problem worldwide, particularly
among postmenopausal women, the inactive elderly. and paralyzed and bed-rid-
den patients. Although calcium and vitamin D supplements and regular physi-
cal exercise reduce the rate of bone loss, and some medications can act to inhibit
bone breakdown and stimulate bone formation, osteoporosis afflicts ten million
people in the United States alone, with an additional thirty-four million people
who have reduced bone mass, a condition called osteopenia, at risk for the disease.
It causes 1.5 million bone fractures and 70,000 deaths each year and costs the
U.S. economy more than $18 billion (in 2002 dollars)." and the world economy
more than s130 billion annually in direct health care costs and lost productivity.'”’
Worldwide, there are an estimated 740,000 deaths each year from hip fractures
(1990 data), most of which are the result of osteoporosis, and by the year 2050.
estimates are that there will be more than 6 million hip fractures globally each
year from osteoporosis.'”®'” Understanding why denning bears do not get osteo-
porosis in spite of their having so many of the major risk factors, and isolating the
compounds responsible could lead to new treatments and preventive measures for

this disease.!'?

RENAL DISEASE

Denning bears do not urinate for five months or more, and yet they do not suffer tox-
icity from the buildup of urinary wastes. Humans unable to rid themselves of these
wastes for periods lasting only a few days cannot survive. While patients with kidney
failure can partially reduce their blood levels of urea, the main urinary waste, by
restricting their dietary protein intake (it is the breakdown of proteins that produces
urea), ultimately almost all of them progress to end-stage renal disease (ESRD), for
which the only treatment is dialysis (using filtering machines that act as external kid-
neys to rid their blood of urea) or kidney transplantation. In the United States, more
than 80,000 people with ESR D die annually (2003 figures), with a cost to the economy,
for treatment and lost productivity, for both public and private expenditures, of more

1

than $27 billion (in 2003).!"" Renal failure is also a major public health problem world-

wide, with an estimated 1.5 million people receiving treatment for ESRD in 2001,
with middle-of-the-road estimates that this figure could climb by 2030 to somewhere
between seven and fourteen million."”

Denning bears form urine, but it is completely reabsorbed by their bladders
back into their blood streams,* and the urea is recycled back into amino acids that
form new proteins."*"* Ralph Nelson and his team have isolated an extract from the
blood of denning bears that has been shown, when tested in nondenning bears and in
guinea pigs, to stimulate such urea recycling.

If we could increase urea recycling in humans using insights and medicines

derived from denning bears, not only might we be able to find treatments for ESRD,
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but we might also be able to help large populations of starving people around the
world reduce their protein wasting, one of starvation’s most devastating and lethal
effects, by stimulating recycling of their urea back into protein.

DIABETES TYPES 1 AND 2
AND OBESITY

The unique energy metabolism of fats and carbohydrates in denning bears may also
hold clues for more effective treatments for diabetes types 1 and 2 and for obesity.

Denning Black Bears have low blood levels of insulin, as do people who suf-
fer from type 1 diabetes (also called juvenile-onset diabetes) who are unable to pro-
duce enough insulin to control the amount of sugar in their blood.'"” But unlike type
1 diabetics, denning bears do not develop the consequences of inadequate insulin—
high blood sugar concentrations, dehydration, and a condition called ketoacido-
sis.''® Ketoacidosis is a toxic state where circulating levels of ketones, products of fat
metabolism, are high. Studies have confirmed that denning Black Bears keep their
blood glucose levels normal despite not having enough circulating insulin, because
their cells have greater sensitivity to the effects of insulin."® Ketoacidosis also does
not occur, because free fatty acids, rather than being metabolized into ketones, are
instead recycled back into triglycerides."® Within these complex pathways in the den-
ning Black Bear, there may be found new approaches for treating type 1 diabetes
mellitus.

Free-ranging wild Polar Bears, by contrast, have been shown to be insulin-re-
sistant, with fat bears (e.g., those ready for denning) having higher concentrations
of insulin and higher levels of insulin resistance, than thinner bears.'”® In humans,
insulin resistance is also correlated with obesity. With the recent epidemic of obe-
sity, particularly in countries such as the United States, where about one-third of
all adults were considered obese in a study done in 2004,'*' there is an associated
epidemic of type 2 diabetes, an illness characterized by insulin resistance, with or
without impaired insulin secretion.

Type 2 diabetes affects an estimated 15.7 million people in the United States,
almost 6 percent of the population, with some 800,000 new cases diagnosed each
year. It was either the underlying cause of death, or contributed to the death, of some
224,000 people in the year 2002.""'?2 The American Diabetic Association has esti-
mated that diabetes, both type 1 and 2, cost the U.S. economy around 91 billion in
the year 2001. Worldwide in 2002, according to the World Health Organization, there
were some 150 million cases of type 2 diabetes, although other estimates (e.g., by the
International Diabetes Foundation) have put this figure as high as 194 million (2005
estimate). Almost all diabetes cases are type 2 diabetes, in both developed and devel-
oping countries alike.

Under normal conditions in people, fat and carbohydrates compete as fuels for
energy metabolism, with the contributions that each makes primarily determined
by the availability of carbohydrates and by insulin levels. Following a carbohydrate-
rich meal, the level of insulin rises, promoting the storage and metabolism of car-
bohydrates and restricting the release and subsequent metabolism of fat molecules
from body stores. Conversely, when the dietary supply of carbohydrates is scarce
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Figure 6.16. Javan Gibbon (Hylobates maoloch).
The Javan Gibbon, also known as the Silvery
or Moloch Gibbon, or in Indonesian as owa
jawa, is found only in tropical rainforests in
the western and west central parts of the
island of Java in Indonesia, It is estimated that
there are fewer than 2,000 individuals in the
wild, the result of a loss of 98 percent of their
natural habitat from deforestation for logging,
farming, and human settlement, and from the
capture of infants (with the associated killing
of the mothers) for the illegal pet trade. Javan
Gibbons are listed as Critically Endangered.
(® Erni Thetford.)

Figure 6.17. Borneo Orangutans (Pongo pygmaeus)—Mother, Father, and Son. The Borneo Orangutan (in the Malay language, orang-utan means
“man of the forest”) is found in tropical, swamp, and mountain forests on the island of Borneo in Indonesia, and in Malaysia, Human activity
has greatly reduced the numbers of P. pygmaeus in the wild, and it is now classified as Endangered by the IUCN. (© Karl Ammann, karlammann.

com.)
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fallen by more than 50 percent in the past twenty years. Based on these figures, the
23-member survey team, representing a broad range of research institutions and con-
servation organizations, predicted that gorilla and Chimpanzee populations would
crash by an additional 8o percent in the next thirty-three years, causing them to rec-
ommend that these apes’ threat statuses be changed immediately from Endangered,
where it is now, to Critically Endangered."

Figure 6.18. Map Comparing Ancient and Present-Day Great Ape Ranges in Africa. Ten thousand years ago, Chim panzees are thought to have
occupied a broad unbroken area of West—Central Africa, stretching from Tanzania to Senegal; gorillas were distributed in a continuous band from
Tanzania to Angola, and Bonobos were found in a large area in what is now the Democratic Republic of Congo. Today, the ranges and numbers
of each of the Great Apes have been markedly reduced and broken up into population islands, separated from one another, where various
subspecies have evolved. (© National Geographic Image Collection.)
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Gorillas

Although scientists continue to debate the details of how many gorilla species and
subspecies there are, most recognize two distinct species—the one most often seen
in zoos, Gorilla gorilla, and Gorilla beringei. G. gorilla lives in lowland forests of

[F WE DON'T DO SOMETHING RADICAL,
GORILLAS AND CHIMPANZEES WILL BE
EFFECTIVELY EXTINCT FROM WESTERN
EQUATORIAL AFRICA WITHIN THE NEXT
10 YEARS.... PEOPLE WILL SAY IN 10-20
YEARS, THESE GUYS—THEY KNEW THIS
WAS COMING AND THEY DIDN'T DO

ANYTHING.

—Peter Walsh

equatorial West Africa and likely has two
subspecies: Gorilla gorilla gorilla and Gorilla
gorilla diehli. G. beringei lives in eastern
Central Africa and has one subspecies,
Gorilla beringei graueri that lives in lowland
areas, and a second, Gorilla beringei beringei,
that lives in the mountains. Although precise
figures for gorilla populations are difficult
to obtain. the best recent estimates of popu-
lation size put the number of western goril-
las at around g5,000 and eastern gorillas at
around 17500, with Mountain Gorillas (G.
beringei beringei) numbering only a scant

600 to 700 or so (this estimate includes what
some primatologists have included as a separate subspecies. the Bwindi gorilla).
These numbers are several years old, however, and may be significant overestimates,

132

Figure 6.19. Mountain Gorilla (Gorilla beringei beringei). Mountain Gorillas have been one of the most endangered animals in the world due to
habitat loss, poaching, and war, but conservation efforts have begun to reverse this trend somewhat. (© Martin Harvey.)
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at least for the lowland gorillas (G. beringei graueri). given recent observations of
significant population declines. But Mountain Gorillas seem to be doing well, with
their populations steadily climbing."®* These increases give hope that with sufficient
protection, which the Mountain Gorillas have received, conservation measures can
be successful.

Gorilla populations are dwindling under the strain of several human activities.
First among these is forest habitat destruction, driven by commercial logging, and
increasing rates of forest conversion—to cropland, to pasture for livestock, and to
sites for the extraction of minerals and petroleum—all of which come with the con-
struction of new roads that further erode forest integrity. Commercial enterprises
bring with them large numbers of outside workers, increasing pressures on the local
food supply that can increase demand for primate, including gorilla, meat. As men-
tioned in chapter 2 (see page 43), the hunting of gorillas and other bushmeat has been
going on for millennia. One reason that this hunting now poses such a major threat
to gorilla survival is that modern hunters have more sophisticated weapons. Most
important, however, they also have access to previously impenetrable sections of for-
ests, thanks to new roads. This has resulted in an explosion of bushmeat commerce,
particularly in the big cities of Central Africa. In these markets, primate meat (and
that of other exotic animals, such as elephants) commands high prices, whether it is
bought as food or for use in traditional medicines, some of which purportedly endow

Figure 6.20. Murdered Gorilla Family. Because gorillas are often together as families, it is not difficult to slaughter them for bushmeat, all at the
same time. (© Karl Ammann, karlammann.com.)
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consumers with extra strength, sexual potency, and magical powers. In addition, a
depletion of fish in the ocean off the coast of West Africa, the result of overexploitation
by heavily subsidized European Union fleets, is thought to be forcing West Africans,
deprived of this major protein source, to hunt more land animals, including primates,
for food."*

War and conflict also has the potential to threaten gorilla and other primate
populations. The 1994 Rwandan genocide, for example, resulted in hundreds of thou-
sands of refugees (both Tutsis and Hutus), who fled through gorilla-forested habitat,
felling trees for fuel and poaching animals along the way, including gorillas."*® They
also laid thousands of landmines, which endanger wildlife as well as people. Recent
strife in the Democratic Republic of Congo (DRC) has seen heavily armed soldiers,
encamped in forested areas where gorillas are found, hunting them for food. But
despite these threats, one community of eastern Lowland Gorillas in the DRC has sta-
bilized" and may even be growing, largely, it is believed, because of the courageous
efforts of guards in the Kahuzi-Biega National Park, who have successfully driven
off rebel armies and poachers. And Mountain Gorillas in the Virunga Volcanoes Park
seem to have largely weathered the Rwandan Civil War."*!*

A final hazard to gorillas (and to Chimpanzees) comes from the Ebola virus.
While the dynamics of the disease caused by this virus, Ebola hemorrhagic fever,
are still not completely understood, the finding of symptomless Ebola infections in
three different bat species—Hypsignathus monstrosus, Epomops franqueti, and
Myonycteris torquata—all of which have ranges that overlap where the outbreaks
among great apes and humans have occurred, suggests that they may be serving,
perhaps along with other bats and other animal species, as Ebola virus reservoirs
in the wild."* Ebola virus is thought to be capable of spreading between monkeys
and apes, among great apes, and from apes to people."* In one recent study, Ebola
infections were found to be the apparent cause of a reduction in gorilla populations
by 50 percent between 2002 and 2003, and in Chimpanzee populations by almost go
percent during the same period, in an area of the Republic of Congo,"! making Ebola
a possible rival of hunting as a threat to apes in this region.

Chimpanzees and Bonobos

There are two species of chimpanzees—Pan troglodytes, the most familiar species
known simply as the Chimpanzee, and the Bonobo, Pan paniscus, formerly known
as the Pygmy or Gracile Chimpanzee. In this chapter, we will refer to P. troglodytes
as Chimpanzees, with a capital C, and P. paniscus as Bonobos. As with gorillas,
appraising the size of Chimpanzee and Bonobo populations has proven difficult,
but no one doubts that both have dropped significantly in recent decades and that
both are in great peril. The IUCN lists them both, perhaps too optimistically, as
Endangered.

As many as four subspecies of Pan troglodytes may live in the wild, with a
total population of between 150,000 and 250,000 in western, central, and eastern
Africa. There are no recognized subspecies of Bonobos, which are thought to number
between 20.000 and 50,000.' The same forces that threaten the survival of gorillas
threaten Chimpanzees—Ioss of forest habitat, bushmeat hunting, and infectious dis-
eases such as Ebola. In addition, there was a report of an anthrax epidemic in the Tai
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Figure 6.21. Orphaned Adolescent Chimpanzee
(Pan troglodytes) Male. (© Karl Ammann, karl-

ammann.com.)

National Park in the Céte d Ivoire that killed at least six Chimpanzees of the subspe-
cies Pan troglodytes versus in late 2001 and early 2002."” While it is unclear how these
Chimpanzees became infected, it seems likely that the bacterium that causes anthrax
(Bacillus anthracis), like the viruses that cause Ebola and HIV (see chapter 7), may

spread to humans following exposure to infected apes and other primates hunted
for bushmeat. Bonobos, found only in the DRC, are also particularly vulnerable to
hunting, including in Salonga Park, the only area where Bonobos are protected, at
least in principle. Here, rebel gangs, heavily armed and hungry, have settled. While
Chimpanzees are highly threatened by hunting, habitat loss, and infectious disease,
most primatologists give them the best chance of any great ape of surviving the twen-
ty-first century in the wild."”
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Jonas Salk developed a polio vaccine using tissue cultures from monkey kidneys, and
Albert Sabin used monkeys and Chimpanzees in his search for attenuated strains of
naturally occurring polio virus, which eventually led to the highly effective oral polio
vaccine. In addition to polio, other human infectious diseases such as yellow fever,
measles, and rubella (German measles) have all depended on primate research for
advances in understanding and preventing them.

Hepatitis C

Approximately nine million people in the United States and Europe and 200 million
worldwide are infected with hepatitis C virus. Those using shared needles to inject
drugs are at greatest risk of infection. Since the development of a screening test to
detect antibodies to the virus in blood in the 19gos, hepatitis C is now rarely spread
by blood transfusions. However, in some parts of the developing world, the reuse of
contaminated medical equipment and inadequate blood donor screening contribute to
high rates of hepatitis C infection.'*’

As many as one-fourth of those initially infected are able to rid their bodies of the
virus, but most people develop a chronic infection, and of these, about 10 to 20 percent
progress after a few decades to cirrhosis of the liver (the replacement of normal liver
tissue by scarring as a result of injury or disease), and some to liver cancer or liver
failure."** Current medicines are expensive, have significant side effects, and do not
cure hepatitis C infections. The enormous variation in strains of the virus—it has 11
genotypes and 100 subtypes—and the ability of the virus to easily mutate have thus
far thwarted the development of a vaccine."® As a result, hepatitis C infection has
remained a leading cause for the need for liver transplantation worldwide.

Chimpanzees are the only known animals other than humans that can be infected
with the virus, so much of what in known about the molecular biology of hepatitis C
infections and the immune responses toit comes from studies involving Chimpanzees."**
Several promising approaches have emerged from preliminary investigations of vac-
cines in Chimpanzee subjects,*'"” but to date, no effective vaccine is available.

Hepatitis B

The hepatitis B virus is transmitted in the same ways as the hepatitis C virus—Dby
contact with the blood or body fluids of an infected person. Only about 10 percent of
those infected develop a chronic infection, but they are at great risk for cirrhosis of
the liver and liver cancer."® Hepatitis B infection is an enormous global public health
problem, with 400 million people chronically infected and around 500,000 deaths
globally per year."*”

A vaccine, developed using nonhuman primates (White-Moustached Marmosets
[Saguinus mystax). Grivet Monkeys [Cercopithecus aethiops], and Chimpanzees),
has been available for more than twenty years, but it is insufficiently used. espe-
cially in the developing world, and 10 percent or so of adults given the vaccine fail
to respond. Hepatitis B viruses are found in a variety of mammals and birds, but
only Chimpanzees and Rhesus Monkeys, as far as we know, can be infected with the
types of hepatitis B that infect humans."*® Furthermore, Chimpanzees show evidence
of liver damage following infection by hepatitis B, and they demonstrate circulating
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antibodies and cellular immune responses similar to those found in humans."® New
vaccines are being tested in Chimpanzees. Chimps have also proven invaluable for
learning how the immune system can conquer the infection without harming infected

liver cells."

Malaria

According to the World Health Organization, approximately 300 to 500 million people
contract malaria annually, and as many as one to three million people die each year
from the disease, most of whom are children. Given the persistence of malaria as one
of the most widespread and lethal infectious diseases in the world, concerns about
the public health and environmental impacts of the toxic pesticides used to control
the mosquito vectors of the disease, and the fact that these vectors and the malarial
parasites themselves have both developed increasing resistance to the chemicals we
have used in our attempts to control them, the need for a malaria vaccine remains a
top global public health priority.

The infectious agents are protozoa from the genus Plasmodium, and they cause
disease in a wide variety of mammals, including rodents and birds, in addition to pri-
mates. However, of the more than 100 Plasmodium species, only four infect humans
(P. vivax, P. falciparum, P. ovale, and P. malariae), and for the two that cause the
most disease, P. vivax and P. falciparum, nonhuman primates are the best research
subjects.'®

Much of the effort to develop a vaccine has focused on the most deadly malar-
ial organism, P. falciparum. The successful sequencing of P. falciparum’s genome
in 2002 has greatly facilitated this quest, making it more likely that a vaccine will
be found that can both prevent the emergence and spread of malaria and reduce the
severity of disease and risk of death in infected individuals. While other organisms
such as yeasts, birds, mice, and rabbits have all been essential for malaria vaccine
research, with mice and rabbits serving as the initial organisms for testing vaccines,
nonhuman primates, especially owl monkeys (Aotus spp.), squirrel monkeys (Saimiri
spp.), and Rhesus Monkeys (Macaca mulatta, also called Rhesus Macaques), remain
the most important research models for evaluating vaccine effectiveness. The most
promising vaccine for falciparum malaria, known as RTS,S/ASo02A, which is being
tested in phase II clinical trials in parts of Africa, has relied upon Rhesus Monkeys

throughout its twenty-year development to improve the vaccine’s efficacy.'>'™

Ebola and Marburg

Perhaps no infectious agent has conjured up more images of terror in the human
imagination than the Ebola virus. This has been, in part, the result of fictional
accounts about Ebola in the popular literature and in movies, where its legendary
abilities. such as its capacity to liquefy internal organs (this does not occur), have
been touted. But the main reasons that Ebola virus, and the related Marburg virus,
evoke such fear are that (1) diseases caused by these viruses seem to emerge out of
nowhere and then just as quickly to disappear, only to reemerge at a later time; (2)
their life cycles remain poorly understood, despite the recent identification of three
bat species that may serve as reservoir hosts (see page 304): (3) no cure or treatment
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exists; and (4) the diseases are rapidly and catastrophically fatal, with mortality rates
at times approaching go percent.

Marburg outbreaks were first described in 1967 in Germany and Yugoslavia,
and then at various sites in Africa, such as South Africa in 1975 and Kenya in 1980
and again in 1987. The most recent and most deadly Marburg epidemic was in Angola
in 2004—2005, with a reported total of 374 cases (both suspected or confirmed)
and 329 deaths {almost an 88 percent mortality) according to the World Health
Organization."” Ebola first emerged, as far as is known, in African rainforests both
in the Sudan and in the Democratic Republic of Congo (DRC) in 1972. More recently,
there have been scattered outbreaks in Uganda (2000—2002), Gabon (2001—20073),
and the DRC (also 2001—2007%). There have been a total of some 1,850 cases of Ebola
worldwide, with a cumulative mortality of approximately 65 percent according to
World Health Organization figures.'

In 1994, the first documented outbreak of Ebola occurred in nonhuman primates
in the Cdte d'Ivoire, killing eight Chimpanzees. The lesions present in the internal
organs of these chimps resembled those seen in monkeys that had been experimen-
tally infected with Ebola, and laboratory tests confirmed the presence of a subtype of
the Ebola virus in one of the dead chimps."”” The same subtype was identified in the
blood of a researcher who developed a brief illness, characterized by high fever, vom-
iting and diarrhea, a rash, and temporary confusion and memory loss, presumably
after she had become infected while performing a necropsy (an animal autopsy) on
one of the dead chimps."” This case is thought to demonstrate the capacity of the virus
to be transmitted from Chimpanzees to humans. In late 2001 and early 2002, there
were fifty deaths from Ebola in Gabon, occurring predominantly in areas where Ebola
outbreaks were, as has been mentioned above, most widespread among Chimpanzees
and gorillas.””*

Much has been learned from studies with Rhesus Monkeys, as well as with other
nonhuman primates infected with the Ebola virus. These studies have shown that the
virus can be transmitted through several routes: by direct contact with the skin of
infected individuals, by exposure to their body fluids (where high concentrations of
the virus are present), via aerosols from sneezing and coughing, and by eating infected
meat."**' Other key information has been obtained about the different subtypes of the
Ebola virus and about the ability for Ebola to be freely transmitted among primates—
from monkeys to apes and from apes to humans. There is, at present, no evidence that
humans have infected nonhuman primates with Ebola or with Marburg.

Because infections with Ebola and Marburg viruses progress so rapidly, with
little time for the body to mount an immune response, and because there are no effec-
tive antiviral treatments, an aggressive search has been under way for an Ebola and a
Marburg vaccine. This search has yielded promising results, with the development in
2005 of two vaccines, one for Ebola and one for Marburg, both of which were tested in
Cynomolgus Macaques (Macaca fascicularis) and shown to be 100 percent effective
in preventing infection following exposure to the viruses.'*

Ebola, one of the most deadly infectious diseases on Earth, and one that has put
several species of nonhuman primates on the brink of extinction and decimated vil-
lages in several African countries, illustrates how nonhuman primates are essential
for understanding the emergence and spread of the disease and for developing safe
and effective vaccines, both for humans and for nonhuman primates alike.
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Rotavirus

Worldwide, rotavirus causes some 138 million cases of gastroenteritis (an infection
of the gastrointestinal tract that produces vomiting and diarrhea) each year, with
most cases occurring in children younger than five years of age, and more than
600,000 deaths annually (more than one child a minute) from the dehydration that
results from the illness.® In India alone, 100,000 children die every year from rota-
virus infections."* Rotaviruses cause more infections of the gastrointestinal tract in .
children than any other agent, with more than go percent of children having been
exposed by age three.*® '

Nonhuman primates seem to be similarly infected. At the Yerkes National
Primate Research Center in Atlanta, Georgia, a majority of the Chimpanzees, and
Old-World monkey species such as mangabeys (Cercocebus spp.). Pigtail Monkeys
(Macaca nemestrina), and Rhesus Monkeys (Macaca mulatta), harbor antibodies to
rotaviruses (and to noroviruses, which cause similar diseases). Researchers believe
the same is true in the wild."® Infected nonhuman primates have provided a wealth of
knowledge about how rotaviruses produce symptoms and have been essential for the
development of a rotavirus vaccine. Two rotaviruses, RRV and SA11, for example,
originally isolated from monkeys, have become the main strains used in laboratory
research, and a new rotavirus oral vaccine, which relied on studies in nonhuman pri-
mates to establish safety and efficacy, was approved for use in the United States in
early 2006.'” The vaccine has been shown to prevent life-threatening vomiting and
diarrhea from rotavirus infections and has the potential to curtail this leading cause
of childhood mortality in the world.

HIV/AIDS

The human infectious disease that may best illustrate the need for nonhuman pri-
mates as research models is the human immunodeficiency virus, or HIV. Since the
HIV pandemic was first recognized in 1981, more than sixty-five million people have
been infected worldwide, and of these, there have been some twenty-five million
deaths.® Each year, there are almost five million new infections and approximately
three million deaths. Almost two-thirds of all people currently living with HIV live in
sub-Saharan Africa, as do more than three-quarters of the world’s infected women;
the infection rate in some areas, such as in Botswana, may be close to 40 percent."’
Such high rates of infection have created a generation of millions of orphans in Africa
and other regions whose parents have died from HIV/AIDS. And because HIV can be
transmitted from a mother to her child—during pregnancy. childbirth (most often),
or nursing—and because large numbers of pregnant women are infected, countless
infants and children, at least in the developing world (such transmission has been
markedly reduced in industrialized countries), have become infected as well.*®

In the absence of adequate medical therapy, almost all who are infected with
either of the two major types of the HIV virus (HIV-1 and HIV-2) will eventually
develop acquired immune deficiency syndrome, or AIDS. This syndrome develops
because HIV infects and destroys cellular components central to our immune sys-
tems, especially cells known as “helper T-cells.” The principal job of these cells is to
selectively activate other parts of the inmune system best able to eradicate pathogens
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they encounter. As HIV spreads through the population of helper T-cells, the immune
system can no longer respond adequately to infections, and the patient becomes sus-
ceptible to so-called opportunistic infections by organisms that are easily conquered
by normal immune systems. The immunodeficiency also promotes the development
of several forms of cancer, including lymphomas and Kaposi's sarcoma, the latter a
type of skin cancer caused by a herpesvirus.

As with the infectious diseases described above, our hopes for better treatment
and prevention of HIV/AIDS rest largely in our ability to study the infection in non-
human primates. Nonhuman primates are required subjects, in the field as well as in
the lab, if we are to investigate a host of questions about the biology of HIV/AIDS.
Some of these areas of investigation are summarized below.

Strong evidence shows that HIV-1, the strain primarily responsible for the HIV/
AIDS pandemic, came from a related virus, SIVcpz, carried by a subspecies of the
Chimpanzee, Pan troglodytes troglodytes, from West—Central Africa (for details, see
“Species Exploitation and the Consumption of Bushmeat” in chapter 7). While people
generally die from HIV-1 infection in the absence of medical treatment, Chimpanzees
seem to carry their SIVcpz viruses without showing any obvious signs of infection,
making them critically important research models in the wild that are naturally
infected but do not develop illness from the infection.”*"!

Laboratory experiments with a variety of Old- and New-World monkeys, includ-
ing baboons (Papio spp.). macaques (Macaca spp.). owl monkeys (Aotus spp.), and
mangabeys (Cercocebus spp.), have made it clear that some nonhuman primates have
a built-in means to protect themselves from being infected with retroviruses (viruses
that are able to transcribe and integrate their RNA genomes into the host's DNA
genome—HIV is a retrovirus). One example comes from studies of Old-World mon-
keys at Harvard's Dana-Farber Cancer Institute. Researchers there found that an
intracellular protein called TRIMj5-alpha prevented HIV-1 infection in these animals
(humans have their own version of TRIM5-alpha, but, unfortunately, it does not pre-
vent HIV infection). Further research revealed that this protein blocks the virus from
replicating its genome after it has entered a cell. Understanding the mechanisms of
TRIMs-alpha protection in some nonhuman primates may yield new prospects for
how to treat or even prevent HIV infection in humans."

Presumably humans have been exposed to simian immunodeficiency viruses
(SIVs) from apes and monkeys for millennia. Why has the HIV/AIDS epidemic
emerged only in the latter half of the twentieth century? Answering this question,
which involves a better understanding of the dynamics of SIV transmission from
nonhuman primates to people, and of what factors allow this transmission to take
place, may also help us abate a growing number of other emerging infectious viral
diseases that have entered the human population from wildlife, such as hantavirus
pulmonary syndrome, SARS, and Nipah virus infections.

Developing Treatments and a Vaccine for HIV/AIDS

The first effective HIV medication, AZT (zidovudine), has been extensively studied
in several primate species, including Cynomolgus Macaques and Rhesus Monkeys,
to establish safety and efficacy. And Pigtailed Monkeys , infected with an SIV, were
essential to establishing the safety of AZT in humans when used to prevent the
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transmission of the virus during childbirth (AZT can reduce the risk of transmission
from mother to child by 67 percent)."” Primates have also been invaluable for the
development of combination drug therapy for HIV, now the mainstay of treatment,
as well as for investigations looking into how the virus becomes resistant to antiret-
roviral medications."

Over the past twenty years, the race to develop a vaccine for HIV/AIDS has
become a major focus of research. Many different strategies have been tried to make
an effective vaccine, and primate models, in particular, the Rhesus Monkey, have

been invaluable to testing candidate vaccines."””

NEUROLOGICAL DISORDERS

Of all the organs in our bodies. the human brain is the most unique when compared
to that in all other animals, with the exception of our fellow primates. While we can
learn a great deal about it from various other animal models, for example, about our
visual systems from studying cats, about human neurodegenerative diseases from
those reproduced in transgenic mice, and even about the genetics of human aggres-
sion from investigations with fruit flies, ultimately the search for a deeper apprecia-
tion of the intricacies of our brains and how they work mandates the use of nonhuman
primates. This is because they share with us a similar anatomy and a complexity
of organization on a cellular and molecular level that makes them the most suitable
research models for the study of such areas as the circuitry in our brains and the func-
tion of different regions; human sensory and motor capabilities; human perception,
cognition, memory, reasoning, and the development of language; and human neuro-
logical disorders.”™ In this section, we look only at neurological disorders, focusing
on two major diseases that have been covered from different perspectives in other
sections of this book: Parkinson’s disease and Alzheimer’s disease.

Parkinson's Disease

When it was discovered in the 198os that those who used a synthetic form of heroin
contaminated with a substance known as MPTP developed a disorder nearly indis-
tinguishable from Parkinson’s disease, and when it was shown that MPTP pro-
duced a disease that closely resembled Parkinson’s in Rhesus Monkeys. marmosets
{Callithrix spp.). and baboons, MPTP-treated nonhuman primates became the prime
research models for the disease.”” Although mice, dogs, cats, sheep, rats, rabbits, and
goldfish (among other species) have all been exposed to MPTP to determine whether
they would make suitable Parkinson’s disease models, none of them reproduced the
biochemical defects and neuropathological lesions (the loss of dopamine-containing
cells in a region of the brain called the substantia nigra) or the motor and behavioral
abnormalities (including low-frequency tremors while at rest) characteristic of the
disease in humans. Nonhuman primates, however, do."**

Nonhuman primates have also become superb subjects for testing new therapies.
As was mentioned in chapter 5. long-term use of L-dopa eventually results in less con-
trol of symptoms and in the development of spontaneous, uncontrolled movements
called dyskinesias. MPTP-exposed primates treated with L-dopa develop these same
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dyskinesias and can, as a result, be studied to determine how these movements origi-
nate. how the prevent them, and how to treat them when they occur."** Nonhuman
primates also provide insights into the cognitive, behavioral, and emotional deficits
of Parkinson’s disease and are essential for evaluating new therapies. including stem
cell transplantation, that hold promise for treating this disease.

Alzheimer’s Disease

Alzheimer's disease is a progressive degenerative disease of the human brain result-
ing in dementia that afflicts approximately 4.5 million people in the United States (a
figure that is expected to rise to 10 million by 2025) and more than 28 million world-
wide. The cost of dementia to the world economy each year has been estimated, in a
2005 study by the Alzheimer’s Association, at $156 billion. Alzheimer’s is uniformly
fatal, with people living only about five years more after the initial diagnosis is made.
In the United States in 2003, approximately 63,000 died from Alzheimer's. and the
cost of caring for those with Alzheimer's is estimated at s50 billion each year.”

While there is no animal model that closely mimics Alzheimer’s disease, aged
Rhesus Monkeys (those in their mid to late 20s—Rhesus Monkeys can live to thirty-
five years of age or more) do begin to show cognitive and memory disturbances, a
loss of brain nerve cells, and brain lesions, all of which are similar to, but less severe
than, those seen in Alzheimer's patients." The characteristic lesions in the brains of
Alzheimer’s patients are called plaques. They contain clumps of a protein substance
called beta-amyloid, which in Rhesus Monkeys has an amino acid sequence that is
identical to that in humans.'*®

Alzheimer's disease is associated with a destruction of brain cells that commu-
nicate via acetylcholine, a neurotransmitter that is involved in the laying down and
retrieval of memories (among many other roles). Drugs currently in use that lead to
increased levels of this neurotransmitter in the brains of Alzheimer’s patients appear
to show a minimal benefit in some patients. Aged Rhesus Monkeys provide the best
model for testing the safety and effectiveness of such new drugs."® Rhesus Monkeys
and other nonhuman primates are also being used in attempts to develop vaccines
that would prevent the buildup of beta-amyloid, which is thought by some researchers
to be the underlying process that causes Alzheimer’s disease."''*?

BEHAVIORAL DISORDERS

Because primates have large, highly complex brains similar to ours, and behaviors
that are the closest of all other animals to our own, they provide an important window
into our own behavior and into its emotional, social, physiological, and anatomical
underpinnings. Research areas include primate social systems and their relevance to
our own; aggression; motivational states such as hunger, thirst, sexual excitement,
and addictive drives; the effect of hormones on behavior; gene—environment interac-
tions in behavior; and, of course, studies on the primate equivalent of human psychi-
atric states, such as depression and anxiety.” One area of tremendous importance to
human development is that of mother—infant interactions. Harry Harlow pioneered
this field of research in the late 1950s and 196os and conducted experiments with
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Rhesus Monkeys (which generated a great deal of controversy because of ethical
concerns). He demonstrated how maternal deprivation and separation can produce
psychologically and socially impaired offspring, which developed symptoms much
like those seen in human depression, and how maternal physical contact was essential
for normal development.'®

Behavioral research has been conducted in natural habitats, in more controlled
settings such as zoos, and in the laboratory. In this section we very briefly cover the
critically important work that has been done in natural settings, in part to illustrate
one aspect of the depth of our loss when we lose primates in the wild.

Some of the earliest systematic observations of nonhuman primates in the wild
were made by C. R. Carpenter and his colleagues on gibbons in the 1930s. Along with
Carpenter, Sherwood Washburn in the United States and Kenji Imanishi in Japan were
instrumental in developing widespread interest in studying the behavior of nonhuman
primates in the field for the purpose of understanding the origins of human behavior,
and in establishing such interdisciplinary studies as central to modern anthropological
research. A host of key comparative studies followed, including those by Irven Devore'®*
and Stuart Altmann'®’ on baboons. More recent work has included that by Dian Fossey

on gorillas'®

and Biruté Mary Galdikas on orangutans.” The work on gorillas has
investigated such questions as why the Mountain Gorilla (Gorilla beringei beringei)
shows aggressive, and sometimes violent, behavior in male—male interactions when
different groups come across each other, while the Western Gorilla (Gorilla gorilla), a
closely related species, interacts peacefully and even intermingles when such groups
come in contact. Given the enormous problems of human aggression and viclence in
communities, and how dangerous our own violent impulses have become in a world
filled with terrorism and weapons of mass destruction, understanding some of the ori-
gins of this behavior may have great value. If gorillas go extinct in the wild, as appears
increasingly likely in the next several decades, these studies will not be possible.

The same holds true for orangutans, which are at great risk for extinction.
Studies done in 2003 demonstrated that some behaviors, such as bedtime rituals
and sexual practices. differed from one group to another, presumably because these
behaviors were learned from members in each of the groups.'®® While there is debate
about whether these differences can be ascribed to cultural learning, because some
see “culture” as a distinctly human characteristic (see Editors’ Note), it is clear that
more research in the wild is necessary to determine whether the differences observed
can be explained by environmental differences that have not yet been discovered.
Because orangutan populations are disappearing at a very rapid rate, this research
may soon become impossible.

Of all the field studies with primates that have been undertaken, none perhaps
has had the importance and the broad public appeal as those of Jane Goodall with
Chimpanzees. This work is of particular significance because molecular analysis and
comparative morphology has shown that humans are closest to the Chimpanzee and
to Bonobos, having shared a common ancestor approximately five to seven million
years ago. The work of Dr. Goodall has revealed that Chimpanzees have highly com-
plex societies; experience deep, humanlike emotions; use tools; and conduct wars,
work that has taught us a great deal about human behavior and human social sys-
tems. It has also called attention to the plight of Chimpanzees resulting from human
activity and to that of all other primates.'”®’
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Figure 6.23. Ginkgo Tree and Leaves. (From Philipp Franz von Siebold (1796-1866), Flora japonica; sive, Plantae quas
in imperio japonico collegit, descripsit, ex parte in ipsis locis Lugduni Bataverum. 1835-1870. © President and Fellows of
Harvard College, Archives of the Arnold Arboretum.)

a source of medicines for many hundreds of years in China, and extracts have become
widely used around the world in the past decade. These uses are discussed below.
The gymnosperms also include the conifers. a group of around 6oo tree spe-
cies. including the pines, spruces, cedars, and cypresses. Conifer species are of vital
importance to humanity not only because they are the most widely used timber for
home construction and for paper pulp, but also because some species have yielded
compounds that have been developed into medicines. One prominent example, a drug
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Taxol (paclitaxel), derived from the Pacific Yew Tree (Taxus brevifolia). is described
in detail below. Among the conifers can be found the oldest and tallest trees in the
world: The oldest is the Bristlecone Pine (Pinus longaeva), which lives in harsh, dry
conditions at more than 10,000 feet elevation in the White Mountains of California
(one specimen is estimated to be well more than 4.700 years old); the tallest is the
California Redwood (Sequoia sempervivens), one of which was discovered in 2006 in
California’'s Redwood National Park to be 379.1 feet high.

With the exception of a few small islands, conifers live everywhere humans do.
They also constitute the dominant species in the great boreal forests of the northern
latitudes of North America, Europe, and Asia, which make up about one-third of all
forested regions of the world. Yet. despite this overall abundance, one in four species
of conifers is threatened with extinction.

The greatest threat to conifers is unsustainable harvesting. Forests are cleared
to provide wood for building and for producing paper and to make way for human
settlements and agriculture. For many species, however, more specific dangers exist,
including pests that attack trees and, especially for boreal species, global warming.
Temperatures in boreal regions of North America, for example, have already risen 2
degrees Celsius on average (around 4 degrees Fahrenheit) in the past fifty years and
are predicted to rise by as much as another 3 to 6.5 degrees Celsius (around 5 to 12
degrees Fahrenheit) more by the year 2100.”"' As mentioned in chapter 2, these warm-
ing temperatures will push the zone in which species can survive ever closer to the
poles. It is predicted, for example, that boreal forests will have to shift northward by
100 kilometers or more (more than 62 miles) over the next century, creating serious
threats to survival for many species, including the conifers.”*''**

Take spruce trees in Alaska, for example. An epidemic of the North American
Spruce Bark Beetle (Dendroctonus rufipennis) wiped out more than go percent of
White and Lutz Spruce Trees across a 3.2-million acre span of the Kenai Peninsula
and Copper River region of south-central Alaska between 1987 and 2000 (only the
lack of sufficient numbers of living tree hosts put an end to the epidemic). This repre-
sents the largest loss of trees ever recorded in North America due to a single pest.'*!*
The beetle is native to the regions where the epidemic occurred, raising the ques-
tion: What caused it to attack otherwise healthy stands of old-growth spruce? The
answer, researchers believe, has to do with a warming climate. Alaska, like other
boreal regions, has experienced significant increases in mean temperatures over
the past few decades. From 1972 to 1978, the average annual summer (May through
August) temperatures recorded at the Homer Airport on the southern coast of the
Kenai Peninsula was 49.42 degrees Fahrenheit, while for the period from 1992 to
1908. it was 51.65 degrees Fahrenheit, a rise of more than 2.2 degrees Fahrenheit."”’
Warmer winters have resulted in greater beetle survival, and warmer springs and
summers have allowed them to reproduce yearly, as opposed to their normal cycle
of once every two to three years. The explosion in beetle populations, combined with
dryer conditions in the forests that reduced spruce tree sap production and in the
process compromised the trees’ defense against the beetles (the sap blocks the beetles’
larval galleries in the wood and may also fight fungal diseases the beetles carry), is
thought to have led to the massive spruce mortality in the Kenai."

Warmer temperatures may also spell disaster for other conifer species under
assault from pests. Whitebark Pine (Pinus albicaulis), found throughout mountainous
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memory, slowed reaction times, and decreased attention span. This relief is similar in
duration to that provided by prescription medications for dementia, but perhaps with
fewer side effects.”?

Ginkgo preparations are notlimited to medicines. The Chinese and Japanese have
for centuries used dried Ginkgo leaves as an insect repellant. Individual leaves have
been used as bookmarks in Japan, for instance, in the belief that they deter booklice
and silverfish that damage bindings and paper. One important piece of research on
Ginkgo's insecticidal potential. done at Seoul National University in South Korea,
has shown that specific extracts of the leaves can kill, at very low concentrations,
a major rice pest, the Brown Plant Hopper®” (see the discussion of the Brown Plant

Hopper and rice production in Indonesia in chapter 8. page 340).

PACLITAXEL (TAXOL)

Probably the most significant drug discovered and developed through the U.S.
National Cancer Institute’s Natural Products Branch was paclitaxel, isolated in
1969 from the bark of the Pacific Yew Tree (Taxus brevifolia)
by Dr. Monroe Wall (a student of Selman Waksman, the dis-
coverer, as described in chapter 4, of the aminoglycoside group
of antibiotics) as part of an extensive plant-screening program.
The tree, prior to this discovery, had been routinely discarded
during logging operations in old-growth forests of the Pacific
Northwest region of the United States, because it was thought
to have no commercial value. Today, sales of paclitaxel are more
than USs1.5 billion, with a single treatment course costing in
excess of US$10,000.2'2"

Inearly clinical trials in 1989, paclitaxel was found to be effec-
tive for inducing remissions in cases of advanced ovarian cancers,
cancers that had generally responded poorly to most other chemo-
therapies.”® Since that time, it has been shown to have significant
therapeutic benefit for several other forms of advanced malignan-
cies as well, including lung and prostate cancers, malignant mela-
nomas, lymphomas, and metastatic breast cancers.?” Paclitaxel
inhibits the proliferation of cancer cells by stabilizing the cellular
protein tubulin, thereby blocking the disassembly of the mitotic
spindle (a cellular scaffolding made of tubulin that appears dur-
ing cell division and enables chromosomes to divide and move to
their new daughter cells) and preventing cell division. Discovery
of this mechanism of action, unique among cancer chemothera-
peutic agents, has opened the door to the development of an entire
new generation of related drugs.'*

As mentioned in chapter 4, paclitaxel also works to inhibit

Figure 6.25. Pacific Yew Tree (Taxus brevifolia) Needles and Cones.  the proliferation of smooth muscle cells that line arterial walls
(From Charles Sprague Sargent's Silva of North America, illustrated by (called endothelial cells) and has been successfully employed as a

Charles Edward Paxon, Vol. 10. Houghton, Mifflin & Co., Cambridge,
1896, Plate DXiV. Used with permission from the Harvard University

Botanical Library.)

coating for coronary artery stents (coronary arteries supply blood
to the heart), preventing endothelial cells from growing over and
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threatened, and in the Philippines, which contains at least eight cone snail species
found no where else, fully g7 percent of the reefs are threatened®*® and 6o percent
of the mangroves have been destroyed.?”” Moreover, many cone snail species tend
to be concentrated in narrow geographic ranges, putting them at a greater risk for
extinction. The December 26, 2004, tsunami, by uprooting mangroves and damag-
ing corals—smashing them with the force of the waves and with land-based debris,
and covering them with pollution and silt—is likely to have further compromised
cone snail habitat in Southeast Asia.

Direct exploitation also endangers cone snails. Just as they have been for centu-
ries, cone snail shells are still today widely sold in thousands of curio shops and mar-
kets around the world. Although no precise figures are kept of the numbers involved,
a good educated guess would suggest that millions of cone snails are being sacrificed
each year to meet global demands. The exponential rise in research on cone snail
toxins may be further contributing to declines in some populations, although most
major Conus researchers have taken great care to ensure that wild populations are
not threatened.?*’

The release of carbon dioxide from the burning of fossil fuels, the main cause
of global warming, damages reefs in two ways. The first is from the direct effects
of atmospheric carbon dioxide when it dissolves in seawater. causing it to become
more acid and inhibiting calcification of coral skeletons (see section on acidification
of the oceans in chapter 2, page 69). Reduced calcification reduces growth rates
and weakens the structural integrity of the corals, imperiling their survival. The
second is from the effect that warming air temperatures have on corals. As the
lower atmosphere warms, it warms the oceans, and when sea-surface tempera-
tures exceed local temperature maxima by as little as 1 degree Celsius (or about 2
degrees Fahrenheit) for more than a few days, the symbiotic algae that live in coral
reef tissues leave or die, and the corals, which need these algae to supply them with
nutrients, appear as if they had been bleached. Bleaching alone can kill the corals,
or it can lead to an increased susceptibility to fatal infectious bacterial and fungal
diseases.” Some corals seem to be more resilient than others and are able to survive
bleaching and recover their functions, but it is not clear what distinguishes these
from corals that are more sensitive. In recent years, coral bleaching has induced
widespread mortality of corals and serious reef degradation. Protecting cone snails
and other reef life requires dealing with global warming, the single greatest threat
to coral reefs.

Further actions to protect reefs are needed, as well, such as establishing marine
reserves, setting controls on coastal development and pollution, safeguarding man-
groves and other reef-associated habitats from destruction, and banning destructive
fishing practices, for example, those that make use of explosives such as dynamite,
or poisons such as cyanide. Cone snail trade needs to be monitored and regulated to
prevent cone snail populations from collapsing, perhaps by using CITES, much as
has been done with trade in some species of coral.”® Controls on the collection and
trade of cone snails are in place in only a few countries such as Australia. The coun-
tries of Southeast Asia, where most cone snails are found, have no such controls. And
although such regulations will not stop people in many countries from eating cone
snails and selling their shells, they will help to reduce these practices and to protect
some cone snail species that are endangered.
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Figure 6.29. Black Band Disease in a Colony of Montastrea annularis,
aScleractinian (Stony) Coral in Caribbean Reefs. A number of different
bacteria, the major component of which is the cyanobacterium
Phormidium corallyticum, are present in the band. The white circular
area at the apex is dead coral. Photo taken off Grand Cayman Island.
(© Ray Hayes.)

Figure 6.30. Close-up Photo of Cone Snail
Harpoon Protruding from Proboscis. (© Clay
Bryce.)

Figure 6.31. Drawing of Cone Snail Harpoon
Anatomy. Individual harpoons form and are
in various stages of assembly in the radular
sheath, or “quiver.” They work theirway into the
esophagus, where they are coated with venom,
and then attach to the tip of the proboscis.
(Courtesy of Baldomero M. Olivera.)

“harpoon”
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In addition to being more numerous by orders of magnitude
than the toxins of these other poisonous animals, cone snail toxins
have a greater diversity of receptor binding sites (molecular struc-
tures on the surfaces of cells that activate different cellular pro-
cesses), and for a given class of receptor, they tend to have greater
selectivity. The enormous variety of such sites includes multiple
subtypes of ion channels that regulate the flow of sodium, potas-
sium, and calcium across cellular membranes, as well as numer-
ous other receptors, including those that bind to compounds that
function as neurotransmitters (chemicals that transmit messages
between nerve cells), such as acetylcholine, serotonin, and nor-
epinephrine.” It is this combination of exquisite selectivity and
extraordinary diversity of binding sites that makes cone snail
toxins among the most sought after natural compounds for bio-
medical research and for the development of new medicines.”
More than 3,400 articles on these toxins have been published in
the scientific literature since 1980 alone.”*

Of the estimated 70,000 to 140,000 cone snail peptides, only

around 100 have been characterized, and of the approximately 700
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Figure 6.33. Conus striatus Harpooning a Fish. (Courtesy of Baldomero M. Olivera.)

Figure 6.34. Conus magus. (© Giancarlo Paganelli, www.coneshell.net.)

been shown to protect neurons from cell death when there is inad-
equate circulation, such as during head injuries and strokes.”®
Conopeptides may, in addition, be able to prevent nerve cell
death in some neurodegenerative diseases, such as amyotrophic
lateral sclerosis (Lou Gehrig's disease), Alzheimer's disease, and
Parkinson’s disease.”” And conopeptides may be a source for new
antiepileptic medications. One NMDA receptor blocking cono-
peptide called conantokin-L, from the cone snail C. lynceus, for
example, showed potent anticonvulsant activity in mice,”*’ but its
development by the company Cognetix was terminated because
of toxicity. About 20 percent of the fifty million people worldwide
with epilepsy continue to have seizures despite appropriate treat-
ment, so the importance of finding new antiepileptic drugs, espe-
cially those that work by new mechanisms, as was demonstrated
for conantokin-L, cannot be overstated.

Moreover, conopeptides may be useful in diagnosing

Lambert-Eaton myasthenic syndrome (LEMS), an autoimmune neurological disease
characterized by muscle weakness, fatigue, and symptoms such as mouth dryness
and diminished sweating. These symptoms are caused by circulating antibodies,

formed in response to certain cancers, such as small-cell carcinomas of the lung,

that also attack nerve cells and cause them to malfunction. By being able to distin-
guish LEMS from other neurological disorders, conopeptides may provide an early

warning for these cancers that are often hard to detect and difficult to treat.
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Two randomized phase I11 clinical trials of AE-g41 (in addition to chemotherapy
and radiation therapy) have been approved by the FDA. one with patients with non-
small-cell lung cancer, and the other in patients with metastatic renal cell carcinoma.
The trial with renal cell carcinoma, although completed. was never reported in the
peer-reviewed literature and so can be presumed to have shown no benefit for AE-941
in these patients.

Furthermore, although there have been claims that shark cartilage is effective
in treating such disorders as psoriasis, macular degeneration. pain. osteoarthritis.
and a number of other conditions. as Harvard Medical School's Consumer Health
Information website concludes. " There is no scientific evidence to support its [shark
cartilage] use for any medical condition.”*” Shark cartilage preparations are sold
as dietary supplements and are therefore not strictly regulated as to strength.
purity, or safety. so the consumer may be getting different quantities and qualities
of active substances in different preparations, or none at all. The active ingredients
in shark cartilage extracts (including AE-g41) are presumably glycoproteins (i.e..
proteins that have sugars attached to them). but neither they nor other compounds
are identified in the published reports. so it is not clear what compounds are being
given and in what concentrations. In addition. while claims have been made that
the active ingredients in the extracts enter into the blood from the gastrointestinal
tract, it is not clear whether they make it past the human stomach or, if they do.
whether they are absorbed by the human intestine in sufficient quantities to be
effective.

As with other therapeutic agents extracted from Nature, moves to identify and
synthesize these compounds should be early and aggressive. so as to relieve the over-
harvesting of the species or family of species from which they are obtained. especially
if these organisms are threatened. In almost all cases, this can be accomplished. No
such activity seems to be going on in shark cartilage companies.

Given the extreme pressure on shark populations, which have survived almost
unchanged for 400 million years or more. and the importance of these apex predators
to marine ecosystems, there should be extremely compelling evidence of the efficacy
of shark cartilage extracts, or of the inability to identify or synthesize the active com-
pounds in them, to justify the slaughter of hundreds of thousands of sharks. Until
such efficacy is demonstrated. this chapter’s authors believe the wide-scale harvest-
ing of sharks by various companies for their cartilage is irresponsible and unethical.
And until favorable results of carefully controlled clinical trials using shark cartilage
to treat human cancers and other diseases are reported in peer-reviewed journals, the
best advice to consumers contemplating taking these extracts is caveat emptor.

SQUALAMINE

Squalamine was first isolated in 1993 when researchers began looking for com-
pounds with antimicrobial activity in Spiny Dogfish Sharks (Squalus acanthias).”™
This search was undertaken to see whether sharks, like some other organisms.
including the African Clawed Frog (Xenopus laevis). pigs. mice, and humans. all
of which produce potent antimicrobial peptides in their stomachs, did so as well.
The thought was that sharks were likely to possess such compounds as part of
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Figure 6.42. Wet Adult Macular Degeneration.
(a) Photo of normal retina. (b) Photo of a retina
with wet adult macular degeneration. (© Eye
Centers of Louisville, D.B.A., Bennett & Bloom
Eye Centers.)

d Maeular D

Figure 6.43. Wet Adult Macular Degeneration. (a) Normal vision. (b) What one with wet AMD would see. (Courtesy of the U.S. National Institutes
of Health.)

Despite preliminary studies suggesting that it would be safe when given
at doses sufficient to be effective as an antibiotic, squalamine’s development as
an antimicrobial, and that of related compounds, was interrupted by the subse-
quent discovery of side effects in experimental animals. These included a regres-
sion of blood vessels in chick embryos and in frog tadpoles, presumably because
of an anti-angiogenic effect,”” and a cessation of eating in mice, rats, monkeys,
and dogs, because of an appetite suppressant effect. As a consequence of these
unanticipated effects, the aminosterol drug development program of Genaera
Pharmaceuticals, the company working on these compounds, was redirected
toward developing medicines that took advantage of these and other properties
of aminosterols—their anti-angiogenic, antitumor, appetite-suppressant, and
antidiabetic activities.

Anti-angiogenesis Activity

Adult (also called age-related) macular degeneration (AMD) is the leading cause of
blindness in the Western world, affecting between twenty and twenty-five million
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people worldwide, figures that are expected to triple in the next thirty to forty
years.””> AMD has two types—the “dry” type, which is common but mild, and
the “wet” type, which, while accounting for only about 10—15 percent of all cases,
is responsible for go percent of the severe loss of vision associated with AMD. Wet
AMD results in the growth of new blood vessels in the retina and bleeding into the
macula (a small part of the retina that can see fine detail), gradually resulting in its
degeneration.

Based on studies in which squalamine was shown to inhibit the process of angio-

genesis in the eyes of rats””*

and primates,” it was evaluated for safety and efficacy in
people with wet AMD. After four months of squalamine treatment, most patients who
received the medicine had no progression of their disease, and some had an improve-
ment in vision.”’ Based on these encouraging initial results, a phase Il randomized
trial began in 2005 to evaluate squalamine in patients with wet AMD, both when
used alone and in combination with Visudyne, an approved treatment for AMD. The
results of this trial may help determine whether squalamine will help improve the

vision of millions of people with this disease.

Antitumor Activity

Angiogenesis, or the growth of new blood vessels, has been shown to be essential for
the growth of human tumors and for their metastasis (i.e., their ability to spread to dis-
tant sites throughout the body), so it was predicted that squalamine’s ability to inhibit
the growth of several types of transplanted tumors in mice and rats was the result
of its potent anti-angiogenic activity. Several studies are under way to test whether
squalamine, by itself or when used with other chemotherapeutic agents, shows anti-
tumor activity. One is a phase I/I[A trial with advanced non-small-cell lung carci-
noma, which has indicated that squalamine may improve survival when added to
the standard regimen of carboplatin and paclitaxel (Taxol) for these patients.”” In
2001, the FDA granted squalamine “orphan drug approval” (an approval designed
to promote research and the development of drugs for diseases that affect fewer than
200,000 people in the United States) for the treatment of advanced ovarian cancer.
Trials for other cancers are also being planned.

Appetite Suppressant Activity

During the extraction of squalamine from the liver of the dogfish shark, other
structurally similar aminosterols were also discovered. One of these, designated as
MSI-1436 by Magainin Pharmaceuticals (now a part of Genaera Pharmaceuticals),
resulted in significant weight loss when tested in rodents, dogs, and monkeys.?”®
Subsequent studies showed that MSI-1436, when given to mice and rats, resulted in
major reductions in food and fluid intake, with consequent weight loss, but without
dehydration or electrolyte imbalance. Unlike caloric deprivation, which causes ani-
mals to slow down metabolically, the reduction in food intake induced by MSI-1436
had no effect on their basal metabolic rates, their overall level of motor activity, or
their behavior. MSI-1436, when administered to ob/ob and db/db mice (these are
mice with genetic mutations that result in their becoming obese and developing dia-
betes), controlled their weight gain, preferentially increasing their metabolism of fat
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A preliminary study has shown that a derivative of somatostatin called octreotide
is safe when given to these patients, and that it seemed to slow enlargement of
their kidneys. presumably by preventing chloride secretion and growth of their

200

cysts.’

IMMUNE SYSTEMS

Sharks have also been of great interest to scientists who study the origins and
functions of the human immune system. Around 400-450 million years ago.
they developed adaptive immune systems. In contrast to innate immune systems.
which can be quite specific in their responses to some invading organisms. this
more specialized and complex immunity can produce cells capable of attack-
ing a much broader array of targets. Sharks, for example, are able to rearrange
genes in seemingly limitless combinations in order to make antibodies that are
able to recognize and bind to a multitude of targets on pathogens. The rearrange-
ment of these genes is under the control of yet another set of genes known as the
recombinase-activating genes, or RAGs, which are thought to have been origi-
nally transferred from bacteria into sharks at about the time that elasmobranchs
first evolved. Studies of these first RAGs in living sharks. such as Nurse Sharks
(Ginglymostoma cirratum), Bull Sharks (Carcharhinus leucas). and Sandbar
Sharks (Carcharhinus plumbeus), have been instrumental in understanding how
RAG genes function.”'

Sharks were also the first organisms to possess a remarkable group of genes
collectively known as the major histocompatibility complex, or MHC, present in
all species, including humans, that evolved after sharks.*> When cells become
infected, MHC molecules capture a small piece of the invading microbe and dis-
play it on their surfaces, so that it becomes accessible to immune cells that pass by.
As such, the MHC molecules serve as molecular signposts that contribute to the
immune system’s specificity. Not only does the surface of every cell in our bodies
have many different MHC proteins, but each individual has a distinctive MHC
repertoire.

The ability to distinguish one’s own repertoire of MHC molecules. that is. to
identify one’s own cells from others. has great implications for organ transplanta-
tion, because transplanted cells have their own unique set of MHC molecules. At
present. the success of a transplanted organ relies upon drugs that suppress the
immune system so that one’s body does not attack and reject it. Through studies of
the shark immune system. we have learned a great deal about the molecular mecha-
nisms involved in this rejection process, so that someday we may be better able to
shut it down.

Because sharks were the first organisms to possess all the elements of the adap-
tive immune system, they exist as the template upon which all subsequent alterations
to their basic, yet extraordinary, ability to defend themselves against disease have
evolved. Indeed. they still use two kinds of antibodies that we are no longer capable of
manufacturing.”® What potential these creatures may still hold to further our knowl-
edge about immunity is being rapidly depleted with the mass slaughter of sharks and

the endangerment of shark species worldwide.*™
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Figure 6.46. Harvesting Lysate from Horseshoe Crabs (Limulus polyphemus). (© 2005 Frans Lanting.)
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cells and neurons among them—to their proper locations during embryonic develop-
ment. Experiments with T140 are preliminary, but the molecule has shown promise
in both preventing the spread of leukemia, prostate cancer, and breast cancer and as
a possible treatment for rheumatoid arthritis.**'%

But by far the greatest gift that horseshoe crabs have given to humanity is not
a pharmaceutical. In the late 1950s, Frederik Bang and Jack Levin, working at the
Marine Biological Laboratory in Woods Hole, Massachusetts, found that cells in the
crab’s blood called amebocytes formed a clot whenever they encountered endotoxin,
a substance found in the cell wall of Gram-negative bacteria. This discovery led to
the Limulus amebocyte lysate (called LAL) test (a lysate refers to a solution containing
the contents of cells whose membranes have burst open), which is very widely used
to detect the presence of Gram-negative bacteria in medical devices and in inject-
able solutions.*” It is also being used as a screen to detect Gram-negative bacteria in
body fluids. for example, in the cerebrospinal fluid of patients suspected of having
Gram-negative bacterial meningitis. How good is this test at detecting endotoxin?
The LAL assay is so sensitive that it can detect 1 picogram (one trillionth of a gram,
or 0.000 000 000 001 grams—there are 454 grams in a pound) of bacterial endotoxin
per milliliter of solution—which, according to Charles River Labs (one of the test’s
manufacturers), is roughly equivalent to finding one grain of sugar in an Olympic-
sized swimming pool!
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Figure 6.48. Mach Bands Demonstrating
Lateral Inhibition. (© llustration by Elles
Gianocostas.)

it is not. (To convince yourself of this, cover the picture so that only one band shows.)
Lateral inhibition refers to the ability of one light-detecting cell to inhibit input from
its neighbors, which accounts for why we see the exaggerated differences in shading
in the diagram—the cells that see the lighter band act to inhibit those seeing the adja-
cent darker band, making it appear still darker and, as a result, making the lighter
band appear lighter.

H. Keffer Hartline won the Nobel Prize in Physiology or Medicine in 1967
for his research on lateral inhibition, and on other visual processes, work made
possible by studying the lateral eyes in Limulus.*” Although Hartline was sup-
posedly known for telling his students “to avoid vertebrates because they are too
complicated, to avoid color vision because it is much too complicated, and to avoid
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TABLE 7.1. SUMMARY OF INFECTIOUS
DISEASES PRESENTED IN THIS
CHAPTER (ALL STATISTICS ARE
GLOBAL UNLESS STATED OTHERWISE)

SPECIES INVOLVED IN DISEASE

INFECTIOUS TRANSMISSION AND MODE OF
DISEASE AGENT TRANSMISSION COMMENTS
Argentine Junin virus Contact with feces. urine, or saliva The Junin virus is responsible for severe illness
hemorrhagic fever of infected Corn Mice (Calomys in those who go unvaccinated. Bleeding from
musculinus). when fecal matter in the gastrointestinal tract and urinary tract can
dust becomes airborne during grain  occur. in addition to neurological symptoms such
processing or when rodents are as tremors, seizures, and coma.
accidentally caught in harvesters
Babesiosis Species of the Bites by species of infected ixodid Symptoms develop gradually and include
infectious protozoan ticks. especially Ixodes scapularis fever, chills, muscle aches. and anemia.
Babesia. especially  (formerly known as I. dammini) and
B. microti (in North 1. ricinus
America) and B.
divirgens (in Europe)
Cholera Vibrio cholerae Consumption of contaminated food Because the Vibrio bacterium causes profuse,

or water

watery diarrhea and vomiting. cholera can. if left
untreated, cause fatal dehydration in 25-50%

of those infected. In 1992, the seventh cholera
pandemic began with the appearance of a new
strain of Vibrio cholerae (O139) that is present
across Asia, Africa, and South America. The
bacteria are thought to arrive in new coastal
areas via bilge water of ships or through the
conveyance and dumping of untreated sewage
water, a practice that occurs in both the
developing and developed world. The present
pandemic has hit Africa hardest. where 80% of
the approximately 100.000—200.000 yearly cases
have occurred since 199s.

Cryptosporidiosis

Primarily
Cryptosporidiunt
parvum and

C. hominis

Consumption of food or water
contaminated
with Cryptosporidium

Cryptosporidium parvum is a microscopic,
protozoan parasite that forms cysts in the host
intestine. These cysts are present in massive
quantities in the feces of some animals,
particularly livestock, and they can contaminate
watersheds. Symptoms include diarrhea and
abdominal cramping, sometimes associated
with fever.

Dengue fever

Dengue fever virus

Mostly bites from infected Aedes
aegypti mosquitoes

Known as “break-bone” fever, dengue fever
produces a debilitating illness with significant
fever, body aches, and headache. Subsequent
infections with a different strain of the virus

can cause a hemorrhagic fever, which, if left
untreated. carries a 50% mortality rate. The
hemorrhagic fever is particularly dangerous in
children. Dengue fever virus is the world’s most
prevalent mosquito-borne virus, with fifty to one
hundred million cases each year worldwide.

Continued
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DISEASE

INFECTIOUS
AGENT

SPECIES INVOLVED IN DISEASE
TRANSMISSION AND MODE OF
TRANSMISSION

COMMENTS

Leptospirosis

Leptospira bacteria
(spirochetes)

Direct exposure to the spirochetes
via blood or urine, or consumption of
infected water or meat

Some 160 mammalian species are infected
with leptospires, though in most cases the
bacteria do not harm the host. Although several
hundred serotypes have been identified, only a
small number cause human disease.
Leptospirosis has two clinically defined
syndromes. The first. known as anicteric
leptospirosis {anicteric refers to an absence of
icterus or jaundice, a yellow discoloration of
the skin or eyes that can result from liver
disease). is much like influenza, with fever,
headache, vomiting, and muscle aches. The
second, known as Weil's syndrome, can be
deadly, because the parasite compromises liver
and kidney functions and can increase the risk
of internal bleeding.

Loiasis

Loa loa (African Eye
Worm)

Bites by infected Chrysops species
(a genus of deer fly)

Loiasis is a disease of western and central
Africa and is caused by adult filarial
worms (parasitic roundworms) that survive
just under the skin, with larvae that circulate |
in the blood. Occasionally. the adult worms

may migrate to the eye, which can cause

severe irritation and inflammation, as well

as swellings in the skin marking the paths of

migration.

Lyme disease

Borrelia burgdorferi

Bites from infected ixodid ticks.
especially the Blacklegged Tick
(Ixodes scapularis) and Sheep Tick
(I. ricinus)

The most common vector-borne disease in
the United States. Lyme disease, caused by a
spirochete bacterium, produces nonspecific
symptoms in most people, such as fever,
headaches. muscle aches, joint aches, and
fatigue. In some cases, neurological disease
can appear. including meningitis and a facial
droop known as Bell's palsy.

Lymphatic Mostly caused by Bites from infected Culex species Around the world. 120 million people in 83
filariasis the roundworm (esp. Cx. pipiens) in most urban countries are infected with lymphatic filarial
Wuchereria and semiurban areas, Anopheles parasites. and it is estimated that more than
bancrofti (9o%). mosquitoes in the more rural areas one billion (20% of the world’s population) are
and most of the of Africa and elsewhere, and Aedes at risk of acquiring infection. The parasites
remainder by and Mansonia species in Southeast invade the lymphatic system and can obstruct
Brugia malayi Asia and Pacific islands flow. leading to local inflammation and
swelling. If left untreated, the disease can
cause elephantiasis, a condition where limbs
swell to huge proportions, and hydroceles
(swelling of the scrotum) can form.
Malaria Plasmodium vivax.  Bites from infected Anopheles Malaria affects 300—500 million people and

P. ovale,
P. malariae. and P.
falciparum

mosquitoes

kills between one and three million of them,
especially young children, each year. The
protozoan parasites can cause a high fever,
shaking chills, vomiting, and anemia. P.
falciparum gives rise to the most severe
disease.

Continued
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TABLE 7.1. (CONTINUED)

SPECIES INVOLVED IN DISEASE

INFECTIOUS TRANSMISSION AND MODE OF
DISEASE AGENT TRANSMISSION COMMENTS
Nipah Nipah virus Contact with feces of infected The iliness presents with fever, headache, and
encephalitis pigs or their oral and nasal mucus drowsiness and can progress to life-threatening
secretions that become aerosolized changes in blood pressure and to inflammation
via coughing of the brain, leading to seizures and coma. Nipah
has a high mortality rate, approaching 75% of
those infected.
Onchocerciasis or ~ Onchocerca Bites from infected Simulium flies, The tiny larvae (microfilaria) produced by

river blindness

volvulus. a filarial
nematode parasite

known as blackflies. the larval
stages of which live near fast-flowing
rivers and streams, that bite mostly
during the day

the adult worm live in the skin and invade the
eye, producing severe itching and, potentially,
blindness. The disease is still a public health
problem in more than 27 countries, most of
which are located in Africa and in Central
and South America.

Salmonellosis

The bacterium
Salmonella
enteriditis

Contact with food or water
contaminated with the bacteria

Salmonella infection causes severe
gastrointestinal cramping and diarrhea. The
disease afflicts more than one million Americans
and causes 500 deaths each year.

SARS (severe SARS virus Source of human infection is not The first case of SARS occurred in Guangdong
acute respiratory entirely clear: Some horseshoe province, China. in November 2002. From there,
syndrome) bat species (Rhinolophus spp.) in it spread in only a few months across the world,
China carry the virus: Palm Civets  infecting more than 8,000 people and killing
(members of the mongoose family almost 80o. SARS starts with fever, headache,
Viverridae), shown to carry SARS- and other nonspecific symptoms. After a period
like viruses, may be a reservoir host  of a few days. most patients go on to develop a
life-threatening pneumonia.
Schistosomiasis The parasitic Exposure to water contaminated More than 200 million people sufter from
worms Schistosoma  with the worms; snail species from schistosomiasis, and millions more are at risk
mansoni, S. the genera Bulinus. Oncomelania, of contracting the disease. Symptoms vary
haematobium, Biomphalaria, and Neotricula serve  greatly depending upon the particular species.
S. intercalatum, as intermediate hosts Urinary schistosomiasis from S. haematobium
S. japonicum. and entails infection of the bladder that can lead to
S. mekongi bloody urine and. in some cases, bladder cancer.
Intestinal schistosomiasis. caused by S. mansoni.
S. intercalatum. and S. japonicum, can affect the
liver and colon and produce bloody diarrhea and
liver failure. The parasites can metastasize to the
brain or lungs once established in the body.
Trypanosomiasis  Single-celled African trypanosomiasis: bites from  African sleeping sickness is aptly named.

protozoan
parasites known
as trypanosomes;
subspecies of
Trypanosoma

brucei cause African

sleeping sickness,
and Trypanosoma

cruzi causes Chagas

disease

infected tsetse flies (Glossina spp.)

Chagas disease: bites from infected
insect species from the subfamily
Triatominae, known as kissing bugs

because the parasite can cause somnolence

in the late stage of the disease when the

brain is invaded, though this symptom
typically follows a painless skin sore, fever,
and headaches. The disease is endemic to
sub-Saharan Africa. Chagas disease occurs
primarily in rural Central and South America
and can affect the colon, esophagus, and heart.
leading to chronic constipation, difficulty
swallowing, and life-threatening heart
arrhythmias, respectively. A total of roughly 16
million people are infected in Latin America.
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SPECIES INVOLVED IN DISEASE

INFECTIOUS TRANSMISSION AND MODE OF
DISEASE AGENT TRANSMISSION COMMENTS
Tularemia The bacterium Inhaling or having direct contact Infection with F. tularensis can bring about
Francisella with the infectious bacteria. which several syndromes, the most common of which
tularensis can be carried by animals, including  entails rapid onset of a high fever. headache.
rabbits. rodents. and hares, as wellas  chills. and generalized body aches. At the site
being bitten by an infected tick (e.g..  of the insect bite, an ulcerated lesion develops,
Dermacentor andersoni, the Rocky eventually capped by a nonhealing scab, that
Mountain Wood Tick: D. variabilis, is associated with marked swelling of nearby
the American Dog Tick; D. lymph glands.
occidentalis. the Pacific Coast Dog
Tick: and Amblyomma americanum,
the Lone Star Tick) or by an infected
tabanid fly (e.g.. a horse fly)
West Nile West Nile virus Bites by infected species of Culex Although typically a mild illness. infection with
encephalitis mosquitoes. especially Cx. pipiens West Nile virus can become severe if the virus
and Cx. quinquefasciatus reaches the central nervous system, where it
can produce weakness, severe headache, and
confusion. Wild bird populations are important
reservoir hosts.
Yellow fever Yellow fever virus Bites by infected Aedes mosquitoes Symptoms develop in the week after being

bitten by an infected mosquito. including fever,
headache, and vomiting. Around 15% of those
infected will progress within one day from the
onset of symptoms to a “toxic” phase of the
disease in which the kidneys and liver may
cease to function and from which only about
50% survive. Some 200,000 cases occur each
year, and about 30.000 people die from the virus,
predominantly in tropical Central America and
Africa. Forest monkeys are reservoir hosts. An
effective vaccine is available.

occur as the direct and immediate consequence of a specific human activity. such as
agricultural development, water resource management, deforestation, or mining. With
others, years may pass between the activity (e.g.. the burning of fossil fuels) and its
ultimate eftect (e.g.. erosion or forest fires from droughts caused by global warming).

The causes of ecosystem disturbances come in many forms and include changes
in local average temperatures or in the degree of their variability; changes in water
cycles, for example, in the timing, intensity, and spatial distribution of precipita-
tion; changes in the distribution and availability of surface waters from irrigation
or the building of dams: changes resulting from pollution, including pesticides and
excessive nutrients such as nitrogen and phosphorus; and the effects of urbaniza-
tion. However. of all the causes of ecosystem disturbance, habitat destruction and
fragmentation resulting from the conversion of natural habitats into fields for grow-
ing crops or raising animals, or for human settlements, appear to have had the most
impact on human infectious diseases.

To demonstrate how land-use changes can affect the spread of infectious diseases,
consider the conversion of the pampas in Argentina (the pampas are the fertile, grassy
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animal reservoir hosts tend to increase in abundance and become concentrated near
forest edges, compounding the risk of human exposure to the pathogens they carry.
For example, some studies in North America have shown that the White-Footed
Mouse (Peromyscus leucopus), a reservoir for the pathogens that cause Lyme disease
and babesiosis, increases in abundance near forest—field edges.

An additional risk for exposure to infectious disease and. in particular, vector-
borne disease comes from traveling deep within previously undisturbed forest. This
risk increases when migration into the forest occurs in the context of some defor-
estation activities, such as clear-cutting, road building. and mining, that provide
new edges and interfaces within the forests themselves, and that also tend to involve
people who, unlike those who are indigenous inhabitants of the forest, have little or
no immunity to local endemic diseases. Outbreaks of yellow fever, leishmaniasis, and
malaria have occurred in workers engaged in such deforestation activities and in set-
tlers at the forest's edge, as the result of such increased contact with vectors.

The destruction of forest habitat can also result in the replacement of the most
common vector species with a more effective disease vector, such as one of the
Anopheles species replacing a more benign native mosquito. Such has been the case
following deforestation in some parts of Southeast Asia and Amazonia.’ The follow-
ing mechanisms seem to be involved. For one, deforestation and the road building that
accompanies it cause forest floor depressions that allow standing pools of water to
form. The associated removal of groundcover plants and organic debris on the forest

Figure 7.2. Interface Between a Forest and Human Settlement in Manaus, Brazil. The proximity of housing to rainforest habitat contributes to
outbreaks of leishmaniasis and other infectious diseases. (© David H. Molyneux.)
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In the past few decades, deforestation in the Amazon has led to a proliferation
of Anopheles darlingi, the mosquito species that is highly effective at transmitting
malaria to humans in this region and that has, in some instances, replaced some
twenty other Anopheles species that were present when the forests were intact.
Perhaps An. darlingi benefits more than other Anopheles species from the alterations
in aquatic habitats mentioned above that are associated with deforestation. Similar
patterns have been observed in Southeast Asia, where the diversity of mosquito popu-
lations is reduced through deforestation, but where species that are effective malaria
vectors rapidly adapt to new habitats.

Deforestation can also influence human infectious diseases carried by certain
snails. Forests contain streams, rivers, lakes, and ponds that are shaded by overhang-
ing trees, which serve to maintain relatively constant water levels. These conditions,
which provide a broad array of habitats, often tend to favor a diverse freshwater snail
fauna. Deforestation leads to more sunlight penetrating into forest water bodies,
resulting in more vegetation growth, more variable water levels, and at times, even a
disappearance of surface waters entirely. These changes inevitably alter snail diversity
in the forests. Few of the original snail species can adapt to these new deforested condi-
tions, and the ones that can adapt well to open areas are generally also those better able
to serve as intermediate hosts (organisms that support an immature or nonreproduc-
tive form of a parasite) for the parasitic flatworms known as schistosomes that cause
the disease schistosomiasis (formerly called bilharzia). Once again, deforestation, by
altering natural forest biodiversity, increases the risk of human infectious disease.

A compelling example of how deforestation can spread schistosomiasis within
a human population comes from Cameroon.* There, the forest ecosystem, with its
shaded ponds and slow-moving streams, predominantly supported one species of
snail, Bulinus forskalii, an intermediate host for Schistosoma intercalatum, a schisto-
some that causes little illness in humans. However, following deforestation, expo-
sure of the forest water bodies to the sun favored another snail, Bulinus truncatus,
which became the dominant snail species. B. truncatus is an effective intermediate
host for another schistosome, S. haematobium, which causes urinary tract disease
in people, so with deforestation, urinary schistosomiasis became a significant public
health problem in parts of Cameroon (see also discussion below about B. truncatus
and schistosomiasis in Senegal).

In the Philippines, snails from the genus Oncomelania function as the inter-
mediate host for the schistosome species Schistosoma japonicum, and these snails
are able to live both inside and outside of the forest. Before the start of large-scale
deforestation, S. japonicum was found primarily in rodent populations and rarely, if
ever, infected humans. Following major deforestation in the Philippines, however, the
schistosome moved into humans, perhaps in part because of larger human settlement
in the formerly forested areas and the increased degree of contact between humans
and the Oncomelania snails.

Still further consequences for the spread of infectious disease can come from plant-
ing new forests. Reforestation may make use of nonnative plants, which may provide
better conditions for some vectors that are capable of increasing the transmission of
infectious agents. The introduction of immortelle trees (so-named because the trees’
flowers maintain their color and shape when dried) in the 1940s to Trinidad from Peru
to provide shade for cocoa crops, for example, resulted in a malaria epidemic. The trees
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diseases. River ecosystems typically contain a diverse flora and fauna that the riv-
er’s variable flow patterns and distinctive river bottom habitats support. Damming
tends to severely disrupt and, in many cases, destroy these ecosystems. Changes
in the river's flow alter habitats both within and around the river. both upstream
and downstream of dams, and typically few of the original species that had lived
in these ecosystems manage to survive. Some others that had been rare, however,
may become more abundant. Some of the species that tend to be better adapted to
habitats that develop after dams are created are better able to promote disease trans-
mission to humans, such as some insect vectors, and snails, the intermediate hosts
for schistosomiasis. Furthermore, downstream spillways (a spillway is a structure
that conveys surplus water over or through a dam) have been known to provide ideal
breeding sites for Simulium blackflies, the vectors of the worm Onchocerca volvulus
that causes onchocerciasis, or river blindness. These spillways also create potential
larval habitats for mosquito vectors of malaria and other diseases, because they can
lead to the formation of adjacent still-water pools.

Construction of the Diama Dam in Senegal created outbreaks of intestinal and uri-
nary schistosomiasis that affected thousands of people upstream, causing serious health
problems in a population that had been essentially free of the disease (see box 7.2).

Similarly, the Aswan High Dam on the lower Nile in Egypt and the Blue Nile
irrigation project in Sudan have resulted in millions of Nile Delta inhabitants hav-
ing a high and chronic risk of exposure to schistosomiasis. In the case of the Aswan
High Dam, explosive growth of phytoplankton and other vegetation in Lake Nassar
(the lake the dam created) has been a boon for fish populations; 80,000 tons of fish are
now caught each year from the lake. Fishermen from other regions, some carrying
S. haematobium, moved into the area seeking to take advantage of this new bounty,
and as the B. truncatus snail population also increased significantly (because of a
dramatic increase in the numbers of water plants in the lake), the stage was set for an
outbreak of urinary schistosomiasis. Downstream from the dam, irrigation practices
moved from seasonal to perennial, and this change altered habitats in such a way
as to favor B. truncatus in Upper Egypt, as well, and led to more infections with
urinary schistosomes. As a result, the prevalence of S. haematobium in Upper and
Middle Egy pt leapt from about 6 percent before 1960 to nearly 20 percent in the 1980s.
In Lower Egypt, the same happened with intestinal schistosomiasis, but to an even
greater degree.” "2 There, the intermediate hosts were Biomphalaria snails.

The rising water tables and reduced water flow in small irrigation canals in
the Nile Delta that accompanied the building of the High Dam has also fostered the
spread of lymphatic filariasis between 1970 and 1990, because these effects increased
available Culex pipiens (a mosquito vector of filariasis) breeding sites.”

Agricultural Development

ivestock and game form a key link ina chain of disease transmission from animal

reservoirs to humans. Given that livestock often act as intermediaries between a

wild animal reservoir of infection and a human host (described further below),
changes in livestock management can have serious consequences for human health by
promoting the emergence of new pathogens and the reemergence of old ones.
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SALMONELLA

In the 1980s Salmonella enteritidis, found in poultry and their eggs, emerged world-
wide as a major human disease-causing bacterium. Research on its spread suggests
that S. enteritidis filled an ecological niche on large poultry farms that had been
vacated by the nonpathogenic—-at least for humans—Salmonella gallinarum. S. gal-
linarum had long been a significant burden for the poultry industry. because it caused
typhoid in fowl. As a result, large numbers of poultry farmers in the United States,
and in some other countries such as England, adopted a “test and slaughter” method of
disease control, in which any bird that tested positive for the disease was killed. This
method, combined with greater antibiotic use, largely eliminated S. gallinarum in com-
mercial poultry flocks in the United States and England in the 1970s. By, 1985, how-
ever, the incidence of S. enteritidis infections in U.S. poultry jumped to five times the
levels of 1976. Evidently, S. gallinarum had competitively excluded S. enteritidis from
colonizing fowl, so when S. gallinarum was no longer present, S. enteritidis infections
in poultry increased markedly." Although rates of infection have since fallen, current
estimates suggest that more than 200,000 people in the United States still become ill
each year with S. enteritidis at a cost of more than US$1 billion.">'®

Some features of S. enteritidis help to explain its ability to displace S. gallinarum.
For one, S. gallinarum has no reservoir other than domestic poultry and waterfowl,
whereas S. enteritidis is also harbored by rodents, so even when infected animals
are killed, bacteria can repeatedly reinfect poultry flocks. Moreover, S. enteritidis, in
contrast to S. gallinarum, often infects poultry without preducing symptoms, facili-
tating the spread of infection, because infected animals are not identified and thus
are not treated or killed. Once poultry have become infected with S. enteritidis, other
aspects of commercial poultry operations contribute to its spread, including concen-
trated rearing practices, where tens or hundreds of thousands of animals are housed
at a single site, enabling rapid disease spread, first within the facility, and then to sites
that can be thousands of miles away when poultry are exported.

Intensive rearing of livestock, particularly poultry and pigs together, creates an
ideal setting for generating infectious disease outbreaks of other pathogens, as well.
These agricultural practices, which are widespread in some Asian countries such as
China, can promote the evolution of new, virulent forms of the influenza virus, with
serious consequences for human health worldwide (see section on pathogen diversity
below).

JAPANESE ENCEPHALITIS

Pigs can also contribute to the spread of Japanese encephalitis (JE), a viral disease
associated with rice ecosystems in Asia (encephalitis is an inflammation of the brain,
usually caused by a virus). Regionwide, an estimated 50,000 human cases occur
each year, with 20 percent of those infected dying from the disease, and an addi-
tional 20 percent becoming disabled.” The disease exacts a considerable social and
economic toll. The primary vector throughout Asia, Culex tritaeniorhynchus, breeds
abundantly in flooded rice fields, as does another important vector, Culex vishnui
(in India, Thailand, Sri Lanka, and Taiwan). Several other Culex species breed in a
variety of habitats, some associated with irrigated rice. The transmission cycle of JE
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in chapter 3 (page 105), there has been a massive growth in oil palm plantations in
the region over the past forty years. Second. and perhaps most important, while pig
farms in Malaysia historically were small operations, farm sizes had been increasing
markedly in the decades prior to the Nipah outbreak. It is clear that flying foxes have
long roosted in the region where Nipah virus first emerged, and it is possible that
spillovers from bats to pigs have occurred in the past. But evidence now suggests that
without a high density of pigs to support an outbreak, the virus would have likely run
its course, with pigs either recovering or succumbing to the disease. A lack of human
infections and Nipah's resemblance to other diseases in pigs may have resulted in the
infection not being detected in the past. It is now believed that it was the density of
pigs that may have been the critical factor in triggering the Nipah outbreak in 1998
(the farm where the outbreak occurred had 30,000 pigs at that time)—that a thresh-
old had been reached that would sustain the infection among the pigs and allow the
Nipah virus to spread to farm workers.

But how did the Nipah virus jump from bats to pigs and then to people? While
fruit bats had clearly been present in the vicinity of the farm in the past, their num-
bers may have been greater at the time of the outbreak. With deforestation leading
to a reduced availability of natural food resources in Malaysia (they generally feed
on figs and other wild fruits), they may have been more likely to seek out fruit from
commercial orchards. When these orchards were on pig farms, such as was the case
with the farm where Nipah first broke out (mango trees had been planted to provide
shade for the pig enclosures), spread of the virus from the bats to pigs became pos-
sible. Because Nipah virus is known to be present in fruit bat saliva, urine, and feces,
it is likely that infected pteropid bats passed the infection onto the pigs via partially
eaten dropped fruit and via their excreta. Once infected, the pigs developed severe
coughs, and the large numbers of pigs were able to sustain the Nipah infection and to
pass it on to people who came into contact with their infected feces or with their oral
and nasal mucus secretions that had become aerosolized via coughing.

The combination of a high density of domestic animals in close proximity to wild-
life, the loss of natural food resources for wildlife, and the presence of fruit orchards
next to susceptible domestic animals were all conditions, established by humans, that
contributed to the emergence of Nipah virus disease in people. Nipah virus has since
emerged in Bangladesh, where annual outbreaks in people occurred between 2001
and 2005. The mortality rate has been as high as 75 percent. Domestic animals, how-
ever, have not been involved in the Bangladeshi outbreaks, which presumably have
occurred through direct transmission from pteropid bats to humans or, in some cases,
by consumption of contaminated fruit juices.

Bats have also recently been discovered to be hosts for the viruses of two other
major emerging infectious diseases: severe acute respiratory syndrome, or SARS,
and Ebola. In the former case, four different species of the insectivorous (insect eat-
ing) horseshoe bats of the genus Rhinolophus have been found to carry the SARS
virus. They may be its natural reservoir host in the wild. After the virus was initially
discovered in Palm Civets (Paguma larvata) in live animal markets in Guangdong
Province, China, where the disease first emerged. more than 10,000 of the animals
were destroyed. But, in fact, the civets may have caught the virus from the horseshoe
bats, which are commonly sold in the same markets for food and for use as traditional
medicines.”!
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With the Ebola virus, no wild reservoir for the virus had been found since the first
outbreak in Africa in 1976 until 2005, when it was detected in three fruit bat species,
Hypsignathus monstrosus, Epomops franqueti, and Myonycteris torquata, in Gabon
and the Republic of Congo.” In both SARS and Ebola, the bushmeat trade has been
involved in the transmission of the disease to humans—Palm Civets and horseshoe
bats in China in the case of SARS and primates with Ebola in West—Central Africa.

Urbanization

eople in all countries of the world are moving to cities. By 2007, for the first

time in human history, the population of cities will be greater than that in

rural areas. Most of this urban population growth will cccur in the developing

world, which is already home to seven of the world’s ten cities with populations that

exceed fifteen million. The repercussions of this transition include habitat destruc-

tion, subsequent ecosystem changes, and, as this chapter illustrates in several other
contexts, consequences for the spread of infectious disease.

Urban construction will sometimes drain wetlands and other standing water,

eliminating potential breeding sites for some mosquito populations, thereby serving

to reduce the incidence of some infectious diseases. However, urbanization can also

Figure 7.6. Aedes aegypti Mosquito. Ae. aegypti is the main vector in the world for yellow fever and for dengue fever, the latter caused by the
world's most prevalent mosquito-borne virus. Ae. aegypti is widely distributed, being found in tropical and semitropical areas on all continents.
(Courtesy of the Centers for Disease Control and Prevention.)
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has been determined that forest fragments less than about 3 hectares (7.4 acres) present
the greatest risks for acquiring Lyme disease because of these pathogen—vector—host
relationships.”* Further examples of how urbanization affects transmission of infectious
diseases are given below in the context of changes to biodiversity.

VECTOR, PATHOGEN, AND
HOST DIVERSITY AND HUMAN
INFECTIOUS DISEASE

iodiversity, as defied in chapter 1, is the variety of life on Earth at all levels

of biological organization, from the genes within local populations of species,

to the species themselves composing local communities, to these communi-
ties making up the biological constituents of ecosystems. Biodiversity as it relates to
infectious diseases can be thought of at any of these levels. The incidence of infection
may be influenced by the genetic makeup of pathogens, vectors, and hosts; by the
numbers of species in each of these groups; by the diversity of habitats available in
an ecosystem; and by variations in human behavior, such as the application of pesti-
cides, that select for certain species over others.

In some cases, greater biodiversity will be associated with an increased incidence
of disease. Tropical areas, for example, harbor greater pathogen diversity, and there-
fore people living there may have more risk of infection than will those in species-poor
boreal regions. In other cases, greater biodiversity acts as a buffer to risk, as occurs
when a diverse assemblage of predators and competitors controls the abundance of
rodent host reservoirs, such as is the case with Lyme disease described above.

Moreover, changes in the various components of biodiversity may be even more
influential to disease incidence than those in the absolute amount of biodiversity,
either up or down, in a given ecosystem.”? In Uganda, for example, the expansion
and movement of cattle populations into areas previously inhabited by native ungu-
lates (a large group of mammals that have hoofs, e.g., antelopes and cows), combined
with the invasion of abandoned cropland by the nonnative plant Lantana camara,
is believed to have contributed to changes in tsetse fly (Glossina) distribution that
initiated epidemics of African sleeping sickness (ASS) in the 1980s.27? These out-
breaks, which began in Busoga (a region of Uganda), are thought to have resulted
from coffee and cotton plantations having been abandoned because farmers could no
longer make a living with these crops under rules imposed by the Amin regime; the
collapse of tsetse control programs and health services; the rapid spread of Lantana
into areas where the farms had been, creating suitable habitat in its dense vegetation
for the proliferation of a tsetse fly vector of ASS, Glossina fuscipes; and the introduc-
tion of cattle, which provided a highly competent reservoir host for a subspecies of the
parasite that causes ASS, Trypanosoma brucei rhodesiense. G. fuscipes is a generalist
vector that will feed on cattle, as it will on any available host.” The movement of cattle
in Uganda continues to this day to influence the spread of sleeping sickness in that
country.® In this case, replacement of native biodiversity with nonnative alien and
invasive species, rather than changes in the absolute number of species, was respon-
sible for the infectious disease outbreaks.
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Although a diverse vector community by itself may increase the likelihood of
disease transmission to people in some cases, most situations are far more complex.
For some vector-borne infections, for example, it is the specific characteristics of the
vector community (e.g., susceptibility, feeding habitats, biting behavior) that are of
key importance, not the number of different vector species or their abundance. An
example is given in box 73.

Diversity of Pathogens

s with vectors, greater pathogen diversity is typically associated with

a higher risk of pathogen transmission to humans. However, this is not

always the case. For example, the presence of the measles virus can gener-
ate an immune response that can protect against other infectious diseases such as
whooping cough. In this case, higher diversity of pathogens reduces the burden of
disease. In addition to existing diversity, the potential to mutate and produce new
genetic forms within a pathogen species allows for rapid evolutionary change by nat-
ural selection. The ability of the genome of some pathogens to mutate easily and the
impacts of such mutations on outbreaks of infectious diseases have demonstrated that
epidemics arise not necessarily from the existence of high genetic diversity among
pathogens but from their capacity to diversify genetically. For instance, the high
genetic mutation rate of the human immunodeficiency virus facilitates its ability to
evade our immune systems, because it can change its appearance faster than the time
it takes our immune cells to recognize it and develop an effective defensive response.

Another example of the importance of pathogens’ ability to undergo rapid genetic
change comes from the influenza virus. These viruses infect horses, species of swine
and birds, and of course, humans. The seasonal influenza that circulates in the human
population each year is a genetically distinct strain of the virus that arises in East
Asia and then travels around the globe. Most often, only small changes materialize in
the flu virus genome, producing viruses that are similar to those that have circulated
in the past, and that are therefore familiar to the immune systems of people who have
been previously infected. As a result, they generally cause only mild disease.

Wild and domestic birds serve as repositories for avian influenza viruses, most
strains of which do not produce significant illness in them. When ducks and chick-
ens are raised near pigs, as commonly occurs in East Asia, they can transmit their
flu strains to the pigs. Both mammalian and avian types of influenza viruses repli-
cate well in pigs and are able to exchange their genetic information, with the result
that new, and potentially virulent, flu strains can be formed. These may have major
changes in their genomes, such as having one of the eight strands of genetic mate-
rial that make up the flu viral genome replaced with a new one. Pigs have therefore
been called “mixing vessels” for flu viruses. Humans, too, can serve as “mixing ves-
sels,” with avian and human influenza viruses exchanging genetic information. Such
exchanges can create viruses that no living person’s immune system has ever been
exposed to, leading to the possibility of a severe global pandemic.

It is also possible for avian viruses from birds to be transmitted directly to
humans, with potentially catastrophic consequences. In 1997 in Hong Kong, a strain
of influenza virus in poultry was found to infect workers who slaughtered chickens.
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BOX 73

IRRIGATION AND CHANGES
IN MOSQUITO FAUNA: A CASE
STUDY FROM SRI LANKA

In response to growing energy needs in Sri Lanka, the Mahaweli
River dam project was conceived, and construction of a cascade of
large dams along the river began in 1976. Nearly thirty years later,
this project continues to have serious impacts on the spread of infec-
tious diseases in the region. After the dams were built, and forests
were subsequently converted to irrigated rice farms, shaded streams
and forest pools were replaced by a multitude of exposed habitats,
including rice fields, canals, small reservoirs, and temporary rainwater
pools. Not surprisingly, these new conditions translated into dramatic
shifts in the kind and number of mosquitoes present. In the span of
three years, overall mosquito species richness dropped 20 percent,
from forty-nine species that had been present in the forests, to thirty-
nine species after their conversion to irrigated farmland, and only 60
percent of these once prevalent forest species remained abundant
after irrigation development. But, at the same time, ten mosquito
species that had not been common in the forests became dominant
after the forests disappeared, including several important disease vec-
tor species, such as Anopheles culicifacies and other malaria-carrying
Anopheles species; Aedes albopictus, a vector for dengue fever;
Mansonia species that carry filariasis; and Culex vectors of Japanese
encephalitis. In addition, several other malaria vectors, including An.
subpictus, increased in numbers and became significant participants
in malaria transmission.

Since then, this highly virulent strain, known as H5N1, has spread from Asia to
Europe, Africa, and Oceania, mostly via migratory birds. In its wake, more than
200 million domesticated poultry have been slaughtered in an attempt to stem the
spread of disease. According to the World Health Organization, as of September 10,
2007, 328 people have been infected globally and 200 have died from the disease {see
www.who.int/csr/disease/avian_influenza/country/en/), almost all of whom had
direct contact with infected birds. The high mortality rate of the H5N1 virus is likely
a product of its innate virulence combined with the fact that human immune sys-
tems are not familiar with it. Should the H5N1 virus mutate so that person to person
spread becomes possible, an influenza pandemic would almost certainly result, which
experts expect may be as devastating as the “Spanish Flu Pandemic” of 1918—1919
that infected some one in five people living at that time and killed at least twenty-five
million people worldwide in one year.*

EcosYSTEM DISTURBANCE, BIODIVERSITY L0SS, AND HUMAN INFECTIOUS DISEASE 309






some experts estimate more than go percent, is used in subtherapeutic doses to pre-
vent infection and to stimulate more rapid growth. About one-fifth of the antibiotics
used in livestock in the United States are nearly identical to those used in people,
setting the stage for the development of human bacterial infections that are resistant
to commonly prescribed antibiotics.*® Antibiotic resistance in some strains of E. coli,
Campylobacter jejuni, and Salmonella enteritidis, the three major bacterial causes of
human gastrointestinal illness, have already been tied to the use of antibiotics in live-
stock. {See section in chapter 8 on antibiotic resistance in Campylobactor, page 366.)
Antibiotic resistance can emerge in a matter of weeks, as has been documented in poul-
try. and widespread prevalence of resistant bacteria has been demonstrated to occur
within a few years after the introduction of a new antibiotic in human populations.

Diversity of Hosts

igh species diversity within communities of vertebrates can reduce the

risk of a disease being transmitted to humans, a phenomenon termed

the “dilution effect.”> For many diseases, only a few species are suitable,
or “competent,” hosts for the pathogen. Others, called “incompetent” hosts, might
also be exposed to the pathogen but will not support its proliferation (in some cases,
because their immune systems kill it) or its transmission to vectors that feed upon
them. The most “competent” hosts are considered disease reservoirs, and most of
these tend to be abundant, widespread, and resilient species, able to thrive in heav-
ily disturbed habitats. They also appear to be the favorite sources of blood meals for
disease vectors. It may be that natural selection favors pathogens and vectors that are
able to thrive in, or on, common, widespread host species, as opposed to pathogens
and vectors that are restricted to rarer or more sensitive hosts. Often. though not
always, these more common and widespread host animals are rodents.

Because many of the vectors (usually mosquitoes or ticks) that transmit zoonotic
pathogens are host generalists (i.e., they tend to feed on a wide variety of vertebrates),
a large proportion of the vectors are likely to be feeding on “incompetent hosts™ in
communities that contain a high diversity of vertebrate species. As a result, in such
communities, the pathogens are “diluted” among these hosts, the vectors are less
likely to become infected, and the human risk of disease is therefore reduced.

In contrast, in communities with few vertebrate species, vectors have fewer alterna-
tives for their blood meals. However, because highly “competent” reservoir hosts such
as rodents tend to thrive in species-poor communities, as well as in species-rich ones,
vectors in species-poor communities are more likely to be feeding upon these “competent”
reservoirs and to become infected, and as a result, the risk of human infection is greater.

The “dilution effect” has been shown to operate with Lyme disease, West Nile
virus disease, and hantavirus disease, and it is likely that it applies to other diseases
as well. For this to occur, the following conditions must be met:

1. The disease vector must feed on a wide variety of host species.

2. The hosts must differ in their ability to transmit the pathogen to the vector
(which depends on how readily the host can be infected, when it is infected,
and how well the pathogen replicates in it).
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Figure 7.14. Red Fox (Vulpes vulpes) with a
Vole. (© 1992 Steve Kaufman.)

Several species of fish, particularly in the context of rice farming, have also been
shown to be highly effective at lowering the abundance of mosquito larvae. Their
rediscovery as mosquito control agents was spurred by the development of resis-
tance among some mosquitoes to pesticides. One remarkable success has been in
India, where the introduction of fish into rice farms has helped to lower the burden of
malaria by several hundred thousand cases between 1998 and 2003, In some villages,
such as Puram in southern India, the introduction of guppies (Poecilia reticulata) into
wells and streams has led to the elimination of the disease.”” By contrast, during the
same time period, in certain regions of India where DDT, but not guppies, was used
for mosquito control, malaria incidence actually increased *

In many ecosystems, a complex food web makes predicting the effects of losing pred-
ators that control vector populations difficult if not impossible. The introduction of exotic
species often comes with considerable risk to the well-being of native species (see section
on invasive species in chapter 2, page 47). In Australia, for example, the introduction of
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Figure 7.16. Juvenile Sooty Mangabey. (Photo by W. Scott McGraw, Ohio State University.)
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species of macaques that can develop fatal AIDS-like syndromes when experimentally
infected with SIVs), we may better understand HIV-1 and AIDS.”

Recent studies of blood taken from primates kept as pets or killed by hunters
in West—Central Africa by Martine Peeters (from the Institut de Recherche pour
le Développement in Montpellier, France), Beatrice Hahn, and others have demon-
strated that as many as thirty nonhuman primate species in Africa may carry SIVs.
Prevalence rates range from 4 percent up to 6o percent in wild communities and vary
depending on the virus and the primate species. There may be thirteen or more dis-
tinct SIV lineages. Because these primates carry SIVs without signs of disease, some
have speculated that current populations of African nonhuman primates may be the
survivors of ancient simian pandemics.**

Since nonhuman primates carry numerous other viruses in West—Central Africa,
and perhaps in other parts of Africa, as well, indigenous populations are likely to be hav-
ing ongoing exposures to these other viruses, mostly by hunting nonhuman primates,
but in some cases by keeping them as pets.” For instance, antibodies to simian foamy
virus (SFV), which is a retrovirus found in nonhuman primates (a retrovirus is a virus
that stores its genes as RNA, but can transcribe them into DNA and integrate them into
its host cell genome), have been found by Nathan D. Wolfe and his group at the UCLA
School of Public Health in about 1 percent of nearly 1,100 hunters sampled in Central
African forests, demonstrating that transmission of these viruses from nonhuman
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The Effect of Climate Change on Vectors

limate change can also have profound effects on disease vectors. Mosquito

reproduction and survival depend upon temperature, and research on mos-

quito populations has shown that, in general, they reproduce more, and
also bite more often, with increasing temperatures. When certain temperatures are
exceeded, however, mosquito populations may drop. These data enter into models
that predict that rising temperatures associated with climate warming will allow
mosquitoes to expand their ranges into higher elevations and higher latitudes, and
to increase population sizes within their traditional ranges. Higher temperatures can
also speed up the development of malarial parasites or viruses in mosquitoes and
hence increase their transmission, provided that there is not a decline in mosquito
longevity as a result of excessive temperatures.

The same situation seems to apply to some tick species. From the mid 198os until
the late 19gos, there was a substantial increase in the incidence of tick-borne enceph-
alitis (TBE) in Stockholm County in central Sweden. This disease is carried by the
European Tick (Ixodes ricinus), also the main vector in Europe of Lyme disease. It was
found that I ricinus populations shifted their range to higher latitudes, related to fewer
winter days with minimum temperatures lower than —12 degrees Celsius (around 10
degrees Fahrenheit), and increased their concentrations in their traditional range, in
association with milder winters and extended spring and autumn seasons (see fig-
ure 7.20). These effects were associated with the increased number of TBE cases.***

In the case of dengue fever, research in Honduras, Nicaragua, and Thailand has
shown that fluctuations in climate are linked to variations in the abundance of Aedes
aegypti mosquitoes. Warmer weather was associated with more abundant mosqui-
toes and more cases of dengue fever. With malaria, studies in the highlands of cen-
tral Ethiopia that covered the period from 1968 to 1993 have shown an association
between a warming climate and an increased incidence of malaria, as has also been
true for malarial outbreaks in highland towns of Kenya. But in Kenya, other factors,
such as the immune status of those who came down with the disease and the effective-
ness of public health measures, have also been implicated in the observed increased
malaria transmission.®

Extreme weather events also have implications for vectors, though the effects
of both flooding and drought are highly variable and situation dependent. In some
cases, very heavy rains may decrease vector populations, because they may wash
away eggs and larvae from breeding sites and thus decrease the likelihood of trans-
mission, at least initially, after a storm. In other cases, flooding leads to more bodies
of standing water, providing greater numbers of breeding sites for mosquitoes, and
may drive some vertebrate reservoirs of disease into closer proximity to people, both
leading potentially to more human disease. Paradoxically, drought may also facilitate
population increases of some mosquito species that are important disease vectors.
For instance, in urban settings droughts may result in the formation of small pools
of highly concentrated, nutrient-rich water in drains, favoring the breeding of Culex
species, including C. quinquefasciatus and C. pipiens that carry the West Nile virus.

Because climate change is projected to lead to more frequent and more severe
droughts and floods in coming decades, it is highly likely that we will see more
frequent and more severe outbreaks of some vector-borne human infectious diseases.
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Figure 7.20. Change in the Distribution and in Concentrations of the European Tick (Ixodes ricinus) in Central Sweden. White squares illustrate
districts in Sweden where . ricinus ticks were reported to be present in the eatly 1980s and in the mid 19g0s. The black line outlines the
study region. There was an increase in the abundance of I. ricinus and a northern shift in its distribution from the 1980s to the 19g0s. (From
E. Lindgren, L. Talleklint, and T. Polfeldt. Impact of climatic change on the northern latitude limit and population density of the disease-
transmitting European tick, Ixodes ricinus. Environmental Health Perspectives, 2000;108(2):119—-123.)

Figure 7.21. The Mosquito Culex quinque-
fasciatus, the Main Vector for West Nile Virus
in Southeastern United States. (Courtesy of the
Centers for Disease Control and Prevention.)
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building of dams. urbanization, and climate warming. Much greater attention to
how these and other activities affect human disease is warranted in coming years as
human populations increase and as such activities intensify.
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extremely difficult challenges for human beings, especially in producing adequate
supplies of food. The world’s current mean population density of fifty people per
square kilometer (slightly more than seventeen people per square mile) is projected to
rise to seventy people per square kilometer by 2050, and since only about 10 percent
of land is arable (i.e., suitable for agriculture), population densities per unit of arable
land are, in fact, roughly ten times higher than these figures."? Given the poverty
and famine that prevail in several regions, and the predicted change of Earth’s cli-
mate (which in its normal state is already inherently unstable), it is an open question
whether, and how, humanity can provide for itself while avoiding irreversible dam-
age to natural ecosystems and their biodiversity. Increasing awareness of the issue
and the development of new methods for conserving and managing food producing
ecosystems, on land and in the oceans, offer hope for some progress in this difhcult
task. Using the promise inherent in such methods, however, must be constrained by
an understanding of the potential problems and hazards they pose.

HISTORICAL BACKGROUND

or the greater part of their history, Homo sapiens have roamed over the land-

scape in small bands, subsisting as hunters and gatherers, and occasionally

as scavengers. Being omnivorous, they availed themselves of a variety of food
sources, opportunistically and eclectically, gathering edible plants and killing some
animals for their meat (as well as for their skin, bones, antlers, and other usable parts).
In time, humans learned to manipulate their environment, initially through the cre-
ation of fires. Although their lives were physically rigorous. they were venturesome
and adaptable enough to spread out from their native African savanna into all the hab-
itable continents. Relying on their ingenuity and tool-making ability, they adapted to
widely varying environments—from icy northern Eurasia to arid central Australia.

A dramatic change in human lifestyle began toward the end of the epoch known
by geologists as the Pleistocene (which lasted from about 1.8 million to about 11.000
years ago) and the beginning of the geological period that we are currently in, called
the Holocene, which immediately followed the Pleistocene. That change evidently
took place earliest in the Near East, some 10,000 to 12,000 years ago, during what
archaeologists call the Neolithic Age. As the last ice age ended, the warming trend
gave rise to a profusion of plant and animal life in that region, which afforded the
human populations living there an abundance of food sources and of favorable sites
for regular, and eventually permanent, habitation.

As groups of humans shifted from nomadic to sedentary living and began to form
settlements, they also learned, after collecting seeds of wild plants such as wheat and
barley, to domesticate selected plants. Thus, agriculture began. At first, it was in the
form of rain-fed farming in relatively humid areas; later, water was provided to crops
by irrigation from rivers in river valley farms. Simultaneously, animal husbandry
developed, based on the herding of livestock such as sheep, goats, and cattle, both in
conjunction with village-based farming and in the context of an alternative lifestyle
called pastoralism, a semi-nomadic, subsistence pattern of living characterized by
tending herds of animals.
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Of the many plants with edible products, several were found suitable for early
domestication. Prominent among these were selected species of the Gramineae family
(the cereal grains of wheat, barley, oats, rye, and sorghum), the Leguminosae fam-
ily (peas. lentils, chickpeas. and several types of beans). vegetables of various gen-
era, and a number of fruit-bearing woody plants or trees (olives, grapes, almonds,
pomegranates, figs. and dates). Only a limited number of animals lent themselves
conveniently to domestication. Breeding programs, along with natural hybridization,
played a pivotal role in shaping the genetic and evolutionary trajectories of domesti-
cated animal species.’

Consequently, human societies abandoned their prior lifestyle as roaming hunter-
gatherers, and as they became sedentary producers of food, they came to depend on
their managed crops and livestock for subsistence. Agriculture created plants and ani-
mals {e.g.. wheat, rice, maize [corn], cattle, swine, and poultry) that are now some of the
most prevalent and widespread organisms on Earth, and thanks to these organisms,
humans indeed have become the world's dominant species. A mutual dependency thus
developed between humans and the organisms they domesticated. However, in some
cases, such as with corn, as described by Michael Pollan and others, it is not always
clear which species has been the domesticator and which the domesticated.*

The same processes of transition to an agricultural or pastoral economy that first
took place in the Near East also appeared independently in several other centers, and
then rapidly spread from these places as well.” These include, among others, southern
and eastern Asia, Central Africa, and Central America, each with its own indigenous
selection of plants and animals able to be domesticated. In all those locations, the
agricultural transformation improved food security and thereby set in motion a pro-
gressive increase of human population density. So productive was the enterprise of
agriculture that over time an ever-decreasing number of farm workers were able to
feed ever-larger numbers of people. Urban centers then developed in which people
engaged in a variety of other occupations (e.g., industry, art, science, medicine, and
institutionalized religion), thus creating the basis for complex civilizations.®

A less auspicious consequence of these same developments was a narrowing of
the variety of foods that served to sustain populations. The domesticated lifestyle
provided only a limited number of tended species and strains instead of the wide
selection of types and sources of food that humans previously had been able to collect
or hunt in the wild. As the variety of foods was reduced, so too was the nutritional
balance and quality of the diet. The study of archaeological remains from around
the world reveals that the shift from hunting and gathering to increased nutritional
focus on domesticated grains that occurred around 10,000 years ago coincided with
a decline in health, including increased evidence of dental disease, iron-deficiency
anemia, infections, and bone loss.” Moreover, reliance on a small number of crops and
animals maintained in managed sites also made societies vulnerable to production
failures resulting from the vagaries of weather. as well as from pests and diseases
of crops and livestock. People living in close communities, and eventually in cities,
themselves became more vulnerable to communicable diseases.

So the great advantages of domestication were not without attendant disadvan-
tages. However, the increase in population numbers and densities made possible by
the initial successes of agriculture did not allow a return from the domestication of
crops and animals to the lifestyle and economy of nomadic hunting and gathering.
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Figure 8.1. Severe Soil Erosion on a Wheat
Farm in Washington State. The farmer is using
a probe to take a soil sample for measuring
such things as its nutrient availability and
organic matter. (Photo by Jack Dykinga, U.S.
Department of Agriculture.)

Humans also changed biologically, because of the selective pressures of living in built
environments and changes in diet associated with being increasingly sedentary.® The
agricultural transformation thus became effectively irreversible.

As long as human exploitation of the land and its biotic resources was restricted
to small enclaves, the surrounding expanses of relatively undisturbed natural ecosys-
tems remained intact, with their biodiversity preserved. But, as the extent and inten-
sity of human exploitation of the land increased, along with an increase in populations,
natural habitats were reduced and fragmented. This process of human encroachment
has continued and accelerated over hundreds of years, until, today, nearly half of
Earth's continental surface is under direct human management, with croplands and

pastures making up most—around 8o percent—of this amount.” A similar process
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has occurred in Earth's freshwater and oceanic ecosystems. Even where humans have
not intervened directly, the secondary effects of their activity (e.g., the chemical resi-
dues of industrial production) have caused indirect deleterious effects.

Within agricultural lands themselves, poor management practices have led to
their degradation. Removing the vegetative cover and pulverizing the soil by tillage
or by the trampling of livestock or machinery has made the soil vulnerable to wind
erosion during dry periods and to water erosion during rainstorms. In extreme cases,
fertile topsoil has been completely scoured away. and less fertile subsoil (or even the
sterile bedrock) has been exposed. Soil productivity is thus greatly impaired, as is its
capacity to support various forms of life.

Quite another process of soil degradation occurs in irrigated lands, particularly
in river valleys located in arid regions. There, the traditional practice of flood irri-
gation with large volumes of water causes much percolation through the soil. This
tends to raise the water table, to saturate the soil excessively (a phenomenon called
waterlogging), and to accumulate salts at or near the soil surface (a process called soil
salinization), all of which destroy soil productivity.

Fortunately, the picture is not entirely bleak. Many of the ills just described
can be prevented or alleviated. New trends and opportunities offer hope that further
threats to biodiversity can be avoided. For example, human population growth seems
to be slowing. Moreover, agriculture has already begun to develop and adopt better
production methods coupled with biological control and conservation practices that
are aimed at preserving, and even enhancing, the diversity of life in agricultural sys-
tems. These approaches are impelled by a growing recognition of the indispensable
importance of biodiversity to agriculture.

AGRICULTURE

Dependence of Agriculture on Biodiversity

Il the plants whose products are used by humans, either directly or indi-

rectly via plant-consuming animals, were derived originally from wild

ancestors. So were all domesticated animals. Domesticates were selected
and bred for their desirable traits, although these traits have been the ones most
advantageous for farmers and consumers, not necessarily those most desirable for
the crop or livestock species themselves. But as environmental circumstances and
stresses changed, as the requirements and preferences of humans changed, and as
some domesticated organisms became vulnerable to certain diseases and pests, the
need arose repeatedly to breed new varieties.

Traditionally, agricultural breeding has been done with close genetic relatives.
These are either wild genotypes, or domesticated varieties or strains of the relevant
organisms. Genetic diversity in a crop species is often considered a resource for future
crop improvement. Different strains may contain different genes, and sometimes
may include genes that impart resistance to certain pests or environmental stresses.
Recently, new possibilities for genetic manipulation have arisen that transfer desired

B1oDIVERSITY AND FOOD PRODUCTION 320



TABLE 8.1 THE FIFTEEN MOST IMPORTANT FOOD CROPS IN TERMS OF PRODUCTION

PrLaNT CrOP TyPE OF CROP WORLD PRODUCTION (X 1,000 METRIC TONS)
Sugarcane Sugar plant (stem) 1,290,345
Corn (maize) Cereal grain 712,334
Rice, paddy Cereal grain 629,881
Wheat Cereal grain 625.151
White potato Ground crop (tuber) 320,978
Soybean Legume 214,849
Cassava (manioc) Ground crop (root) 208559
Barley Cereal grain 137553
Sweet potato Ground crop (root) 122,883
Sorghum Cereal grain 59,154
Peanuts (ground nuts) Legume 37,763
Millet Cereal grain 30533
Qats Cereal grain 23589
Beans, dry Legume 22,880
Rye Cereal grain 15,200

Source: FAOSTAT. Core Production Data from the U.N. Food and Agricultural Organization. available from faostat.fao.org/ [cited September 14. 2007).

traits not just between strains of the same species, but even from one species to
another. This technology potentially greatly enlarges the range of genetic resources
available to agriculture, though the new techniques also present new hazards (see
chapter g). Either way, breeding plants and animals for agricultural purposes was
and remains dependent on Nature's rich array of life forms, that is, on its natural
biodiversity.

Of all the myriad species of plants or animals whose products can be useful to
humans, agriculture directly uses only a few hundred. Among these, just eighty crop
plants and fifty animal species provide most of the world’s food. According to the
U.N's Food and Agriculture Organization, a total of only twelve plant species pro-
vide approximately 75 percent of our total food supply,”® and only fifteen mammal and
bird species make up more than go percent of global domestic livestock production.!
However, what is not generally appreciated is that those relatively few species depend
vitally for their productivity on hundreds of thousands of other species. Among the
latter are insects and birds that pollinate crop flowers and feed on crop pests.

Even more numerous and varied are the microbial species that live on and in
plants and animals, and that are especially abundant in the soil. They, too, help to
protect against pests, as well as to decompose residues (including pathogenic and
toxic agents), transmute them into nutrients for the continual regeneration of life, and
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form and stabilize soil structure. Agricultural productivity and sustainability benefit
from microorganisms in many ways, including the conversion by bacteria of elemen-
tal nitrogen from the atmosphere into nitrogen compounds, soluble ammonium and
nitrates, that serve as essential nutrients for plants. Nitrogen-fixing bacteria may be
symbiotic, such as Rhizobium bacteria that attach themselves to the roots of legumes,
or they may be free-living. Quite another function is fulfilled by mycorrhizal fungi.
which live in association with crop roots and facilitate the uptake of phosphorus and
other relatively immobile nutrients (described in boxes 8.5 and 8.6 below).

Pollinator species, and biological control agents that prey on insect and other
kinds of pests generally live in natural or seminatural ecosystems.'” underscoring the
importance of maintaining undisturbed areas adjacent to agricultural tracts, such
as hedgerows between fields. Clearing away such ecosystems in the belief that such
action prevents the invasion of pest species into fields and orchards sometimes actu-
ally does more harm than good by depriving agriculture of beneficial organisms.”

In ways both visible and invisible, agriculture depends on biodiversity. This
dependence not only operates in the present but also provides an insurance policy
for the future. Genetic diversity in wild populations, for example, can protect crops
from future outbreaks of pests and diseases, and from such disturbances as climate
change, by serving as a pool for the natural and guided (by hybridization) selection
of new, better adapted, and more resistant organisms. Diminution of that diversity
endangers agriculture just as it endangers all the other, inherently interdependent
processes of life on Earth."

Functions of Biodiversity in Agriculture

rowing conditions differ from place to place due to differences, for example,

in soil, water availability, temperature, exposure to sun and winds, day

length. and the prevalence of diseases and pests. They also differ from sea-
son to season due to the variability of climate. Pure stands of genetically similar.
or essentially identical, plants, selected because of their ability to grow well under
the specific conditions of a particular place, are therefore at greater risk when these
conditions change than are genetically diverse stands. Genetically diverse crops can
better survive in environments in which conditions fluctuate, because some are vul-
nerable to certain changes but others are not. Though such diverse crops may not
provide yields that are as great during favorable or normal seasons, they are more
likely to provide an adequate, and perhaps even greater, yield during unfavorable
seasons. Pure stands, lacking genetic variety and hence an adaptability to changing
conditions. may be devastated during such seasons. for example, those characterized
by extreme weather."”

DISEASE CONTROL

Genetic diversity is thus likely to reduce the odds of crop failure and to contribute to
greater stability of production, benefits that are also found in the mixed-species and
multispecies cropping systems common to subsistence farms. The vulnerability of
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Figure 8.4. Alley Planting of Maize in Africa. Maize planted between rows of the nitrogen-fixing legume Leucaena leucophalia on a farm at the
headquarters of the International Institute for Tropical Agriculture in Ibaddan, Nigeria. Such alley farming is becoming increasingly popular in
Africa and in other parts of the world. (@ Musa Usman, International Institute for Tropical Agriculture, |baddan, Nigeria, www.iita.org.)

there was less damage to maize foliage and to plant stems, the number of borer entry
and exit holes were fewer, and, of greatest significance, there was less maize mor-
tality. The reduced numbers of pests in the maize—Leucaena plots were associated
with greater yields per plant and for the plot as a whole, even though the presence
of L. leucocephala reduced the number of maize plants by 25 percent.” The legume,
with nitrogen-fixing bacteria attached to its roots, also served to fertilize the soil for
the maize, no doubt also contributing to the greater yields.

During a good part of the twentieth century, farmers throughout the world have
relied heavily on chemical pesticides. But often these pesticides kill natural enemies
of the pests and provoke resistance in the pests they are intended to kill. The absence
of natural enemies may allow even benign insects to increase their populations to
such an extent that not only do they become pests in their own right, but they may
also be able to acquire resistance to pesticides. This pattern is known as the “pesticide
treadmill.” In Central America, for instance, a host of predatory and parasitic arthro-
pods was removed from agricultural systems, and their loss resulted in greater prob-
lems, to the point that the cotton industries of Guatemala, El Salvador, and Nicaragua
were severely damaged."”

In the last decades of the twentieth century. an increasing awareness of the limi-
tations and damages associated with chemical pesticides has led to the development
of sophisticated techniques referred to as “integrated pest management” (IPM).”
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(left)

Figure 8.6. Other Beneficial Org-
anisms. (a) Brachonid wasp eggs
(probably the brachonid Cotesia
congregata) on a Tomato Hornworm
(Manduca quinguemaculata). The
eggs hatch and digest the worm.
(© Jill M. Nicolaus, 2004) (b)
Cross Spider or Cross Orbweaver
(Araneus diadematus). (Courtesy of
Dawn Hudson, Dreamstime.com.)
(c) Green Lacewing (Chrysoperia sp.)
larva eating white fly nymphs. Green
Lacewing larvae have been called
“aphid lions” and are voracious
predators of many agricultural pests.
(CourtesyofjackDykinga,Agricuitural
Research Service, U.S. Department
of Agriculture)) (d) Fourteen-Spot
Ladybugs or Lady Beetles (Propylea
quatuordecimpunctata)  devouring
an aphid on a pea plant. Scientists
believe Fourteen-Spot Lady Beetles
may help control Russian Wheat
Aphids (Diuraphis noxia) that now
infest seventeen Great Plains and
western states in the United States.
(Courtesy of Scott Bauer, Agricultural
Research Service, U.S. Department
of Agriculture.) (e) Diapetimorpha
introita wasp is preparing to lay an
egg in the tunnel of a Corn Earworm
(Helicoverpa zea) pupa. (Courtesy
of  Scott Bauer, Agricultural
Research Service, U.S. Department
of Agriculture)) (f) Big-Eyed Bug
(Geocoris sp.), having glued a whitefly
to a leaf, can devour its prey at its
leisure. (Courtesy of Jack Dykinga,
Agricultural Research Service, U.S.
Department of Agriculture.)

farmland bird populations have found significantly greater declines in bird popula-
tions and contractions in bird ranges in countries with more intensive agriculture.
The effects were so great as to be discernable at a continental level, making them com-
parable in scale to deforestation and global climate change as major anthropogenic
threats to avian biodiversity.”

Comparisons of bird populations in agricultural fields with those in native savan-
nah and grasslands in the Serengeti have revealed similar patterns. Substantial, but
previously unnoted, declines in bird biodiversity were discovered in the agricultural
lands there. The abundance of bird species found in these fields was only 28 percent
of that in native savannahs. Insect-eating and grain-eating species were the most
affected, particularly ground-feeding and tree species, with as many as 50 percent of
the species of both groups not found at all in the agricultural sites.”® Although there
was a concurrent decline in insects in the agricultural regions, it is predicted that the
great reduction in insectivorous birds will likely affect the ability of these Kenyan
farmers to control future insect-pest outbreaks. Also, the lack of raptors in the agri-
cultural sites, particularly those that consume rodents (e.g., the Black-Shouldered
Kite [Elanus caeruleus| and the Long-Crested Hawk Eagle [Spizaetus ayrestii], both
of which are abundant in the Serengeti savannah), may be contributing to the frequent
explosions in rodent populations, such as those seen for the Natal Multimammate
Mouse (Mastomys natalensis), in agricultural zones.”

POLLINATORS

There are thought to be more than 100,000 different pollinator species on Earth.
Declines in their numbers, reaching 70 percent in some places, have been reported in
every continent except Antarctica.** The consequences of such steep declines in pol-
linators for the world’s food supply are potentially enormous. While the majority of
the world’s staple crops (wheat, rice, maize, potatoes, yams, and cassavas) are either
wind or self-pollinated, or are propagated vegetatively (e.g., by stolons [aerial shoots
from a plant that produce new root systems and new offshoots] or by rhizomes), many
other important agricultural species rely on pollinators.” For instance, more than
80 percent of the 264 species grown as crops in the European Union are dependent on
insect pollination.>** In addition, the yield of tomatoes, sunflowers, olives, grapes,
and soybeans—all major crops—is optimized by regular pollination.” Fruit trees
and legumes may be particularly hard hit by a loss of pollinators, especially since
they are grown intensively (see the opening figure for chapter 3, which illustrates the
impacts on apple orchards in a region of Nepal when native bees went extinct).

In late 2000 in the United States, honeybees began dying in great numbers
along the East Coast of the United States, as well as in Texas, California, and other
states. A total of some twenty-four states were affected, and losses of up to 70 per-
cent of hives were reported. The disease has been named colony collapse disorder
(CCD) and is causing great alarm among beekeepers and farmers who grow such
crops as alfalfa, almonds, apples, oranges, peaches, blueberries, and cranberries that
are all heavily dependent on honeybee pollination. Billions of dollars in agricultural
losses are expected from the declines. As of early 2007, the cause of CCD had not
been determined,**" and there was concern among some researchers that certain
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BOX 8.2

BENEFICIAL INSECTS AND RICE
PRODUCTION IN INDONESIA

Indonesia, the world's most densely populated country,
during its very long history of agriculture has concen-
trated on the production of rice grown in flooded fields
called paddies (felds are flooded to keep weeds in
check). In the past, paddy rice was interspersed with
other types of crops, and such diverse vegetation land-
scapes were common in many of the country’s agri-
cultural areas. In the 1960s, however, high-yielding
varieties of rice were introduced, together with the
chemical insecticides, herbicides, and fertilizers they
required, and multiple cropping systems were replaced
by monocultures, including in the northern part of West
java, the country's rice bowl. Concurrently, the use of
insecticides increased dramatically.*® For a while, rice
production increased, but this came at the expense of
exploding pest populations in many areas. In response,
even larger insecticide applications were made, but the
pest attacks did not subside. And, in 1974, a previously
minor pest, the Brown Plant Hopper (BPH; Nilaparvata
lugens), became a major threat to rice production in
indonesia.b<d

To counter these attacks, Indonesian scientists
and those at the International Rice Research institute
in the Philippines (one of the research centers that
is part of the Consultative Group on International
Agricultural Research, or CGIAR) developed rice vari-
eties that were resistant to BPH, but farmers also
continued spraying insecticides. This was an unfortu-
nate strategy, because BPH is an “insecticide-induced
resurgent pest,” and within a short period of time,
BPH became a major pest again. The heavy use of
insecticides, it is believed, actually accelerated the
adaptation of pests to resistant crop varieties for the
following reasons: It released the pests from control by
natural enemies, because beneficial predatory insects
and parasitoids are often more sensitive to insecti-
cides than are the pests themselves, and it selected
for genetic variants within insect pest populations
that were capable of surviving on the resistant crop
varieties. As a result, there was a resurgence of BPH,
even with the introduction of these BPH-resistant rice
varieties.%*

In 1986, the Indonesian government decided that
its insecticide policies were not working and began
a national program, sponsored by the U.N.'s Food
and Agricultural Organization, that trained farm-
ers to engage in farming practices in their paddy
rice fields that encouraged the presence of beneficial
insects. Fifty-seven insecticides were banned for rice

production. What was discovered was that large popu-
lations of detritus and plankton-feeding insects began
to develop in flooded rice fields in the absence of the
insecticides, and that these, in turn, led to a wide variety
of generalist predator and parasitoid insects that were
able to reproduce rapidly. By the time the rice plants
began to develop and herbivores began to attack them,
beneficial insects were present in sufficient numbers to
be able to control them. With a return to these natural
control systems, some rice farmers in Indonesia have
been able to keep a variety of rice pests—Ieaf rollers,
stem borers, leaf hoppers, and plant hoppers, among
others—in check.4

Identifying these beneficial insects and under-
standing their life cycles have become a major prior-
ity for many agricultural scientists and farmers in
Indonesia, and great strides have been made. Of the
generalist predators, some of the most important are
the coccinellid beetles, such as the species Harmonia
octomaculata (which feed on the eggs, nymphs, and
adults of many types of insect pests, including BPH),
ground beetles (the Carabidae) such as Ophionea nigro-
fasciata (which can consume up to five rice leaf-rollers
or BPH larvae a day), and the staphylinids, such as
Paederus fuscipes (which are very common in rice paddy
fields and prey on rice borer moths and eggs, as well
as on plant hoppers).f Some of the major parasitoids
that have been identified are the wasps that lay their
eggs on the eggs, larvae, and pupae of various insect
pests, such as Tetrastichus schoenobii (which attack
the eggs and pupae of stem borers), Telenomus row-
ani (which consume the eggs of rice stem borers), and
braconid wasps such as Cotesia angustibasis (which are
commonly found in paddy rice fields that are free of
pesticides and that are major parasitoids of leaf roller
larvae) (see figure 8.6a).f

By not using pesticides (saving significant amounts
of money in the process), by encouraging the presence
of natural beneficial insect predators and parasitoids,
and by a return in some areas (e.g., the western and
central parts of Java) to multiple cropping and inter-
cropping systems using different rice varieties, some
farmers in Indonesia have been able to match, and
even to exceed, the rice yields from conventional farm-
ing practices, including those using high-yielding vari-
eties. And they have done so with lower costs and with
less harm to the environment.& Using biological con-
trols to grow paddy rice has widespread applicability far
beyond Indonesia.h



BOX 83

HARVESTING PEST SPECIES AS FOOD

Insects as Food. Various insects and spiders are sold as food at outdoor markets in Phnom Penh, Cambodia. (Photo by Rhymer Rigby,
www.rhymer.net.}

Another alternative to using pesticides in some
regions involves harvesting pests for use as human
food.* Rice-field grasshoppers (primarily the species
Oxya volox), major rice pests, were formerly a com-
mon food ingredient known as metdugi in Korea, but
their use as food declined as pesticide use increased
during the 1960s and 1970s. In 1982, as some insec-
ticide spraying decreased and grasshopper popula-
tions increased, metdugi began to be sold once again
as a foodstuff. For older Koreans, eating metdugi was
nostalgic, bringing back a taste from the past.” This
decline in insecticide use, spurred by renewed inter-
est in metdugi and by a growing desire among some
Koreans to eat pesticide-free rice, led to the develop-
ment of organic rice farming in various regions of
Korea. The transition to organic rice farming was also

attractive because yields were the same as in sprayed
fields and the organic rice commanded higher prices.
Other countries have also had success with
harvesting agricultural pests. Grasshoppers are a
favorite food in many parts of the Philippines, and
as a result, the fields from which they are harvested
are generally not sprayed with chemical pesticides.
These grasshoppers are fed to pasture-raised chick-
ens (and to cows and fish), which can then be sold
for higher prices. The same is true in Thailand. In
1983, local Thai officials encouraged villagers to col-
lect 10 tons of pest grasshoppers for food, because
chemical control efforts had been unsuccessful, and
by 1992, a small farmer in Thailand could earn up
to US$i20 per half-acre of grasshopper harvesting,
twice as much as he or she could from maize.**
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Figure 8.7. Various Pollinators. (a) Monarch Butterfly (Danaus plexippus) on Red Clover (Trifolium pratense). (Courtesy of Caroline Henri/
Dreamstime.com.) (b) Honeybee (Apis mellifera). (Courtesy of U..5. National Institutes of Health.)' (c) Female Black-Chinned Hummingbird
(Archilochus alexandri) by a Bottlebrush (Callistemon ridigus) flower. (Courtesy of Paul Wolf/Dreamstime.com.) (d) Lesser Long-Nosed Bat
(Leptonycteris curasoae), which is listed by the International Union for the Conservation of Nature and Natural Resources as Endangered,
pollinating a Saguaro (Canegiea gigantea) flower. (© Merlin D. Tuttle, Bat Conservation International, www.batcon.org.) (e) Bumblebee (Bombus
pratorum). (Courtesy of Paul Morley/Dreamstime.com.) (f) A wasp (Polistes dominula) on stonecrop (Sedum sp.). (Courtesy of Janice Muskopf/
Dreamstime.com.) (g) Common Rose Beetle (Cetonia aurata L.) on white cherry flowers. (Courtesy of Steffen Foerster/Dreamstime.com.)
(h} Painted Lady Butterfly (Vanessa cardui) on Sunflower (Helianthus annuus). (Courtesy of Lloyd Clements/Dreamstime.com.)




pesticides, such as the insect neurotoxin imidacloprid, banned in France because of
suspected honeybee toxicity, might be involved.® A study published in Science has
since demonstrated a strong correlation between the presence of a virus, called Israeli
Acute Paralysis Virus or IAPV, and CCD hives. IAPV was first detected in Israel. where
infected bees became paralyzed and died outside of the hives (a characteristic of CCD).
The virus may have been carried into the United States by infected bees, perhaps from
Australia, and resulted in the epidemic of CCD. But it is still not clear whether IAPV is
the cause of CCD., either by itself or in combination with other factors.”

When compared to wind-pollinated plants, or plants that are pollinated by a
broad range of organisms, plants that have specific animals pollinating them, such as
figs that are pollinated only by fig wasps, have the lowest risk of pollen being wasted
during transport. These same plants, however, also have the highest risk of pollina-
tion failure if their pollinators are lost.** For this reason, a decline in biodiversity may
have cascading effects on species survival, because it may disrupt these close-knit,
highly efficient, co-evolved relationships. Just as a high diversity of pollinators may
help increase the diversity of plants, a high diversity of plants supports more pollina-
tors. A recent study in the United Kingdom and the Netherlands, for example. shows
a marked parallel decline in bee species in the two countries in recent decades and in
the plant species that depend on them to reproduce.”!

In agricultural regions, crops may be isolated from the habitats that support the
pollinators they depend on to be productive. Experiments on isolated “islands” of rad-
ish and mustard plants, which were set up in an agricultural landscape at varying
distances from a species-rich grassland, showed that increasing isolation resulted
in fewer bee visits per hour to the radish and mustard islands, and also in reduc-
tions in the diversity of the visitors. In addition, the development of fruits and seeds
declined with increasing isolation from the grasslands.** In another study, the amount
of woody border had a significant positive effect on the overall diversity of insect
families (see figure 8.4; see also figure 3.11 in chapter 3) in agricultural fields.?

CULTIVATED PLANTS AND WILD RELATIVES

Although clear benefits exist in planting agricultural lands near wild ones, this prac-
tice is not without potential downsides. One often-problematic outcome that has gained
attention occurs when cultivated crops breed with their wild relatives. The growing
of Sugar Beets (Beta vulgaris L.) in France provides an example. While some Sugar
Beet seed production fields near the Golfe du Lion (that portion of the Mediterranean
that stretches from the border of Catalonia in Spain to Toulon in France) are many
kilometers from wild Sea Beets (Beta vulgaris maritima) growing along the water,
and at least 1 kilometer away from those growing in the inland valleys, the Sea Beets
nevertheless have been able to pollinate the cultivated Sugar Beets. As a result, by the
mid-1970s. these Sugar Beet fields had become pocked with beets that were flowering
prematurely, or “bolting,” a trait of Sea Beets. Subsequent investigation found that
these bolters were the result of cultivated beets having been pollinated by their wild
relatives.*

The problem occurs in the reverse direction, as well. Just as genes from wild rela-
tives can move into domesticated crops, those from domesticated crops can also move
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into wild populations. Individual crop plants typically contain less genetic variation
than do individual populations of their wild relatives.”® The evolutionary result of
continued and substantial gene flow from a single crop cultivar (cultivars are specific
crop varieties that can be reliably cultivated by seed or by grafting) to a wild popula-
tion would be a decrease in the wild populations’ genetic diversity. It is also possible
that some wild species might suffer from sterility and have their populations reduced
because of assimilation with a crop species, and might even become extinct. A recent
literature review found twenty-eight well-documented examples in which hybridiza-
tion between crops and their wild relatives led to new plant types that became either
weeds in agricultural ecosystems or invasives in the wild.* And it has been found
that spontaneous hybridization between a given crop and at least one wild relative
is the rule rather than the exception. For the twenty-five most important food crops.
all but three have some evidence for hybridization with one or more wild relatives,
causing a wide array of effects.*

Forinstance, natural hybridization with cultivated rice has caused the near extinc-
tion of the endemic Taiwanese wild rice Oryza rufipogon formosana.” Collections
of this wild rice over the last century have shown a shift toward characteristics of
the cultivated species and a decline in fertility. Throughout Asia, typical specimens
of other subspecies of O. rufipogen, and of the wild rice O. nivara, are rarely found
because of such hybridization with cultivated rice crops.”® Also. hybridization with
cultivated maize may have played a role in the extinction of some populations of wild
maize that were its original ancestors.*

While growing plants near natural areas does have many benefits, the dangers
of gene flow need to be considered. Surrounding a field with plants such as hemp.
which interfere with the spread of pollen and thereby prevent contamination from
plants outside the crop space. is one possible solution. Similarly, “trap crops” or forest
border hedgerows for field crops might be beneficial, not only in preventing gene flow
but also because they offer other benefits of biodiversity such as pest management.”

GENETIC BASES OF AGRICULTURAL CROPS

Genetic diversity within each species of crop, among its wild progenitors or relatives
as well as its cultivated varieties and strains, is of obvious and immediate impor-
tance to agriculture. Traditional methods of plant breeding, based on the selection
and cross-breeding (hybridization) of genetically distinct strains, are still the most
commonly used. They have been and continue to be employed, for example, in efforts
to improve crop resistance to fungal diseases or insect infestations, as wel] as to envi-
ronmental stresses such as heat and dry spells or excess salinity.

The preservation of genetic diversity among wild plants can best be achieved
in the natural setting, within native habitats and natural ecosystems, while that of
agricultural cultivars can most effectively be accomplished in designated fields and
greenhouses. When such methods of living-plant preservation are neither practical
nor sufficient, seed stocks of numerous species and varieties must be preserved in
specially organized and carefully maintained collections. Such collections can serve
as genetic pools, from which plant breeders may draw genes that can impart new vari-
eties with superior tolerance or resistance to pests. diseases, or weather anomalies.
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Figure 8.8. Seeds in Kew Gardens Seed Bank. Seeds from close to 12,000 different plant species are kept at Kew Gardens in airtight
containers at minus 20 degrees Celsius (minus 4 degrees Fahrenheit) and around 15 percent relative humidity. These conditions are
expected to preserve them, in most cases, for many decades. (© Board of Trustees of the Royal Botanic Gardens, Kew.)
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The need for improved varieties arises repeatedly, as new pests appear or as old pests
themselves acquire immunity to prior modes of control.

Large seed-storage facilities called seed banks have been organized, such as
the U.S. National Plant Germplasm System in Colorado, maintained by the U.S.
Department of Agriculture, which contains more than a quarter of a million differ-
ent varieties; the national gene bank in the African country of Malawi, which stores
some 8,000 varieties of native crops and fruits; and the International Plant Genetics
Resources Institute in Rome, Italy (one of the institutes of the Consultative Group
on International Agricultural Research, or CGIAR) that oversees plant germplasm
collections worldwide.” * The seed bank at Kew Gardens in London is also a prime
repository for plant seeds.

Seed banks hold large collections of indigenous cultivars and wild relatives
of crop species, as well as modern crop varieties and special breeding stock. They
are intended to preserve seeds essentially indefinitely, by keeping them dry and
at subfreezing temperatures. Great progress has been achieved in organizing and
maintaining such facilities, yet much more can and should be done to enlarge.
improve, and coordinate the various seed banks throughout the world. One plan,
for example, funded by the Norwegian government, involves the creation of a
“doomsday vault,” containing some three million seeds, representing all known
varieties of the world’s food crops, built in permafrost, deep within a sandstone
mountain, on the Norwegian Arctic island of Spitsbergen. The repository is being
built in response to the concerns of some seed scientists who fear that existing seed
banks will not be able to withstand such potential catastrophic events as nuclear
war, rising sea levels, a collapse in electrical power systems, earthquakes, asteroid
strikes, or terrorism.*

Soil Biodiversity

espite the fact that we walk on and over them every day of our lives, soils
remain among the least known habitats on Earth. It is unfortunately all too
easy to take them for granted, yet growing evidence indicates that soils
may be one of the most species-rich habitats on the planet.”** Almost every phylum
known above ground is represented in soil, and each has a wealth of species diversity.
It is estimated that few of these species, however, perhaps fewer than 1o percent. have
been identified and described.”
Soil organisms contribute to a wide range of essential soil ecosystem services.®
Life in soils (see the opening figure for this chapter) includes vertebrates (e.g., prai-
rie dogs, gophers, moles, lizards, and pack rats); macrofauna (large invertebrates
up to several centimeters [or a few inches] long, e.g., ants, termites, millipedes, spi-
ders, centipedes, earthworms, enchytraeids [small pale worms], isopods [woodlice],
and snails); micro- and mesofauna, less than a millimeter to a few millimeters in
length, such as the tardigrades (water bears), rotifers (wheel animals). nematodes
(round worms), mites, and members of the Order Collembola (springtails); and the
microbes—algae. lichens, protozoa, fungi. bacteria, archaea, and viruses.”** Most
(9o—gs percent) of the species of microflora and microfauna that have been described
are thought to be rare.*® The abundance of soil organisms is truly astounding. A cubic
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Figure 8.9. Collembola (Springtail). This springtail, of the
hypogastrurid family, is a fungal feeder. There are about
7,500 known species of Collembola worldwide, and they
are nearly ubiquitous in terrestrial ecosystems. Collembola
are among the oldest known terrestrial animals, with fossils
dating from 400 million years ago. (Photo by Mark St. john,
Natural Resource Ecology Laboratory, Colorado State
University.)

meter (around 35 cubic feet) of grassland soil can harbor many billions
of organisms—10 million nematodes, 45.000 earthworms and enchytra-
eids, 48,000 mites and Collembola, hundreds of thousands of protozoa,
algae, and fungi, and billions of bacteria®—the majority of which have
not been identified.

Baseline information on the distribution, abundance, dynamics, and
interactions of individual soil species and their influence on ecosystem
functioning is generally lacking on local and global scales.*” Moreover,
information on what key species are necessary for soil ecosystem func-
tioning, both in the short and long term, is also lacking. It is essential
that we have better baseline measurements of soil biodiversity if we are to
begin to monitor soil disturbances over time.

FUNCTIONS OF SOIL BIOTA

Table 8.2 lists different members of the soil biota and the soil ecosystem

services they perform. Species in the soil are directly involved in ecologi-

cal services that sustain human populations.”® Saprophytic organisms
are those that obtain their nutrients from dead and decaying plant or animal matter.
Actinomycetes are bacteria that possess the ability, like fungi, to form mycelium-like,
branching filaments. Diazotrophic means nitrogen-fixing. The rhizosphere is the
region surrounding the roots of plants. The organisms represented in table 8.2 perform
the following ecosystem services:”

* Maintain soil fertility by decomposing organic matter and recycling nitrogen
and carbon and other nutrients

* Modify soil structure and the dynamics of water storage and flow by aggre-
gating or clumping soil particles (which serves to retain moisture)

* Help mix organic matter and microscopic life throughout soils, redistributing
nutrients

» Influence carbon storage in soils and the flow of trace gases
» Contribute to air and water purification by degrading pollutants
* Enhance the amount and efficiency of how vegetation acquires nutrients

 Affect plant community diversity and plant fitness through numerous
associations

These associations can be mutualistic, where both species benefit from each
other, or parasitic, where one species benefits at the expense of the other. Through
these many connections, soil biota have essential and intimate links to ecosystem
functioning, not only in the soils themselves, including those of freshwater and
marine sediments, but also in aboveground terrestrial and aquatic systems.*****

The contribution of a particular species to ecosystem functioning in soils is dif-
ficult to isolate given the complexity of species interactions. However, by lumping
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TABLE 8.2. SOIL ECOSYSTEM SERVICES PERFORMED BY DIFFERENT MEMBERS

OF THE SOIL BioTA

FUNCTIONS

ORGANISMS INVOLVED

Maintenance of soil structure

Earthworms, arthropods, soil fungi, mycorrhizae, plant roots, and
some other microorganisms

Regulation of soil hydrological processes

Mostly invertebrates such as earthworms and arthropods, and
plant roots

Gas exchange and carbon sequestration

Mostly microorganisms and plant roots; some carbon protected in
large compact biogenic invertebrate aggregates

Soil detoxification

Mostly microorganisms

Decomposition of organic matter

Various saprophytic and litter-feeding invertebrates (detrivores),
fungi, bacteria, actinomycetes, and other microorganisms

Suppression of pests, parasites, and diseases

Mycorrhizae and other fungi, nematodes, bacteria, and various
other microorganisms, Collembola, earthworms, and various
predators

Sources of food and medicines

Plant roots, various insects (crickets, beetle larvae, ants, termites),
earthworms, vertebrates, microorganisms, and their byproducts

Symbiotic and asymbiotic relationships with plants and Rhizobia, mycorrhizae, actinomycetes, diazotrophic bacteria, and

their roots

various other rhizosphere microorganisms

Plant growth control (positive and negative)

Direct effects: plant roots, rhizobia, mycorrhizae, actinomycetes,
pathogens, phytoparasitic nematodes, rhizophagous insects, plant
growth promoting rhizosphere microorganisms, biocontrol agents.

Indirect effects: most soil biota.

Source: Brown, G.G.. Bennack, D.E.. Montanez, A., Braun, A., and Bunning. S. 2001. What is soil biodiversity and what are its functions? U.N. Food and Agriculture

Organization Soil Biodiversity Portal. For further information, please visit www.fao.org/ag/AGL/agll/soilbiod /default.htm.

organisms into groups based on their function, as well as on their morphology, physi-
ology, and the source of their food, the role of groups of organisms in soil food webs
can begin to be understood. For example, all mite species with similar mouthparts can
be considered part of a fungal-feeder functional group, while termites, earthworms,
and ants belong to a group that functions to improve aeration and water infiltration
by creating tunnels in the soil. Most organisms have more than one function. For
example, earthworms are both organic matter transformers, engulfing organic mat-
ter and transforming it into defecated pellets, and soil aerators.

Understanding how soil biota sustain soil fertility and contribute to the recycling
of nutrients and to plant productivity requires an understanding of such things as the
genetic variation within and among populations of soil organisms, soil species rich-
ness and composition, and the diversity of functional groups. However, with some
exceptions, there is little to no understanding about the global distribution of soil
biodiversity across thousands of soil types. The biodiversity within soil food webs
is better known for intensively managed ecosystems of high economic value, such
as those of agriculture, forestry, and rangeland/pastures, than it is for less managed
ecosystems.
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BOX 85

THE MYCORRHIZAE

The discovery of the fungi known as mycorrhizae was made in the late nineteenth century by a German forestry scientist, Albert Bernhard
Frank, who was investigating how to grow the much sought after European food delicacy, truffles. Frank and others since found that truffles
and other mycorrhizal fungi live in vast networks in the soil in symbiotic relationships with plants, from which they receive sugars and other
compounds and to which they provide essential nutrients and other services. Mycorrhizae are found in all terrestrial habitats that have top-
soil—in boreal, temperate, alpine, and tropical regions. Some go percent of all vascular plant families contain species associated with mycor-
rhizae. The more we learn about the mycorrhizae, the clearer it becomes that they play, and have played perhaps since the time that plants
first colonized the land some 400 million years ago, vital roles in maintaining the health and survival of plants and plant communities.*®

About 100,000 fungal species have been identified and named, but it is estimated that this number constitutes only about 6 to 7
percent of the total of 1.5 million or more species. Estimating the number of mycorrhizal fungi presents a particular challenge because it is
often difficult to determine whether specific fungi are true mycorrhizae or are saprophytes that digest and recycle dead organic matter.

The mycorrhizae are divided into two main groups. The best known, the ectomycorrhizae, produce their fruiting bodies as mushrooms
that surface near the trees with which they are symbiotic. These fungi produce a covering or mantle on the root and grow in the outer region
of the root between the cells, forming a net. All the mushrooms of the same type in a given area are likely to be part of the same organism,
which can extend great distances underground.

The other group of mycorrhizae is known as arbuscular mycorrhizae, which spend their entire lives underground. Both types extend
fine threads called hyphae (singular hypha) from the web network they construct called the mycelium, which surrounds and, in the case
of arbuscular mycorrhizae, penetrates the cells of the plant root tip. Hyphae are approximately one 1/60th the thickness of plant root tips
and can, as a result, penetrate tight spaces in the soil that the roots themselves cannot reach.

Forming vast networks, which in a cubic yard of soil can reach thousands of miles in length if the individual strands are stretched out end
to end,® mycorrhizae bring many times the amount of phosphorus® (some believe hundreds and perhaps even thousands of times more),’ and
possibly also water, nitrogen, and other essential nutrients, to plants than they could obtain on their own. (For more on mycorrhizal nutrient
transport and transfer, see www.biology.duke.edu/bio265/jip13/myco.php?t=nutrient.) it may be more than just their enormous surface areas
that allow mycorrhizae to bring large quantities of essential nutrients to plants. Their hyphae are thought, in addition, to play an active role in
absorbing phosphorus, even at very low concentrations, so that it becomes available to plant roots.&" In return, the plant provides the fungus
with the sugars, starches, proteins, and lipids it needs to survive.

Mycorrhizae perform other essential services as well. Their intricate underground web holds onto soil nutrients and moisture and
serves to prevent erosion and protect plants from drought. Some mycorrhizae are able to bind toxic metals such as cadmium and make

Scanning Electron Micrograph of Yellow Birch (Betula alleghaniensis) Root Tips Colonized by the Ectomycorrhizal Fungus Paxillus
involutus. (Photo provided by R. Larry Peterson, University of Guelph, Canada.)
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them unavailable to plants (perhaps also keeping them from becoming airborne),* while others help increase plant uptake, such as that
by the Chinese Brake Fern (Pteris vittata L.; see also figure 310 and discussion in chapter 3, p. 94), of toxic substances such as arsenic.’
Some are also thought to protect plants from certain diseases. It has been observed, for example, that arbuscular mycorrhizae protect
some plants from root pathogens. Their extensive web, moreover, serves to link one plant to another, so that nutrients and sugars may be
shared among adjacent plants. Such an availability of sugars in areas where mycorrhizae are prevalent may also make it possible for some
newly sprouted seeds to grow under low-light conditions. Because of mycorrhizae, some plant species, such as some types of orchids,
have dispensed with photosynthesis altogether, instead tapping into the nutrients supplied by mycorrhizal webs.*

Research has documented that greater species richness of arbuscular mycorrhizae in soils, translates into greater plant diversity,
higher levels of nutrient capture by the plants, and greater total ecosystem productivity."" This finding provides yet another example that
illustrates how aboveground and belowground organisms are intimately linked in terrestrial plant communities."

There is evidence that human activity, such as the release of nitrogen compounds into soils from fertilizers and from acid rain, and expos-
ing soils to increased concentrations of atmospheric carbon dioxide and to ozone pollution, can affect the diversity, abundance, and function-
ing of mycorrhizal communities.*?*" Given the increasing recognition that mycorrhizae are central to the health, diversity, and productivity of
plant communities, it is critically important that we understand better how they function and that we do everything we can to preserve them.

Larch Tree Seedling Mycorrhizae. The white threads are the hyphae of the fungus; the thicker red/brown ones are the Larch roots. (Photo
by R. Finlay; © PlantWorks Ltd. U.K., www.plantworkuk.co.uk:)













The overall demand for meat, fish, dairy products, and eggs around the world
has increased markedly. From 1977 to 2003, world meat production increased from
117 million metric tons (MMT) to 253 MMT per year, representing a per capita
increase from 27.6 kilograms (about 61 pounds) per person to 403 kilograms (about
8¢ pounds) per person per year. Consumption of milk in developing countries is pro-
jected to grow at a rate of 3.3 percent a year through 2020 to reach a total consumption
of 431 MMT, compared to 185 MMT in 1993. Similarly, the growth rates for beef and
pork consumption through 2020 are each projected at 2.8 percent annually.2*

In some countries, notably in Asia, economic development has led to enormous
increases in meat consumption. In China, for instance, per capita meat consumption,
which was 103 kilograms per person in 1977, reached 52.4 kilograms per person by
2002, a 500 percent increase.” Because China is a nation of 1.25 billion people, this
increase in demand for meat, mainly in the form of pork and poultry products, raises
significant questions about how livestock production can be increased in coming years
in a sustainable manner to meet demand. To date, the global response has largely
been an increase in intensive animal production, primarily in industrialized nations,
along with an introduction of these practices into some developing countries.

The intensification in animal production has been associated with an increased
use of antibiotics, growth-promoting hormones. and other chemicals in livestock;
an increase in the use of nonrenewable resources, especially fossil fuels; increased
risks of rapid disease transmission in large groups of confined animals (and concerns
about their welfare in these conditions); and adverse environmental impacts when
large concentrations of animal wastes contaminate soils and groundwater. Some sci-
entists have also voiced concern about the contribution that livestock make to the
accumulation of greenhouse gases associated with global warming *'

Furthermore. intensive livestock production is associated with an increased use
of cereal grains as livestock feed that could instead have been used for direct human
consumption. As was mentioned above, with the area of globally available cropland
essentially fixed, meeting the food demands of a growing population and, in par-
ticular, maintaining adequate cereal grain supplies are serious challenges. Demand
for grains to be used as animal feed in developing countries is expected to double
between now and 2020.%

While modern, intensive animal production methods have been largely success-
ful at providing increased amounts of wholesome foods of animal origin at reasonable
prices, some critics contend that the market price reflects a failure to factor in the
environmental and social costs of modern livestock production practices.

Importance of Livestock to the Poor

espite the documented successes of global economic development, the
rewards have not been evenly distributed among the world’s citizens.
The income of the richest fifth of the world's population is seventy-four
times that of the poorest fifth, and their share of the world gross domestic product
is 86 percent compared to 1 percent for the bottom fifth.% Such disparities in income
reflect disparities in access to food. While some newly prosperous nations in East
Asia have increased their importation of food in response to economic growth and a
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demand for more diverse and abundant foodstuffs, many less prosperous countries,
for example, in sub-Saharan Africa, are increasing their food importations because
of expanding populations and a diminished capacity for domestic food production.
In the latter cases, there have been actual decreases in per capita production of basic
cereals. It is estimated that between 1990 and 2020, the gap between the production
of, and demand for, cereals in sub-Saharan Africa is likely to widen from 1 MMT to
27 MMT®

An estimated 1.2 billion people live in poverty, earning less than s1 per day, and
840 million of them are undernourished.® The vast majority of the world’s poor and
undernourished live in the rural areas of developing countries, especially in Asia and
Africa. Many of the rural poor remain partially or wholly dependent on livestock
for their livelihood. Pastoralists and landless peasants graze livestock for food and
income, while subsistence farmers rely on livestock to plow their fields, draw water
from wells for irrigation, provide manure for crop fertilization and cooking fuel, and
bring crops to market. In addition, livestock add variety to diets through meat, eggs,
or dairy products.

There are large expanses of land, particularly in semiarid regions of North
Africa, the Middle East, and South and Central Asia where, due to lack of rainfall,
the grazing of livestock on grasslands is the only productive agricultural use of the
land. Many nomadic, or pastoralist, cultures are based on this animal grazing activ-
ity. While clearly a productive use of the land that contributes greatly to the human
food supply. pastoralism can also be associated with environmental problems, nota-
bly. desertification (the process in which formerly productive land becomes desert)
in semiarid regions, and deforestation when forests are cleared for livestock grazing
(these are discussed in more detail below). While traditional livestock grazing meth-
ods have often been carried out in relative harmony with local ecosystems, emerging
pressures such as population growth. urban expansion, loss of traditional grazing
rights, and the failure to develop and promote adequate marketing channels for live-
stock products have forced traditional peoples into situations where overstocking and
overgrazing are becoming more common. Nevertheless, considerable opportunities
exist to better integrate livestock production into traditional farming systems so that
animals contribute to replenishing and sustaining agricultural ecosystems rather
than to destabilizing them.

Livestock Production Systems

xtensive livestock production, or pastoralism, utilizes naturally occurring

grasslands and water sources as the inputs for animal production, while the

various forms of intensive livestock production are linked in some manner to
crop production. Traditionally, the relationship has been complementary, with ani-
mals closely integrated into crop production activity. Livestock provide draft power
for working the fields. Crop by products not directly edible by humans, such as stalks,
hulls. and leaves. can be fed to livestock. which are able to convert them into milk,
meat. or eggs. Animal manure is returned to the fields as fertilizer, thus promoting
the success of the next agricultural crop. Even pastoralist herders, who often do not
raise crops of their own, may enter into arrangements with crop farmers so that the
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herder’s livestock are permitted to graze a farmer’s stubble field in exchange for the
soil-enriching manure that the animals deposit there. Such traditional systems repre-
sent a closed resource loop, in which few external inputs are required, and resources
available within the system, such as manure and crop byproducts, are recycled. In
such systems, cultivated grains are used primarily to feed the farm family, and ani-
mals are fed crop residues largely for maintenance rather than production.

Modern intensive livestock-production systems, which have become industrial-
ized, such as commercial beef feedlot or poultry broiler production, often disrupt the
traditional links between animal and crop agriculture. Many commercial livestock
production systems represent open resource loops that require substantial external
inputs to maintain the high levels of productivity for which they are noted. Livestock
may be kept in large housing facilities, often at great distances from croplands, with
feed trucked in for the animals. In turn, livestock housing may be surrounded by
insufficient fand to allow use of animal manure as fertilizer, leading to waste disposal
problems. In 1997, the U.S. Department of Agriculture estimated that animals in the
U.S. meat industry produced a total 1.4 billion tons of waste, which is roughly 130
times the amount of waste produced by the entire population of the United States
each year.®* Extensive use of fossil fuels in the form of fertilizer, diesel fuel, heat, and
electricity is also required. For beef produced via the modern feedlot system, the fos-
sil fuel energy input is 35 kilocalories for every kilocalorie of beef produced. (In the
United States, fully 17 percent of all fossil fuel use goes toward the production of
food.)® To support the high level of production that modern, selectively bred livestock
are capable of, it is often necessary to feed considerable amounts of cereal grains to
livestock, thus making them major contributors to the problem of putting people in
direct competition with livestock for the grain produced on the world's limited crop-
lands. As demand for livestock products continues to increase and cropland area
remains finite, the challenge for meeting that demand is considerable.

Livestock and the Environment

uch has happened since the Neolithic period to disturb the natural equi-

librium that existed among early domesticated animals, the environment

that sustained them, and the people who managed them. Over time, as
human and animal populations expanded, the carrying capacity of ancient graz-
ing and farming lands was exceeded, and the land itself became degraded.*® People
and their animals sought new lands in new regions, often not as hospitable as their
original homelands. Those who migrated northward into Europe, for example, had
to deal with a climate that did not allow for year-round grazing and had to provide
housing and winter feed, requiring an increased expenditure of both energy and raw
materials.

In some places, large herds of domestic animals displaced wild animals, and nat-
ural habitat was transformed to support widespread livestock production. For exam-
ple, as recently as the nineteenth century on the Great Plains of the United States,
human settlers replaced wild buffalo and biologically diverse grasslands with domes-
ticated cattle and cereal crops, driving the buffalo and some native prairie grasses to
near extinction. A similar process is under way in Latin and South America in our
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systems. Tragically, the pool of genetic diversity available to much of humanity’s
livestock is dwindling at a rapid rate, with about 190 breeds having gone extinct in
the past 150 years (6o of these in the past five years alone) and a further 1,500 at risk
of extinction.”

The great extent to which genetic variation can be expressed in domestic ani-
mals as different physical and behavioral traits is exemplified in the diversity of dog
breeds that have been developed by human societies, which despite ranging from
Chihuahuas to Saint Bernards, all represent a single species, Canis familiaris. The
diversity within livestock species is also evident, for example, with distinct breeds of
goats selected for cashmere fiber production (the Chinese Liaoning goat), mohair fiber
production (the Angora goat). high milk production (the Toggenburg goat), meat pro-
duction {the Boer goat). or adaptation to arid climates (the Black Bedouin goat}, with
all of these breeds being different variants of the one goat species, Capra hircus.

Genetic diversity in animals, as in plants, provides the variation within popula-
tions that makes it possible for them to adapt to changing natural conditions. With
domestication, much of this diversity is lost, with some traits that are most desir-
able for human purposes selectively bred for (e.g.. milk yield, leaner beef, the daily
rate of weight gain, or reproductive performance), while others, not of obvious value,
are selected against. Under natural conditions, such uniform populations would be
less able to survive, but domesticated animals do not have to survive in the wild,
being largely dependent on humans for water, food, shelter, and protection against
predators and disease. So, as long as conditions can be held constant, this loss of
diversity is not a problem. But if these conditions should change, for example, if there
were a severe heat wave (which are expected to increase in frequency and intensity
with global warming) or if there were an outbreak of a new bacterial, viral, or fungal
disease to which a particular, genetically similar or identical group of domesticated
animals were vulnerable, then the entire uniform population would be at risk. This is
in contrast to a genetically diverse population in which it is likely that there would be
some animals that were resistant.

It is this vulnerability that is of increasing concern to those seeking to preserve
different varieties of domesticated animals and genetic diversity within those variet-
ies. And it is this vulnerability that causes many to worry that, in a world where the
climate is increasingly unstable as a result of human activity, and where there seems
to be an ever greater likelihood of newly emerging infectious diseases, the current
drive toward increasing monocultures among domestic animals is very unwise.

In the past, farmers had a greater variety of cattle or chickens or other livestock
on their small subsistence farms. Today, that diversity is rarely found. For example,
in the United States, Holstein Cows now make up more than go percent of U.S. dairy
cattle, and White Leghorn Chickens produce almost all of the country’s white eggs.”
The same is largely true in other parts of the world.

Indigenous livestock breeds frequently possess traits that are highly desirable
for promoting sustainable agriculture in difficult environments. Such traits need to
be better characterized, and their genetic transmission better understood. Moreover,
populations that possess them should be identified and protected from extinction.
Their genetic potential needs to be preserved intact but, at the same time, more fully
utilized through selective breeding and cross-breeding to produce new breeds that
combine adaptability and hardiness along with increased productivity.
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Figure 8.13. Different Breeds of Pigs and Sheep. Farmers used to have a variety of domestic animal breeds on their farms, as in this nineteenth
century engraving. (From Solon Robinson (editor), Facts for Farmers and the Family Circle. A.J. johnson, Cleveland, Ohio, 1867.)

There is growing interest, and an increasingly organized effort, in conserving,
protecting, and promoting the use of domestic breeds of animals. The U.N. Food
and Agriculture Organization (FAO), by establishing a Global Program for the
Management of Farm Animal Genetic Resources, has given a high priority to the
conservation of livestock breeds. The program supports the use of indigenous breeds
in sustainable agriculture, as well as efforts to collect, store, and preserve genetic
material for conservation and research. The FAO also maintains a Domestic Animal
Diversity Information System (DAD-IS; accessible at www.fao.org/dad-is/) that pro-
vides regional inventories of indigenous breeds of all domestic animal species and the
status of existing populations.

Threats to Livestock Production from Global
Environmental Change

ile livestock in some cases contribute to environmental degradation,

including to the loss of biological diversity, they themselves suffer its

adverse consequences. Global warming, for example, may compromise

livestock health and productivity in a number of ways. In arid and semiarid zones,
such as the Sahel of Africa, increased temperatures may cause an overall reduction in
soil moisture and reduced vegetation cover. Because grass cover and water supply are
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Figure 8.14. Different Breeds of Poultry. (From Solon Robinson (editor), Facts for Farmers and the Family Circle. A.J. Johnson, Cleveland, Ohio,

1867.)
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the limiting factors in cattle grazing, many pastoralists, particularly those who run
cattle in mixed herds with smaller stock, may find their opportunities to raise cattle
drastically restricted. Camels and goats, better adapted to dry conditions, will become
increasingly important to arid zone people dependent on livestock for survival. The
cultural implications for traditional cattle herders, and the negative economic impact
in the region, will quite likely be severe.

In temperate regions, especially in more northerly latitudes, global warming
may present increased opportunities for grazing because warmer temperatures will
mean longer growing seasons.”? Also, increases in atmospheric carbon dioxide con-
centrations may encourage leaf expansion and the preferential growth of vegetative
crops and pastures over cereal crops. In addition, grazing lands at higher altitudes, or
upland pastures, may in some cases become more lush.”

But there may also be negative impacts from global warming on livestock in
temperate zones, including those caused by extreme weather events (both torrential
rains and flooding, and prolonged droughts) and by changes in the life cycles of pests
and diseases.** For example, a longer grazing season, with greater dependency on
grass as feed, could lead to unanticipated nutritional disorders, such as magnesium
deficiency early in the grazing season, or cobalt and selenium deficiencies later in a
grazing season extended by global warming.” In addition, patterns of gastrointesti-
nal parasitic diseases could alter significantly because warmer winters would allow
for greater overwintering of some nematode ova and larvae in soils and encourage
earlier and more rapid development to infective stages in the early spring.”*° Such
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Box 8.7

LIVESTOCK AND POULTRY GENETIC RESOURCES IN CHINA

China has extremely rich livestock and poultry genetic resources. According to 1989 statistics, for example,
there were 596 livestock breeds, breed groups, and types across the country. The many variants of yaks, goats,
and poultry in China demonstrate this genetic richness.?

+ Yak: Originally from the Qinghai-Tibet Plateau, which is more than 3,000 meters (or roughly 9,800 feet)
above sea level, the yak (all domesticated yaks are from the same species, Bos grunniens) produces meat,
milk with a high fat content, and high-quality fiber. It can be also be used for transportation. According to
the U.N. Food and Agriculture Organization, there are twelve different yak breeds in China. They are the
essential livestock of local herdsman, being their means of producing both food and fiber.

+ Goat: Famous goats in China include Ningxia's Zhongwei Goat, Liaoning’s Cashmere Goat, Jining’s Qing
Goat, and Chengdu’s Ma Goat. The Zhongwei Goat produces good-quality white fur, while Liaoning’s pro-
duces high yields of long cashmere fibers, and the Qing (a prolific breed averaging more than two births a
year), a mixture of black and white wool. Chengdu'’s Ma Goat can produce milk that has an extremely high
fat content (6.5 percent), almost double that of European breeds.

* Poultry: The majority of China’s poultry are dual-purpose breeds, producing both meat and eggs. Hetian
Chicken (all chickens are from the species Gallus domesticus) is used as a meat broiler, with characteristics
of thin skin, slender bones, and tender and delicious meat. Pekin Duck (all domesticated ducks, except the
South American Muscovy Duck, are variants of the species Anas domesticus and originally came from the
wild Mallard) is used for preparing the world-famous roasted duck. The Gaoyou Duck is used to prepare
salted duck and is renowned for its two-yolk eggs. Xianju Chickens can lay 200 eggs a year, with each egg
averaging 40 grams (about 1.4 ounces). Shaoya Ducks can lay 280 to 300 eggs a year, with each being
from 60 to 65 grams. The Huo Goose (almost all Chinese domesticated geese, including the Huo Goose,
are variants of the species Anser cygnoides) can lay only 150 eggs a year, but the eggs average 128 grams
(more than a quarter of a pound eachl).

Because of a general neglect of local breeds, China’s rich livestock and poultry genetic resources are under
threat. Surveys made in the 1970s and 1980s showed that ten local breeds had disappeared, nine were in dan-
ger of extinction, and twenty were reduced in population size. This trend is continuing with the development
of intensive animal husbandry. The Chinese government is attempting to reverse this trend and protect these
extremely valuable genetic resources.

seasonal changes in feed availability and parasite infectivity may require alteration of
breeding and birthing schedules for various species of grazing livestock to avoid the
occurrence of nutritional deficiencies and parasitic infections from pastures altered
by climate change. Tick-borne diseases could also become more widespread as the
ranges of these arthropod vectors expand in response to warmer temperature and
moister conditions. (See “The Effect of Climate Change on Vectors™ in chapter 7,
page 320.) New vector-borne diseases may be introduced as temperatures become
milder and vectors, such as the midge that carries the virus for bluetongue in rumi-
nants, are able to successfully survive the winter in places where they were unable to
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do so before.”” Livestock diseases with wildlife reservoirs, such as tuberculosis, may
become more difficult to control as warmer temperatures and increased vegetation
allow greater winter survival rates for, and expansion of, wildlife populations capable
of maintaining the disease.”

Livestock Production Affecting Biodiversity

andscape transformation, involving deforestation, land degradation, and deser-

tification, is the process best known by which livestock contribute to the loss of

biodiversity. The clearing of forests for the purpose of cattle grazing generally
destroys the habitat for fauna associated with the forest ecosystem. Cattle raising has
been an important cause of forest loss on a regional basis in Latin America, especially
in Costa Rica and Brazil.*®

In grassland systems, overstocking, overgrazing, and improper management of
grazing herds can result in a loss of plant biodiversity, degradation of soil through
compaction and erosion, and disruption of the normal regenerative cycle of grassland
flora. When livestock are allowed to graze along streams, severe erosion of the banks
can result, with a loss of streamside vegetation and negative impacts on aquatic eco-
systems. Such transformations can adversely affect animal species both directly and
indirectly. In Australia, for instance, conservationists are concerned that the clear-
ing of coastal lands for cattle pastures is producing large amounts of silt, which is
washing into the ocean and contributing to the death of corals in the Great Barrier
Reef*!% However, when properly managed and sited, livestock can contribute to the
health and diversity of grassland ecosystems through the enrichment of soil with
manure or by the dissemination of plant seeds that pass through their digestive tracts
or that cling to their hooves and coats.

The goat is often cast as the culprit when land degradation is observed and
goats are present. However, it must be recognized that goats, noted for their ability
to survive under harsh conditions, may remain in degraded environments often after
people and other animals that were primarily responsible for the degradation have
abandoned these areas. The casual observer arriving late on the scene may conclude
that it was the goats that were responsible. It is certainly true that goats, if not prop-
erly managed, can indeed contribute to further land degradation, but this is often
not the case. The eastern Mediterranean, or ancient Levant, region is an important
example. After centuries of deforestation and continuous cultivation without suf-
ficient reenrichment of the soils, land in the region became so degraded that most
types of cropping and cattle grazing became impossible. Rural people turned to goat
herding, because goats represented one of the few agricultural enterprises that such a
degraded landscape was able to support.

In intensive production systems, eutrophication (see chapter 2, page 52) of lakes,
ponds, rivers, and estuaries associated with excessive nutrient deposition derived
from animal manure can have adverse affects on freshwater ecosystems by promot-
ing algal blooms and depriving them of oxygen, killing resident organisms. In some
marine habitats, animal wastes, such as from large-scale swine and poultry farms,
have been implicated in algal blooms that produce toxic substances, such as those
involving the dinoflagellate Pfiesteria piscicida. This organism caused massive fish
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kills in the 199os off the coasts of North Carolina and Maryland and resulted in

various neurological disorders in people who were exposed.'"'® Other harmful algal

blooms (HABs), resulting in part from animal wastes finding their way into rivers,

Figure 8.15. Scanning Electron Micrograph of the Dinoflagellate Pfiesteria
piscicida. (Courtesy of the Center for Applied Aquatic Biology, North
Carolina State University.)

estuaries, and coastal marine environments, have contaminated
shellfish and caused toxic paralytic and amnesic disorders among
those who consumed them.'"'* Aquaculture activities may also
play a role in promoting the growth of harmful algae. In the past,
only a few regions of the United States were affected by HABs.
Now, virtually every U.S. coastal state has reported serious
outbreaks, which may be responsible for more than s1 billion in
losses in the last two decades through direct impacts on coastal
resources and communities.'”®

Transmission of infectious diseases is another way that live-
stock can affect biodiversity. The first major infectious disease
outbreak in wild animals that was described in some detail was
the rinderpest panzootic that occurred in wild African ungulates
(hooved mammals, e.g., antelopes and llamas) following the intro-
duction of infected cattle into sub-Saharan Africa in the 18gos.
(Rinderpest is an acute, contagious viral disease with high rates of
mortality, mainly found in cattle and characterized by ulceration of
the animal’s digestive tract."'” A panzootic is the animal version

Figure 8.16. Fish Lesions on Menhaden from Pfiesteria piscicida Attack. (Courtesy of the Center for Applied Aquatic
Biology, North Carolina State University.)
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of a pandemic, namely, an infectious disease that affects many animal species over a
large area.) Pastoralists who depended on cattle for their livelihood during this out-
break suffered immensely from loss of their animals. But the effect on wildlife popula-
tions was also devastating. An estimated go percent of Cape Buffalo (Syncerus caffer)
populations in Kenya were lost in the epidemic. In some areas, populations of certain
species, such as Roan Antelope (Hippotragus equinus), Greater Kudu (Tragelaphus
strepsiceros), and Bongo (Tragelaphus eurycerus), were so reduced that they never
recovered. Some evidence suggests that the mortality of wild ruminants was so high
that tsetse fly populations in some regions died out for lack of suitable hosts to feed
upon.'® To prevent the spread of rinderpest into southern Africa, extensive game-proof
fences were erected, which disrupted the migratory patterns of some wild ungulates
that had moved regularly over long distances in search of food and water. Though now
largely under control, rinderpest still affects wildlife. In 1994 and 1995, an outbreak of
the disease in Tsavo National Park in Kenya eliminated 6o percent of the Cape Buffalo
and 6o percent of the Lesser Kudu (Tragelaphus imberbis).'*”

The spread of rabies and distemper to wild canids, including to African Wild
Dogs (Lycaon pictus), the Bat-Eared Fox (Otocyon megalotis), jackals (various Canis
species), and Hyenas (Crocuta crocuta), as well as to Lions (Panthera leo) and possi-
bly other wild cats in Africa, is linked to closer contacts between wildlife and domes-
tic dogs. Such contact has occurred because of increased human settlement on the
peripheries of game parks and reserves, and an increased presence on rangelands of
pastoralist livestock grazers that herd their animals with dogs."

In 2001, the occurrence of foot-and-mouth disease in the United Kingdom, Ireland,
the Netherlands, and France posed a serious threat to susceptible wild ruminants,

BOox 8.8

THE USE OF ANTIBIOTICS IN LIVESTOCK PRODUCTION

Antibiotics are also widely fed to livestock and extensively used in aquaculture, even in the absence of infec-
tion (see also discussion of antibiotics in chapter 7, page 310). Such preventive use has become necessary
to avoid the spread of infections in overly crowded confines, but antibiotics are mainly used with livestock
as growth promoters. While infections are prevented, chronic antibiotic treatment ensures that any bacteria
that do survive will likely be resistant to the antibiotic being used and, in some cases, to related antibiotics
that share similar chemical structures. Just such a situation occurred when enrofloxacin, an antibiotic used
only in livestock and belonging to a class of antibiotics known as fluoroquinolones, was administered to large
numbers of chickens in the mid-19g9os. Within a few years, strains of Campylobacter jejuni, a bacterium that
lives in chickens and is the most common cause of food-borne human diarrhea in the United States, appeared
that were resistant to treatment with enrofloxacin. The resistant bacteria spread to humans, and in 2001
the U.S. Food and Drug Administration reported that more than 11,000 human cases of infectious diarrhea
had been caused by resistant C. jejuni that had originally evolved in chickens.* This alone would have been
cause for worry, but to make matters worse, these bacteria were resistant not only to enrofloxacin, but also
to human antibiotics closely related to it, such as the fluoroquinolone ciprofloxacin. Given the appearance of
such cross-resistance, infectious disease specialists have voiced concern that continued imprudent antibiotic
use in domestic animals may breed still more antibiotic-resistant organisms, which may further diminish the
effectiveness of our already strained arsenal of antibiotics. The World Health Organization has recently called
for a ban on the routine use of such antibiotics in livestock because of these concerns.?
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Biodiversity of Marine Food Species

ish are the dominant group within the marine food chain in terms of global
catches. However, only forty of the world's roughly 20,000 identified fish species
are taken in large quantities. Many other species are also taken by some multi-
species tropical fisheries. According to the U.N.'s Food and Agriculture Organization,
the top ten species caught in marine waters in 2002 were, in order, Anchoveta (Engraulis
ringens), Alaska Pollock (Theragra chalcogramma), Skipjack Tuna (Katsuwonus
pelamis), Capelin (Mallotus villosus), Atlantic Herring (Clupea harengus), Japanese
Anchovy (Engraulis japonicus), Chilean Jack Mackerel (Trachurus murphyi), Blue
Whiting (Micromesistius poutassou), Chub Mackerel (Scomber japonicus), and
Largehead Hairtail (Trichiurus lepturus). Their total catch was about 27 MMT (almost
30 million tons) out of the global marine total of about 84 MMT (almost g3 million
tons) that year. In the oceans, as on land, relatively few species make up a significant
percentage of the total used as food.™ But in contrast to the situation on land, where
a dozen plant species supply 75 percent of the “global larder,”" and just four crops—
wheat, rice, corn, and potatoes—account for more food production than all other crops
combined (sugar cane is not included here because it is not a food crop per se but is used
to produce sucrose, or table sugar, in addition to other products such as molasses), in
the oceans the ten most harvested species comprise only about one-third of the total.
The extent to which fish and other harvested seafood depend on the biodiversity
of the ecosystems in which they are found is a critical but poorly understood issue.
Scientists have a limited grasp of whether different species in marine ecosystems per-
form the same functional roles, so it is often not possible to determine whether the loss
of any one of them interferes with specific forms of ecosystem functioning. Nor is it
well understood how the loss {or addition) of “keystone predators” or entire trophic
groups would disrupt marine food webs. (Keystone predators, e.g., sea otters, play
important roles in controlling prey species such as sea urchins, whose populations, if
left unchecked, would expand rapidly and erode biodiversity, in the case of sea urchins
by overfeeding on kelp, a dominant species and key habitat for many other species.
Trophic groups are groups of different species that are organized hierarchically by their
method of feeding, according to their position in the marine food chain—carnivores
are at a higher trophic level than herbivores, which are higher than decomposers.) It
is also not known what the loss of some marine ecosystems, for example, those that
serve as fish and shellfish breeding grounds and nurseries (e.g.. in estuaries, coastal
wetlands, mangroves, sea grass beds, and coral reefs), means to seafood production.
These and other questions that relate to the complex interrelationships in marine food
webs need much more attention.

Marine Fisheries

ish and other marine organisms make a very important contribution to the
human diet, accounting for a significant part of people’s protein intake, partic-
ularly in some coastal developing countries. Seafood protein is easily digestible
and of high quality, containing a good mix of essential amino acids (amino acids are
the building blocks of proteins, some of which—essential amino acids—we cannot

SUSTAINING LIFE: How HUMAN HEALTH DEPENDS ON BIODIVERSITY



synthesize and therefore must be supplied in our diets). For centuries marine food
supplies depended on the catch obtained from fisheries, using simple technologies of
hooks and lines, harpoons, and beach seines (shallow-water nets, also called draw or
sweep nets, hauled in from the shore). In recent decades, advanced technologies such
as fleets of efficient trawlers, navigation equipment, echo sounders, and sonar have
turned fishing from a chance-driven, food-gathering operation into a highly predict-
able, harvesting one.

As a result of these developments, the annual catch, which was about 40 MMT
per year (about 44 million tons) in the 194o0s, in recent years has more than doubled.

Figure 8.18. Modern Commercial Fishing Methods. (From Peter H. Raven and Linda R. Bert (editors), Environment, 3rd ed., © 2001, Harcourt,
Inc., reprinted with permission from John Wiley & Sons, Inc.)
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This rise has caused the collapse of some fisheries and the endangerment of many
others around the world, such as those in the George's Bank (off the coast of New
England and Nova Scotia) and in the Bering Sea (although the Bering Sea has seen
a decrease in some species groups, e.g., certain marine mammals, and an increase in
others).""® Research on the dynamics of fish populations has led to international trea-
ties that have allocated quotas for the different fishing nations and fishing grounds.
But while these treaties have tended to alleviate overfishing in general, they have not
had much bearing on individual fish species, which in some cases have become endan-
gered, such as both the Southern Blue Fin Tuna (Thunnus maccoyii) and the Atlantic
Cod (Gadus morhua). In the last fifteen years, the annual landing of the world marine
fisheries has been maintained at a stable figure of about 85 MMT.

Only about 75 percent of captured fish are used directly as human food. The
remainder produces fishmeal and fish oil, which are widely used for feeding chickens,
pigs. and other farm animals, as well as in aquaculture and as both fertilizers and
food additives."” The 60 MMT or so per year of captured fish used directly as human
food, while an enormous amount, seems miniscule in comparison to the anticipated
future world fish food demand, which is projected to reach 120 MMT by 2010."®
With fisheries declining in productivity, there seems little possibility that the global
demand for fish, if it is wild caught, can be met.

Direct consumption of fish and shellfish worldwide provides about 6 percent of
all protein, and 15 percent of the animal protein, consumed by humans."® Of the total
world population of more than six billion, an estimated one billion, principally from
Africa and Southeast Asia, rely on fish and shellfish as their staple protein. For exam-
ple, in Bangladesh and Indonesia, about 50 percent of average daily protein intake
comes from fish; in Sierra Leone and Ghana, it climbs to more than 6o percent.’® A
further 5 percent of total human protein consumption comes indirectly from livestock
fed with fishmeal.

The ocean accounts for more than 75 percent of the annual fish catch, and
about 95 percent of this is taken from coastal waters. These areas are by far the
most productive parts of the ocean and include, in addition to the estuaries, man-
groves, marshes, seagrass beds. and coral reefs, areas of upwelling, nutrient-rich
ocean waters such as those off the coast of Chile and Peru. These “food factories”
generally lie within 370 km (200 nautical miles) off the coast, that is, within what are
designated Exclusive Economic Zones (EEZs) where, under the Law of the Sea, spe-
cific countries have rights to all marine resources, including fisheries. Yet it is these
same narrow coastal strips that are subject to the greatest stresses in the marine
environment.'”!

The U.N. Food and Agriculture Organization has estimated that about 70 per-
cent of commercial marine fisheries are being fished unsustainably and that these
practices have reached crisis proportions."* What are the impacts on marine biodi-
versity of such overexploitation? For one, there are reductions in the stock size of
fishery species as a result of overharvesting, and many species have become threat-
ened, even those, as recent research has indicated, that are widely distributed.'”* Less
obvious are indirect impacts, including increased mortality of nontarget species, such
as unwanted fish, dolphins, and sea turtles caught as bycatch; the loss of some spe-
cies secondary to physical damage to their habitats, such as coral reefs damaged by
anchors, or seabeds stripped by trawl nets; and the effects on marine life by what is
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called “fishing down marine food webs,” where the excessive capture of fish at higher
trophic levels (see description above) leads to fish being caught at lower levels, desta-
bilizing the entire food web.' Fishery species face particularly acute problems when
critical life-cycle phases are disrupted by heavy fishing and other environmental
pressures, for example, when there is contamination by sewage, agricultural nutrient
discharge, persistent organic pollutants, or heavy metals, particularly in spawning
and nursery areas.'”!

In addition, modern fishing practices that may result in even more far-reaching
consequences, both biological and social. For example, fishing itself can serve as a
mediator of evolution, by changing the age at which sexual maturity is reached in a
target species, thus affecting its reproductive status, and by favoring the survival of
smaller fish.'” And it can result in long-lasting economic and sociopolitical changes
that are global in extent. The complexity of downstream effects from overfishing on
biodiversity and on human health can be seen in the impacts of such fishing prac-
tices off the coast of West—Central Africa, mainly by fleets from the European Union,
on people in the region. In this case, residents from Cameroon, Ghana, and other
neighboring coastal countries, deprived of marine fish for food, have turned instead
to increased hunting of bushmeat from the forests, threatening some native spe-
cies'”® and potentially exposing themselves, for example, when they are killing and
eating primates, to various primate viruses that may cause serious human diseases
(see chapter 7, page 315).

127,128

Freshwater Fisheries

reshwater fisheries produce approximately one-quarter of the world’s food fish,

more than 31 MMT (about 34 million tons) per year in 2001 (global fish pro-

duction for 2001 from all sources amounted to about 120 MMT)."* Freshwater
totals include both fish that are captured and those grown by aquaculture. But in
contrast to marine fisheries, where most of the catch is landed by industrialized fleets
coming from a small number of countries, freshwater fishing is more likely to operate
on small, local scales and to be found in rural areas in developing countries, outside
the purview of those who gather statistics. As a result, freshwater fishing totals are
likely to be significant underestimates.

Increasing degradation of rivers, lakes, and streams, and of their watersheds (e.g.,
by deforestation) and growing levels of pollution of freshwater systems are endanger-
ing freshwater biodiversity and contributing to the growing global shortage of food
from aquatic sources. About 20 percent of the world’s freshwater fish are threatened
(see “"Habitat Loss: Fresh Water” in chapter 2)."* In some parts of the world that have
been studied, the situation is even more dire, such as in the Mediterranean region,
where more than 50 percent of known endemic freshwater fish have been listed as
threatened." In addition, adequate flows no longer reach the deltas of many rivers
during average flow years, including the Nile, the Yellow River in China (Huang
He), the Amu Darva and Syr Darva in Central Asia, and the Colorado River in the
United States and Mexico. This leads to coastal nutrient depletion, loss of habitat for
native fisheries, plummeting populations of birds, shoreline erosion, and consequent
adverse effects for many local communities.”!*?
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Figure 8.19. Freshwater Basket Fishing by Woman from the Mbukushu Tribe in Botswana. ( Frans Lanting/ rlanting.com.)
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Many freshwater species are raised in aquaculture facilities. These include
Striped Bass (Morone saxatilis) and species of trout, catfish, freshwater prawns, and
crawfish, among others. But by far the most commonly raised freshwater organisms,
especially in China, are the fish tilapia and various species of carp. Catfish, tilapia,
and carp are herbivores and are largely fed high-protein vegetable diets derived from
corn, wheat, cottonseed, peanuts, or soybeans. The feed of trout and Striped Bass con-
tains high levels of fishmeal and fish oil, both of which are gradually being replaced
by plant-based ingredients.

MARICULTURE

Mariculture is the captive production of marine organisms in seawater. It is of par-
ticular importance for feeding local populations in some arid or semiarid regions,
where agricultural food production may be limited by drought or a shortage of
fresh water. As a result of advances in research and development in the last few
decades, mariculture is growing at an average yearly rate of 6 to 10 percent."” The
U.N. Food and Agriculture Organization (FAO) reports an increase in mariculture
from roughly 5 million metric tons (MMT; about 5.5 million tons) in 19go to more
than 11 MMT in 1997. In the same period, freshwater aquaculture grew from about
8 MMT per year (about 8.8 million tons) to more than 17 MMT annually. According
to the FAO, global aquaculture from fresh and salt water in the year 2003 amounted
to about 35.5 MMT, or roughly one-quarter of all fish consumption."”* More than 8
MMT of farmed seaweeds are also produced each year, with China being the largest
producer.

Marine fish production is presently practiced in floating net cages that are
suspended from rafts and stocked with fingerlings (small, young fish) produced
in land-based hatcheries or obtained from the wild. Aquacultured shellfish, such
as clams, oysters, and mussels, grow attached to netting or long lines suspended
from rafts or floats. The fish are generally given commercially prepared feed in
the form of pellets until they are marketed. Some carnivores such as tuna are fed
whole fish. Cage farms require relatively protected areas such as fjords and pro-
tected bays, and are usually situated near the shore so that feeding and main-
tenance can be easily accomplished. In the last decade or so, however, because
of increased concerns about the environment and the development of better cage
and mooring technologies, farms are being moved farther away from the shore-
line, often to relatively open-sea conditions. Such farms generally have large feed-
storage capacity, are equipped with feeding machines, and have their own energy
supply systems.

AQUACULTURE AND THE ENVIRONMENT

While aquaculture has enormous potential to help feed rapidly growing world
populations, it also carries significant risks to aquatic biodiversity, both in freshwa-
ter ecosystems and in the oceans. Aquaculture facilities in many parts of the world
are acutely aware of these risks, which producers and scientists alike are actively
attempting to address. We will review them here.
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Pollution

Antibiotics given to aquacultured fish and shellfish can be harmful to marine
wildlife™"> and can lead to the development of antibiotic-resistant bacteria that
could infect people”™ 'V (also see discussion of antibiotic resistance in chapter 7,
page 310). Effluents containing feed particles, fish cadavers, and feces can con-
taminate surrounding areas with high levels of nutrient pollution. This is a par-
ticular problem for cages and pens in waters that are shallow or that have little
tidal flushing. Such conditions can lead to a loss in water quality, with resultant
eutrophication and lowered oxygen levels, endangering local flora and fauna.”*"**
Nutrient pollution can also be a problem in poorly managed freshwater aquacul-

ture facilities.

Disease

Raising large numbers of fish and shellfish in tightly confined pens and cages
risks outbreaks of infectious diseases. Aquaculture farmers make great efforts
to avoid such conditions, but infections occur nevertheless. White spot and yel-
lowhead virus infections, for example, have broken out in shrimp farms in Asia,
reaching at times epidemic proportions,"”” and both pathogens have shown up
in wild and farmed shrimp populations in the United States."! Infections with

Figure 8.21, Sea Lice (Lepeophtheirus salmonis) on Pink Salmon (Oncorhynchus gorbuscha) Fingerlings. (Photograph by Alexandra Morton, www.
raincoastresearch.org.)
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bacteria such as Escherichia coli, Shigella, and Vibrio cholera have also been
reported, although these are rare and often associated with poor farm manage-
ment. Sea Lice (Lepeophtheirus salmonis) are also a common problem with farmed

finfish such as salmon and can cause significant mortality in wild salmon that
become infected.'?'*

Escape

Despite improved confinement technologies, the problem of escape of farmed organ-
isms remains high. According to the World Wildlife Fund in the United Kingdom,
for example, as many as a half million farmed fish escape into Norwegian coastal
waters each year, and in Scotland, in January 2005 alone, around 630,000 farmed
fish escaped.'** They can carry with them their diseases and parasites and can infect
wild stocks. But the greatest potential danger with escapees is their ability to inter-
breed with wild populations, diluting genes in their hybrid offspring that had initially
evolved for successful life in the wild, and thereby imperiling their survival ' This
potential for hybridization between farmed and wild fish is of particular concern with
Atlantic Salmon and Atlantic Cod, both of which are already endangered in the wild
(in some catches as many as 4o percent of the salmon caught in the North Atlantic
have been found to come from mariculture facilities)."*® The problem with escape and

Figure 8.22. Coastal Aquaculture Ponds in Malaysia Developed from Mangrove Forests. Malaysia has lost half of its mangrove forests—a million
and a half acres—in the past fifty years. (Courtesy of Tim Laman/National Geographic Image Collection.)
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hybridization could become even greater if fertile, genetically modified salmon and
other fish begin to be farmed.'’

Destruction of Habitat

Hundreds of thousands of acres of mangroves and coastal wetlands have been destroyed
to create ponds for the aquaculture of shrimp and Milkfish (Chanos chanos, a fish that
normally lives in the open ocean but has been widely cultivated for food). This prac-
tice, particularly widespread in Southeast Asia, has caused extensive damage to coastal
ecosystems'*® (see figure 8.22). An estimated 65,000 hectares (around 160,000 acres)
of mangroves have been made into shrimp ponds in Thailand alone in recent years."’
Such mangrove habitats are not only extremely biologically rich themselves but are also
breeding grounds and nurseries for wild finfish and shellfish, and their destruction can
result in large losses in wild populations and have major impacts on coastal marine bio-
diversity. As many as one-third of fish (excluding bycatch) that are caught each year in
Southeast Asia, for example, are mangrove dependent. Moreover, mangroves are essen-
tial to the health of coral reefs and seagrass beds, both among the greatest repositories
of marine biodiversity." And finally, mangroves and coral reefs form natural buffers
that protect coastal lands and the people that live there."”"!*?

Figure 8.23. A Mangrove Forest Off the Coast of Belize. In this underwater photograph of a mangrove forest, looking up toward the above
water canopy, one can see the incredible richness of life blanketing the mangrove roots. (Courtesy of Tim Laman/National Geographic Image
Collection.)
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THE PROMISE OF SUSTAINABLE
AQUACULTURE

If aquaculture is to be sustainable—and given the rapidly growing deficit between
global demands for fish and the capacity of capture fisheries to meet these demands.
it must be sustainable—its continued growth must take into account the preservation
of healthy freshwater and coastal marine ecosystems. Several practices would help
ensure such preservation, while also increasing aquaculture yields:

* Encouraging increased consumption of farmed herbivorous fish: Roughly 8o
percent of total global aquaculture involves the farming of herbivores—carp,
tilapia, Milkfish, mollusks, and catfish. Growth in culturing these organisms
needs to be strongly encouraged, perhaps especially in the industrialized
world. and the practice of feeding fishmeal to herbivores, which is rapidly
expanding for some fish such as tilapia and carp, and which contributes to
depleting wild fish stocks. should be discouraged.

» Developing better plant-based foods for carnivorous farmed fish: Plant-based
alternatives to fishmeal and fish oil are being used in carnivorous farmed fish
with good results."™* Vegetable oils such as linseed and rapeseed oil, substi-
tuted for fish oil during a portion of the feeding cycle in aquacultured Atlantic
Salmon (Salmo salar), did not affect growth rates or the health of the fish,
while significantly reducing PCB content and only marginally reducing ome-
ga-3 levels.'” Plant-based proteins will need to be supplemented with specific
amino acids to give satisfactory results in growth, and higher protein diets
will need to be developed.

» Developing land-based mariculture facilities to reduce the problems of nutri-
ent pollution, escape of farmed fish, and destruction of coastal habitats like
mangroves and wetlands: Some new mariculture facilities on land rely on
principles that were developed for recirculated freshwater aquaculture. One
approach has been the development of integrated pond technology. where
effluents produced by marine food organisms in land-based ponds, such as
fish and shrimp, can serve as nutrients for the production of microalgae or
macroalgae. These, in turn, serve as food for oysters, clams, abalone, or sea
urchins. As a result, three major crops can be grown—fish or shrimp, algae,
and shellfish or sea urchins. In one model, a 1-hectare (~ 2.5-acre) land-based,
integrated system produced 25 tons of fish, 50 tons of shellfish, and 30 tons
of seaweeds a year."” The final effluents from these systems are nutrient-poor
and can be recycled or returned to the sea. There is growing interest in China
and other Asian countries in such technologies, which may eventually be
adapted for the mass production of fish and other aquatic crops with minimal

environmental impacts.

Other technologies that have shown promise include the following:

* Highly intensive, environmentally friendly, recirculated aquaculture, also
known as RAS, where effluents are treated with nitrifying and denitrifying
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The enhanced greenhouse effect is expected to result in significant global warm-
ing during the course of this century. The potential impacts of climate change and
climate variability on biodiversity need to be more fully identified and understood.
both in natural and in agricultural systems.

Finally, national and international policies are needed to encourage wide-scale
adoption of the agroecosystem paradigm. and thus the conservation of biodiversity.
in food-producing systems. This will ensure nutritious food for still-growing global
populations, minimize exposure to agricultural chemicals, and promote both human
and ecosystem health.
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Fred Kirschenmann in a Buckwheat Field on His 3,700-Acre Organic Farm in North Dakota in the Summer of 2006. The trees in the foreground are part
of a hedgerow that provides natural habitat to attract predators and parasites that feed on crop pests. (Photo by Constance L. Falk.)
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(see chapter 8), there are also potentially large, and often not well understood, risks
from GM technologies—to the environment in general and to biodiversity and the
functioning of ecosystems in particular. While a comprehensive discussion of this
critically important topic is beyond the scope of this book, in this section we review
some of the potential benefits and risks of GM crops. A thorough understanding of
these could not be more important at the present time, given that (1) in 2005, 222 mil-
lion acres {about 9o million hectares) of approved GM crops were grown by 8.5 million
farmers in twenty-one countries, with U.S. crops making up more than half of this
amount (around 123 million acres, an area larger than the state of California);” (2) the
global acreage devoted to these crops is increasing rapidly (growing by double-digit
rates in recent years, 11 percent in 2005); and (3) in 2001, 26 percent of the maize and
69 percent of the cotton,’ and in 2005, more than 8o percent of the soybeans grown in
the United States were GM crops.* New figures for 2006, reported by the International
Service for the Acquisition of Agri-Biotech Applications, an industry group, show an
additional 13 percent increase to 252 million acres (102 million hectares).’

Among the major successes cited for the genetic modification of crops are the
insertion of Bt genes {(which produce insect pathogens, derived from strains of the
bacterium Bacillus thuringiensis) into maize, potatoes, and cotton to make these crops
resistant to certain insect pests,® and the insertion of herbicide-tolerance genes that
allow GM crops to thrive despite being exposed to certain herbicides.” Rice has also
been modified—in one case to produce beta-carotene (an antioxidant compound
found in carrots and other yellow and orange vegetables that our bodies can convert
into vitamin A),® and in another to reduce the concentrations of glutelin. a rice protein
that is undesirable for sake brewing.

However, behind these and other successes of genetic modification lurk unex-
pected effects and potential pitfalls. The decrease in glutelin levels in rice, for
example, was associated with an unintended increase in levels of compounds called
prolamines,” which can affect the nutritional quality of rice and increase its poten-
tial to induce an allergic response."” Modified organisms can also escape from green-
houses and fields and aquaculture cages into natural ecosystems and disrupt their
biodiversity. We have already seen the potential of this in aquaculture, where the
escape of farmed salmon (which were not genetically modified) is threatening wild
salmon stocks in the Atlantic Ocean (see discussion below and “Food from Aquatic
Systems” in chapter 8).

The application of genetic transformation techniques to crop plants raises a criti-
cally important question: Does this technology offer the potential for mitigating the
problem of biodiversity loss? Or the opposite: Does it pose a danger of exacerbating
it? Proponents of the new technology contend that it can help intensify production on
favorable lands, thereby alleviating the pressure on, and preventing the further deg-
radation of, agriculturally marginal lands and their natural ecosystems. They also
say that GM crops can reduce the need for tillage and for various chemicals such as
pesticides, thereby enhancing biodiversity.

Opponents of the same technology fear that it can damage biodiversity, for exam-
ple, by promoting greater use of certain pesticides associated with GM crops that are
particularly toxic to many species, and by introducing exotic genes and organisms into
the environment that may disrupt natural plant communities and other ecosystems.
Still others say that food production problems are generally not biological in origin, but
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not. for example, have to spray for pests that have already been effectively dealt with
by the presence of Bt toxins in the crops, and one should theoretically be able to use
lower amounts of herbicides, because those employed with some GM crops are so
effective. Indeed, for some GM crops, this seems to be the case, with the trend show-
ing an overall reduction (with the exception of glyphosate-tolerant soybeans) in the
use of agrochemicals from 1997 to 1998 in association with increasing levels of GM
farm acreage.” A recent two-year farm-scale evaluation involving eighty-one com-
mercial fields in Arizona showed a similar decrease in insecticide use with Bt cotton
when compared to non-GM cotton.”®

In China, recent studies have also demonstrated reduced pesticide use when GM
crops are planted, both for Bt cotton'® and for two varieties of GM rice engineered to
attack rice pests.? Of great importance in both of these cases was an observed reduc-
tion in the incidence of pesticide-related illnesses among the Chinese farmers who
participated. The same was true in another recent study involving nearly 5,000 small
farmers growing Bt cotton in the Makhathini region of South Africa, where lower
amounts of pesticides were used, and a decline in cases of pesticide poisonings was
reported. In this study, higher cotton yields were achieved as well.*!

There are also claims that the herbicide glyphosate (the active ingredient in
Roundup), widely used with GM crops, may be more environmentally friendly than
alternative herbicides, because it is reputed to have a shorter half-life* and a lower
toxicity for mammals, birds, and fish.* But glyphosate and its metabolites may be
more persistent in some environments than has been recognized, particularly when
extremely large amounts of the chemical are used (as is increasingly the case with GM
soybean fields in the United States).? There are also published reports that glyphosate
may contaminate freshwater systems* and that it can cause significant mortality in
some North American amphibians (and perhaps in amphibians in other parts of the
world), many species of which are already endangered”>* (see also the discussion
of amphibian declines in chapter 6). Moreover. because resistance to glyphosate is
beginning to develop in some weeds, such as Rigid Ryegrass (Lolium rigidum), larger
doses of glyphosate, or the use of more toxic herbicides, may be required.”

With regard to pesticides and Bt crops, it has been found that some farmers may
use fewer pesticides initially when compared to conventional crops but that, after sev-
eral years, they may be using as much or more than they did before. This has occurred
in China with some farmers growing Bt cotton, because new cotton pests that had not
been problems in the past, leaf bugs called mirids, have emerged in Bt cotton fields,
requiring new and extra pesticides to control them. What has been hypothesized is
that conventional pesticides and cotton bollworms (which were now absent because
of Bt toxins) had served to keep mirid populations in check.”?* Given that Bt cotton
seed can cost two to three times more than conventional seed, the extra pesticide costs
these farmers incurred no longer made using Bt cotton economically advantageous.

The development of resistance to Bt toxins among numerous insect species has
also been documented,” leading to the possibility of growing insect pest resistance to
Bt crops and the need for larger amounts of pesticides. Therefore, it may be too soon
to determine whether there will be less use of agrochemicals with GM crops over
time compared to conventionally grown crops, or whether the chemicals used on GM
crops will be more environmentally friendly than those used on conventional crops
(see discussion below).
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SOIL CONSERVATION

Genetically modified, herbicide-tolerant (GMHT) crops allow farmers to use what
are called postemergent herbicides (e.g.. glyphosate), applied later in the growing
cycle, rather than being mixed in with the soil when crops are planted. These herbi-
cides serve to promote low-till and no-till practices (see figure 8.10 in chapter 8), and
such practices have the potential to lead to increased soil organic matter, higher levels
of soil carbon sequestration, and decreased soil erosion, nutrient leaching, and water
loss, all of which are beneficial for the environment.*

INCREASED YIELD

Improved yield has been one of the main justifications for the development of GM
crops. GM crops are expected to provide greater yields, because they are designed to
do so and because of their engineered ability to withstand attack by pests and to grow
well under less than ideal conditions. For example, GM potatoes have been developed
that show significant resistance to attack by the fungus Phytophthora infestans that
causes Potato Late Blight, the most devastating disease of potatoes.* And in a world
with more extreme weather events and rising seas secondary to global warming,
crops engineered to grow well under conditions of drought or increased salinity, such
as rice engineered to withstand drought and salt water*? and tomatoes that can thrive
in salty soils,” offer a significant advantage over conventional crops vulnerable to
these changes. There are some indications in the United States that GM crops have
led to greater yields."*** But it is often not clear whether the differences in yield that
have been observed between GM and non-GM crops are the result of other extrane-
ous factors.” More studies need to be performed to address this critically important
question.

OTHER POTENTIAL BENEFITS FROM GM
ORGANISMS

GM plants are also being tested for a variety of other purposes. For example, some

transgenic plants are being developed that can be used to remove organic compounds,

heavy metals, and other contaminants from the environment.*> Others are being used
"as factories to develop biopharmaceuticals, including vaccines.*

There are many other promising areas of transgenic research that involve food
production and human health. One, for example, is the engineering of mice to carry a
gene (fat-1) from the roundworm Caenorhabditis elegans (see discussion of C. elegans
in chapter 5, page 180) that enables them to convert their abundant supplies of ome-
ga-6 fatty acids to omega-3s, the fatty acids, mostly found in fish oils, that have been
shown to promote cardiovascular health as well as other potential health benefits”
(see chapter 4, page 154). This technology could potentially be adapted to cattle and
chickens, so that people could obtain their omega-3 fatty acids from such animal
products as meat, milk, or eggs (although this may become less necessary. because
free-range, grass-fed cattle may accumulate significant levels of omega- fatty acids
in their meat, in contrast to grain-fed, feedlot cattle).’® In another recent development,
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An intensive three-year study called the Farm-Scale Evaluations, involving more
than 200 sites throughout England and Scotland and carried out by the British gov-
ernment, demonstrates the complexity of such ecosystem effects. The study compared
levels of biodiversity in fields of genetically modified, herbicide-tolerant (GMHT)
beets, maize, and Oilseed Rape (i.e., they were modified so that they were not harmed
by the broad-spectrum chemical herbicides used—in this case, by glyphosate or glu-
fosinate ammonium) with those found in adjacent fields of conventional strains of the
same crops. What was discovered, in general, was that GMHT fields had less biodi-
versity compared to conventional ones, presumably because of reduced weed biomass
caused by the herbicides. Specifically, weed biomass decreased more in GMHT Beet
and Oilseed Rape fields than in conventional ones, and so did the number of seeds
(which farm birds depend on for food), herbivores, pollinators (bees and butterflies),
and natural enemies of insect pests. The reverse was true for GMHT maize crops
when compared to those grown conventionally, but the researchers noted that the
herbicide used for the conventional maize was the potent and persistent chemical
atrazine, banned in Europe (see also discussion of atrazine in chapter 6, page 209, and
of pollution in chapter 2, page 51), so the comparison in the case of maize may have
been flawed.”*

Still other potential indirect effects include the downstream impacts from insects
developing resistance to Bt toxins (e.g., the Diamondback Moth [Plutella xylostella)
has developed resistance to Bt in the field, and several species of other moths, beetles,
and flies have done so in the laboratory)™ and from weeds developing tolerance to
glyphosate, as has occurred in Rigid Ryegrass and in three weeds present in soybean
fields—Horseweed or Marestail (Conyza canadensis—resistant Horseweed is pres-
ent in more than twelve states), Waterhemp (Amaranthus rudis or A. tuberculatus),
and Ragweed (Ambrosia artemisiifolia).**>’

HUMAN HEALTH IMPLICATIONS

The potential benefits for human health from GM crops over conventional crops are
several, although such comparisons should also be made between GM and other
agricultural practices, such as organic farming. If growing GM crops results in the
reduced use of toxic chemicals, or a switch to chemicals of lower toxicity, that would
be beneficial given the potential role of some pesticides in causing human disease,
especially among infants and children.”® If significantly greater yields were achieved
by using GM technologies, particularly in the developing world, where the risk for
crop failures because of extreme weather events secondary to climate change will be
ever more likely in the coming century, the public health benefits would be enormous.
If the nutritional quality of foods could be improved, for example, as has already been
done by adding beta-carotene genes to rice to relieve vitamin A deficiency (a condi-
tion that afflicts some 400 million people worldwide), great strides in relieving human
suffering would be made.”

But there are also potential risks. For one, there are the risks that could come
from pharmaceutical production in food crop species. The so-called “pharma crops”
are grown according to stringent protocols designed to prevent contamination of
the food supply. For example, corn that has been genetically engineered to produce
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drugs such as lactoferrin (an antimicrobial, iron-binding protein, present in high
concentrations in human colostrum-—the first breast milk secretions) is required by
the U.S. Department of Agriculture to be grown at least one mile away from other
cornfields. After harvest, such “pharma” corn must be labeled and carefully tracked
to avoid mixing it with corn destined for consumption by either humans or livestock.
However, scores of recent examples of human error in dealing with GM crops sug-
gest that contamination of food with “pharma crops” is a likely occurrence.*®

The use of antibiotic resistance genes as markers in GM crops has also raised
human health concerns, because such genes could potentially be transferred to bac-
teria that live in the intestines of cattle and other livestock and in the human gastro-
intestinal tract and be difficult to treat with antibiotics. Although several scientific
reviews have concluded that there is little to no chance of such gene transfer,®' the
editors of this volume believe that using a gene marker that carries a potentially sig-
nificant human health risk, particularly at a time when we are facing a growing crisis
of antibiotic resistance, even if its transfer is extremely unlikely to occur, should be
strongly discouraged. This position has been taken by the United Kingdom's Royal
Society, which stated “any further increase in the number of antibiotic-resistant
microorganisms resulting from transfer of antibiotic-resistance markers from GM
foods should be avoided,™” and by the Expert Group of the Medical Research Council
of the United Kingdom, which has recommended that antibiotic resistance genes be
removed from GM foods, even though they considered the possibility of such transfer
to be remote.®®

Another possible human health consideration that has been raised is that potential
toxins or allergens could be produced via the transgene itself, or that such compounds
might arise inadvertently via other changes in plant chemistry, caused by the action
of inserted gene switches and gene promoters or by the accidentally altered function-
ing of host organism genes.**> This remains a concern, but the potential for GM food
allergens has been made less likely by the current practice that prohibits the transfer of
genes encoding known allergens or of those from particularly allergenic species.

There is also the possibility that one of the chemicals widely used in GM
crops, glyphosate, and perhaps to an even greater extent its commercial prepara-
tion Roundup, may act as an endocrine disruptor. A recent study has shown that
glyphosate disrupts in human placenta cells the gene expression and activity of the
enzyme aromatase, which is responsible for the synthesis of estrogen, at concen-
trations that are 100 times lower than those recommended for use in GM crops.*
The addition of surfactants (these are wetting agents that are used to allow easier
spreading of a liquid) in Roundup amplified these toxic effects, perhaps because these
chemicals facilitated the entry of glyphosate into cells. At higher doses, still below
concentrations that are used in agriculture, the toxicity of glyphosate to placental
cells could result in human reproduction problems.

Because more than 44 million tons of glyphosate are used in the United States
each year (1999 figures)*’ and, by very rough approximation, about double that fig-
ure or more globally (given the proportion of U.S. to global GM acreage), exposing
millions of agricultural workers, and because glyphosate may persist in soils and con-
taminate some freshwater ecosystems,” thereby entering the water supply and the
food chain, we need to have a much better understanding than we do of its potential
effects on human health.
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BOX 9.5

LARGE-SCALE ORGANIC FARMING IN THE UNITED STATES

The Kirschenmann Family Farm, a 3,700-acre farm in south central North Dakota, near the city of Jamestown,
has been growing organic crops on a commercial scale since 1976. The farm is still managed, at a distance,
by scholar/farmer Fred Kirschenmann, who left the daily operation of the farm in July 2000 to direct the Aldo
Leopold Center at lowa State University. The cash crops on the farm are Hard Red Spring Wheat, Durum Wheat
(Triticum durum), Winter Rye (Secale cereale), Common Flax (Linum usitatissimum L.), Sunflowers (Helianthus
annuus), Millet, Buckwheat (Fagopyrum esculentum), and Oats (Avena sativa). Alfalfa (Medicago sativa) and Sweet
Clover (Melilotus officinalis or Melilotus alba) provide the leguminous cover crops and are used as forage for the
livestock, an Angus-cross beef herd of 126 brood cows and 4 bulls, which also graze on organic grass fields.

Central to the farm’s success are its crop rotation strategies. The first is an alternation of warm- and cool-
season crops to control weeds, which cannot become as well established with the changing environments. The
second is a rotation of broad leaf and grassy plants for the purpose of controlling pests and diseases, because
such plants are subject to different pest organisms and different diseases. The third principle involves alternat-
ing deep-rooted with shallow-rooted plants, because plants with roots at different depths draw their nutrients
from different soil levels and can thus prolong the crop rotation cycle. Legumes are used in all the crop rotation
cycles because they fix nitrogen and add organic matter to the soil. A typical rotation cycle would be Sweet Clover
(legume), Hard Red Spring or Durum Wheat (cool season, grass), Buckwheat (warm season, broad leaf), Rye (cool
season, grass), Sunflowers (warm season, deep-rooted, broad leaf), and then back to Sweet Clover. Pest control is
achieved through the crop rotations and the maintenance of natural habitats, such as hedgerows separating fields,
to encourage natural predators. No biological controls, such as beneficial insects, are added to the system.

Selecting the right crop rotation scheme for a particular farm is a very complex issue. Many factors deter-
mine what crops the farmer should select. Different classes of soil have different capabilities for producing
various crops. Climate conditions place significant limitations on the types of crops that can be grown in
particular landscapes. Available market infrastructures for selling the crops produced may restrict the kinds
of crops selected for a crop rotation, as may the type of equipment needed to plant, manage, and harvest the
crops. Public policies, which favor the production of some crops over others, may limit a farmer’s choices. The
demand for a particular crop in the marketplace imposes severe limitations on what a farmer can produce.
Farmers can’t grow a crop they can’t afford to sell, no matter how “beneficial” it may be in a rotation.

Diversified crop/livestock systems enable organic farmers to emulate nature's process of turning all waste
in a system into food for another part of the system, producing closed nutrient cycles on the farm. Livestock are
fed the legume cover crops of Sweet Clover and Alfalfa. Their manure, mixed with straw, wood chips, and plant
wastes, is composted and returned to the fields as fertilizer. Other wastes from cropping systems can also be
used. Grain kernels that do not meet quality standards for human foods can be cleaned out of bulk grain sup-
plies and fed to livestock. And turnip and radish greens and other vegetables and wastes can nourish pigs.

Numerous studies have been done on the Kirschenmann Farm, comparing it to conventional farms in the
region. Over time, per acre yields were found to be similar to those of conventional farms, with the conventional
farms producing slightly greater yields when growing conditions were ideal, but with Kirschenmann farm yields
exceeding yields on conventional farms when conditions were poor, for example, in drought years. Although,
on average, one year out of four was devoted to legume cover crops and the application of compost on the
Kirschenmann farm, with the sacrifice of that year’s cash income for each of the fields involved, there were also
no costs for pesticides or herbicides or synthetic fertilizers, so that economic returns for the two farm systems
were in fact similar. But, of interest, energy use on the Kirschenmann farm when compared to conventional
farms in the area was significantly less, as much as 70 percent less.? The same was true when other organic
farms in each of North Dakota's three ecoregions were compared to conventional farms in the area.

So it would seem that at commercial scales in the United States, an organic farm can compete in yields and
in financial returns with conventional farms, at least in the northern Great Plains, when growing such crops as
wheat, rye, and oats—and that it can outcompete such farms in terms of lower energy use and when growing
conditions are not ideal. In coming years, when the energy costs of running farms are likely to severely cut into
profits, not to mention the costs of fertilizers and pesticides derived from oil and natural gas, and when there will
be more extreme weather events such as heat waves and droughts from global climate change, the advantages of
organic farming, even on large commercial scales, may become even more significant than they are today.
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editorial “Can Organic Agriculture Feed the World?"™: “A global food system based
on agroecological principles is possible and there are urgent reasons to move in this
direction.™

A healthy debate in the scientific literature is ongoing about GM foods and
organic farming, with careful work being done on both the benefits and the risks of
these technologies. Scientists of great integrity can be found on both sides of these
issues. But all too often, scientists who raise questions about the wisdom of our rap-
idly growing commitment to GM foods, or those who express support for expanding
our use of organic and integrated farming systems, are characterized as uninformed
or naive. As was the case with tobacco, there are powerful vested interests involved
and enormous financial stakes at play here. And, unfortunately, as was also true for
tobacco, at times these attacks and the research behind them have been the work of
such interests. But if we are to make decisions about feeding the world in coming
decades, decisions that ensure that the greatest number of people will be fed with
food that is healthiest both for them and for the environment, we must be sure that
the science supporting these decisions has been carefully and objectively obtained,
and that it has been fully aired so that people have complete access to all the facts.
That is what we have tried to do in this chapter.

L 2R 2R 4
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As described in chapter 1, the loss of habitat on land, in lakes and streams, and in
the oceans; the release of pollutants into the air. soils. and water; the depletion of the
stratospheric ozone layer; invasive species; global climate change: and overfishing,
overhunting, and, in general, overexploitation of natural resources all ultimately dis-
rupt the healthy functioning of both natural and domestic ecosystems and threaten
th- survival of other species. But these alterations to the global environment are the
result of human decisions and human behavior, and just as human actions have dam-
aged the global environment, so, too, can they work to preserve and restore it. Many
people may feel that they cannot do anything to help solve environmental problems,
that the problems are too large, too complicated, and too well entrenched. The authors
of this chapter and the editors of this book believe that individuals can make enor-
mous and critically important contributions to protecting the global environment,
and that it is never too late to do so. In this chapter we detail some of the things that
individuals can do.

WHY DO WE CONSUME SO MUCH?

Il of us aspire to achieve a good quality of life for ourselves and for our

children. The problem lies in defining what “good” is and in identifying

how to get there. What seems the right decision for us individually in the
short term may not be the best one for others, including our children, in the long term.
We must begin to recognize that almost every action we undertake has some direct or
indirect effect on the environment in general, and on biodiversity in particular. This
is difficult for many of us to do, given how increasingly removed we have become from
the ecosystems that sustain our lives, especially those of us in urban centers in indus-
trialized countries. And, with the global human population estimated by the United
Nations to reach nine billion before leveling off by the middle of the twenty-first
century.” the cumulative effects of human activity on the environment are potentially
catastrophic—as the trends highlighted by the Millennium Ecosystem Assessment
have so clearly indicated.

Consumption in and of itself is not the problem. Humans need to consume to
survive, and in fact, the 2.8 billion people in the world who live on less than s2 per
day need to be able to consume more than they do now. Trouble arises when we,
individuals and whole populations alike. so overconsume and waste resources, espe-
cially those that are nonrenewable such as fossil fuels, that we end up outstripping
the ability of Earth to support us. Several factors underlie this drive to consume
more than we need. Cultural norms and social influences compel us to dress as our
peers do, or drive cars and live in houses that are similar to theirs. Artificially cheap
energy and technological advances have made possible an excess of all kinds of
goods available to the consumer. Improved transportation brings to consumers in
Boston, for example, apples from New Zealand, avocados from Chile, cocoa from
Céte d'Ivoire, clothing made in Malaysia, and electronics from China. We find it
hard to resist this cornucopia of goods, which seem to arrive effortlessly on our door-
steps, promising luxury and material comfort and which appeal so strongly to our
innate desire for pleasure.*’
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A large part of the problem is our commitment to a global economic system that
takes very little account of the true costs to Earth of our actions. Our ability to radi-
cally alter our environment began when our ancestors first tamed fire and fashioned
tools for hunting, and it increased markedly with the dawn of agriculture around
10,000 years ago. But the Industrial Revolution, which began around 1760 and accel-
erated greatly in the middle to late 1800s, marked a quantum leap in our ability to
consume the planet’s resources and to generate enormous amounts of waste, and has
helped to foster a separation between humans and nature.? Since then, our national
economies and personal lives have been driven by the need to produce, consume, and
trade more and more “stuff.” We have become convinced that we can take as much as
we want to from the environment, and dump as much as we want back into it, as if it
were an infinite source and an infinite sink.

We have all become accustomed to paying prices that do not represent the true
value of goods. Yet as responsible citizens with an eye toward the world we leave
for our children, we need to better understand, and expect to bear, these true costs.
Economists measure our well-being with statistics such as gross national product,
gross domestic product, the size of foreign currency reserves, or the balance of
trade. Corporate executives measure success by the level of consumer demand and
the company's bottom line, often focusing only on the short run. This economic sys-
tem neglects two very important questions: Where does all this “stuff” come from?
And what happens to it when we are finished with it? The cost of goods currently
does not incorporate the natural resources depleted, or the “ecosystem services” pro-
vided by the environment toward their production, disposal, or cleanup of the wastes
generated.’

The World Bank, some academic economists, and others have begun to develop
techniques that attempt to assign more accurate values for ecosystem services.'
Perhaps we are starting to arrive at a point where we can develop national indicators
such as our gross natural product, or our Ecosystem and Species Reserves Health
Index, or, as in Bhutan. a Gross National Happiness Index (which Bhutan defines by
evaluating how well they are doing to promote equitable and sustainable socioeco-
nomic development, preserve and promote cultural values, conserve the natural envi-
ronment, and establish good governance)," but we still have a long way to go. History
has shown that we ignore the value of the natural world around us at our peril. Past
civilizations have collapsed because they overexploited their natural resources.® We
must learn from their experiences.

HOW CAN WE CONSERVE
BIODIVERSITY?

t often seems to many people, perhaps to most, that they are powerless to influ-
ence the forces of environmental destruction, particularly when compared with
the large-scale effects of governments or corporations. (Note, however, that some
180 international corporations, including Johnson & Johnson, JPMorgan Chase,
Swiss Re, BP, and 3M, are assuming leadership roles in reducing their own environ-
mental footprints and in working to encourage environmentally sustainable practices
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worldwide, through the World Business Council for Sustainable Development [www.
wbcsd.org] and other organizations.) But collectively, smaller scale actions add up.
and individuals everywhere are already making a difference in protecting the envi-
ronment and in serving as models that inspire others to do the same*'"> And they
are doing so largely without sacrificing their quality of life. How do we lessen our
“Ecological Footprints,” and improve our health and well-being at the same time,
without having to deprive ourselves of all worldly goods. living like monks or her-
mits? We might consider three main ways:

We can adopt lifestyles that minimize our “Ecological Footprints.”

 We canraise awareness in our homes, workplaces, schools, places of worship,
and local communities by discussing how everyday behavior can affect bio-
diversity in our own back yards, towns, and regions—and how it may have
impacts on species and ecosystems thousands of miles away.

*  We can support organizations that are working to preserve biodiversity and
use our votes to elect environmentally responsible politicians, encourage gov-
ernments to honor the policies they have put in place, and urge political can-
didates to put biodiversity concerns at the top of their agendas.

Once a critical mass of the public adopts such behaviors, social pressure makes
them part of the culture (e.g., the use of bicycles in Amsterdam).

Lifestyle Choices That Protect Biodiversity

ndividuals make choices in their everyday lives that can be good for them as

well as for the world’s biodiversity. The overarching principle of “reduce, reuse.

and recycle” is still very much a valid one, affecting all aspects of our consump-
tion of energy and of products. The Center for a New American Dream (www.new-
dream.org). the Worldwatch Institute (www.worldwatch.org/features/consumption),
the Center for Biodiversity and Conservation at the American Museum of Natural
History (research.amnh.org/biodiversity). the United Kingdom’s Green Links (www.
green-links.co.uk) and Towards Sustainability (www.towards-sustainability.co.uk),
India’s Centre for Science and Environment (www.cseindia.org), Friends of the Earth
Hong Kong (www.foe.org.hk/welcome/geten.asp), the State of the Environment
(www.ngo grida no/soesa/nsoer/index.htm) in South Africa, the Yonge Nawe
Environmental Action Group in Swaziland (www.yongenawe.com/o2programmes/
iec/iec.html), and many other organizations all have suggestions about how to apply
this principle as individuals while still leading active, full. and comfortable lives.
Consumer advocates, environmentalists, economists, and policy makers suggest, for
example, that we choose goods and services that are publicly provided (e.g.. taking
public transportation rather than driving where possible, or using the public library
instead of buying and discarding books) and buying goods made primarily from
recycled materials when available. Above all, do not waste—use only what you need,

no more.
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The choices we make in three main areas of our lives—the food we eat, the way
we live in our homes, and how we transport ourselves—have been identified as hav-
ing the greatest potential to cause environmental damage and threaten biodiversity.
Making better choices in these areas could improve the environment and slow the
loss of biodiversity.

THE FOOD WE EAT

Food production has modified vast areas of our planet that were once natural eco-
systems, and the rate of this modification and resultant terrestrial habitat loss has
accelerated in the past fifty years. In parts of Africa, Asia, and South America, wild
animals—sometimes called “bushmeat”—are being harvested at unsustainable
rates, affecting everything from song birds to gorillas.”” But perhaps the greatest
direct impact we are having on populations of wild species globally is taking place
out of sight, out of mind, below the surface of the oceans.

Food from Aquatic Ecosystems

Global consumption of fish has doubled over the past three decades. Thirty years ago,
most people ate almost exclusively wild-caught fish, but since the 198os wild catches
have declined, as most stocks have become fully or overexploited, and consumption
of farmed fish (including both marine and freshwater species) has soared. In 1997, the
proportion of wild fish in our diet was only about 70 percent of total fish consumption,
and today it is even less.

As highlighted in chapters 2 and 8, indiscriminate industrial fishing methods
are taking their toll on marine fish stocks worldwide. Particularly vulnerable to over-
exploitation are the larger species that are slow to reproduce, such as the Northern
Bluefin Tuna (Thunnus thynnus), Orange Roughy (Hoplostethus atlanticus), the
Atlantic Cod (Gadus morhua), and many species of sharks. Such fish as tuna and
sharks are top predators, and the effects of their removal from ecosystems, while
unknown in detail, are likely to be significant, on a scale similar to what has occurred
when other, better studied top predators (e.g., wolves and eagles) were removed from
their ecosystems.' Demand for these species remains high, and as a result their breed-
ing populations are in sharp decline. It is conceivable that some populations of over-
exploited fish may never recover, such as the Atlantic Cod found in the Grand Banks
off the coast of New England and eastern Canada, perhaps the greatest fishery the
world has ever known. Modern fisheries also affect a wide range of marine biodi-
versity by damaging or destroying sea-bottom habitats. And there is an enormous
toll on nontarget species taken as bycatch, such as whales, dolphins, marine turtles,
seabirds, and many species of fish that are discarded.

Leading conservation organizations such as the World Wide Fund for Nature
(called the World Wildlife Fund in the United States and Canada) have now with-
drawn their support for marketing cans of tuna as “dolphin friendly.” Although
consumer demand for dolphin-friendly tuna did lead to a change in fishing methods,
resulting in a reduced toll on dolphins and other cetaceans (the order of marine mam-
mals, containing some eighty species, that includes whales, dolphins, and porpoises),
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BOX 10.1

WHOSE RESPONSIBILITY IS SUSTAINABILITY?

The reader will note that in this chapter we overwhelmingly focus
on the lifestyles of those who live in industrialized countries; in fact,
we concentrate almost exclusively on those who live in the United
States. And we devote most of this chapter to people who can afford
to make some of the environmentally friendly choices, many of which
are more costly, at least in the short run, than other choices that may
be more damaging to the environment. It is certainly easier to put
together a chapter with such a focus. But there are also good rea-
sons for doing so. For one, although the editors and authors of this
book strongly hope that it will reach a very wide audience in devel-
oping and industrialized countries alike, most readers, like most of
us, are likely to be relatively affluent and to come from the industri-
alized world. And it is we who ultimately cause the most damage
to the global environment, through our excessive burning of fossil
fuels, our overconsumption and waste of global resources, our liv-
ing beyond the capacity of the planet. If we were able to change our
ways—above all, if we could learn to live our lives fully conscious of
the impacts we have on the environment, using only what we truly
need of Nature's bountiful goods and services—then biodiversity
and global ecosystems stand a chance.

current methods of catching tuna using long-lines with hooks still kill numerous
other species, such as marine turtles and seabirds.

Eating farmed fish may seem a better option, but some fish farming also has
a harmful impact on marine biodiversity (see section on aquaculture in chapter 8,
page 373). Many farmed fish are fed ground-up fish as fish meal and fish oil, further
depleting oceanic stocks of wild species. It takes any where from 2 to 5 pounds of wild-
caught fish to make a pound of carnivorous farmed fish such as salmon. Antibiotics,
formerly used only to treat infections, are now routinely used to prevent disease out-
breaks in aquaculture farms, and may harm the marine environment. Escapees from
fish farms, which are often selectively bred strains of fish species, are altering the
genetic balance of their wild cousins, and thereby pose a threat to the viability of the
wild stocks. Other problems from aquaculture facilities are the excessive release of
nutrients from uneaten food pellets and fish feces that contribute to harmful algal
blooms and can threaten marine life (as well as people), and parasites like sea lice
and parasitic worms that can infest marine fish farms and infect wild finfish in their
vicinity. It must be said that many fish farms, in the United States and in other parts
of the world, are becoming more aware of these problems and are trying to address
them, but their approach remains the exception rather than the rule for aquaculture.

Freshwater aquaculture is now booming in East Asia and can be much more bio-
diversity friendly when managed appropriately to ensure that fish cannot escape into
the surrounding environment, especially nonnative species that are likely to become
invasive. In such closed systems, freshwater aquacultured species, such as tilapia,
catfish, and carp that eat plants rather than fish meal, can be raised so that wild fish
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stocks are not depleted. In China, manure from domesticated animals fertilizes ponds
or rice paddies, which then produce algae that can feed as many as four or five species
of carp at the same time, because the carps’ feeding habits, adapted to different levels
of the food chain, serve to complement each other. Such fish “polyculture” is also
widely practiced in India.

Similar concerns surround the consumption of some crustaceans. Wild shrimp
fisheries have the highest rates of bycatch, harvesting in most cases two pounds.
and in some cases more than ten pounds, of accidental victims for every pound of
shrimp, including endangered species of marine turtles. And because shrimp are
bottom dwellers. the harvesting process tends to be highly destructive of seabeds.
Marine shrimp and prawn farms in tropical countries, like carnivorous fish farms,
also deplete wild fish stocks and can result in major environmental damage, such as
destroying mangrove forests to make way for the farms. Such destruction is reported
to have been an important contributing factor in the devastation caused by the
December 2004 tsunami in the Indian Ocean”® (see chapter 3, page g1).

Individually, we can do the following to help sustain marine and freshwater
biodiversity:

* Seek out sustainably harvested wild fish such as Alaskan salmon species and
Striped Bass (Morone saxatillis), and those lower on the marine food chain,
such as sardines, anchovies, North Atlantic Mackerel (Scomber scombrus), and
Atlantic Herring (Clupea harengus). which are plentiful (Atlantic Herring may
be one of the most abundant fish on Earth) and have the added advantage of
containing high levels of omega-3 fatty acids and low levels of such pollutants as
mercury. It is not currently possible to say whether sardines, anchovies, North
Atlantic Mackerel, and Atlantic Herring also have low levels of PCBs and other
organochlorines, because adequate studies on these contaminants have not yet
been done. Some herring from the Baltic Sea may have high PCB levels."

* Eat herbivorous farmed fish and shellfish, such as catfish, carp (in Asia),
clams, mussels, oysters, and bay scallops.

* Educate ourselves about which species of seafood are under threat and avoid
buying them (or eating them in restaurants). Several organizations provide
information on what kinds of fish to buy and which ones to avoid. Some of
these are listed below by region:

For NORTH AMERICA

* Blue Ocean Institute {blueocean.org/seafood)

* Environmental Defense (www.environmentaldefense.org/tool.cfm?tool=
seafood)

* Monterey Bay Aquarium (www.mbayaq.org/cr/seafoodwatch.asp)

FOR EUROPE

* World wildlife Fund (WWF)—Switzerland and International (www.
panda.org/downloads/marine/fishguideeng pdf)

* Marine Conservation Society (www.fishonline.org/information/
MCSPoacket_Good_Fish_Guide.pdf)
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FOR AsiA-PACIFIC

* Royal Forest and Bird Protection Society (www.forestandbird.org.nz)

* Australian Marine Conservation Society (www.amcs.org.au)

* WWF Hong Kong (www.wwforghk/eng/conservation/wl_trade/
reef_fish/online_guide)

* Support organizations that lobby for the reduction or elimination of harm-
ful government fishery subsidies that perpetuate overfishing.

Food from the Land

A quarter of the planet’s surface is under cultivation, and when livestock production
is taken into account, the proportion of Earth's land surface modified by humans to
produce food is even higher.

The most important ecosystem service that agricultural biodiversity provides
is, of course, food and food security—but it also provides others. such as nutri-
ent cycling, pest and disease regulation, pollination. maintenance of local wildlife,
watershed protection, erosion control, carbon sequestration, and climate regulation.
Despite the steady expansion of agricultural ecosystems, agricultural biodiversity
is under threat. Worldwide, more than go percent of crop varieties have been lost in
the past century. and livestock breeds are disappearing at the rate of 5 percent a year.
Intensive production methods such as the use of pesticides, the cultivation of mon-
oculture crops, and the loss of field edge habitats are resulting in losses of farmland,
wildlife. microbial and invertebrate soil biodiversity, and the diversity of pollinating
species and natural predators.' Irrigation and livestock wastes from intensive produc-
tion (e.g., cattle feedlots, and industrial-scale chicken and pig farms) consume water
and pollute our waterways, thereby directly affecting wild biodiversity. New technol-
ogies, such as genetic engineering, may address at least some of these problems but
may also threaten biodiversity in new ways. A precautionary approach is therefore
appropriate when applying new agricultural technologies.

Our choice of food can affect our ecological footprint in other ways, as well.
Meat production takes disproportionately more resources than do vegetables. It has
been estimated that 8oo million acres (about 324 million hectares), or 40 percent of
U.S. land area. is devoted to raising cattle, with a further 6o million acres (about
24 million hectares) used for growing grain for livestock. Also, the distance our
food travels between our farms and our forks—or food miles—is becoming lon-
ger each year. Fruit and vegetables on the supermarket shelves often come from
halfway around the globe—even when the same fruit or vegetables are in season
just down the road. In Britain, the Soil Association (an organization that certifies
organic produce) tracked twenty-six ingredients in one basket of food purchased at
an organic grocery and found that together they had traveled a distance of 241,000
miles (about 388.000 kilometers)—that's six complete trips around the world.
Sometimes, such travel reaches absurd levels, such as the transport of spring water
from Fiji to Boston, where tap water is of high quality and where local spring water
is widely available. Needless to say. it is fairly pointless to seek out organic food
if it has added tons of greenhouse gases to the atmosphere just to reach our plates,
contributing to global warming and endangering many species worldwide (see
chapter 2. page 63).
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THE WAY WE LIVE IN OUR HOMES

Global climate change, including a rise in global temperatures, changes in rainfall
distribution, and increases in extreme weather events, is likely to become one of the
greatest threats to biodiversity in the foreseeable future. A recent study has esti-
mated that up to a million species could be at risk worldwide.” The signs are already
here that global warming is having effects on the biosphere (see chapter 2. page 63).
The American Horticultural Society. for example, has had to revise its Heat Zone
map of the United States that defines zones by their average number of expected
days annually over 86°F. In the Arctic, sea ice is melting so extensively that Polar
Bears are beginning to starve because their usual prey. seals, are able to surface at
many sites of open water and thus elude capture, instead of at the rare blowholes
where Polar Bears once waited for them. Birds, always good indicators of environ-
mental change, are also being affected. In the western Antarctic Peninsula, retreat-
ing sea ice is depriving Adélie Penguins (Pygoscelis adeliae) of feeding areas, and the
number of breeding pairs has declined significantly over the past thirty years. Some
coastal seabirds in Britain are failing to breed because changes in water temperature
are altering the number and distribution of their principal prey, sand eels. A study
of insectivorous birds (e.g.. the Blue Tit [Parus caeruleus| and the Great Tit [Parus
major] in the Netherlands) has found that many pairs are failing to produce their
usual two clutches of offspring a year, because warmer spring temperatures hasten
the development of the insect larvae they depend on for food, out of sequence with
the arrival of their hatchlings. Global climate change, driven mainly by the burning
of fossil fuels, will also have direct effects on human health and well-being, with
increased exposure to heat stress, higher air pollution in our cities, and increasingly
severe droughts, floods, and storms affecting communities worldwide. In addition,
more and more scientific data point to increases in the occurrence of water-, food-,
and insect-borne diseases.?’

The energy choices we make in our homes determine our contributions to the
burning of fossil fuels and therefore to the emission of greenhouse gases and global
climate change. In the United States, total household energy consumption accounted

2 with heating, hot

for about 22 percent of national energy consumption in 2001,
water, air conditioning, household appliances (ovens, refrigerators, and dryers), and
lighting contributing the most toward greenhouse gas emissions. (Some useful fig-
ures about regional, national, and global energy use can be found at chemistry.beloit.
edu/Warming/pages/emissions.html.)

As individuals, we can have a real influence on reducing the amount of energy
we use in our homes and offices, and thereby reducing the extent of climate change.
In temperate climates, stopping drafts and optimizing insulation can cut heat losses
dramatically, and turning down the thermostat by just 1 degree Fahrenheit (0.6
degrees Celsius) saves about 8 percent in heating costs in an average year. In tropi-
cal countries, using traditional architecture rather than modern forms that require
air conditioning is often an attractive and energy-saving option. Actions as simple
as turning off computers, televisions, and audio equipment when not in use is some-
thing we can all do. A 2001 study by the International Energy Agency estimated that
the amount of energy used in maintaining such equipment in “standby” mode in
several countries ranged from 3 percent of total domestic energy use in Switzerland
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Recycle paper, cans, glass bottles, and plastic bottles if our communities par-
ticipate in these programs.

Buy cold weather clothing made from plastic that has been recycled and
transformed into “fleece”—which has excellent insulating properties.

Recycle old clothes to charities that accept them for resale.

Recycle electronic equipment (Cell Phone Recycling and Donation Programs:
www.eiae.org/whatsnew/news.cfm?ID=100; Computer Take Back Options
www.epa.gov/e-Cycling/donate.htm).

Buy organic cotton clothes, sheets, and towels—conventionally grown cot-
ton is one of the most pesticide intensive of all crops, and therefore one of the
most potentially damaging to birds and other species.

Buy recycled wood for building or use other materials that are widely avail-
able and renewable, such as bamboo and cork.

Buy recycled fiber carpeting, thereby reducing demand for cotton, wool. or
petrochemicals (all of which have impacts on wild biodiversity).

Avoid buying furniture made from tropical hardwoods (e.g., teak or mahog-
any). or using such wood for building unless it bears the seal of the Forest
Stewardship Council (considered the most rigorous and independent forest
certification program) or the SmartWood label from the Rainforest Alliance
in the United States, indicating that the wood comes from sustainable forestry
operations that minimize the negative impact of logging on biodiversity.

Do not buy new items made from gold. Gold mining is one of the most envi-
ronmentally destructive of all industries, destroying rainforests and other
habitat, and contaminating surface waters with cyanide and mercury.

Wherever possible, buy only recycled products for our homes—recycled
paper products (towels, toilet paper. and writing bond) save forests and save
landfills space.

Conserve water—the average family in the United States uses 74 gallons
(about 280 liters) of water each day. nearly one-third of which goes to flushing
toilets." Install low-flow toilets in your homes, take shorter showers, turn off
the faucet while brushing your teeth, and plant a native grass lawn. Thirty
percent of the water used in New England goes to watering lawns (see below).
Conserving water makes more available for lakes, rivers, and streams that
support native wild species.

Reduce junk mail by requesting to be removed from direct mail lists—in the
United States, write to the Direct Marketing Association (Mail Preference
Service, PO Box o008, Farmingdale, NY 11735) and ask that mail order
companies reduce the number of catalogues they send. In the United States,
ninety million trees are cut each year to produce bulk mailings that end
up being hauled away by 340,000 garbage trucks, contributing significant
greenhouse gases.”
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suggestions, see www.biodiversityproject.org/s%20Ways%z2o0Campaign/
swaysbackyardpress.htm).

Seek outindigenoustrees, shrubs, and flowers (see “Increase Backyard Diversity”
{Audubon], www.audubon.org/bird/at_home/wildlife.html, “Rethink Your
Lawn” [Audubon], www.audubon.org/bird/at_home/rethink_lawn.html, and
“Designing for Wildlife” [Plant Native], plantnative.com/how_wildlife.htm).

Exercise caution when buying plants: Ensure that they are not invasive and
have not been taken from the wild. Rare species such as cycads and tree
ferns should come only from certified suppliers (see www.ucsusa.org/inva-
sive_species/what-you-can-do-to-prevent-species-invasion.html, www.inva-
sivespeciesinfo.gov/community/whatyou.shtml).

Avoid buying flower varieties that have “double” blooms: Insects can't access
their nectar because their mouthparts are not adapted to do so.

For large gardens, leave at least part of it “wild"—a small pile of rotting logs
for wood-boring beetles, a dead tree for woodpeckers to nest in, a patch of
stinging nettles and other “weeds” for butterfly larvae to feed on.

Putin plants that attract wildlife, such as the “butterfly bush” (Buddleja spp.)
for butterflies (for those Buddleja spp. that are invasive, make sure seeds are
removed before they can be spread by birds).

If there is space, consider making a small pond: It will soon become a magnet
for insects, amphibians, and birds.

Avoid using pesticides: Choose plants that are naturally resistant to pests
(indigenous species usually are), and use biological control agents and natu-
ral predators such as nematodes and lady bugs (see “Pesticides: Health and
Safety” [EPA]. www.epa.gov/pesticides/health/human.htm, “Pesticides:
Controlling Pests™ [EPA]. www.epa.gov/pesticides/controlling/garden. htm,
“Beyond Pesticides: Least Toxic Control of Pests in the Home and Garden,”
www.beyondpesticides.org/alternatives/factsheets).

Use organic fertilizers and mulches such as barnyard manure and compost
made from kitchen waste.

Establish “natural” lawns that have a variety of plant species: They need less
water and less mowing and can be far more attractive to look at than something
that looks and feels like the artificial grass of a football field. Or establish a wild-
flower meadow or mini-prairie. These options support far more biodiversity.

For small areas of grass, use an old-fashioned, hand-pushed, reel-ty pe mower
rather than an electric or fuel-powered one. It is terrific exercise, burning our
own calories instead of fossil fuels.

Provide birds with nest boxes, food in winter, and water all year round, out
of reach of cats and dogs.

Give your kids a small part of our yards to grow their own flowers and veg-
etables, helping them to learn the values of biodiversity.
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of consumptive or extractive use (e.g., hunting and fishing by local communities or
sustainable timber production).

Many protected areas are lived-in, working landscapes that promote and sup-
port traditional livelihoods and cultures in addition to protecting biodiversity. Some
examples are the Snowdonia National Park in Wales, Adirondack Park in New York
State, Hungary's Hortobagy National Park, and the Champlain-Richelieu Valley that
straddles the border between northeastern United States and Canada. Traditional
farming methods sympathetic to biodiversity conservation are encouraged in such
protected areas, and many of them harbor species that are rare or endangered where
modern intensive farming methods prevail. Conservationists believe that landscape
models that integrate protected areas within a mosaic of agricultural and urban land
uses are the most feasible way to preserve biodiversity in densely populated regions
and have great potential in both tropical countries and temperate industrialized
countries.?

While large protected landscapes are essential to conserve many wide-ranging
species and native species communities, the biodiversity value of very small protected
areas should not be underestimated. Countless such small reserves exist, sometimes
only a few hectares in extent. Many of our neighborhoods have them. They may have
been designated to protect a small wetland, create a greenbelt around a town, or pre-
serve a patch of forest or woodland. They can be important local reservoirs for small
vertebrates, invertebrates, and plants. One of Britain’s smallest nature reserves is a
70-meter (~230-feet) length of hedgerow bank in the county of Suffolk, designated to
protect an endangered fungus, the Sandy Stiltball (Battarrea phalloides). Florida’s
6-acre (~2.4-hectare) Pelican Island is the smallest designated wilderness area in the
United States.

"Many such local reserves are run by groups of volunteers or local communities.
Others are privately owned or managed by conservation organizations. In the United
States, more than 5 million acres (about 2 million hectares) are protected by local and
regional land trusts through “conservation restrictions” (agreements between land-
holders and land trusts or government agencies to conserve land by limiting its devel-
opment). Nongovernmental organizations such as The Nature Conservancy protect
a further 7 million acres in the United States. The largest conservation organization
in Europe, Britain’s Royal Society for the Protection of Birds (www.rsbp.org.uk) has
more than a million members and manages 180 nature reserves totaling 320,000 acres
(129,000 ha) in the United Kingdom.

To contribute to protected areas near us, we can:

* Help create and perpetuate small protected areas for conserving biodiversity
by joining local or national conservation organizations.

* Encourage our city governments to create green spaces and manage them as
“natural parks” for local biodiversity. By creating wildlife habitat (e.g.. by
using indigenous trees and other plants), we will also give our communities
opportunities for environmental education as well as for recreation.

* Place a “conservation restriction” on portions of our own property to provide
it with ongoing protection.
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* Work with schools and students to green their campuses (for more informa-
tion, see www.iisd.org/educate).

* Find ways of reducing our workplace’s footprint on biodiversity.

We can tell our families, friends, and neighbors, and those at our workplace,
place of worship, and organizations we belong to, what we have done to preserve bio-
diversity and why it is important. If everyone we know began to follow some of the
suggestions mentioned in this chapter, the impact would be considerable.

Supporting Organizations and Political Candidates
That Preserve Biodiversity

oining an environmental conservation organization, and supporting them with

our time and money, is another way to have our voices heard. They come in all

shapes and sizes, ranging from small ones with a local agenda (greening our city,
saving a local pond) to national and international nongovernmental organizations
concerned with saving whole ecosystems and species (several are listed in appendix
C). Coalitions of such organizations often have huge lobbying power. We can get oth-
ers to join when we believe strongly in what these organizations are doing.

We can become involved politically in town government if we live in a small
municipality, for example, by joining the conservation committee. We can elect envi-
ronmentally responsible politicians at all levels of government and urge them to place
biodiversity concerns at the top of their agendas. We can learn the environmental
positions of those who represent us locally, regionally, and nationally. and give them
feedback when we support what they stand for and when we do not. We should become
informed, be persistent, and organize other constituents of theirs to do the same.

Some cities are already showing leadership in this respect. For example, the
International Council for Local Environmental Initiatives (ICLEI, www.iclei.org)
is working with 724 cities, towns, counties, and their associations in sixty-eight
countries worldwide to develop local strategies to reduce energy consumption and
CO, emissions, including Atlanta, Chicago, Los Angeles, and many other cities in
the United States and hundreds abroad, including Bangkok, Barcelona, Berlin,
Cape Town, Kampala, Mexico City, and Sao Paulo. Work with those leading these
initiatives.

Encouraging Governments to Address
Biodiversity Loss

he Millennium Ecosystem Assessment was undertaken partly tofeed informa-
tion into four international conventions administered by the United Nations
that are concerned with the conservation and sustainable use of biodiver-
sity: the Convention on Biological Diversity, the Ramsar Convention on Wetlands of
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INDIVIDUALS WHO HAVE MADE A
DIFFERENCE

Wangari Maathai

rofessor Wangari Maathai, born in Nyeri, Kenya, founded the Green Belt

Movement. which has now worked to conserve the environment and develop

communities in Kenya for nearly thirty years, planting nearly thirty million
trees across the country and providing cash subsidies to the large number of impov-
erished women who have done the work. She has been a champion not only for the
environment but also for human rights, especially the rights of women. Several other
countries have followed the Green Belt Movement's example, and their efforts have
been an important component in fighting the deforestation. forest loss. and deserti-
fication that plagues Africa and many other regions of the world. Professor Maathai
was awarded the 2004 Nobel Peace Prize for her “contribution to sustainable devel-
opment, democracy, and peace.” She was the first African woman to be awarded
the Nobel Prize. In addition to her work with the Green Belt Movement, she is
Kenya's Deputy Environmental Minister and is the presiding officer of the Economic,
Social. and Cultural Council (ECOSOCC) of the African Union and the Goodwill
Ambassador for the Congo River Forest Ecosystem.

Pisit Charnsnoh

isit Charnsnoh has worked for many years to improve the living conditions in

coastal villages in his native Trang Province in southern Thailand. He and his

wife founded the Yadfon Association in 1985, which works in thirty communities
to protect mangroves and coastal fisheries. The word yadfon means “raindrop” in Thai
and symbolizes renewal. Mr. Charnsnoh's work has epitomized this renewal in many
ways. As a Buddhist, it took him many years to gain the trust of the Muslim coastal
villagers, but over time, villagers joined Yadfon and found themselves involved in deci-
sion-making roles. They worked to limit the number of commercial shrimp farms in their
area. enforce boundaries set for fishing trawlers, restore seagrass beds to provide habi-
tat for the endangered dugong manatee, and encourage better management of the local
watershed. Perhaps most important, the villagers banded together to restore a 240-acre
(~¢7-hectare} mangrove forest, which became the first community-managed mangrove
forest in the country. Restoration of the mangroves resulted in a 40 percent increase in
local fish catch, with the resulting income being used to restore communities. In 2002
Pisit Charnsnoh was awarded the Goldman Prize in Marine Conservation for his work.

Oscar Rivas and Elias Diaz Pena
scar Rivas and Elias Diaz Pena have been working since 1991 with com-
munities affected by the Yacyreta Dam project in Paraguay, which flooded

the homes of 50,000 people, disrupted fish migration, and altered the
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The Biodiversity Global Programme assists developing countries and communities
in influencing national and global policies, in benefiting from knowledge about biodi-
versity. and in advancing their sustainable development and poverty reduction goals.
UNDP works to help integrate biodiversity. ecosystem services. protected areas, and
other CBD priority areas into national policies and programs, involving such key sec-
torsas agriculture, forestry. fisheries. and energy. These efforts address social. economic
and policy frameworks such as the Millennium Development Goals (see www.un.org/
millenniumgoals/) and National Sustainable Development Strategies. Activities that
specifically involve the relationship between biodiversity and health include empower-
ing local communities and indigenous peoples to protect their traditional knowledge.
ensuring the equitable access and the sharing of benefits from biodiversity, and achiev-
ing synergies with other multilateral environmental agreements related to biodiversity
and ecosystem services.

THE U.N. ENVIRONMENT PROGRAMME (WWW.UNEP.ORG/
THEMES/BIODIVERSITY/)

The U.N. Environment Programme (UNEP) is the designated U.N. authority on envi-
ronmental issues at the regional and global level. Its mandate is to coordinate the devel-
opment of consensus on environmental policy issues by closely monitoring the global
environment and by bringing emerging issues to the attention of governments and the
international community for possible action.

Among others, UNEP oversees and supports the following biodiversity conventions
and activities: the U.N. Convention on Biological Diversity (see above), the Convention on
International Trade in Endangered Species. the Conventionon Migratory Species, the Great
Apes Survival Project. the Global Programme of Action for the Protection of the Marine
Environment from Land-Based Activities. the International Coral Reef Action Network,
the International Centre for Integrated Mountain Development. the U.N. Environment
Programme’s Global Environment Facility Project on Development of National Biosafety
Frameworks, the World Conservation Monitering Center, and Earthwatch.

THE INTERNATIONAL UNION FOR CONSERVATION OF
NATURE AND NATURAL RESOURCES (WWW.IUCN.ORG/
THEMES/PBIA/THEMES/BIODIVERSITY/WHATWEDO.HTM)
Founded in 1948. the International Union for the Conservation of Nature and Natural
Resources (IUCN) brings together states. government agencies, and a diverse range of
nongovernmental organizations in a unique world partnership—more than 1,000 mem-
bers in all—spread across some 150 countries.

The [UCN seeks to influence, encourage, and assist societies throughout the world
to conserve the integrity and diversity of nature and to ensure that any use of natural
resources is equitable and ecologically sustainable. A central Secretariat coordinates
IUCN programs and serves the [UCN membership. representing their views on the
world stage and providing them with the strategies. services. scientific knowledge,
and technical support they need to achieve their goals. Through its six Commissions,
the JUCN draws together more than 10,000 expert volunteers in project teams and
action groups, focusing in particular on species and biodiversity conservation and on
the management of habitats and natural resources. The IUCN has helped many coun-
tries prepare National Conservation Strategies and has demonstrated the application
of its knowledge through the field projects it supervises. Operations are increasingly
decentralized and are carried forward by an expanding network of regional and country
offices. located principally in developing countries.

The IUCN builds on the strength of its members, networks, and partners to
enhance their capacity and to support global alliances to safeguard natural resources at
local. regional, and global levels.
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U.N. Convention to Combat Desertification (www.unccd.int)

This convention entered into force in 1996 and now has about 175 parties. It was
established to combat desertification and mitigate the effects of drought in countries
experiencing serious drought and/or desertification, particularly in Africa, through
effective actions at all levels and supported by international cooperation and partner-
ship arrangements. [t encourages parties to prepare national action programs and calls
for the developed countries to support their implementation.

U.N. Convention on Biological Diversity—see appendix A

United Nations Framework Convention on Climate Change (unfccc.int/)
This convention entered into force in 1994 and now has some 1go parties. It was estab-
lished to stabilize greenhouse gas concentrations in the atmosphere that would prevent
dangerous anthropogenic interference with the climate system, within a time frame
sufficient to allow ecosystems to adapt naturally to climate change. It also intends to
ensure that food production is not threatened and to enable economic development to
proceed in a sustainable manner. The Kyoto Protocol, which calls for specific measures
to reduce greenhouse gasses on the part of the developed countries, entered into force
in 2004.

World Heritage Convention (whc.unesco.org/)

This convention also entered into force in 1975 to establish an effective system of collec-
tive protection of the cultural and natural heritage of outstanding universal value. It is
intended to provide both emergency and long-term protection to natural features and
habitats of plants and animals judged to be of “outstanding universal value.” It estab-
lishes a World Heritage list, which currently has 160 natural sites and 24 mixed cultural
and natural sites. It has 180 parties.

UNITED NATIONS SPECIALIZED AGENCIES

U.N. Food and Agriculture Organization (www.fao.org/)

The U.N. Food and Agriculture Organization (FAO) was founded in 1945 to raise the
levels of nutrition and standards of living of the populations of the member countries.
It seeks to improve the efficiency of production and distribution of all food and agricul-
tural products including forests and fisheries. It is responsible for numerous conven-
tions relating to fisheries, plant genetic resources, and other environmental problems
relating to food production.

Global Environment Facility (www.gefweb.org/)

Founded in 1991. the Global Environment Facility (GEF) provides a mechanism for
international cooperation through providing new and additional grant and conces-
sional funding to meet the agreed global environmental benefits in several focal areas,
including biological diversity. climate change, international waters, and ozone layer
depletion. It has provided substantial funding to support the implementation of the
U.N. Convention on Biological Diversity. amounting to well more than USs100 mil-
lion per year, through its implementing agencies (the World Bank. U.N. Environment
Programme, and U.N. Development Programme}.

U.N. Development Programme—see appendix A

U.N. Educational, Scientific, and Cultural Organization
(www.unesco.org or portal.unesco.org/en/)

Founded in 1946, the UN. Educational. Scientific, and Cultural Organization
(UNESCO) contributes to peace and security in the world by promoting collaboration
among nations. education. science, culture, and communication. It expects such coop-
eration to lead to universal respect for justice, the rule of law, and the human rights and
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is relevant to mountain development. The information it produces is freely available
through the Internet.

International Centre of Insect Physiology and Ecology (www.icipe.org/)
With headquarters in Nairobi, Kenya, the International Centre of Insect Physiology and
Ecology focuses on improving the understanding of insects. It seeks to alleviate poverty,
ensure food security, and improve the overall health status of peoples of the tropics by devel-
oping and extending management tools and strategjes for both harmful and useful insects,
while preserving the natural resource base through research and capacity building.

International Tropical Timber Organization (www.itto.or.jp/)

Based in Yokohama, Japan, the International Tropical Timber Organization (ITTO)
was established in 1986 to promote the conservation and sustainable management, use
and trade of tropical forest resources. Its fifty-nine members represent about 8o percent
of the world's tropical forests and go percent of the global tropical timber trade. ITTO
has also developed a strong forest conservation program that seeks to ensure the con-
servation of tropical forest resources.

International Union for Conservation of Nature and Natural
Resources—see appendix A

Pan-European Biological and Landscape Diversity Strategy
(www.strategyguide.org/)

In 1994, the Council of Europe agreed to develop the Pan-European Biological and
Landscape Diversity Strategy as a European response to support implementation of the
Convention on Biological Diversity. It provides a coordinating and unifying framework
for strengthening and building on existing initiatives in Europe to integrate ecological
considerations into all relevant socioeconomic sectors. It seeks to increase public par-
ticipation in conservation activities, thereby building awareness and acceptance of the
actions required to conserve biodiversity throughout Europe. The strategy is imple-
mented through a series of five-year action plans that address the most urgent issues as
agreed among the European governments.

South Pacific Regional Environment Programme (www.sprep.org/)

Based in Apia, Samoa, the South Pacific Regional Environment Programme promotes
cooperation in the Pacific Islands region and provides assistance in order to protect and
improve the environment and to ensure sustainable development for present and future
generations. It seeks to enable the people of the Pacific Islands to plan, protect, and use
their environment for sustainable development. With twenty-one Pacific Island member
countries, it seeks to sustain the integrity of the ecosystems of the Pacific Islands region
to support life and livelihoods.

Other Relevant Intergovernmental Organizations

* Center for International Forestry Research (www.cifor.cgiar.org/)
* Centro de Investigacion Agricola Tropical (www.ciatbo.org/)

» Conservation of Arctic Flora and Fauna Program (www.caff.is/)

+ The Great Apes Survival Project (www.unep.org/grasp/)

* International Council for Game and Wildlife Conservation (www.cic-wildlife
.org/)
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* Biodiversity International (www.biodiversityinternational.org)
* International Union for the Protection of New Varieties of Plants (www.upov.int/)
»  World Agroforestry Centre (www.worldagroforestry.org/)

* World Organization for Animal Health (www.oie.int/)
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APPENDIX C

NONGOVERNMENTAL ORGANIZATIONS
WORKING TO CONSERVE BIODIVERSITY

Throughout the world, citizens have organized themselves into nongovernmental
organizations (NGOs) to support the kinds of measures that have been discussed in
this book. In this appendix, we briefly describe the major international NGOs that sup-
port conservation, sustainable use, and reduced consumption, as well as a selection
of NGOs from various developing countries. In virtually all parts of the world, local
NGOs are open for membership to those who would like to support such efforts. This
is by no means an exhaustive list. but rather an indicative one that shows the depth and
range of civil society organizations that are interested in improving both the quality of
the environment and the quality of human life.

INTERNATIONAL NGOs

BirdLife International (www.birdlife.org/)

BirdLife International is a global par tnership of conservation organizations that strives
to conserve birds, their habitats, and global biodiversity. working with people toward
sustainability in the use of natural resources. BirdLife Partners operate in more than
100 countries and territories worldwide and collaborate on regional work programs in
every continent.

Botanical Gardens Conservation International (www.bgci.org.uk/)

The U K -based Botanical Gardens Conservation International (BGCI) brings together
the 2,000 botanic gardens worldwide to form a community that works in partnership
to conserve threatened indigenous species. Through the allocation of grants and the
provision of knowledge and support, BGCI works with its member gardens to educate
the more than two million park visitors each year and also influence governments on
the importance of plant conservation. In addition to Europe, it has regional presence in
North and South America, Russia, India, Japan, China, and Africa.

Conservation International (www.conservation.org/)

Conservation [nternational (CI} is a U.S.-based. international nonprofit organization. CI
applies innovations in science, economics, policy, and community participation to protect
Earth'’s richest regions of plant and animal diversity in the biodiversity hotspots, high-
biodiversity wilderness areas, and important marine regions around the globe. With head-
quarters in Washington, D.C., CI works in more than forty countries on four continents.

Earthwatch Institute (www.earthwatch.org/)

Earthwatch Institute is an international nonprofit organization, with 50,000 individual
members worldwide. They act as a liaison between the scientific community, conserva-
tion and environmental organizations, policy makers, business, and the general public.
Through their expeditions, Earthwatch Institute enables the general public to assist
scientists in the field with research projects, thereby promoting the understanding and
action necessary for a sustainable environment.

Fauna and Flora International (www.fauna-flora.org/)

Founded more than 100 years ago, the U.K.-based Fauna and Flora International
(FFI) is the longest established international conservation body. FFI acts to conserve
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threatened species and ecosystems worldwide, choosing solutions that are sustainable,
are based on sound science, and take account of human needs.

Friends of the Earth International (www.foei.org/)

Friends of the Earth International is a federation of autonomous environmental orga-
nizations from all over the world. Their 1.5 million members and supporters in seventy
countries campaign on the most urgent environmental and social issues of the day, while
simultaneously catalyzing a shift toward sustainable societies.

Global Footprint Network (www.footprintnetwork.org/)

A small but international, nonprofit start-up, the U.S.-based Global Footprint Network
aims to advance the scientific rigor and practical application of the “Ecological
Footprint,” a tool that quantifies human demand on Nature and Nature's capacity to
meet these demands. The network currently has forty-nine partner organizations span-
ning six continents and twenty-two countries that have adopted the standard as a tool
for promoting ecological, social, and economic sustainability.

Greenpeace International (www.greenpeace.org/international/)

Greenpeace is a nonprofit organization with a presence in forty countries. As an inde-
pendent organization, it relies on contributions from its 2.8 million supporters world-
wide as well as foundation grants. Greenpeace focuses on promoting quality public
debate on critical global issues threatening biodiversity and the environment, including
climate change, forests, oceans, nuclear and toxic chemicals, and genetic engineering.

International Institute for Environment and Development (www.iied.org/)

International Institute for Environment and Development (IIED) is an international pol-
icy research institute that provides expertise to support more sustainable and equitable
global development. Based in London, it has partnerships with many organizations in
the developing world at local, national, and international levels. IIED helps vulnerable
groups voice their interests in decision-making processes concerning policy and prac-
tice. Environmental sustainability is a core concern but not at the expense of people’s
livelihoods.

Nature Conservancy (www.nature.org/)

The Nature Conservancy is a large nonprofit organization with more than a million
members and supporters. It is dedicated to preserving biodiversity and works to protect
land and water areas of high importance. Though its work is primarily based in the
United States, the Conservancy also has activities extending to twenty-seven countries
worldwide.

TRAFFIC (www.traffic.org/)

TRAFFIC is a wildlife trade monitoring network created as a joint-program by the
World Wildlife Fund and the International Union for Conservation of Nature and
Natural Resources in the 1970s. TRAFFIC works to ensure that trade in wild plants and
animals does not affect the conservation of nature, thereby supporting the Convention
on International Trade in Endangered Species (CITES), which is supported by more
than 150 countries. TRAFFIC has thirty national and regional offices worldwide that
investigate, research, and conduct follow-up actions.

Wetlands International (www.wetlands.org/)

Wetlands International is a nonprofit organization dedicated to wetland conservation
and sustainable management. Well-established networks of experts and close partner-
ships with key organizations have enabled Wetlands International to conduct activities
in more than 120 countries worldwide. They also maintain the list of Ramsar sites—
wetlands of international importance designated under the Ramsar Convention.



World Resources Institute (www.wri.org/)

The World Resources Institute (WRI) is an environmental think tank that provides
governments, international organizations, and private businesses with objective and
accurate information on resources and populations. WRI goes beyond research to offer
proposals for policy and institutional change that will foster environmentally sound and
socially equitable development. The institute’s work is carried out by an interdisciplin-
ary staff of scientists and experts assisted by a network of partners in fifty countries.

World Wide Fund for Nature International (www.panda.org/)

Established in 1961, the World Wide Fund for Nature International funds around 2,000
conservation projects in more than 100 countries. The organization has local to global
presence with more than fifty country or regional offices (and so is discussed here rather
than at the national level). Its aim is to stop the degradation of the planet’s natural envi-
ronment and to build a future in which humans live in harmony with nature by conserv-
ing the world’s biological diversity, ensuring that the use of renewable natural resources
is sustainable and promoting the reduction of pollution and wasteful consumption.

NATIONAL NGOs: AFRICA

Conservation Through Public Health (Uganda; www.ctph.org/)

Conservation Through Public Health is a grassroots nonprofit organization set up in
2002 by Ugandans dedicated to helping their country and region by promoting an inte-
grated approach to wildlife conservation and human public health. They believe that
the most efficient and cost effective way of controlling diseases that spread between
wildlife, people, and their animals is through merging wildlife conservation with public
health programs, particularly around protected areas.

Nigerian Conservation Foundation (www.africanconservation.org/ncftemp/)

The Nigerian Conservation Foundation is the country’s foremost nongovernmental
organization dedicated to the conservation of biodiversity. Formed in 1980, it aims to
stop and eventually reverse the degradation of Nigeria’s natural environment. Its three
mission themes are biodiversity conservation, sustainable natural resources use, and
reduction of pollution and wasteful consumption.

South African National Biodiversity Institute (www.nbi.ac.za)

The South African National Biodiversity Institute was established by an act of parlia-
ment but operates as a quasi-governmental organization. It carries out programs in
conservation, research, education, and visitor services. It is responsible for running the
Kirstenbosch National Botanical Garden and also works to conserve the Cape Floral
Kingdom with its highly endemic flora.

wildlife Clubs of Kenya (www.wildlifeclubsofkenya.org)

The Wildlife Clubs of Kenya was formed in 1968 by a group of Kenyan students. It has
now greatly expanded and has an environmental education centre at Lake Victoria and
at Lake Nakuru, with regional offices in various parts of the country. It also has guest
houses. hostels, and camping facilities as a means of ensuring that Kenyan students
have a chance to experience the biodiversity of the country. It also publishes a magazine
distributed free to students: it is distributed to more than 2,000 school clubs in Kenya.

NATIONAL NGOs: MESO AND SOUTH AMERICA

ARCAS/Association for the Rescue and Conservation of Wildlife
(Guatemala; www.arcasguatemala.com)

ARCAS is a nonprofit Guatemalan NGO formed in 1989 by a group of Guatemalan
citizens. They initially built a rescue center to care for and rehabilitate wild animals
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that were being confiscated from the black market by the Guatemalan Government.
However, it has since grown into one of the largest and most complex rescue centers
in the world. ARCAS also takes on volunteers and leads ecotourism and educational
excursions for local children.

CONABIO/National Commission for the Knowledge and Use of
Biodiversity (Mexico; www.conabio.gob.mx/)

CONABIO s an interministerial commission created by the president of Mexico in 1992
in order to address problems relating to knowledge of biodiversity and its conserva-
tion. CONABIO develops, maintains, and updates the National System of Biodiversity
Information as well as supports projects and studies focused on the knowledge and sus-
tainable use of biodiversity. It shares knowledge on biological diversity with govern-
mental institutions and other sectors, follows up on international agreements related to
biodiversity, and provides services to the public.

FVA/Vitoria Amazonica Foundation (Brazil; www.fva.org.br )

FVA is a nongovernmental organization founded in 19go0. Their activities extend
throughout the Amazon region and include scientific, education, social, and economic
alternative programs, with the objective of marrying environmental conservation with
improvements in quality of life, particularly of the inhabitants of the Rio Negro Basin.
FVA believes that an appropriate conservation model for Amazonia will be achieved
only by sustainable natural resources use, rooted in respect for the cultural and ethnic
diversity of the region.

FARN/Environment and Natural Resources Foundation

(Argentina; www.farn.org.ar)

FARN, created in 1985, was established to promote sustainable development through
policy, law, and institutional organization. It encourages citizen participation in con-
serving biodiversity. It has worked extensively on the issue of invasive alien species.

Fundacion Pro-Sierra Nevada de Santa Marta/Foundation for the Sierra
Nevada of Santa Marta (Colombia; www.prosierra.org)

This NGO has been established especially to conserve the people and the biodiversity
of one of the biologically richest parts of Colombia, the Sierra Nevada of Santa Marta.
It has a research station, an outreach program to the indigenous peoples, and various
projects supporting biodiversity and sustainable development.

Instituto Nacional de Biodiversidad/National Institute for Biodiversity
(Costa Rica; www.inbio.ac.cr)

The Instituto Nacional de Biodiversidad is a private research and biodiversity manage-
ment centre, established in 1989 to support efforts to gather knowledge on the coun-
try’s biological diversity and promote its sustainable use. The institute is based on
the premise that the best way to conserve biodiversity is to utilize the opportunities it
offers to improve the quality of life of human beings. It has carried out extensive work
in inventory and monitoring, conservation, biodiversity informatics, bioprospecting,
communications, and education.

ProNaturaleza—Fundacion Peruana para la Conservacién de la
Naturaleza/Peruvian Foundation for the Conservation of Nature
(www.pronaturaleza.org/english/index.htm)

Created in 1984, ProNaturaleza is a nonprofit organization dedicated to the conser-
vation of the environment in Peru. They promote and execute conservation projects,
develop management schemes for the sustainable use of natural resources, and sup-
port the creation of environmental awareness. They have also actively participated in



the design of important environmental policies and contributed to the management of
thirteen protected areas.

NATIONAL NGOs: NORTH AMERICA AND THE CARIBBEAN

Canadian Wildlife Federation (www.cwf-fcf.org/)

The Canadian Wildlife Federation (CWF) is one of Canada’s largest nonprofit, nongov-
ernmental conservation organizations, with more than 300,000 members and support-
ers. Since 1962, CWF has advocated the protection of Canada’s wild species and spaces
through extensive education and information programs. CWF encourages a future in
which Canadians may live in harmony with the natural order.

Environmental Foundation of Jamaica (www.efj.org.jm/)

The foundation was established under the program of the U.S. Enterprise of the
America’s initiative to provide civic organizations with assistance in projects relating to
conservation and child development and welfare in Jamaica.

National Wildlife Federation (United States; www.nwf.org/)
Since 1936, the National Wildlife Federation has worked to protect American wildlife
through education programs and conservation projects. They benefit from the support
of over 4 million members and many affiliated wildlife organizations.

Sierra Club (United States and Canada; www.sierraclub.org/)

The Sierra Club is one of the oldest environmental organizations in North America and
is nonprofit and member supported. The club promotes outdoor recreation, protection of
communities. and conservation of the natural environment by influencing public policy
decisions through the efforts of its 750,000 members.

NAaTIONAL NGOSs: AsiaA/MIDDLE EAsT

Bombay Natural History Society (India; www.bnhs.org/)

The Bombay Natural History Society is the largest NGO in the Indian subcontinent
engaged in nature conservation research. In existence for over 120 years, the society
promotes the conservation of India’s natural wealth, protection of the environment, and
sustainable use of natural resources for a balanced and healthy development through
action based on research, education, and public awareness.

Centre for Biodiversity and Indigenous Knowledge (China; cbik.org/)
Established in 1995 as a membership nonprofit organization, the Centre for Biodiversity
and Indigenous Knowledge is dedicated to biodiversity conservation and community
livelihood development. As a participatory learning organization. they also produce
documents on indigenous knowledge and technical innovations related to resource
governance at community and watershed levels. which assists government works.

Haribon Foundation for the Conservation of Natural Resources
(Philippines; www.haribon.org.ph )

Haribon started out as a bird-watching society in 1972. However, by 1983 it had evolved
to become a membership organization dedicated to the conservation of Philippine bio-
diversity. It runs projects dedicated to working with people to save habitats, sites, and
species throughout the Philippines.

King Mahendra Trust for Nature Conservation (Nepal; www.kmtnc.org.np)

Named after the late King Mahendra who created most of the protected areas in Nepal.
the King Mahendra Trust for Nature Conservation was established as a nonprofit
NGO with a mandate to work in nature conservation in Nepal. They have successfully
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undertaken more than eighty small and large projects on nature conservation, biodiver-
sity protection, natural resource management, and sustainable rural development and
are supported by a network of partners throughout the world.

Royal Society for the Conservation of Nature (Jordan; www.rsch.org.jo)

The Royal Society for the Conservation of Nature is an independent voluntary organi-
zation established in 1966 with the mission of protecting and managing the wildlife and
wild places of Jordan. It is one of the few voluntary organizations in the Middle East
with such a public service mandate. They manage the natural resources through the
setting up of protected areas to safeguard the best wildlife and scenic areas as well as
breeding endangered species to save them from extinction. In addition to enforcing gov-
ernmental laws to protect wildlife and control illegal hunting, they also raise awareness
for environmental issues through educational programs in more than 1,000 schools.

Sungi Development Foundation (Pakistan; www.sungi.org/)

Sungi Development Foundation was established in 198¢ as a nonprofit and nongovern-
mental public interest organization by a group of socially and politically active individu-
als in Pakistan. They aim to bring about policy and institutional changes by mobilizing
deprived and marginalized communities with a view to creating an environment in
which communities at the local level may be able to transform their lives through the
equitable and sustainable use of resources.

NATIONAL NGOs: OCEANIA

Australian Conservation Foundation (www.acfonline.org.au/)

The Australian Conservation Foundation (ACF) is committed to inspiring people to
achieve a healthy environment for all Australians. Since the 1960s, ACF has promoted
solutions for the environment through research, consultation, education, and partner-
ships. They work with the community. business, and government to protect, restore,
and sustain the Australian environment.

Royal Forest and Bird Protection Society of New Zealand (www.
forestandbird.org.nz/)

The Royal Forest and Bird Protection Society is New Zealand's largest national conser-
vation organization with more than 40,000 members in fifty-four branches throughout
the country. Its mission is to preserve, and protect the native plants, animals and natural
features of New Zealand, and it is active on a wide range of conservation and environ-
mental issues. Much of the on-the-ground conservation work of the society is done by
volunteer branch members who run local campaigns and comprehensive conservation
programs in their regions.

NATIONAL NGOs: EUROPE

Ecologistas en Accion/Ecologists in Action (Spain; www.
ecologistasenaccion.org—in Spanish)

Ecologistas en Accion is a large environmental confederation bringing together more
than 300 local ecological groups from all over Spain. It carries out awareness campaigns
and also launches public or legal indictments against organizations that damage the
environment. It also works to establish eco-friendly alternatives in affected areas.

Naturschutzbund Deutschland (Germany; www.nabu.de)

Established in 18¢g, Naturschutzbund Deutschland (NABU) is one of the oldest nature
conservation NGOs and one of Germany’s largest, with more than 385,000 members.
Their core work revolves around conservation, but they also address other issues,
including renewable energy, climate change, and transport.



Royal Society for Protection of Birds (United Kingdom; www.rspb.org.uk/)

The Royal Society for Protection of Birds (RSPB) was founded in 1889 and has since
grown into Europe's largest wildlife conservation charity with over a million members:
150.000 of which are youth members. This U.K .-based charity works to secure a healthy
environment for birds and wildlife through the establishing of 182 nature reserves. With
a national network of 175 local groups and 13,000 volunteers, the RSPB also tackles
related issues from conservation policy to education. from climate change down to
damaging local developments.

Stichting Natuur en Milieu/ The Netherlands Society for Nature and
Environment (www.snm.nl/)

Stichting Natuur en Milieu is an independent organization consisting of eighty
professionals all committed to securing a vigorous and healthy natural environment
and working for a sustainable society. They publish research and conduct publicity
campaigns. thereby stimulating discussion and debate and mobilizing public opinion,
putting pressure on key policymakers in the field of nature and the environment.

The Wildlife Foundation of Khabarovsk (Russia; www.wf.ru/)

The Wildlife Foundation is a nongovernmental, nonprofit organization and was founded
in 1993 by a small group of Russian ecologists and environmentalists. Their main
objective is the preservation of the unique forests and biodiversity of the Russian Far
East, including rare and endangered species such as the Amur tiger (Siberian tiger).
The foundation also works with indigenous peoples and government officials to protect
traditional land use in forested regions.

OTHER IMPORTANT NONGOVERNMENTAL ORGANIZATIONS

* BioNET International (www bionet-intl.org)

» CAB International (www.cabi.org)

» The Center for International Environmental Law (www.ciel.org)
s Climate, Community and Biodiversity Alliance (www.celb.org/)

+ Community Biodiversity Development and Conservation Programme (www.
cbdcprogram.org)

+ David Suzuki Foundation (www.davidsuzuki.org)
 Defenders of Wildlife (www.defenders.org)

+ Edmonds Institute (www.edmonds-institute.org)
 Environment Liaison Centre International (www.elci.org)
» European Centre for Nature Conservation (www.ecnc.nl)

+ Foundation for International Environmental Law and Development
(www.field org.uk)

* Global Invasive Species Programme (www.gisp.org)

« Indigenous Peoples’ Secretariat on the U.N. Convention on Biological Diversity
(Canada; www.cbin.ec.gc.ca/index.cfm?lang=e)
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Amphibian species, 20423
alien species and, 207
in biomedical research, 219—23
climate change and. 71
extinction crisis, 204—06
extinction rates before humans, 17
Fuller projection of diversity, 205f
global climate change and, 210-12
habitat loss, 206
infectious diseases and, 212—13
overexploitation of, 207
pollution and, 208-10
potential medicines from, 213-19
recent extinction rates. 18
ultraviolet radiation and, 207—9
Anabasine, 156—57
Anatomy of the Common Squid. The
(Williams), 172b
Anchoveta (Engraulis ringens), 368, 378
Anchovies. 368, 378. 378f. 414
Angiogenesis, 81b
Angiotensin-converting enzyme
(ACE), 13536
Animal kingdom. 6. 7f
Animals (Scientific Procedures) Act of) 1986,
175b
Animal species:
in biomedical research. See Biomedical
research
concerns about use in research, 175b
natural medicines from, 13336, 145—49
number of, 16t
See also names of animals; names of species
Animal Welfare Act of 1966, 175b
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Annan, Kofl. 59
Anopheles spp.:
bellator, 298
costalis, 286f
culicifacies. 298, 309b
darlingi. 297
freeborni, 296f
Sunestus, 286f
gambiae, 179t
kochi, 286f
rhodesiensis, 286f
subpictus, 300b
Antarctic, 68—09, 71
Antarctic Krill (Euphausia superba), 68
Antarctic Silverfish (Pleuragramma
antarcticum), 69
Anthracyclines, 140
Anthrax, 168, 238—39
Anti-angiogenesis agents, 269—70, 273—74
Antibiotic resistance genes. 394
Antibiotics, 55, 56, 137—40, 143, 27273,
310—11, 360b, 375. 413
Anticancer agents, 124-25, 128, 129, 14548,
150, 255-57. 274. 280
Antidepressants, 56
Antiepileptic medications, 263
Antimicrobial peptides, 198-9g. 21213,
21518, 271—72, 279-80
Antitumeor agents, 274
Antiviral medications. 144—45. 149
Anura, 204
Appetite suppressants, 274—75
Aquarium fish trade, 44
Aquatic systems, food from, 36780,
403b, 412-15
Arabidopsis thaliana, 61
Ara-C. 149
Arachnid species, number of, 16t
Arbuscular mycorrhizae, 350b, 308
Archaeal species:
diversity of, 10, 11. 14
in microbial ecology, 78b. 8ob—81b
in Woese's three-domain map. 6, of
Arctic, 68,71
Arctic Foxes (Alopex lagopus), 68
Argentina, pampas in, 293—94
Argentine hemorrhagic fever, 2891, 294
Aristotle, 170
Arsenic, 58, 94
Artemisinin, 124—25
Arthropod species, number of, 161
Arunachal Macaque (Macaca munzala), 232
Asclepias spp., 392b
Asian Bullfrogs (Kaloula pulchra). 207
Asian Chestnut Blight Fungus (Cryphonectria
parasitica), 50—51
Asiatic Black Bear (Ursus thibetanus), 223
Aspergillus spp., 133, 217
Sfumigatus, 197
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sydowii, 47
terreus. 141
Aspirin, 129—30
Aswan High Dam, 299
Atelopus spp.. 212,214
Atlantic Cod (Gadus morhua). 45-46. 67, 376.
412
Atlantic Hagfish (Myxine glutinosa), 200, 200f
Atlantic Herring (Clupea harengus). 269, 368,
378. 414
Atlantic Mackerel (Scomber scombrus), 269,
378,414
Atlantic Ocean, collapse of commercial
fisheries in, 46f
Atlantic Salmon (Salmo salar). 376. 379
Atlantic Sturgeon (Acipenser oxyrinchus). 45
Atrazine, 59.209—10, 393
Atropine, 121
Audubon, John James, 42
Australian Eungella Day Frog (Taudactylus
eungellensis). 213
Australian mammal species:
endemic. 34
overhunting of Dugongs, 45
recent extinction rates, 21
Australian Marine Conservation Society. 415
Avermectins, 158
Averroes (Ibn-Rushid), 167b
Avian influenza viruses, 308—9
Avian malaria, 50
Avian pox, 50
Avicenna (Abu-Ali Husain Ibn-Abdaliah Ibn-
Sina), 119, 120f, 167b
Awareness of natural world, 42425
Ayruvedic medicine, 119
Azidothymidine (AZT). 149, 24546

Babesia spp., 28t
Babesiosis, 2891, 295. 322
Baboons (Papio spp.}. 245
Bachman's Warbler (Vermivora
bachmanii), 33—34
Bacillus anthrax, 239
Bacillus spp.:
sphaericus, 312
thuringiensis, 384, 386. 387, 301
thuringiensis israelensis, 312
thuringiensis kurstaki, 391
Background rate of extinction, 17
Backyard management, 420-22
Bacterial species:
diversity of, 10—11, 14
infectious disease control by, 312, 7313
in microbial ecology, 77b-82b
nitrogen-fixing, 352b—53b
in Woese's three-domain map, 6, gf
See also names of specific bacteria
Bacteroides thetaiotaomicron. 81b

Badgley. Catherine, 404-5
Baikal Seals (Phoca sibirica). 51
Baker's Yeast (Saccharomyces cerevisiae), 171,
1791, 180
Baleen whale, newly discovered, 13
Baltic Sea dead zone, 52
Baltimore, David, 12
Bang, Frederik, 280
Barley, 3301, 333
Barley Net Blotch (Drechslera teres), 159
Barley Powdery Mildew, 333
Barlow, Robert, 281
Basket fishing, 372f
Baskin, Yvonne, 102
Basking Shark (Cetorhinus maximus), 267,
269. 270f
Basrah Reed Warbler (Acrocephalus
griseldis), 62
Bat-Eared Fox (Otocyon megalotis), 366
Bateson, William, 174
Batrachochytrium dendrobatidis. 71, 211—13
Batrachotoxin, 220
Bats, 238, 302—4
BAVI, 95
Bay Scallop (Argopecten irradians), 269
Beadle, George Wells, 172b
Beans, dry. 3301, 389
Bearded Seals (Erignathus barbatus), 225
Bears, 22331
Beauveria bassiana, 313
Beavers, 88
Bees, 26, 50, 101, 105. 339, 343
Behavioral disorder research, 247—48
Beijerinck, Martinus W., 78b
Beluga Whales (Delphinapterus leucas), 54
Benign prostatic hypertrophy (BPH), 154
Bergmann, Werner. 148—49
Bernard. Claude. 166
Bernstein, Aaron, 3-26, 29—73. 117—61,
163—201, 203—83. 287-324. 383—405
Beta-amyloid, 247, 254
Beta-carotene genes. 393
Big Branch slurry impoundment,
Kentucky. 41
Big-Eyed Bug (Geocoris spp.). 338f. 339
Bighead Carp (Aristichthys nobilis), 380
Bile, bear, 227
Bilobalide, 256
Biodiversity defined, 3—26
Biological control of infectious
diseases, 312—15
Biological cycles. disruption of, 70~71
Biomedical research, 163—201
amphibians in, 219—23
cone snails in, 264—66
denning bears in, 227-731
genetics, 170—87
gymnosperms in, 256—57
history of, 165-6¢



horseshoe crabs in, 281—83
immune system, 195—200, 277
nonhuman primates in. 240--48
regeneration, 187-95. 221
sharks in, 275—77

Biomphalaria spp., 292t. 299. 300b
pfeifferi, 300b

“Biophilia” hypothesis, 9g

Bioremediation, ¢2-95

Bird species:
agriculture and diversity of, 337,339
avian influenza viruses, 308—¢
climate change and, 66, 68. 417
deforestation and. 33-34
disruption of biological cycles. 70
endemic, 34
extinction rates before humans, 17
heavy metal pollution and, 58

human related infectious diseases and. 50

number of, 13
recent extinction rates, 18—20
See also names of specific birds
Black-and-White Ruffed Lemur (Varecia
variegata), 232
Black band disease, 201f

Black Bear (Ursus americanus), 227, 228f, 230

Black Birch (Betula lenta). 253

Black Carp (Mylopharyngodon piceus). 380
Black-Chinned Hummingbird (Archilochus

alexandri), 342f
Blackflies, 2921, 204.299. 312, 391
Black-Legged Tick (Ixodes scapu-
laris). 2911, 305, 305f
Black Sea dead zone, 52

Black-Shouldered Kite (Elanus caeruleus), 339

Blaustein, Andrew, 208

Blue Crabs (Callinectes sapidus), 72-73
Blue-green algae, 148

Blue Ocean Institute, 414

Blue Tit (Parus caeruleus), 417

Blue Whiting (Micromesistius poutassou), 368

Boiga irregularis, 48

Boman, Hans, 198

Bombinin, 215-16

Bongo (Tragelaphus eurycerus), 3606

Bonobo (Pan paniscus), 63. 233. 235f. 238.

230, 240f, 248

Borneo Orangutan (Pongo pygmaeus). 233,

234f
Borrelia burgdorferi, 2911, 307. 310
Bottlebrush (Callisteman ridigus), 342f

Bottlenose Dolphins (Tursiops truncates). 51

Bottom trawling, 36—37

BP, 410

Brachonid wasp eggs. 338f 339

Bradykinins, 218

Brake Ferns (Pieris ensiformis), 94.94f

Brandt's Cormorant (Phalacrocorax
penicillatus). 68

Brassica oleracea, 385

Bridges. Calvin Blackman, 183
Bristlecone Pine (Pinus longaeva). 251
Brock, Thomas. 78b, 179

Brook Trout (Salvelinus fontinalis). 207
Brotzu, Giuseppe. 138

Brown Pelicans (Pelecanus occidentalis), 53

Brown Plant Hopper (Nilaparvata
Iugens), 255, 340b

Brown rat (Rattus norvegicus), 179t

Brown rot fungi. 94

Brugia malayi. 291t

Brundtiand, Gro Harlem, 117

Bryopsis spp.. 144. 144f

Bryostatin-1. 145

Bt genes, 384

Bt toxins, 391—92

Bubonic plague. 322

Buckwheat (Fagopyrum esculentum), 402b

Bugula neritina. 145, 146. 146f
Bug zappers. 422
Bulinus spp.. 292t
forskalii, 297
globosus, 300b
nyassanus. 312
senegalensis, 300b
truncatus, 297
Bull Sharks (Carcharhinus leucas), 277
Bumblebee {Bombus pratorum), 342f
Burley. John, 131
Bushmeat Crisis Task Force, 43
Bushmeat hunting, 43-44. 237-38. 304,
315 17
Butterflies, 24, 66. 335, 391
Butterfly Bush (Buddleja spp.). 421

Cabot. John. 45
Cadmium pollution, 58
Caecilians, 204, 205. 213
Caenorhabditis elegans. 164, 171,
172b, 1791, 18082, 181f. 388
Calabar Bean Tree (Physostigma veneno-
sum), 156, 157f
Calanolide, 131—32
Calcium carbonate, 69-70
California Redwood (Sequoia
sempervivens), 251
Callibebus bernhardi, 13
Calophyllum spp.:
lanigerum, 131, 131f
teysmannii, 131
Campbell, Harold, 132
Campylobacter jejuni, 366b
Canada. overfishing in, 4546
Cancer. 180
anticancer agents, 124-2s. 128, 129,
14548, 150, 255 -57. 274, 280
leukemias, 124,129, 145, 149, 317

mouse model of. 184b

pain medications, 262

shark cartilage and, 209-71
Candida albicans, 217

Cane Rats {Thryonomys swinderianus). 43

Canine hookworm (Ancylostoma cani-
num). 135, 135f
Canis familiaris, 360
Canon Medicinae (Avicenna), 119. 167b
“Can Organic Farming Feed the World”
(Badgley and Perfecto). 405
Cape Buffalo (Syncerus caffer). 366
Cape Floristic plant species:
endemic, 34
recent extinctions., 20--21
Capelin (Mallotus villosus). 368
Capra hircus. 360
Captopril. 136
Carabidae. 340b
Carbamates, 156
Carbon, dissolved organic. 29—30
Carbon dioxide:
acidification and, 57, 69—70
coral reef damage and, 259
global climate change and, 63—64
produced by coal burning. 41
Carbon storage. 97-98
Caribbean Sea, 35. 47. 51,89
Carlson, Ed, 132
Carolina Parakeet (Conuropsis
carolinensis), 33—34
Carp, 374.379. 380. 414
Carpenter. C. R.. 248
Carrageenans, 14445
Carraguard, 145
Carson, Rachel, 287
Cascade Frog (Rana cascadae). 208
Cassava {manioc), 330t
Catclaw Mimosa (Mimosa pigra). 389
Cathelicidins, 200
Cat's Claw (Uncaria tomentosa), 126
Catskill watershed, 102—3, 103f
Caudata, 204
Caventou, Joseph-Bienaimé, 124

Cecropia Moth (Hyalophora cecropia), 190.

198. 198f
Cecropin A and B. 198
Cedar (Cedrus spp.). 119
Celebes Macaque (Macaca nigra). 233
Center for a New American Dream, 411

Center for Biodiversity and Conservation.

American Museum of Natural
History, 411

Center for Science in the Public Interest. 105

Centers for Disease Control and
Prevention, 42

Central Valley, California, 112, 113

Centre for Science and Environment, 411

Cephalosporins. 138

INDEX

520



Cephalosporium acremonium. 138

Chagas disease. 292t, 294

Champlain-Richelieu Valley, 423

Charaka, 119

Charles River Labs, 280

Charnsnoh, Pisit, 427

Chemokines, 197

Chernobyl nuclear power plant, g5

Chesapeake Bay, 45,86

Chickens. See Poultry

Chilean Jack Mackerel (Trachurus mur-
phyi). 368,378

Chimpanzee (Pan troglodytes), 179t, 233, 235,

235, 23830, 230f 241.243. 244. 245.
248, 315
China:
acidification, 57
aquaculture, 373.373f 374,380, 414
bird eradication, g6
chlorofluorocarbon use, 61
erosion rates, 89
fisheries catch. 367f
genetically modified foods, 387
human impact on waterways, 40
livestock genetic resources, 363b
meat consumption, 355
methane generators, 359, 359f
natural medicines, 119, 124, 227, 254—55
organic farming, 395
SARS epidemic. 43—44, 303
Chinese Brake Fern (Pteris vittata), 351b
Chinese Large-Webbed Bell Toad (Bombina
maxima), 218
Chinese Horseshoe Bat (Rhinolphus
sinicus), 292t
Chivian, Eric, 3—26, 29—73. 117-01, 163—201,
20383, 287324, 383405
Chlamydia trachomatis, 180
Chloride transport regulation, 275-76
Chlorofluorocarbons (CFCs), 61
Chloroplasts, 77b
Chlortetracycline. 139—40
Cholera, 168, 2891, 318—19, 319f
Cholesterol, 141
Choresine., 220
Chrysanthemum cinerariaefolium. 156
Chrysops spp., 291f. 204
Chub Mackerel (Scomber japonicus),
308, 378
Chytridiomycosis, 21213
Chytrids, 212
Cinchona bark, 123f
Cinchona trees (Cinchona officialinis), 124
Cities, impact of, 33
Civil wars, in Africa, 62—63
Clarks’ Nutcracker (Nucifraga
columiana), 253
Class, 4b. sb
Classification of species, 4b. s5b
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Clear-cutting, 30. 33, 200, 251. 295
Climate change, 29—30
as threat to ecosystem services, 107—8
See also Global climate change (global
warming)
Climate modification by ecosystem, 97—98
Coal burning, 41,58
Coal mining. 41
Cocaine, 121
Coccolithophores, 69—70
Coffee, in Costa Rica, 103, 105
Coho Salmon (Oncorhynchus kisutch), 391b
Cole, K. C., 172b
Coleoptera spp.. 158
Collembola, 347
Colony collapse disorder (CCD), 339. 343
Colorado Potato Beetle (Leptinotarsa
decemlineata). 391
Common Carp (Ctenopharyngodon
idellus), 380
Common European Frog (Rana
temporaria), 221
Common Flax (Linum usitatissimum). 402b
Common Fruit Fly (Drosphila melano-
gaster), 102f. 163,164, 171, 1791, 183,
1831 185. 196-99
Common House Mouse. See Laboratory, or
Common House Mouse
Common Newt (Trituris vulgaris), 210
Common Rose Beetle (Cetonia aurata). 342f
Common Sole (Solea solea). 67
Common Sunflower (Helianthus annuus),
92.95
Common Water Frog (Rana esculenta).
210
Compactin, 141
Conantokin-L, 203
Cone snail harpoon, 261f. 202f
Cone snails, 25766, 258f. 263f
Cone snail shells, 116f. 117
Conflict, impact of, 61-63, 238
Conifers. 250-51
Conopeptides, 26063, 265-66
Conservation, 407—28
collective actions, 425—26
encouraging governments, 425—26
human ecological footprint and. 407-38.
408f, 411
individuals who have made a
difference, 427-28
lifestyle choices that protect
biodiversity, 411—-22
nonessential consumption and, 408
overconsumption and, 409-10
of protected areas. 422—23
raising awareness, 423-24
supporting organizations and political
candidates, 425
ten things we can all do. 428

Consumption:
nonessential. 408
overconsumption, 409-10
Conus spp.:
bullatus, 265, 266f
magus. 262, 263f
Convention for the Protection of Migratory
Birds, 426
Convention on Biological Diversity, 425—26
Convention on International Trade in
Endangered Species of Wild Fauna and
Flora (CITES). 42, 223—24, 249, 250, 420
Convention on Migratory Species, 420
Convention on the Law of the Sea, 426
Convention to Combat Desertification, 426
Cook, James, 20
Cookie-cutter model, 34
Copepods. 313,318, 319f
Coral bleaching. 51, 259, 260f
Coral reefs. 14, 25. 35-38. 36f
climate change and. 108, 259
cone snails and, 257, 259
infectious diseases and. 51
natural medicines from, 144, 146—47
overexploitation of, 44
resident zooxanthellae, 79b
warming oceans and, 67
Coral triangle, 35
Cordgrass (Spartina alteriflora). 72—73.94
Cork cells, 176f
Cork Oak (Quercus suber), 171
Corn (maize), 61, 3301, 332—33.334b, 330,
384.380. 389. 390f. 391.392-94. 392b
Corn Buttercups (Ranunculus arvensis), 398
Corn Earworm (Helicoverpa zea). 338f. 339
Corn Mice (Calomys musculinus), 28q9t. 294
Coronary artery stents, 142—43, 142f. 25556
Costa Rica. 103. 105. 111, 204, 210, 211
Cotesia angustibasis. 340b
Cotton, 1384, 387
Cottony-Cushion Scale (Icerya purchasi). 97
Coumarin, 132, 133
Cownose Ray (Rhinoptera bonasus). 269
Crab-Eating Macaque. See Cynomolgus
Macaque
Crayfish species, 38
Cricket Frog (Acris crepitans). 209
Crop rotation, 402b
Cross Spider (Araneus
diadematus), 338f 339
Cruelty to Animals Act of) 1876. 175b
Crustacean species, number of, 16t
Cryptococcus neoformans. 217
Cryptosporidium spp.:
hominis. 28qt
parvum, 28gt. 319
Cryptosporidiosis. 28gt, 319
Cryptotethya crypta, 148-49
Cuban organic farming experiment, 401b



Cuénot, Lucien. 174

Culex spp.. 29ot. 293t, 294, 309b. 312,320
pipiens. 293t 299. 307. 320
quinquefasciatus, 293t. 320, 321f
tarsalis, 307
tritaeniorhynchus. 301
vishnui, 301

Cultivated plant-wild relative

interactions. 343—44

Cultural services, 76, 76f, 98-100

Curacin A, 148

Cushman, David, 136

CXCR4, 279—80

Cycads, 249

Cynomolgus Macaque (Macaca fascicu-

laris), 193, 243, 245

Cypress (Cupressus sempevirens), 119

Cystic fibrosis, 184b. 275—76

Cytarabine, 149

Cytokines, 197

DaimlerChrysler company complex, g5
Daly, John, 215, 220
Dams, 33, 40, 113, 20809, 298f
Dana-Farber Cancer Institute, 245
Dart-poison (poison-arrow) frogs, 214, 220
Darwin, Charles, 6, 171, 334b
Dauer phase, 18182
DDT. 54.95. 209, 314
Dead zones, marine:
climate change and, 71—72
Mississippi River discharge and, 28f, 29.
71
nitrogen runoff and, 52, 53f
De Anatomicis Administrationibus (On
Anatontical Procedures) (Galen), 165,
166f
De Brazza’s Monkey (Cercopithecus
neglectus), 317
de Clercq. Eric. 144
Decoy effect, 312
Dedifferentiation, 187
Deep-water trawling, 37—38
Deer flies, 291t
Deer Mouse (Peromyscus
maniculatus), 29ot, 322
Deer species. newly discovered, 13
Deforestation, 30, 31f 32f, 33—34, 98, 105,
108-9, 251, 204—97. 416
De Hoge Veluwe National Park, 70
De Humani Corporis Fabrica (Vesalius), 165
Deinococcus radiodurans, 11
De Materia Medica (Dioscorides), 119
Democratic Republic of Congo (DRC). 62—63.
238, 243
Dendrobates, 214
Dengue fever, 28gt, 305, 312, 313, 320
Dermaseptins, 213, 216—18

Derris, 157

Desertification, 108, 109, 110f

De Viribus Electricitatis in Motu Musculari
Commentarius (Commentary on the
Effect of Electricity on Muscular Motion)
(Galvani), 219—20

Devore, Irven, 248

Diabetes Type} 1.184b. 193—94. 230—31

Diabetes Type) 2, 23031

Diama Dam, Senegal, 299, 300b

Diamondback Moth (Plutella xylostella), 393

Dian nan ben cao (Medicinal Plants in
Southern Yunnan), 254

Diapetimorpha introita, 338f, 339

Diazatrophic, 347

Diazona. 147—48, 148f

Diazonamides, 148

Diclofenac, 55

Dicoumarol, 132—33

Dilution effect, 311—12

DiMarco, Aurelio, 140

Dioscorides, 119, 152

Dioxins. 62

Direct Marketing Association, 419

Discodermia dissoluta. 146

Discodermolide, 146

Disease-causing pathogen control, g5—g7

Disease control function of biodiversity in
agriculture, 331-733

Diseases. See Infectious diseases

Disease vectors:

global climate change effects on. 320,
363-04
infectious diseases and diversity of, 306—8

DNA, b, 60, 61.78b, 8ob, 172b, 176,
178-80, 245. 385

Dollar values, ecosystem service, 106b

Dolphin-friendly tuna, 412

Domestic Pig (Sus domestica), 196

Dopamine, 192. 246

Down syndrome, 184b

Doxorubicin, 140

Drosocin. 199

Droughts, 72—73, 109, 318, 320, 399, 402b

Ducks. in rice-duck-loach system of
agriculture, 403b

Dugong (Dugong dugong). 45

Duikers, as bushmeat, 43

Durum Wheat (Triticum durum), 402b

Dusky Shark (Carcharhinus obscurus), 267

Dussumieri's Augur {Terebra
dussumieri). 264f

Dymaxion map, 31f

Dynamite, fishing with, 44

Earthworms, 347, 348, 398
Eastern Black-Crested Gibbon (Nomascus
concolor), 2733

Eastern Chipmunk (Tamias striatus), 310
Eastern Oyster (Crassostrea virginica). 86
Eastern Oyster Disease (Perkinsus
marinus), 50
Eastern Spotted Newt (Notaphthalmus
viridescens). 221
Ebers Papyrus, 119
Ebola virus, 12,135, 238, 24243, 3034, 317
Echinacea extracts, 151-52
Echinacea spp.:
augustifolia, 151, 152
pupurea, 15152, 152f
Ecological footprint of humans, 40738,
408f 411,426
Ecosystem disturbance and infectious dis-
eases, 288, 294—306
Ecosystem resilience (ecosystem reliability), 25
Ecosystems, defined, 4b
Ecosystem services, 75—114
cultural, 76, 76f, 98—100
economic value of, 102—6
microbial ecology, 77b-81b
provisioning. 76, 76f. 82
regulating, 76, 76f 82—¢8
of soil, 347—48, 348t
supporting, 76.76f. 100—102
threats to, 107—14
Eco-tourism, 98—99
Ecteinascidia turbinata. 145
Ectomycorrhizae, 350b
Ecuadorian Poison Frog (Epipedobates tri-
color). 215, 215f
Edgbaston Goby (Chlamydogobius
squarigenus). 315
Edible Frog (Rana esculenta), 221
Edith’s Checkerspot Butterfly (Euphydryas
editha). 66
Education, environmental, 424-25
Egyptian (ancient) medicine, 119
Einstein, Albert, 75
Elan Corporation, 262
Electrical conduction in nervous
system, 219—20
Elephants, African, 63
Eli Lilly Company, 129
El Nifio events, 04, 210, 319, 322
Elysia rufescens. 144
Embryonic development research. 221—22
Emotional value, g9
Emperor Penguin (Aptenodytes
forsteri), 68—69
Encephalitis:
Japanese, 29o0t, 301—2, 309b
tick-borne, 320
West Nile, 293t, 307, 311-12, 320
Endangered species:
cone snails, 257, 259
global trade in, 42
gymnosperms, 249—53

INDEX 531



Endangered species (continued)
primates, 231-39
sharks, 267
Endangered Species Act, 63
Endemic species, 34—35
Endotoxin detection, 280
End-stage renal disease (ESRD), 229
Energy use, conservation of, 417-20
Engelmann Spruce (Picea engelmannii), 253
Enterococcus faecium, 272
Environmental Defense, 414
Environmental Systems Research Institute
(ESRI), 31f
Eomaia scansoria, 178f
Eosinophils, 197
Ephedra spp.. 249, 253-54
Ephedrine, 253—54
Epibatidine, 215
Epipedobates. 214
Epomops franqueti, 238, 304
Eriksson, Peter, 195
Eristratos, 105
Erosion control, 89—g2
Erspamer, Vittorio, 216
Erysiphe graminis, 333
Escape:
of farmed organisms, 376
of genetically modified organisms, 391
Escherichia coli, 81b, 125, 163, 171.177-79.
179t 311, 370
Essential amino acids, 368—6¢
Estuaries, ecosystem services of, 85-86
Ether anesthesia, 167
Ethical aspects of genetically modified
foods, 395
Ethnobotany, 123
Eucalyptus tree hedgerows, ¢6f
Euglandina rosea, 48
Eukarya, 6.¢9f
European Anchovy (Engraulis
encrasicolus), 378
European Corn Borer (Ostrinia nubilalis). 391
European Honeybee (Apis mellifera). 50
European Sap-Sucking Bug (Pyrrhocoris
apterus), 199
European Starlings (Sturnnus vulgaris). 48
European Tick (Ixodes ricinus), 320, 321f
European Yellow-Bellied Toad (Bombina
variegate), 215—16
Eutrophication. 41, 364—65
Evapotranspiration, g7—98
Exclusive Economic Zones (EEZs), 370
Exercitatio Anatomica de Motu Cordis et

Sanguinis in Animalibus (An Anatomical

Exercise on the Motion of the Heart and
Blood in Animals) (Harvey), 165-66
“Experiments in Plant Hybridization™
(Mendel), 171
Extinction of species. See Species extinction
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Exxon Valdez, 41
Eyes, of Horseshoe Crabs (Limulus polyphe-
mus), 281-83, 281f

Factory trawlers, 46
Family. 4b. sb
Farm-Scale Evaluations, 393
Feeney, Robert, 149
Fenical, William, 149
Ferreira, Sergio. 136
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Susmiuiu'} Life is 'the most complete and powerful argument I have seen for the impor-
tance of preserving biodiversity.”
' —AL GORE, former Vice President,
Co-recipient of the 2007 Nobel Peace Prize

|

I t was an exhilarating moment when scientists broke the genome code and showed us the
basic building blocks of the human being. Now scientists are showing us' how biodiver-
sity works and why it is crucial to saving our planet for our children’s children and beyond.
This important and compelling book is a blueprint for acting wisely and urgently.”

—BILL MOYERS, former White House Press Secretary,
Host of PBS’ Bill Moyers Journal

Therc is probably no better way to convince anyone still uncertain about the urgent
need to preserve biodiversity, which is rapidly diminishing as a result of human activi-
ties, than to document its importance to human health and medicine. The authors have
done this with great thoroughness and from every possible angle, producing a volume that
pairs authority with anecdote and schelarship with passion.” :

—HAROLD VARMUS, President, Memorial Sloan-Kettering Cancer Center,
Co-recipient of the 1989 Nobel Prize in Medicine or Physiology,
former Director of the National Institutes of Health

As‘ a public health physician, I have been deeply involved for decades in helping politi-
cal leaders, policy makers, and the general public understand the relationship between
human beings and the environment. Sustaining Life is the best and most comprehensive
resource available demonstrating how human health depends on.the hoa]t}_)-(}f' the natural
world.”

—GRO BRUNDTLAND, former Director-General of the World Health Organization,
former Prime Minister of Norway

O:w of the main reasons the world faces a global environmental crisis is the belief that
we human beings are somehow separate from the natural world in which we live,
and that we can therefore alter its physical, chemical; and biological systems without these
alterations having any effect on humanity. Sustaining Life challenges this widely held mis-
conception by demonstrating definitively, with the best and most current scientific infor-
mation available, that human health depends, to a larger extent than we might imagine, on
the health of other species and on the healthy functioning of natural ecosystems.”

—KOFI ANNAN, former Secretary—General- of the United Nations,
Co-recipient of the 2001 Nobel Peace Prize, from the Prologue
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