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Outline for talks at ICTP’s
Fifth Course on Mathematical Ecology

Trieste, 6-10 March, 2000
Three talks:
) Monday, March 6, 1:30 pm: Biodiversity status and trends. Why conserve biodiversity?
II) Tuesday, March 7, 2:30 pm: Principles of conservation biology.
III) Wednesday, March 8, 10:30 am: In situ and ex situ approaches to the conservation of

biodiversity.

I) Biodiversity status and trends. Why conserve biodiversity?

1) What is biodiversity?

Classic definition of biodiversity, following biological levels of organization: genes,
individuals, populations, species, communities/ecosystems, biomes.

Begin with definition of species—basic unit of diversity measurement. Highlight that
definition of species is not equally clear for all taxa.

Move up and down the hierarchy of the levels of organization to illustrate the other
components of biodiversity: 1) from species “downward”: populations, individuals and
genes; 2} from species “upward”: communities/ecosystems and biomes.

References:

Harper, J. L. and D. L. Hawksworth (1994) Biodiversity: measurement and estimation.
Philosophical Transactions of the Royal Society of London B 345: 5-12.

Jenkins, M. (1992) Species diversity: an introduction. In: WCMC, Ed. Global Biodiversity:
Status of the Earth’s Living Resources, pp: 40-46. World Conservation Monitoring
Centre (WCMC), Chapman and Hall.

2) Global biodiversity patterns

Maps of 1) latitudinal distribution of biodiversity and 2) megadiverse countries.
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Origin of the term “hot spots”. Megadiversity couniries: seventeen of the world’s
counties (out of ~200) include between 60-70% of described species.

The paradox of biodiversity conservation: more resources where there are fewer species:
1) scientists per country (participants in UNEP’s giobal biodiversity assessment), 2) per-
capita GDP.

Discuss the idea that it is not only distribution abut also abundance that matters. Most
species are rare. Seven forms of rarity.

References:

Adams, ]. M. (1989) Species diversity and productivity of trees. Plants Today 2: 183-187.

Myers, N. (1988) Threatened biotas: “hot spots” in tropical forests. The Environmentalist
8(3): 187-208.

Rabinowitz, D., S. Cairns and T. Dillon (1986) Seven forms of rarity and their frequency
in the flora of the British isles. In: M. E. Soulé, Ed. Conservation Biology: the Science of
Scarcity and Diversity, pp: 182-204. O5:nauer Associates, Inc., Sunderland,
Massachusetts, U.S.A.

3) How many species are there?

Classic estimates and controversy by Erwin, May and others.

References:

May, R. M. (1990) How many species? Philosophical Transactions of the Royal Society of

London B 330: 293-304.
Pimm, S. L., G. J. Russell, J. L. Gittleman and T. M. Brooks (1995) The future of

biodiversity. Science 269: 347-350.

4) Extinction rates past and present

Background extinction rates. Evidence from the fossil record. Extinction is part of the
Earth’s evolutionary history, but rates have changes. Contrast with current extinction
rates. Present range of estimates—including the most extreme ones.

Current rates associated to impact of human activities. Examples: 1) earth from space, 2)

habitat destruction rates; photographs of mahogany harvesting, deforestation in
Amazonia. Rates of habitat conversion.
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References:

May, R. M., J. H. Lawton and N. E. Stork (1995) Assessing extinction rates. In: . H.
Lawton and R. M. May, Eds., Extinction Rates, pp: 1-24. Oxford University Press.

Jablonski, D. (1995) Extinctions in the fossil record. In: J. H. Lawton and R. M. May, Eds.,
Extinction Rates, pp: 25-44. Oxford University Press.

Bibby, C. J. (1994) Recent past and future extinctions in birds. Philosophical Transactions of
the Royal Society of London B 344: 35-40.

5) What are we loosing?

Direct (e.g. biotechnology) and indirect (e.g. ecosystem services, ecotourism) benefits
from biodiversity. Biophilia. Aspirin example from Lovejoy in Biodiversity I1.

Direct use of biodiversity: bioprospecting. International legal framework provided by
the Convention of Biological Diversity. Property rights, benefit sharing and technology
transfer.

The value of biodiversity in pharmaceutical research. Costs and benefits of drugs
derived from natural products. The-random sampling approach vs. the ethnobiological
research approach. Case studies: Costa Rica’s INBIO and Shaman Pharmaceuticals.

Bioprospecting in the Third World: making the First World healthier? Outline research
agendas for major pharmaceutical companies. Turning bioprospecting into a truly
equitable enterprise.

References:

Carlson, T. J., R. Cooper, S. R. King and E. J. Rozhon (1997) Modern science and
traditional healing. Royal Society of Chemistry Special Publication 200: 84-95.

Carlson, T. J., M. M. Iwu, S. R King, C. Obialor and A. Ozioko (1997) Medicinal plant
research in Nigeria: an approach for compliance with the Convention on Biological
Diversity. Diversity 13(1): 29-33.

King, S. R, T. J. Carlson and K. Moran (1996) Biological diversity, indigenous
knowledge, drug discovery, and intellectual property rights. In: S. Brush and D.
Stabinsky, Eds., Valuing Local Knowledge: Indigenous People and Intellectual Property
Rights, pp: 167-185. Island Press.

Simpson, R. D., R. A. Sedjo and J. W. Reid (1996) Valuing biodiversity for use in
pharmaceutical research. Journal of Political Economy 104(1): 163-185.

DiMasi, J. A, R. W. Hansen, H. G. Grabowsky and L. Lasagna (1991) Cost of innovation
in the pharmaceutical industry. Jorunal of Health Economics 10: 107-142.
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II) Principles of conservation biology.

1) Definition of conservation biology

Conservation biology is one of the fastest-growing fields of modern scientific research. It
is an applied discipline that integrates principles of natural and social sciences with the
objective of achieving the long-term persistence of biodiversity on Earth. The current
global biodiversity crisis is the driving force behind the discipline’s rapid growth, but its
origins and practice are older. Formal recognition of conservation biology as an
academic field dates back to the 1960s; since then, it has gradually acquired a character
of its own which differentiates it from the many other disciplines it continues to borrow
from, including: ecology, genetics, population biology, sociology, economics, and policy.

2) Conservation biology as a crisis discipline

Because conservation biology has grown in response to the extinction crisis, much of the
attention of conservation biologists has focussed on dealing with problems of small,
threatened populations. Genetics and population ecology have played a prominent role.
Outline Caughley’s “small population” and “declining populations” paradigms..

Restoration ecology, the cost of putting it back together.

Preventative conservation: the wave of the future?

3) Using biogeographic and natural history data for planning wild species
conservation

Conceptual framework for using quantitative methods of conservation biology for large-
scale (e.g. sub-national, national, regional) species conservation planning eXxercises.
Three fundamental, consecutive questions provide structure to the process: 1) What to
conserve?, 2) Where to conserve?, and 3) How to conserve?

The first question is answered using biological indicators, which help define the target
of conservation action; for example: identify centers of endemism or areas of high
diversity, monitor changes in habitat quality, or locate foci of human disturbance.

Once the target is established, the second question is approached using gap analysis in
conjunction with algorithms for the optimal selection of nature reserve networks. This
approach is aimed at maximizing the number of species inciuded in protected area
systems, while minimizing the amount of land needed to do so. Reserve selection
algorithms.
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The third question refers to the design of management plans either for single (or groups
of) protected areas or individual (or groups of) species. An integration of the techniques
of population viability analysis with the principles of adaptive management of natural
resources allows for contrasting different management options, by weighing their
benefits (e.g. reduced risk of extinction) against their costs (e.g. resources required to
implement each option) over time.

References:
Bioindicators:

Reid, W. V. (1998) Biodiversity hotspots. Trends in Ecology and Evolution 13(7): 275-280.

Kremen, C., R. K. Colwell, T. L. Erwin, D. D. Murphy, R. F. Noss and M. A. Sanjayan
(1993) Terrestrial arthropod assemblages: their use in conservation planning.
Conservation Biology 7(4): 796-808.

Pearson, D. L. and F. Cassola (1992) World-wide species richness patterns of tiger
beetles (Coleoptera: Cicindelidae): indicator taxon for biodiversity and conservation
studies. Conservation Biology 6(3): 376-391.

Rodriguez, J. P, D. L. Pearson and R. Barrera R. (1998) A test for the adequacy of
bioindicator taxa: Are tiger beetles (Coleoptera: Cicindelidae) appropriate indicators
for monitoring the degradation of tropical forests in Venezuela? Biological
Conservation 83(1): 69-76.

Keystone and umbrella species:

Simberloff, D. (1998) Flagships, umbrellas, and keystones: is single-species management
passé in the landscape era? Biological Conservation 83(3): 247-257.

PVA:

Possingham, H. P., D. B. Lindenmayer and T. W. Norton (1993) A framework for the
improved management of threatened species based on population viability analysis
(PVA). Pacific Conservation Biology 1: 39-45.

GAP analysis:
Scott, |. M. and B. Csuti (1997) Gap analysis for biodiversity survey and maintenance. In:
M. L. Reaka-Kudla, D. E. Wilson and E. O. Wilson, Eds., Biodiversity I1I: Understanding

and Protecting our Natural Resources, pp: 321-340. Joseph Henry Press, Washington,
D.C,USA.
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Reserve selection algorithms:

Csuti, B., S. Polasky, P. H. Williams, R. L. Pressey, J. D. Camm, M. Kershaw, A. R
Kiester, B. Downs, R. Hamilton, M. Huso and K. Sahr (1997) A comparison of reserve
selection algorithms using data on terrestrial vertebrates in Oregon. Biological
Conservation 80: 83-97.

H1) In situ and ex situ approaches to the conservation of biodiversity.

1) Major threats to biodiversity

A few famous cases of extinct species: 1) the dodo, 2) passenger pigeon. Large
population sizes are not necessarily enough.

Threatened species of the world, by taxonomic group.

Species’ threats are not uniformly distributed, maps of 1) extinct species of the world, 2)
hotspots of endangered species in the US.

Evolving threats for endangered species, Most extinct species due to overexploitation;

most threatened species due to habitat destruction (Endangered Species Handbook).
Example from Venezuela to illustrate evolving threats.
Causes of threat in the US.

References:

Dobson, A. P., ]. P. Rodriguez, W. M. Roberts and D. 5. Wilcove (1997) Geographical
distribution of endangered species in the United States. Science 275: 550-553.

Wilcove, D. S., D. Rothstein, J. Dubow, A. Phillips and E. Losos (1998) Quantifying
threats to imperiled species in the United States. BioScience 48(8): 607-615.

2) Classifying endangered species
History of Red Data Books and red Lists. Evolution of endangered species classification

systems. The 1994 TUCN Red List Criteria—assessing extinction risk. The difference
between risk assessment and priority setting: national/regional conservation planning,
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References:

Mace, G. M. (1995) Classification of threatened species and its role in conservation
planning. in: J. H. Lawton and R. M. May, Eds., Extinction Rates, pp: 197-213. Oxford
University Press.

3) What are we doing to conserve biodiversity?

Present definition of in situ and ex situ approaches (based on glossary in UNEP's Global
Biodiversity Assessment). Emphasize that habitat conservation is the ultimate purpose.

Conservation not only limited to wild species. Brief introduction to germoplasm banks
and botanical gardens. Value of domestic animal breeds.

4} Nature reserve design and management

Theory of 1sland biogeography. Single large or several small (SLOSS) debate. Pros and
cons of ecological corridors.

Ecotourism and charges for ecosystem services as mechanisms for funding protected
areas; achieving self-sufficiency. '

Nature reserves alone are not enough. Most protected areas are too small for long-term
survival of large carnivores (Newmark’s analysis of parks in the US and Tanzania).
many species require habitat in private lands. Need to think more broadly—integrated
large-scale management. Habitat Conservation Planning in the US.

References:

Wilcox, B. A. (1980) Insular ecology and conservation. In: M. E. Soulé and B. A. Wilcox,
Eds., Conservation Biology: an Evolutionary-ecological Perspective, pp: 95-118. Sinauer
Associates, Inc., Sunderland, Massachusetts, [J.S.A.

Margules, C., A. J. Higgs and R. W. Rafe (1982) Modern biogeographic theory: are there
any lessons for nature reserve design? Biological Conservation 24: 115-128.

Newmark, W. D. (1987) A land-bridge island perspective on mammalian extinctions in
western North American parks. Nafure 325: 430-432.

Simberloff, D., J. A. Farr, J. Cox and D. W. Mehlman (1992) Movement corridors:
conservation bargains or poor investments? Conservation Biology 6(4): 493-504.

Aengst, P., ]J. Anderson, J. Chamberlin, C. Grunewald, S. Loucks, E. Wheatley and S.
Yaffee (1997) Introduction to habitat conservation planning. Endangered Species
UPDATE 14(7&8): 5-9.
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5) Captive breeding for endangered species

Zoos and botanical gardens as a conservation tool. The evolution of zoos from
collections of animals to conservation centers. Examples of species who have been saved
by captive breeding. Problems with captive breeding: genetic, behavioral/social (e.g.
adaptation to captivity), cost, lack of insterinstitutional continuity and coordination. The
value of captive breeding as an educational tool and for fundraising for wild population
conservation.

References:

Mench, J. A. and M. D. Kreger (1996) Ethical and welfare issues associated with keeping
wild mammals in captivity. In: D. G. Kleiman, M. E. Allen, K. V. Thomnpson, S.
Lumpkin and H. Harris, Eds., Wild Mammals in Captivity: Principles and Techniques, pp:
5-15. University of Chicago Press, Chicago, USA.

Wiese, R. ]. and M. Hutchins (1994) The role of zoos and aquariums in amphibian and
reptilian conservation. In: J. B. Murphy, K. Adler and J. T. Collins, Eds., Captive
Muanagement and Conservation of Amphibians and Reptiles, pp: 37-45. Society for the
Study of Amphibians and Reptiles, ithaca, New York, USA.

Snyder, N.F. R, 5. R. Derrickson, S. R. Beissinger, J. W. Wiley, T. B. Smith, W. D. Toone
and B. Miller (1996) Limitations of captive breeding in endangered species recovery.
Conservation Biology 10(2): 338-348. '

6) Reintroductions and translocations

When are reintroductions appropriate? Reintroductions as the last front in conservation
action. The Margarita parrot: an example of a successful reintroduction; cost of each
parrot. '

References:

Kleiman, D. G. (1996) Reintroduction Programs. In: D. G. Kleiman, M. E. Allen, K. V.
Thomnpson, S. Lumpkin and H. Harris, Eds., Wild Mammals in Captivity: Principles
and Techniques, pp: 297-305. University of Chicago Press, Chicago, USA.

Sanz, V. and A. Grajal (1998) Successful reintroduction of captive-raised yellow-
shouldered amazon parrots on Margarita island, Venezuela. Conservation Biology
12(2): 430-441.

Griffith, B., ]. M. Scott, J. W. Carpenter and C. Reed (1989) Translocations as a species

conservation tool: status and strategy. Science 245: 477-480.
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7) Additional bibliography
1) General reference

UNEP (1995) Globa!l Biodiversity Assessment. United Nations Environment Programme,
Cambridge University Press, Cambridge, UK.

WCMC (1992) Global Biodiversity: Status of the Earth's Living Resources. World
Conservation Monitoring Centre, Chapman and Hall, London, UK.

Worldwatch Institute’s State of the World annual reports
World Resources Institute’s World Resources annual reports

2) Some recent textbooks

Caughley, G. and A. Gunn (1996) Conservation Biology in Theory and Practice. Blackwell
Science, Cambridge, Massachusetts, USA.

Dobson, A. P. (1996) Conservation and Biodiversity. Scientific American Library, New
York, USA.

Hunter, M. L. (1996) Fundamentals of conservation biology. Blackwell Science, Cambridge,

" Massachusetts, USA.

Meffe, G. K. and C. R. Carroll, Eds. (1997) Principles of Conservation Biology. Principles of
Conservation Biology. Sinauer Associates, Inc,, Sunderland, Massachusetts, USA.

Primack, R. B. (1995) A Primer of Conservation Biology. Sinauer Associates Inc,
Sunderland, Massachusetts, U.5.A.
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Biodiversity: measurement and estimation

Preface

JOHN L. HARPER! ano DAVID L. HAWKSWORTH?

L Cae Groes, Glan-y-coed Park, Duwygyfylchi, Penmaenmawr, Guynedd LL3 6TL, UK.
2 International Mycological Institute, Bakeham Lane, Egham, Surrey TW20 9TY, [V.K.
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SUMMARY

. Is biodiversity just the number of species in an area?
. If biodiversity is more than the number of species how can it be measured?

. Should biodiversity measures include infraspecific genetic variance?

Do some species contribute more than others to the biodiversity of an area’
. Are there useful indicators of areas where biodiversity is high?

. Can the extent of biodiversity in taxonomic groups be estimated by exirapolation?
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In introducing a series of 11 papers on the measurement and estimation of biodiversity, eight crucial
questions are posed: What is ‘biodiversity’? Is biodiversity just the number of species in an area® If
biodiversity is more than the number of species how can it be measured? Are all species of equal weight?
Should biodiversity measures include infraspecific genetic variance? Do some species contribute more
than others to the biodiversity of an area” Are there useful indicators of areas where biodiversity is high?
And can the extent of biediversity in taxonomic groups be estimated by extrapolation? In addition, the
modern concept of biological diversity is attributed to Elliot R. Norse and his colleagues.

1. INTRODUCTION

Within six years the word ‘biodiversity’ has exploded
into the vocabulary of the popular press, governmental
and intergovernmental reporis, scientific papers and
meetings. In the scientific literature the growth in
usage of the term has been dramatic (figure 1).

It seems reasonable to ask of a word that is so
widely used, just what is it supposed to mean. Is it just
a new linguistic bottle for the wine of old ideas - a
changed fashion label designed to attract funding ~ or
does it refer to new and fundamental questions
in science? Most especially, 1t seems sensible to ask
whether ‘biodiversity’ i1s a property that can be
measured and if so what is the most appropriate
form that such measurement should take.

We may wish to ask such questions as:
biodiversity confer stabihity?: ‘Does  biodiversity
confer producuvi.y?’; "Does biodiversity reflect sustain-

‘Does

Phid. Trans. R. Soc. Lond. B (1994) 345, 5-12

Printed fn Crvear Rrettam

N

ability?’; ‘Does biodiversity reflect the evolutionary
time elapsed without major disturbance?’; alterna-
tively, ‘Does hiodiversity reflect the frequency of
major disturbance in ecological or evolutionary
history?’* We might reasonably expect 10 have some
measure of this thing that we call biodiversity that we
might use in a graphic plot or statistical analysis
designed to answer these questions. In particular, we
may wish to ask whether one species (or population, or
community) is more or less diverse than another. Until
we have decided how to measure ‘biodiversity’ we
cannot begin to mobilize serious science into answering
these questions and others posed in the ‘research

* We might have menuoned ‘vcosystem function’ among those
features that might be influenced by biodiversity. However, one
of us finds the notien that an ecosystem might ‘function’ {verb} or
*have a functon® (substantive} so incongruous that he has
relegated the mention to this foornote (where it is even more
likely 10 be noticed).

© 1994 The Roval Society and the authors
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agenda for hodiversing Solhrig 1991 © Bur, "The
need for increased objectivity through measurement is
not merelv a seienufic quest but ean contribute to
ssues of topical concern ar all levels of society”
Lovejoy, this volume,.

In particular we need such a measure as part of the
Justification for spending limited financial resources
On protecting, conserving, studving or exploring some
communities and so denving the resources to do the
same to others.

Of course, the coilection of papers in this volume
may reveal that the word ‘biodiversity’ means quite
different things 0 different people. This would be a
pity but better to be revealed and acknowledged than
allowed to cause confusion.

This series of papers has been commissioned to
encourage the scientific analysis of biodiversity, and
particularly to force the question ‘How do we best
measure organismal biodiversity” We are aware thar
the answer might simply be ‘By counting the number of
species’, butitis clear from various papers contnbuted to
this theme volume that there are deeper issues involved,
There is also plenty of scope for coniroversy.

2. WHAT 15 ‘BIODIVERSITY’ ?

‘Biological diversity’ has a long history of usage in a
variety of contexts, but the start of its rise in the
current senses can be traced to three publications
which appeared in 1980 Lovejoy {1980a,6) did not
provide a forma! definition but used it essentially in
the sense of the number of species present, and Norse
& McManus (1980) employed it to include ‘two
related concepts: genetic diversity and ecological
diversity’. The latter authors equated ecological
diversity with species richness, ‘the number of species
in a community of organisms’. There were various
usages in the United States in the carly 1980s, mainly
in connection with conferences with which Elliot
Norse or his colleagues were involved, mast notably
the U.S. Strategy Conference on Biological Diversity in
November 1981 (US, Department of State 1982).
However, it was Norse et af (1986, p. 2) who
expanded this usage to refer unequivocally to
biological diversitv at three levels: genetic (within
species), species (species numbers) and ecological
(community) diversity,

The contracted form ‘biodiversity’ was evidently
coined by Walter G. Rosen in 1985 for the first
planning conference of what was o be a key
meeting, the ‘National Forum on BioDiversity’, which
convened in Washington, D.C. in September 1986,
The proceedings of that forum, edited by Wilson
(1988a) under the title Buodiversity, launched the word
into general use. The term was defined only in as far
as 1t ‘represents, as well as any term can, the vast
array ol topics and perspectives covered during the
Washington forum’  Wilon 19884, p. vi:. Norse's
seminal papers were not cited in anv of the 37
contributions to that volume. The word ‘biodiversity”
first appears in the Bivlogical Abstracts ‘wiosis” database
in 1988 with four references, and by the end of Aprd
1994 that number had escalated 1o 888 figure 13,

Phd. Trams, R Sue. Lowd B 1994
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Figure 1. Growth of the number of hits for the term
‘blodiversity’ in the sciendfic literature as catalogued in
BiOsis File 5 (1969 onwards). This presentation is based on
accumulating the number of hits within each year; the total
of 921 at the end of April 1994 is an overestimate due to
double-counting of citations with more than one vear date;
the actual number of single titics in the period was 888.

For practical purposes, ‘biodiversity’ can he
considered as synonymous with ‘biological diversity'
as defined by Norse et af. (1986). This is reinforced by
the official definition in Article 2 of the ‘Convention
on Biological Diversity’, signed by 156 nations and
the Eurcpean Community at the United Natjons
Conference on the Environment and Development,
“The Earth Summit’ in 1992 which closely mirrors the
concept of Norse ef al. (United Nations Environment
Programme 1992, p. 27):

“Biological diversity” means the variability among
living organisms from all sources including, inter
alia, terrestrial, marine and other aguatic systems
and the ecological complexes of which they are
part; this includes diversity within species, between
species and of ecosystems {sic].

These three levels are all considered in the Global
Biodiversity Assessment currently being prepared by the
United Nations Envirenment Programme with fund-
ing through the Global Environment Facility (cer)
administered by the United Nations Development
Programme.

It is therefore essential that scientsts, who use either
the expanded or the contracted rerm in a technical
sense that does not embrace all three levets, specify
which level is intended. We therefore propose the
use of the adjectives ‘generic’, ‘organismal’, and
‘ecalogical’. ‘Organismal’ is preferred to ‘species’ so
as to embrace taxonomic categories above species
rank. Eldredge (1992} used ‘genealogical’, ‘pheno-
wpic’, and ‘ecological’ in a parallel manner, but we
prefer “organismal’ to ‘pherotypic’ as irs meaning is
MUre transparent to a non-specialist. The usage of
‘organismal’ is also consistent with the need identified
by Norse (1953 10 view bictogical diversitv at higher
taxonomic levels.

We are unhappy with references o “ecosvstem’
diversity and prefer ‘community’ or Cecological’

- .,




diversity.  Tanslev  1933;  introduced the word
‘ccosystern’ 1o refer to a community of organisms in

the context of and including their physical environ-

ment. Clearly the physical environment does not have
a biodiversityv. Reference to ‘the biodiversity of an
ecosystem’ devalues two useful concepts in the same
phrase.

3. I8 BIODIVERSITY JUST THE NUMBER OF
SPECIES IN AN AREA?

Species can be counted and the number of species
present at a site might seem to be a quantitative
measure of its biodiversity and allow comparison with
other sites. But this assumes that all species at a site,
within and across systematic groups, contriburte
equally to its biodiversity. :

This is clearly questionable as illustrated by the
following hypothetical sites in all of which there are
Just two species present. One of the species present is a
species of Ranunculus and the other is:

_FRESHWATER

Porifera
Cnidaria
Platyhelminthes
Nemertea
Nematoda
Rotifera
Gastrotricha
Tardigrada
Mollusca
Kamptozoa
Annelida
Arthropoda
Bryozoa
Chordata

L]
14

0 endemic
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. Another species of Ranunculus from the same
section of the genus.

L Another species of Ranunculus from a ditferent
scction of the genus.

3. A species from a different genus in the same
family {Ranunculacear).

+. A species from a different family within the same
order as the Ranunculacear.

3. A species from a different family and in a different
order (e.g. a grass).

6. A rabbirt.

7. A fungus of the genus Agaricus.

8. A protozoan of the genus Amoeba.

9. An archaebacterium.

10. A eubacterium of the genus Psexdomonas.

This simple hypothetical series could easily be
expanded, but is sufficient to make the point that
any measure of biodiversity that described all of these
sites a5 equal would be peculiarly uninformative.
A measure of the biodiversity of a site ought ideally
to say something about how different the inhabitants

MARINE |
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Figure 2. The distribution of phyla in the Animatia by habitar. Adapred [rom Grassle ef af. {1991,
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are from cach other. A measure that reflects the
increasing phvlogenedc divergence of the organisms
present at a site in the series progressing from case |
te case {10 might be one promising possibility.

4, IF BIODIVERSITY IS MORE THAN THE
NUMBER OF SPECIES HOW CAN IT BE
MEASURED?

Three approaches are considered by conuributors to
this collection of papers:

(a) Taxic measures

Does the number ol higher taxa, for example phyla,
orders and families, provide a more appropriate
measure of the biodiversity in a site than the number
of species? In marine environments the number of
phyla and higher taxa is substantially greater than on
land (May, this volume); indeed 13 animal phyla are
known only from marine environments whereas only
one is exclusively terrestrial (Grassle et al 1991,
figure 2). For those concerned with the allocation of
resousces to the global conservation of life on Earth
this statistic at least raises the question of whether the
present balance of emphasis on terrestrial systems
needs rethinking.

If the aim of conservationists is simply to conserve
the maximum number of species we may ask whether
the number of higher taxa present is a convenient
quick estimator of the number of species in an area.
Prance (this volume) finds that in the neotropics only
6.4% of the species belong to the approximately 40
exclusively or almost exclusively neotropical families.
He argues that we need to focus our attention at
the species level when assessing biodiversity for
conservartion planning. However, Williams et al.
(1994) found a very close relationship between the
number of families present in 0.1 ha plots and the
number of species present (least squares regression
2 =0.913, p < 0.001). These authors point out that
complete counts of organisms are impractical at
present and that indirect solutions are needed that
are both cheap and quick. They used data from
families of seed plants to make world-wide maps of the
regional distribution of family richness and endemism.
The peak richness of families occurs in Cambodia
which (if sampled first) contributes 53.67% of the
total number of families. Mexico (Oaxaca), China
(southern Sichuan) and Madagascar (north} add a
further 11.65%, 5.82% and 4.81% respectively. The
areas with peak richness of endemics are strikingly
different with New Caledonia, south-west China and
northern Australia contributing most.

If we planned to conserve those plant communities
that could provide the richest diversity of pharma-
ceutical compounds, what measure of biodiversity
would be the best guide? Either family richness or
endemic richness might be good candidates but
species richness itself could be dangerously mislead-
ing. The 242 species of Hieracrum and 234 species of
Taraxacum listed in the Norwegian fiora (Lid 1952}
are better indicators of taxonomic traditions than of
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the scale of natural biological diversity. Pearson  this
volume: considers the problems of using indicater
taxa in the assessment of biodiversity.

In considering measurements through geological
time, Niklas & Tiffney {this volume) concluded
that the taxonomic level which yields statistically
independent observations of sampling remained
unresolved for vascular plants. They make the point
that, as new evolutionarily successful characters arise
within populations or species, they lorm the basis of
radiations as the characters are incorporated in
groups of increasing size and ultimately of higher
rank. The community biodiversity that we are able to
examine at any time may therefore contain differences
between organisms that are comparable in magnitude
but expressed at quite different systematic ranks.
There is a frightening spectre that in some commu-
nities the relevant and comparable measure of
biodiversity may be best expressed in some groups
by the number of spectes, but in others by the number
of genera or even of families.

(&) Molecular measures

An attractive possibility for the measurement of
biodiversity is to use divergences in motecular
characters, especially the percentage of either nucleic
acid homology or base sequence differences. Unlike
higher taxa which may be based on characters which
are not necessarily directly comparable, the DNA and
RNA found in all living cells can provide a basis on
which o make direct comparisons between diverse
organisms. There is a sense in which the biodiversity
of a community is expressed as the sum of the variety
of genetic information coded within the genotypes of
the inhabitants. A biodiversity calculus could be
envisaged for which we ask of the various species
(and individuals) in a community how many new
base sequences they each contribute to the genetic
vocabulary of the whole. Embley et al. (this volume]
demonstrate that the application of molecular
technology to the study of biediversity can destroy
ireasured icons. Some prokaryotic groups have proved
so diverse at the molecular level, in comparison with
eukaryotes, that new taxonomic hierarchies above
the level of kingdom (e.g. ‘domains’} have had to be
recognized properly to reflect the extent of their
divergence.

(¢} Phylogenetic measures

Cladistics can be used to give an objective measure
of taxonomic distance or ‘independent evolutionary
history’ {1EH) using methods pioneered by Vane-
Wright ef al. (1991). The technique has considerable
promise {May, this volume), and is examined in depth
by Faith fthis volume). The approach provides
information that is of especial value for the conserva-
tion of target groups (Vane-Wright et o/. 1991) and in
selecting areas appropriate for their conservation
{Pressey et al. 1993! but it is difficult to see how
sufficient phvlogenetic data could be generated in the
near future for this method to be used to compare the
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diversity of whole countries. In the most speciose
groups such as fungi and insects in which only 5-10%
of the species on Earth may have been described. most
of the species in an area will lack data suitable for
phylogenetic analysis. Rather than progressing up
from bumble-bees to Hymenoptera to Insecta and so
on, an ideal index of biodiversity ought perhaps 1o be
obtained by proceeding in the opposite direction,
asking fArst the biggest question about diversity,
‘How manv kingdoms are represented on a site?,
then ‘How many phyla are represented per king-
dom?, ‘How many orders per phylum?’, and so on.
There is sufficient logic in this suggestion 1o clicit a
wringing of hands and even apoplexy from those whe
might have to apply it.

5. ARE ALL SPECIES OF EQUAL WEIGHT?

The varying species concepts in different groups, and
indeed often within a single group, are a major cause
of uncertainty intrinsic to all aspects of biodiversity
research that use the species as the ‘standard” umic. If
the unit of measurement is itself variable, conclusions
based on 1t have necessarily 1o be treated with
considerable caution. This applies equally to discus-
stons of the relatonship between biodiversity and
community behaviour (Baskin 1994}, to theoretical
models (Lovelock 1992), and to indicators developed
for policy makers (Reid ef al. 1993).

The ‘biological species’ has been viewed as a
comparable entity across groups as diverse as insects
and fungi (Claridge & Boddy 1994), but how do
such entities compare when examined by molecular
or phylogenetic methods? How can biological
species be recognized with confidence in the majority
of organisms which are only known from preserved
material”> And how can a biological species concept
be applied in groups that never undergoe sexuail

reproduction or parallel exchanges of genetic
material?
The species concept in bacteria is especialty

conservative at the molecular level in comparison
with most other groups of organisms. Different strains
placed within the single bacterial species Legionella
preumophila have DNA hybridization homologies as
different as those characteristic of the genetic distance
between mammals and fishes (May, this volume).
Bacterial strains with 70% or more DNA-DNA
relatedness are generally treated as belonging to the
same species {O'Donnell ef al., this volume); on that
basis, rather few species would be accepted in some
macroorganism groups, and hominids with 98%
homology would certainly be regarded as conspeci-
fic! We also wonder how many (or rather how few)
‘species’ of beetles could be sustained on the grounds
that they possess less than 70% DNA homology!
However, in DNA homology studies in particular.
should not some allowance be made for the size of the
genomes being compared?

Cauton is clearly required when molecular data
are used at or near the species level because of the
discrepancies between DNA-DNA - hemology and
rRNA scquence data for the same taxa {O Donnell
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It would be rash o base far-
reaching taxonomic decisions on a single wpe of
molecular data ar this time.

There is an urgent need for biologists working in
different disciphines to move towards more compa-
rable species concepts. Nowhere is this more impor-
tant than in the treatment of apomictic ‘species’
of fowering plants in genera such as .dlchemilla,
Hieracum, Taraxacum and Sorbus which can grosslv
inflate measures of plant species richness in an area.

e al.. this volume .

6. SHOULD BIODIVERSITY MEASURES
INCLUDE INFRASPECIFIC GENETIC
VARIANCE?

The genetic variation within species can be of major
importance in identifying priorities for the conserva-
tion of crop plants and their wild relauves. These
same measures can be useful in trying to judge which
species have a sufficiently wide vocabulary of genetic
information to allow them to respond to natural
sclection and cvolve if the environment changes rather
than become extinct.

Templeton (this volume) considers the possible
wavs of measuring genctic variation within species.
These include the percentage of polymorphic loci, the
number of alleles, heterozygosity, the average number
of nucleotide differences, the number of segregating
sites, and the construction of an allele or haplotvpe
tree. Even within mammals the use of these measures
shows that it is difficult 1o generalize about the size of
the populations that might be required to maintain
the genetic variation of the species.

Although it would clearly be desirable to include
some measure of infraspecific biodiversity in the
overall assessment of the biodiversity of a particular
site, how this could be achieved for more than a
handful of species in a locality at a time eludes us.
However, the very act of thinking about the problem
makes it clear that the concept of ‘biodiversity’ can
mean all things to all peopie. To most geneticists it
will seem absurd that any measure of ‘biodiversity’
should exclude infraspecific variance: the very stuff of
the evolutionary process by which biodiversity is
made.

7. DO SOME SPECIES CONTRIBUTE MORE
THAN OTHERS TO THE BIODIVERSITY OF
AN AREA?

The biological diversity of an area is much more than
the number of species present, whether or not the
species richness 1s discounted by measures of phylo-
genetic distance or relatedness. For an  ecologist
other dimensions of biodiversity are represented by
the number of trophic levels present, the number of
guilds. the variewy of life cveles, and the diversity of
biologieal resources. The presence of certain species
makes a great contribution o overall species richness
because. like the oak in Grear Britain  Morris &
Perring 1974:, they provide speaalist resources for
a muliplicity of other species {nesung sites, gall-
wasps, lepideptera, mycorrhizal fungt, bark and leaf-
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inhabiting fungi. pests and pathogens. bryophvies,
lichens, other cpiphvtes, etc.). Trees, in general,
contribute a wider range of biological resources 10 a
site than annual or herbaceous piants. However. the
role of organisms with less obvious ‘keystone’ roles,
including pollinating insects, mutualistic symbionts
and population-regulating pathogens and bioconirol
agents can also have effects on the biodiversity of a site
(Hawksworth ¢ af. 1994; LaSalle & Gauld 1993).

Many individual species of marginal aquatic
fowering plants contribute a diversity of leaf forms
to a community. Batrachian species of Ranunculus,
Sagittaria sagittifolia, and Cabomba caroliniana, bear
distinct submerged and floating forms of leal and a
single species occupies two niches in a community that
would commonly be occupied by two monomorphic
species. In a similar vein, anima! species with complex
life-cycles contribute extra biological diversity to a
site. Frogs, toads and other amphibians contribute to
the species richness of a site as tadpoles in aquatic
and as adults in terrestrial patches. In a sense each of
these species contributes two doses of biological
diversity to a community. Lepidoptera are also
Jbvious examples of animal species that contribute
more 1o the ccological diversity of a community than
just a ccunt of the species numbers would imply.

One biological measure of the diversity of a
community must be the way in which it is sampled
by different organisms that live in it (a worm’s-,
bird’s-, or caterpillar’s-eye view). During a single day
a wood pigeon may experience the full above-soil
biodiversity of a forest (fine-grained sampling]
whereas the same forest, sampled by a caterpillar is
experienced as the ‘biomonotony’ of a single leaf
(coarse-grained sampling). The use of the concept of
grain to describe an organism’s eye view of the
diversity of an environment is due to Robert
MacArthur {e.g. MacArthur & Connell 1966). Even
il we confine our measure of biodiversity to species
richness and forget any discounting for diflerences in
phylogenetic distances or ecological contribution there
remains the [act that, al the ‘grain’ of communily diversily
sampled by us, some of the various species present in a
community are abundant and others are very rare.
This issue is especially acute for microbial groups; in
most instances the largest numbers of individuals at a
site will be the microorganisms which are not only
unseen but often aiso unculturable (Embley et al., this
volume; O'Donnell &f &, this volume).

‘Equitability’ is therefore clearly an element of
‘biodiversity’ and is one aspect that has been built
into formal mathematical indices, for example the
Shannon Diversity Index and Simpson’s Index that
are defined and illustrated in ecological texts (e.g.
Begon et al. 1990) c.g. Simpson's Index

1

> P

1=

D=

=]

which 18 calculated by determining, for  each
species, the proportion of individuals or biomass that
it contributes to the total in the sample, ie. the
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proportion is £, For the 1th species where 5 is the toral
number of species In the community i.e. 1ts richness,.
The index suffers for some purpases because it is
possible for a species-rich but inequitable community
to have a lower index than one that is less species-rich
but highly equitable.

Such an index, aithough it may be useful for a
particular group (e.g. all vascular plants or all insect
species at a site) is difficuit o apply and perhaps
largely meaningless il it were to be applied to the
mixture of systematically diverse groups that forms
most natural communities.

8. ARE THERE USEFUL INDICATORS OF
AREAS WHERE BIODIVERSITY IS HIGH?

Although much is inade of the need to focus nature
conservation on areas of high biological diversity,
choices are usually made on quite different grounds.
Particular taxonomic groups appeal to the public
and their conservation autracts political and financial
support. The risk of losing a furry or feathery animal
or a plant with appealing flowers will presumably
continue to dominate most judgements about nature
conservarion rather than any formally considered
scientific measures of biodiversity. This will certainly
continue to be the case so long as science fails w0
develop appropriate measures for more rational (less
emotional) decisions.

Ideally, comprehensive biological inventories of sites
(aTBIS, see below), will be needed if full quantitative
measures of biodiversity are to be used in making
conservation decisions. However, these are unlikely to
be obtained from more than a handful of sites in the
foreseeable future. We need therefore to look for simpler
yet objective ways of predicting where high biodiversity
will occur. Are some taxa partcularly good indicators of
community biodiversit? Might it be that, by chance,
those mammals, birds and piants (such as orchids} that
appeal so strongly to the lover of wild-life happen to live
in {and are therefore good predictors of) areas of
particularly high biodiversity? Or are there other often
unstudied yet easily observed groups such as the larger
lichens that have the most potential in this regard?
Pearson (this volume) considers the factors that could be
used in selecting appropriate indicator taxa and
Hammond (this volume) assesses the pracncal steps
that can be taken to esimate biodiversity in the most
speciose groups.

The most daunting problems arise in making any
measure of biodiversity in the soil (O’Donnell et al.,
this volume) where there may be more than 109
microorganisms per gram of soil, and in the sea where
microscopic algae may have average densitics of 108
cells per lirre {Andersen 1992) and a | cm marine core
may contain 4 x 10 bacterial cells (Embley et al.,
this volume).

Reid ef 2. (19931 discuss biodiversity indicators that
may be of value to policy makers in establishing
conservation pricrities. but these have to be seen
against the backcloth of questions raised here. The
indicators so far proposed may be of vatue in the
context of particular specified groups {e.g. wild plants
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and their relanves .. butare unlikeby 1o reflect the tanai
hiodiversity in an arca.

9. CAN THE EXTENT OF BIODIVERSITY IN
TAXONOMIC GROUPS OR COMMUNITIES BE
ESTIMATED BY EXTRAPOLATION?

A major challenge of biodiversity science is 1o develop
firmer estimates of species numbers. May (this volume)
considers the concepwal problems in  curren:
approaches to esumating the total numbers of species
in different groups. The highest degree of probability
exists where different approaches lead o broadly
similar numbers, but insufficient data sets, especially
from 1ropical and marine habitats are a major
hindrance to progress in the development of protocois.

Theoretical aspects of the use of extrapolation to
measure species richness are critically examined by
Colwell & Coddington (this volume) with particular
reference to the use of species accumulation curves,
parametric models of relative abundance, and non-
parametric methods. They also explore the problem
of esumating complementarity from samples and
propose a measure of this.

The companion contribution of Hammond {this
volume) focuses on the pracucal aspecis of the
esumation of species diversity in speciose groups,
and is based on extensive data sets from the UK. and
Indonesia. He concludes that simple ratios of species
from taxon to taxon, focal group to inclusive group,
site to site, sample to inventory, and across spatial
scales provide the firmest base for extrapolation. The
choice of both focal groups for extrapolative purposes
and sampling methods to obtain reliable comparable
dara sets is cntical, and there needs to be an awareness
of, for example, the interplay between patchy
distributions and sample dimensions.

A major stimulus to the Improvement of the
scientific base of extrapolative approaches would be
the rcahzation of Janzen's {1993) proposal to establish
a series of sites which have an All-Taxon Biediversity
Inventory (aTwi). The efficacy of sampling and
extrapelative procedures could be rigourously tested
against known biota at such sites, The lack of a
comprehensive inventory of all groups of the biora for
any site in the world, even in the UK., is a major
obstacle te developing extrapolative methods. Yertitis
just such methods that will have to become the norm
in site assessments because of the impracticability of
routinely attempting comprehensive inventories.

10. CONCLUSIONS

It will be evident from the questions we have raised
and our comments on them, and also from many of
the contributions to this collection of papers, that it is
casier to idenufy the issues than to provide scientfi-
cafly sound and testable answers, By openiy posing
basal questions, however, the challenges that need
be addressed are also brought firmly onto the scientific
agenda. The issues idenufied need now o be con-
fronted if the scientific foundadon of the siudy of
orgamsmal biodiversity is to proceed on a firm basis.

Phil Trens. R Sac fong B 01004
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There are two sigmiticant obstacles internatonally
1 progress in the saentfic study of bindiversitv: 4
the inadequate size and inappropriate location of
the workforce with the appropriate biosvstematic
skills; and (ii} the state and location of the collections
and literature database {May, this volume). The
mismatch between the magnitude and priority of the
task and the resources available has to be addressed at
the highest international levels (Janzen 19931,
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1. Biological Diversity

5. SPECIES DIVERSITY: AN INTRODUCTION

A BRIEF HISTORY OF DIVERSITY

Knowledge of the history of diversity through geological
time is based on analysis of the fossii record. Because the
fossi! record gives only a very incomplete and highly biased
view of the past history of life on earth, the reconstruction
of that history has been, and continues to be, the subject of
great debate. It is geoerally accepted that the fossil record
can give a reasonable insight into past diversity in terms of
taxonomic richness, particularly at higher taxonomic levels.
However, it is far more difficult to derive other, more
ecologically based, measures of diversity from it, as these
require the reconstruction of palacoenvirouments, a far
more contentious exercise than palaeotaxonomy.

While detailed patterns of taxonomic richness through the
earth’s history remain debatable, the overall outline is
geoerally accepted. There are believed to have been
relatively few species in total during the Palaeozoic and
early Mesozoic; since then, that is for the past hundred
million years, diversity has increased markedly. This recent
diversification has passed through ooe major extinction
event, at the Cretacecus-Tertiary borndary, and probably
two minor events since then (see Chapter 16). Apart from
these, the diversification appears o bave continued more or
less unabated, with the world apparently reaching its highest
ever level of species richness during the Pliocene and
Pleistocene, when climatic change and the advent of
organised human activity finally balted the process.
Significantly, however, diversity at higher taxopomic levels
does not conform with this pattern, as evinced by the far
higher number of animal phyla present in the early
Cambrian than today (see below).

The early history of Life - the Precambrian

Recent consensus suggests that cellular life on the planet (in
the form of procaryotes, at least some of which were
probably very similar to living cyanobacteria) originated
sometime between 3,900 and 3,400 million years ago
(Mya). The origin of the earliest eucaryotes has proved
difficult to establish, but it is generally accepted that the
Precambrian microfossils known as *acritarchs’, which are
recorded as far back as 1400 Mya, are almost certainly the
cysts of marine algae and the earliest known eucaryotes. If
this analysis is correct, then life on earth consisted only of
procaryotes for at least 2,000 million years, or well over
half its history. There is sufficient morphological variation
in the fossil remains to permit some analysis of changes in
diversity of these presumed early procaryotes in the late
Proterozoic era. Vidal and Knoli (1983) bave hypothesised
a gradual increase in diversity from 1400 Mya to 750 Mya,
when there was a peak of around 30 taxa in the fossil
record, followed almost immediately by a sharp drop to
around 10 taxa, possibly owing to a period of glaciation.
After this there is an exponpential increase in diversity,
corresponding with the start of the Phanerozoic era.

‘The early Phanerozoic

For many yeass Lit was assumed that metazoans
(multicellular organisms with interpal organs) originated in

the Cambrian era at the base of the Phanerozoic. This is
now known not to be the case, as a wide range of fossil
metazoans is now known from well before this time,
including  recognisable arthropods and possibly
echinoderms. Most fossils from this ime, however, appear
completely unrelated to extant forms, and consist maialy of
enigmatic frond- and disc-shaped soft-bodied animals: the
so-called Ediacaran fauna.

The lower Cambrian marks a dramatic change from this
early fauna, with the sudden appearance in the fossil record
of a wide range of metazoans, many with calcareous
skeletons. It is generally accepted that this represents a
genuine explosion of diversity which took place over only
a few million years, and is not an artefact of the fossil
record. The lower Cambrian thus represents the most
important period of high-level diversification in the history
of animal life on earth. Very many phyla may have existed
at this time, no more than five of which bave origins
traceable to before the Cambrian-Precambrian boundary.
These include every well-skeletalised animal phylum living
today (with the possible exception of the Bryozoa),
indicating that virtually no new animal phyla have appeared
during the many subsequent evolutionary radiations.
Perhaps most significantly, no new animal phyla appeared
with the colonisation of land, some 50-100 million years
after the Cambrian radiation.

The Cambrian appears to have represented not only a peak
of diversification but perhaps also a peak of higher order
taxonomic diversity, as suggested by the presence of many
more animal phyla than the 35 or so now extant.

Changes in diversity of marine animal taxa through the
Phanerozoic

Although the number of phyla has decreased markedly since
the Cambrian, diversity at all lower taxonomic levels has
either increased overall or in a few cases remained more or
less level. ’

The number of orders {of marine animals) present in the
fossil record climbed steadily through the Cambrian and
Ordovician, levelling off towards the end of the Ordovician
to a figure of between 125 and 140, which has been
maintzined throughout the Phanerozoic.

The diversity of families represented in the fossil record
shows a similar pattern of increase through the Cambrian
and Ordovician, levelling off at around 500, a figure which
was maintained until the late Permian mass-extinction (see
Chapter 16). This extinction event resulted in the loss of
around 300 families; subsequent to this, family diversity has
increased to the modern level, with a number of temporary
reversals in the form of the series of extinction events
outlined in Chapter 16.

The trend in pumber of species in the fossil record is even
more extreme, From the early Cambrian until the mid-
Cretaceous, the number of marine species remained low;
since then, that is in the past 100 million years, it has
probably increased by a factor of 10.

.
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Diversity patterns in terrestrial animals

Colonisation of land by animals has occurred many times;
although the oldest body fossils of terrestrial animals date
from the early Devoaiag, it is generally accepted that the
primary period of land invasion by animals was the
Silurian.

The overwhelming number of described extant species of
terrestrial animals are insects and arachnids. The fossil
record for both these groups is generally scanty.

Some attempt has been made, however, to chart changes in
insect diversity at the generic level. Insects first appear in
the fossil record in the Carboniferous. The number of
genera then increased through much of the Palaeozoic and
first part of the Mesozoic, interrupted by a sharp drop
coinciding with the late Permian mass extinction, and then
levelling off during the late Triassic. Diversity then doubled
during the Cenozoic or Tertiary, coincident with the
radiation of the angiosperms.

The fossil record of terrestrial vertebrates is much better,
particularly that of tetrapods. The bird record is much less
substantial than that for other groups, probably because
their light skeletons have been less frequently preserved.
Terrestrial vertebrates first appear in the fossil record in the
late Devonian. Diversity remained relatively low during the
Palaeozoic, with around 50 families, and actually declined
overall during the early Mesozoic. From the mid-
Cretaceous the pumber of families started 1o increase
rapidly, reaching a Recent peak of around 340. Diversity of
genera follows this averall pattern in a more exaggerated
form. These trends are shown in Fig. 5.1.

Figure 5.1 Fossil diversity: terrestrial

vertebrates
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Source: Adapled from Signor, P.W. 1990, The geological history of
diversity. Annual Review of Ecology and Systematics 21.

Note: Diversity is here measured in terms of number of taxonomic
orders present.

Diversity patterns in vascular plants

It is generally accepted that vascular terrestrial plants first
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arose in the Silurian, although some palaeobotanists argue
for a Late Ordovician origin. Diversity increased during the
Silurian, and then more rapidly during the Devonian, owing
1o the first appearance of seed-bearing plants, leading to a
peak of over 40 genera during the late Devonian. Diversity
then declined slightty, but started to increase markedly
during the Carboniferous, with at least 200 species recorded
by the mid Carboniferous. Following this, diversity
increased only slowly until the end of the Permian. There
was a minor decrease in diversity at the end of the Permian,
coinciding with or preceding the mass extinction of animal
species, followed by a rapid rebound to previous levels.
Diversity then continued increasing slowly, reaching around
250 species in the early Cretaceous. Starting at the mid-
Cretaceous, diversity began increasing at an accelerating
pace.

This overall pattern masks important changes with time in
the composition of the flora, most notably in the relative
importance of the three main groups of tracheophytes: the
pteridophytes, gymnosperms and angiosperms. The Silurian
and early Devonian are marked by a radiation of primitive
pteridophytes. During the Carboaiferous, more advanced
pteridophytes and gymnosperms developed and underwent
extensive diversification. Following the late Permian
extinction event, pteridophytes were largely replaced
(although ferns remain abundant) by gymnosperms which
became the dominant group until the mid-Cretaceous. The
dramatic ipcrease in plant diversity since then is entirely
due 10 the radiation of the angiosperms which first appeared
in the lower Cretaceous, These trends are shown in Fig.
5.2. .

Figure 5.2 Fossil diversity: terrestrial
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MEASURING BIOLOGICAL DIVERSITY

A central problem in the maintenance of biological diversity
is an assessment of the relative importance, in terms of
diversity, of different areas, habitats or ecosystems. Only
by understanding this can priorities in conservation efforts
be usefully assigned. However, this importance can be
assessed in different, though related, ways. The first, and
most obvious, makes reference to its *intrinsic’ diversity, 50
that an area with higher diversity is deemed more important
than ooe with lower diversity. The second attempts an
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assessment of the cootribution any given area makes to

theoverall diversity of a given geographicfegion, such as a
country, continent or, ultimately, to the world overall.
From this perspective, some areas with lower intrinsic
diversity may be more important than others with higher
diversity. This will be discussed further below; see also
Chapters 2 and 15.

Assessments of diversity pose considerable problems, both
practical and theoretical. In the first instance, the coocept
of diversity in an ecological context has to be made clear.

Local biological diversity

Species richness

Biological diversity measures for particular areas, habitats
or ecosystems are often largely reduced to a straightforward
measure of species richness. In its most ideal form this
would consist of a complete catalogue of ail species
occurring in the arca under consideration. In practice this
is clearly unrealistic outside very small areas which will be
of only limited interest in a global context. Even with small
sites, a complete enumeration of all species will be
impossible to carry out if micro-organisms are included.

Species richness measures will therefore in practice be
based on samples. Such samples could consist of complete
catalogues of all species in a particular, generally
taxonomic, group (e.g. all birds, all ferns) or may consists

. of measures of species density (i.e. all the species in &
sample plot of standard area) or of numerical species
richness, defined as the number of species per specified
number of individuals or biomass.

Although straightforward measures of species richness may
convey relatively little ecologicatly important information,
in practice because they are the most easily derived, they
are perhaps the most useful index for comparisons of
biological diversity on a large scale.

Species abundance

From an ecological viewpoint, simple species richpess
indices have limited value. More meaningful measures of
diversity take into account the relative abundance of the
specics concerned. In general, the more equally abundant
the species in the area or ecosystem under consideration
are, the more diverse it is considered to be. A number of
models have been developed which derive diversity indices
from measures of species abundance. As different
mathematical and biological assumptions are made in these
models, they will often pgenerate different diversity
measures from the same sets of data. Thus there is no one
authoritative index for measuring diversity.

Taxic diversity

Furthermore, weight can also be given to the relative
abundance of species in various categories, for example in
different size classes, at different trophic levels, in different
taxonomic groups, or with different growth forms. Thus a
hypothetical ecosystem which consisted only of several
species of primary producers, such as photosynthesising
planis, would be less diverse than one with the same
number of species but which included herbivores and
predators. Similarly, an ecosystem with representatives
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from four different phyla would be more diverse than one
with representative of only two.

Based on cladistic analysis, a number of taxonomic
diversily indices have now been developed. Some of these
give higher weight to so-calied relict groups, that is
taxonomic groups not closely related to other living groups
and consisting of few species; others favour higher
taxonomic groups with farge numbers of species. The most
complex measure so far developed is taxonomic dispersion,
which endeavours to select an even spread of taxa in any
given group.

Comparisons of different areas

Once a measure of diversity has been decided upon, it
should be possible to compare the diversity of different
areas. Such comparisons may not, be
straightforward.

however,

Diversity measures for ecological entities such as
communities, habitats and ecosystems make the assumption
that these entities are nol site-specific, that is that they
occur in essentially the same form over a wide areaorin a
number of different places. In practice, species composition
and species abundance are very rarely constant either in
space or in lime; thus the existence of communities or
ecosystems definable by species composition is seriously
questioned by many ecologists. This therefore undermines
the extent to which diversity measures derived from
particular sites can be used as a basis for generalisation.
Nevertheless, these ecological coocepts still retain
considerable force, even if they cannot be rigorously
defined, and much discussion of biological diversity is
couched in terms of comparisons between different habitats
and ecosystems.

Species/area relationships

The relative diversity of different sites will often depend on
the scale at which diversity is measured. Thus 1m? of semi-
natural European chalk grassland will contain many more
plant species than 1m’ of lowland Amazonian rain forest
whereas for an area of, say, lkm® or more this will be
reversed. This is because as an area is sampled the oumber
of species recorded increases with the size of the area, but
this rate of increase varies from ares to area.

A wide range of observations has demonstrated that, as a
general rule, the number of species recorded in an area
increases with the size of the area, and that this increase
tends to follow a predictable pattern, known as the
Arthenius relatioaship, whereby:

logS = ¢ + zlogd

where S = number of species, A = area and ¢ and z are
constants.

The slope of the relationship (z in the equation above)
varies considerably between surveys, although is generaily
between (.15 and 0.40, and some surveys do not fit the
relationship at all. This relationship is shown graphically in
Fig. 5.3.




Figure 5.3 A typical species-area plot
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The most widely quoted generalisation from this finding is
that a ten-fold reduction in an area {i.e. loss of 90% of
habitat) will result in the loss of from ¢. 30% (with z =
0.15) to c. 60% (with z = 0.40) of the species present.
This is often reduced to the rule-of-thumb that a ten-fold
decrzase in area leads to a loss of half the species present.

The causes of the species-area relationship appear to be
relatively straightforward, and involve a combination of
sampling effects and environmental heterogeneity. Oun a
small scale, the increase in number of species with an
increase in area is probably overwhelmingly a result of the
former: that is, put very crudely, a given habitat in whick
species are randomly distributed will become increasingly
more completely sampled as the area sampled increases. At
larger scales, eavironmental heterogeneity will be more
important: that is, as the area sampled increases, so
different habitats with different species in them will be
included in the sample.

Diversity at different scales

Thus the overall diversity of any given area will be a
reflection both of the range of habitats it includes and the
diversity of the compooent habitats. The greater the
differences between the various component habitats in terms
of species composition, then the greater the overall diversity
will be. The differences between habitats are referred to as
beta () diversity, while the diversity within a site or habitat
is alpha (a) diversity. Thus an area with a wide range of
dissimilar habitats will have a high B-diversity, even if each
of its constituent habitats may have low a-diversity.
Differences in site diversity over large areas, such as
continents, are sometimes referred to as gamma (y)
diversity.

An area with relatively low species diversity may therefore
still make an important contribution to the overall diversity
of the larger region it is found in if it contains a significant
number of species which do not occur elsewhere
(endemics). Oceanic islands (see Chapter 14) and
continental montane regions are examples of geographical
eatities which typically have comparatively low species
diversity but high rates of endemism.
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Assessing the relative importance of areas with high species
diversity and low rates of endemism compared to areas with
lower rates of diversity and high endemism remains an
intraciable probiem. Atempts have been made o
circumvent this by using somewhat different approaches,
such as Critical Faunal Analyses, but these also generally
do not generate unequivocal results (Chapter 15).

THE GLOBAL DISTRIBUTION OF SPECIES
RICHNESS

Analysis of worldwide trends in biological diversity almost
always treats this in terms of species richness, as this is the
only indicator of diversity for which anything approaching
adequate data is available on a global scale. Biological
diversity is not evenly distributed around the globe.

Latitudinal gradients

The single most obvious pattern in the global distribution of
species is that overall species richness increases with
decreasing latitude. At its crudest this means that there are
far more species per unit area and in total in the tropics
than there are in temperate regions and far more species in
temperate regions than there are in polar regions.

Not only does this apply as an overall general rule, it also
holds within the great majority of higher taxa (at order level
or higher), and withia most equivalent habitats, although the

. most cbvious and frequently cited are forests and shallow-

water marine benthic communities, with, respectively,
tropical moist forests and coral reefs being renowned for
their remarkably high levels of species diversity.

This overall pattern masks a large number of minor trends
where species richness in particular taxonomic groups or in
particular habitats may show no significant latitudinal
variation, or may actually decrease with decreasing latitude;
nevertheless it remains a phenomenon of overwhelming
biogeographical importance.

As well as latitude, changes in diversity can also be
correlated with a many other variables, some of which are
discussed briefly below. For some of these it is not easy to
establish a significant relationship because there are often
confounding variables, and because there are too few
comparable datasets.

The maps in Fig. 5.4 demonstrate broad gradients in
species richness in frogs (left) and trees (right) in the
Americas (data extracted from Duellman, 1988 and Gentry,
198%). For these groups in this part of the world, climatic
factors appear to play a large part in determining such
gradients.

Elevational gradients

In terrestrial ecosystems, diversity generally decreases with
increasing altitude. This phenomenon is most apparent at
extremes of altitude, with highest regions at all latitudes
having very low species diversity. There are fewer
examples showing gradients of species richness with
altitude, although amongst vertebrates this has been
demonstrated for bird species in New Guinea (Kikkawa and
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Figure 5.4 Gradients in species richness: frogs and trees in the Americas
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Williams, 1971 cited in Brown) and on the Amazonian
slope of the Andes in Peru (Terborgh, 1977). Gentry (1988)
demonstrates it for woody plants in tropical forests,
although notes that the data for upland sites are very
incomplete. Suggestions have been made that, in tropical
forests al feast, diversity may be higher at mid-altitudes
than in lower areas. However, there appear to be no
substantiating data for this ‘mid-altitude bulge' as a general
phenomenon, although it has been noted in particular cases
such as a desert mountain in Arizona where diversity at
lower and higher altitudes is believed limited by aridity and
low temperate respectively (Brown, 1988).

The decrease in straightforward species numbers with
increasing altitude may in part be a reflection of species-
area relationships, as available area generally decreases with
increasing altitude, and oumber of species is closely related
to area. Measurement of species numbers in standard-sized
plots, such as those of Gentry (1988) take account of this,
demoastrating that the relationship between altitude and
species  diversity is real, although not pecessarily
discountiag the role that decreased available area may play
in causing this phenomenon. It should also be noted that 8
diversity will ofien be higher in areas of varied topography
because of increased environmental heterogeneity.

Precipitation gradients

Precipitation is generally believed to be an important factor
governing terrestrial diversity, However, the relationship
between precipitation and diversity is not straightforward,
and it seems that seasonality in precipitation may be as
important as absolute amount. As with altitude, the
relationship between precipitation and diversity is most
apparent at one extreme, as highly arid environments are
well-knowan to be much less diverse than less arid, or more
mesic, environments at similar altitudes and latitudes. There
are, however, apparently few quantifiable data to
demonstrate this. Gentry (1988) in his study of forest
diversity, demonstrated a strong correlation between plant
species richoess and absolute anpual precipitation.
However, he notes that this correlation may not apply at all
in the Palaeotropics, and that there were strong indications
that the length and severity of the dry season were more
important than absolute annual rainfall. In the Neotropics,
there is a stroog relationship between annual rainfall and
strength of the dry season, which is much less marked in
the Palacotropics. The importance of seasonality was boroe
out by a preliminary study of a Brazilian site with a
relatively low, evenly-distributed annual rainfall, which
showed a much higher species diversity than would be
expected from tota] rainfall measures alone. Moreover,
there appears to be a marked tailing-off of increasing
diversity with increasing rainfall at high rainfalls, with little
or no increase in diversity once rainfall exceeded 4,000-
4,500mm per year.

However, it should be noted that the limits on diversity may
in fact represent a limitation of sampling technique: in the
two most diverse sites sampled (in areas of year-round
rainfall of 3,000-4,000mm p.a.), diversity was so high in
the plots sampled (in one site 300 species = 10cm diameter
out of 606 individual plants in cae plot), that it seems likely
that only by increasing the size of the survey piots would
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any further trends e discerned (Gentry, 1988).
Nutrient levels

Although there are few studies of global trends in diversity
and soil nutrients, the relationship between plant community
richness and tropical soil nutrient levels has been the subject
of considerable interest. The data that are available indicate
that the relationship may not be straightforward. Studies in
Southeast Asia indicate that diversity may be highest at
intermediary levels of nutrition, with a decrease at higher
levels, while in the Neotropics diversity generally seems to
increase with increasing nutrient levels, being most strongly
correlated with Potassium (K) levels. This overall trend is
apparently also shown by a variety of other organisms,
including bats, birds and butterflies. In general, however,
diversity in tropical forest ecosystems seems much less
strongly dependent on nutrient levels than other factors,
notably latitude, altitude and precipitation (Gentry, 1988).

The relationship between nutrient levels and diversity in
other ecosystems is also complex: declines in diversity with
increasing nutrient levels of temperate freshwater habitats
{eutrophication) and grasslands are well-documented,but it
is difficult to draw general conclusions from these (Brown,
1988).

Salinity gradients

In aquatic ecosystems, salinity appears to act as a strong
‘pormalising” factor on diversity. Thus, in coastal areas,
diversity almost invariably declines when salinity deviates
from ‘normal’ sea water (i.e. 35 ppt), while in freshwaters
diversity decreases when salinity increases above ¢. 2 ppt;
this results in a bimodal distribution of diversity with
increasing salinity (Brown, 1988).

Islands

The study of diversity on islands, both real and theoretical,
has been an important factor in much of biogeography and
conservation biology. In particular the equilibrium theories
of island biogeography elaborated by MacArthur and
Wilson (1967) have had an important influence on both
disciplines. More recently discussion in this, as in many
other areas of ecology, has tended to move away from
assumptions of equilibrium to more realistic, but far more
complex, non-equilibrium theories.

SPECIES AND ENERGY

The relationship between diversity and productivity has
been the subject of long-standing debate in ecology. Recent
studies have indicated that available energy is strongly
correlated with species diversity on a large-scaie, at least in
terrestrial ecosystems. A study of North American tree
species (Currie and Paquin, 1987) demonstrated that
realised annual! evapotranspiration, a measure of available
energy, statistically explained 76% of the variation in
species richness across the continent. Such recent studies
have shown that diversity gradients in tree species are more
closely related to indices of climatic productivity than to
other geographical parameters, including latitude {Adams,
1989). These results could be used to predict accurately tree
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species richness patterns in Great Britain and [reland.
Preliminary analysis of the diversity of terrestrial
veriebrates 10 North America apparently yielded very
sunilar results,

EXPLANATIONS AND HYPOTHESES

The explanation of geographic and temporal variation in
species diversily 1s one of the central problems of biology.
It has also proved one of the most intractable. The problem
has generated an enormous amouant of literature in which
many different hypotheses have been proposed to attempt to
account for it; these hypotheses often operate at different
levels of explanation and much confusion has arisen as a
result. It is beyond the scope of this report to attempl a
thorough review of the subject, although, uitimately, an
understanding of the importance of biological diversity
should rest on an understanding of how and why it has the
form that it does.

It is self-evident that, ultimately, all non-random patterns in
species diversity must depend on past or present variations
in the physical environment. How such variations result in
the patterns observed is often far from clear. It is evident,
however, that any complete expianation must involve bath
historical events and current ecological processes - the
former implicit in any explanation of the origen of diversity,
the latter in explanations of its maintenance, these being

two separate, although intimately linked, problems. The
relative importance of these two factors in determining

present patterns is still a subject of considerable debate.
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Species diversity and productivity of
trees

J. M. ADAMS

The diversity of tree species found in natural forests varies between different parts of the world,
and also on a local scale between different habitat types. Much of this variation in species
diversity appears to be related to differences in the growth rate of vegetation (the primary
productivity). Although many different explanations have been suggested, the ecological and
evolutionary causes of this relationship remain unclear.

Biologists have long been fascinated by the
ways in which the diversity of species can
vary from one place to ancther. On a geo-
graphical scale, there is an overall decline in
the numbers of plant and animal species
between the tropics and the poles. Evenon a
very local scale, most groups of organisms
are more diverse in some habitats than in
others. Whilst these general patterns in
diversity are often obvious, the underlying
causes are not. Despite more than a century
of thought, the question of how diversity
trends have arisen is still one of the most
controversial subjects in ecology.

Some of the most striking trends in species
diversity are found in trees: a hectare of
tropical rainforest (Fig. 1) will often contain
more than a hundred species of trees, whilst

Fig. 1. A view across an
area of tropical rain-
forestin the northemn
Amazon Basin. Itis
likely that there are
hundreds of spedies of
trees within this photo-
-4 graph alone.
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Fig. 2. Currie and
Paquin recorded
numbers of tree species
(defining a tree as any
woody plant reaching
over 3m in height}
occurring naturally
within a grid of very
large-scale quadrats,
each with a mean size
of around 70,000 square
kilometres. The
contours on this
diagram represent the
numbers of tree species
occurring within each
quadrat.

a similarly sized area of boreal forest may
have no more than two or three species. The
number of tree species found in a sample
depends partly on the way in which the
sample is taken, and different studies have
used differing sample sizes and definitions
for counting numbers of species. Neverthe-
less, there can be no doubt that trees show a
general fatitudinal diversity trend, as is found
in so many other ecological groups. As the
contour map {see Fig. 2 Nafure, 329, 326327,
1987) shows, this broad latitudinal trend is
complicated by considerable longitudinal
variations, with desert and semi-arid regions
being relatively poor in species. On a more
local scale, there is also a tendency for species
diversity of forests to decrease up mountains,
except where the lower slopes are arid and
rainfall is relatively more abundant at higher
altitudes.

Generally speaking, the warmer and
rainier the climate, the more species of trees
are found in the local flora. This trend in
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diversitv seems lo parallei a general gradient
in the growth rate of vegetation, known as
the primary productivity. Recent studies
have emphasized the closeness of this
relationship in the tree floras of the northern
temperate zone. Using data on the naturai
ranges of tree species, Curne and Paquin
found that most of the variation in species
diversity in North America is related to actual
evapo-transpiration, which is a climatic index
that shows a close relationship to primary
productivity. lan Woodward and 1 (Adams
and Woodward, Nature, Vol. 339, pp.
699-701, 1989) carried out a broader study of
tree species diversity trends in Europe,
Eastern Asia and North America, and also
found a strong relationship with a climatic
predictor of productivity, the Chickugo
Model, which incorporates data on net solar
radiation and annual precipitation (Fig. 3). In
each of these studies, diversity was much
more closely related to climatic productivity
indices than to a range of other geographica!
parameters, including latitude. it seems then,
that we may be closing in on one of the
underlying factors which cause latitudinal
gradients in diversity to exist.

A similar trend may also exist within the
World's tropical forests. Alwyn Gentry has
compared data from various parts of the
tropics, and found that variation in tree
species diversity is closely related to annual
rainfall, even within the tropical rainforests
themselves. If we regard raintall as a good
general predictor of the favourability of
conditions for growth of vegetation, it seems
likely that here too we have a broad-scale
relationship between species richness and
productivity.

The general diversity -productivity relation-
ship also seems to hold true when the
variation in productivity is related to soil
characteristics rather than climate. Within the
temperate zone, the most diverse forest tree
communities in both Europe and Eastern
Asia are found on fertile river floodplains,
rather than poorer soils of the valley slopes
and uplands. This also appears to be the case
within tropical forests, with sites on very
nutrient-poor leached soils having fewer
species of tree than nearby areas with richer
soils, It seerns that the highest species diver-
sity of all is reached under conditions where
both soil and climatic factors seem favourable
to high primary productivity. The most
species-rich forests so far discovered in the
world (with over 300 species of tree per
hectare) are found in the Peruvian area of
Amazonia, where a combination of fertile
alluvial soils, very high year-round rainfall
and a warm climate appear to offer almost
optimal conditions for growth of vegetailon.



As with ajl patterns in ecology, there are
certain exceptions to this trend. For exampile,
redwood  {Sequeat) forests show a  high
primaryv productivity and low tree species
diversity. Swamp forests, despite having a
higher productivitv  than some upland
forests, also tend to be relatively poor in
species. On a broad scale, some regions may
be relatively depleted in species as a result of
extinctions during the glacial phases of the
Pleistocene. It is also quite evident that
factors such as habitat heterogeneity are
important; the effect of having a large
number of altitudinal zones on a single
mountain is one example. Nevertheless, the
overall trend of rising richness with pro-
ductivity rernains very striking, and contrasts
with the observations from local-scale studies
on herbaceous plant communities which
often show an initial rise in diversity from
low levels of productivity, followed by a
decline in diversity at higher productivity
levels (the so-called hump-backed curve).

Whilst it seems clear that tree species
diversity is closely related to primary pro-
ductivity, this does not in itself provide an
explaraiion for the trend. There must be
some sort of ecological mechanism which
allows more species to evolve and coexist in
highly productive environments. To the lay-
man, it seems intuitively reasonable that the
more productive environments - with their
lush vegetation and abundance of resources —
should favour the existence of more species.
However, this acceptance is based on vague,
anthropomorphic  feelings. The more
thoroughly and rigorously we examine the
problem, the more it becomes apparent that
the actual mechanisms are poorly under-
stood. Various types of mechanisms can be
invoked to explain why diversity should
follow productivity, and in the following
sections | will discuss some of these.

Productivity and community
structure

One view is that the abundance of resources
under more productive conditions allows
species to occupy more specialized ecological
niches (Fig. 4). This may be because there is
an evolutionary limit to specialization,
impased by the tendency of smail or sparse
populations to become extinct: when the
‘cake’ of productivity is bigger, species can
survive on relatively narrow slices of the
resource spectrum. This principle may well
be correct for certain animal groups, but it is
difficult to understand how it could work in
the case of plants. Much of the difference in
productivity between different plant com-
munities and vegetation types results from
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factors which cannot clearly be defined as
resources. For instance, on a geographical
scale, it is likely that differences in mean
annual temperature are responsible for much
of the variation in productivity (because
plants  photosvnthesize and grow more
rapidly under warmer conditions), and it is
verv difficult to imagine how heat could be
competed for and partitioned. At a more
empirical level, we should expect that if high-
productivity conditions really do allow
species  to maintain  viable population
densities in narrower niches, then a high-
productivity environment should have a
greater total density of trees but the
population density of each species should
remain relatively constant. This is obviously
not the case; although tropical forests do
seem to have a slightly higher density of trees
{of all species taken together} per hectare, the
density of the population of each spedes is
much lower in the tropics. Taken at its
simplest, the resource-partitioning hypo-
thesis obviously fails this test.

Many authors {e.g. Stevens) have sug-
gested that the most important structural
factor underlying geographical tree species
diversity trends is not productivity per se, but
seasonality, which generally tends to parallei
it. The most productive tropical regions also
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Fig. 3. There appears to
be a close relationship
between geographical
trends in tree species
diversity and
productivity in the
temperate zone. This
diagram shows
numbers of tree species
in a grid of large-scale
quadrats {similar to
those used by Currie
and Paquin, Fig. 2).
plotted against a
climatic index of
productivity based on
net solar radiation and
annual precipitation.
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Fig. 4. The supply of
resources toa
community may be
regarded as a “cake’,
from which each
species can take a ‘slice’
according to ecological
specialization. If a
species takes too
narrow a slice of
resources, it will tend
to go extinct. When the
total ‘cake’ of resources
is small (a), the “slices’
will have to be wider
than when the cake is
bigger (b). This type of
principle has often
been used to explain
why so many plant and
animal groups increase
in diversity in paraliel
with primary
productivity.
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tend to be the least seasonal, and it may be
that it is the degree of fluctuation in the
environment which determines the micro-
habitat niche width of trees which can exist.
However, such explanations invoking
seasonal fluctuations concentrate only on
straightforward  contrasts between the
aseasonal tropics and the more seascnal
zones at higher latitudes. They are less
convincing as explanations of tree diversity
trends which also exist within the seasonal
temperate zones even though a marked
dormant season exists throughout, and also
on tropical mountains where there are no
well-defined seasons. There is also the neces-
sity of explaining differences between species
diversity of habitats under the same climatic
conditions but different soil nutrient levels,
Rather than an effect of productivity acting
directly on the trees themselves, it is possible
that the mechanism controlling diversity
operates through some other group of
organisms which interacts with the plants.
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For example, lanzen has suggested that the
intensity of predation exerted by herbivorous
insects 15 a crucial factor 1 causing geo-
graphical trends in diversity of trees, because
it mav prevent exclusion of weaker com-
petitors by dominant tree species. It may be
that the evolutionary ecology and population
biologv of these insects is in some wav
different in high-productivity environments.
Mutualists might also have a role in causing
tree species diversity trends. For instance,
Connell and Orians have suggested that fruit
and pollen dispersers may be more sedentarv
in high-productivity environments. This may
lead to more [requent speciation of the trees
that they visit, as there is less gene flow
between isolated populations. Another view
is that the fruit dispersers and pollinators are
able to become more specialized in high-
productivity environments, leading to
frequent speciation amongst trees and
allowing each tree species to maintain a
viable population at fower densities.

Many explanations involving herbivores or
mutualists in tree diversity trends invoke an
important role for seasonality in the detailed
evolutionarv and poepulation biology level
aspec.s af their explanations. In these cases,
the average level of productivity may be less
important than the stability of productivity
throughout the year, with a dormant season
bottleneck in food supply preventing special-
ization by herbivores, pollinators and fruit-
dispersers. However, such ideas suffer from
the same problems as those which invoke
seasonality as a direct effect on niche-
specialization of tree species.

Whilst mechanisms involving productivity
effects (acting through other trophic levels)
do sound promising, the ideas are still
somewhat vague and need to be tested
thoroughly using observational sources of
data. It may be that they operate only at the
geographical scale, and are not involved in
more local-scale productivity relationships.

Harshness of low-productivity
environments

Rather than a direct effect of productivity on
community structure or functioning, it is
possible that productivity indicates the
general physiological suitability of an
environment for plants to survive and
reproduce. Along a gradient of increasingly
harsh conditions, successively more complex
physiological adaptations are required if
plants are to be able to survive, so the prob-
ability of an evolutionary lineage having
acquired such adaptations may decrease.
This hypothesis relies fundamentally on the
idea that the angiosperms (which constitute




most species of trees) originated in fertile,
malst tropicai conditions and  only dater
radiated outwards into ather environments.
Palaeontological evidence does appear to be
consistent with this view, in that the earliest
anglasperm tossits appear in river floodplain
sediments deposited under warm climatic
conditions,

A complementary view is that low-
productivity environments have somehow
offered less of a target for evolution, in the
sense that they have occupied relatively small
areas during the geological past. Partly
because of their rarity, such areas may also
have provided a less stable set of conditions
for those species which have colonized them,
so there may have been a higher probability
of extinction. Certainly, moist tropical
climates were verv widespread during most
of the Tertiarv (65-2 Myr ago), with large
areas of cool and dry climate only appearing
towards the end of this period.

Relatively infertile soil conditions may also
be regarded as extreme in the sense that they
occupy small areas. However, by this token
one might also expect that the most highly
fertile soil conditions must also be regarded
as extreme, as they too are likely to be
relatively rare and ephemeral in geological
time, even though thev tend to have more
diverse tree floras.

Historical arguments of this type sound
reasonable, although they are more difficult
to test than ideas which invoke community
structure and interactions as a cause of diver-
sity trends. One observation which might be
taken to conflict with a purely historical
explanation of this sort, is the close con-
vergence in tree species diversity between
corresponding  regions which have been
separated for tens of millions of years. [f
communities  have accumulated  species
independently of the richness level atready
reached, we might expect that different areas
under similar productivity levels will have
diverged in diversity. However, Gentry has
reported that samples of forest taken under
stmilar climatic conditions, but from different
regions of the tropics, tend to have similar
levels of diversitv. Another example appears
to be the New Zealand tree flora, which
shows a similar diversity to northern tem-
perate floras at corresponding predicted
productivity levels. Convergence of this sort
may be taken to indicate that there is some
capacity to the numbers of tree species
present in forest communities, which is
related to the level of productivity. Further

studies are necessary to detersvne whether
this convergence is a general phenomenon.

Conclusion: the enigma remains

The causes of the producivity diversity
relationship ot trees remain a tantalizing
enigma. Several different hypotheses can be
invoked to explain this trend, but it is very
difticult to know which, if anv, of these is
correct. A simple resource-partitioning
mechanism seems unlikely, but there are all
manner of other complex wavs in which a
similar system might operate. The physio-
logical harshness hvpotheses sound fairly
plausible, although the apparent conver-
gence of diversity levels between climatically
corresponding regions might be taken to
indicate that there is actually some structural
mechanism at work as well.

A basic problem is that it is verv difficult to
test hypotheses which invoke subtle eco-
logical and evolutionary processes acting
over miltions of vears. Our understanding of
community interactions and evolution is still
too sketchy even to guess at some of the
mechanisms which might have operated. It is
quite possible that there is no single process
underlying all productiviiy-diversity relation-
ships; rather it may be a combination of
several very different processes tending to
act in parallel, and varying in relative import-
ance from one place to another and from one
spatial scale to another. We can only hope
that, as knowledge slowly accumulates,
further clues to the mechanisms behind
diversity trends will emerge.
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Threatened Biotas:

"Hot Spots" in Tropical Forests

NORMAN MYERS'

Upper Meadow, Old Road,
Oxford OX3 85Z, UK.

Summary

The mass-extinction episode underway is largely
cenired on tropical forests, insofar as they contain
&t least half of all Earth’s species and they are
being depleted faster than any other biome. But
species distributions and depletion patierns are
anything but uniform throughout the biome. This
paper identifies 10 areas i1hat, a) are
characterised by exceptional concentrations of
species with high levels of endemism and b} are
experiencing unusually rapid rates of depletion.
While these “hotspoi™ areas comprise less than
3.5 percent of remaining primary forests, they

harbour over 34 000 endemic plant species (27

percent of all plant species in tropical forests and
13 percent of all plant species worldwide}. They
also feature 700 000 endemic animal species and
possibly several times more. Unforiunately, they
appear likely to lose 90 percent of their forest
cover as soon as the end of the century or skortly
theregfier, causing the extinction of almost 7
percent of Earth's plant species ard at least a
similar proportion of animal species, this
occurring in only 0.2 percent of Earth's land
surface. By concentrating on such areas where
needs are greatest and where the pay-off from
safeguard measures would also be greatest,
conservationists can engage in a more
Systematised response to the challenge of large-
scale extinclions impending in tropical forests.

*Professor Norman Myers is a consuluant in environment and
development He is suthor of many imponnt environmental
books, an Advisory Board Membes, &nd 2 regular contibutor
1o The Environmentalist,

The Environmentalist
VYolume 8, Number 3, 187-208 (1988)

Introduction

There sre many prognoses (Ehrlich and Ehdich,
1981; Myers, 1987a; Raven, 1987; Western and
Pearl, 1989; Wilson, 1988) of a mass extinclion
of species during the next few decades, notably
in tropical forests. This paper proposes that we
can identify a number of localities in tropical
forests that;
a) feature exceptional concentrations of species
with exceptional levels of endemism, and

b) face exceptional degrees of threat.

These "hotspot”™ areas, 10 of which arg
identified in this paper, total only 292 000 g.m
(3.5 percent) of a biome of 8.5 million km” of
primary forest remaining. But they feature 2 large
proportion, possible a majority, of the 125 000
higher plant species, both local endemics and
wide-distribution species, that exist in tropical
forests overall, Moreover, the arcas are
exceptionally rich in animal species too. If
present exploitation trends persist in these forests
(they are likely to accelerate), there may be litde
Ieft of the hotspot areas, except in severely
degraded form, by the start of the next century or
shortly thereafter.

Thus, there appears 1o be a major extinction
spasm impending in these areas alone. Conversely,
of course, if conservationists can identify key
localities of biotic richness under acute threat, they
can determine their conservation priorities in a
more informed and methodical manner than has
often been the case 1o date,

Right from the start, however, the analysis is
bedevilled by lack of basic data. We know all 100
litde about the numbers of species, especially of
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A&l speccicd. 1D AOLSPoL arcas. in uopical
forests overall, defined here as forests with 2
mean annual rainfall of 1500 mm or more, and 2
mean monthly minimum of 100 mm, there could
be anything from 2.5 million to 30 million
(conceivably $0 million) animal species (Erwin,
1988), yet 10 date we have identified litle more
than 0.5 million of them. So for the purposes of
this paper. atiention will be confined to species of
vascular plants, also known as “higher planis” of
which flowering plants comprise 88 percent, and
henceforth referred 10 simply as plant species.

This is not to leave animal species entirely out
of account. Species-area inventories in diverse
sectors of tropical forests suggest there are at least
20 animal species for every one plant species,
assuming a minimum planetary total of all species
of S million. This means that if the hotspot areas
feature, say, half of all plant species in tropical
forests, viz. about 62 500 species (the true total
could be a good deal greater), they presumably
contain at least 1.25 million animal species,
though as noted, the actual figure for animal
species could be far higher, indecd several times
higher.

Biotic Richness of Tropical Forests

The abundance of tropical-forest species is we:l
documented. In the central portion of the La Selva
Forfst Reserve in Cosia Rica, toualling only 13.7
km*, there are almost 1500 plant species, more
than in lhs whole of Great Britain with its
243 500 km*. In the Reserve there are 388 bird
specics (spanning S6 families and 273 genera), 63
bat specics (9 and 37), 42 fish species (13 and
17). 122 herptile species (23 and 63), and 143
buuctfly species (11 and 59). These 1otals are to
be comparcd with specics numbers for the
continental USA: 650 birds, 40 bats, 775 fish, 455
herpiiles and 415 buucrflies.

As an cxample of an entire country, Ecuador
contains an cstimated 20 000 plant species, the
bulk of them in its forests and at least 4000 of
them cndemic. By contrast, the lemperate zone
staic of Minncsota, twice the size of Ecuador, has
1700 plant species, only one of them endemic
(Gentry, 1986a). Ecuador harbours more than
1300 known bird species, or almost twice as
many as in the USA and Canada combincd.

Morcover, tropical forests feature much
higher icvels of plant endemism than regions
elsewhere; for details sce the descriptions of
hoispot arcas below, Similarly, endemism among
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DiIrgs 1 pronounceao, in oopical 1orests O1 boum
America, 440 species of birds, about 25 pen:cl;t
of the total, have ranges of less than 50 000 kom”,
by contrast with § species, or 2 percent of the
total, that have similarly restricted ranges in the
USA and Canada (Terborgh and Winter, 1983).

Plainly. endemic species are extremely
vulnerable 10 extinction when their logalised
habitats are deforested. Not so plainly, the
ecological specialisations of many tropical-forest
species, such as sensitive positions in complex
food webs, leave them subject to summary demise
when their support ecosystems are merely
destabilised through forest disturbance and
degradation (Gilbert, 1980; Janzen, 1975,
Terborgh, 1986). In panicular, the marked
phenomenon of outbreeding among tropical-forest
plants means that when they are reduced to small
populations, they become specially susceptible 10
sudden extinction.

Hot Spot Areas: Quality of Data

Now to consider 10 discrete areas in tropical
forests that rank as “hot spots™ by virtue of their
floristic richness and deforestation rates. See Fig.
1 for their Jocation and Table 1 for summarised
data; and Table 2 for a comparison with other
panis of the world. Since the critical data are
presented in compressed form, the accounts are
supponed with numerous references. Where no
reference is given, the information derives from
the author's own experience while working
intermittently in the countries in question over 3
period of 17 years.

In a broad-ranging review of this son, the
data are bound to vary considcrably in quality. In
many insiances the statistical information is
considered accurate 10 within § percent or better.
In many others it is sufficicntly accurate 10 rank
as sound suppornt for “working estimates™. In
some it is regarded as qualitatively correct, even
though the quantitative data are deficient:
indicative information and best-judgement
appraisals have their role to play in a paper such
as this, provided their constraints are recognised.
In a few further instances, which are identified as
such, the information base is so poor that we have
nothing better than “educated assessments”, even
rough-and-ready estimates that occasionally
amount 10 little more than guesstimates, albeit
carcfully conservative.

The author belicves that this overall approach,
uneven as it is, is justified in an analytical

The Environmentalist
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‘TABLE 2 Plant Species World-wide: Areas, Species Concentations and Endemics,
In the wopical countries Listed, most species ocowr in forests.

County/region Area (k?) Plant species Endemism
. (percent)

Cosua Rica 50899 $-10000 15

La Selva Raerve 13.7 1500
Pangma Te513 2500 14

Barro Colorado Liland 156 1369
Colombis 1138914 45000 or 50

Choct Depariment 47200 10000 or so 25
Ecusdor 461477 20000 arso . 20

Rio Palenque Research

Station 1 1250 4

Peru 1285218 20000 plus

Manu Nationa! Pk 18000

Tambopata Reserve 55 (215 tree species listed)
Madsgascar 587041 10000 plus 80 plus
India 3166828 15000 3
Sri Lanka 65610 3365 b2
Bomeo 757000 10000 plus M
Philippines 299498 8500 a4
New Guinea 375821 11000 0
New Caledonia 19154 313 s
For comparison:
Continental USA 9337532 16500

Califomnia Floristic

Province 324000 4452 48

Minnesots 415000 1700 0.06
Hawsii 16641 1100 90
Europe (cutside
Soviel Union) 5680000 11300
British Isles 302470 1322 02
Soviet Union 22400000 21100
Austalia 7682300 25000
South Africa

Cape Floristic Kingdom 13650 Ly 63

Source: Davis & &l 1986, and numerous references cied in text

exercise that seeks to delineate the conservation
challenge of a mass-extinction episode in its full
scope. Moreover, in cases where there is
inadequate documentation of a quantitative sort,
one should not be preoccupied with what can be
counted, if that is to the detriment of what also
counts, After all, to decide that an area should not
be evaluated because we lack a conventional

- degree of accurate data is effectvely to decide

that its conservation nezds cannot be evaluated
either, in which case its cause tends to go by
default

A further brief point arises. In many instances
a patch of primary forest may be grossly
disrupted without being destroyed outright Or,
when an area cleared of its forest regenerates the
result is secondary forest, with species

190

complements that differ markedly from the
original primary forest But this paper confines
itself to primary forest cover for two reasons.
First, only primary forest contains the high
species diversity that characterises the biome.
Secondly, the biome features only small amounts
of secondary forest, whereas “conversion” of
primary forest generally results in total and-
permanent elimination of forest cover. In any
case, there is little overlap in species composition
between primary forest and secondary forest. In
Rondonia State in Brazilian Amazonia, for
instance, secondary vegetation as much as 15
years old shows little regeneration of primary
forest species, even though the new vegetation is
structurally similar to the original forest (Lisboa
et al., 1588).

The Environmentalist
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Ten "Hotspol™ Areas

J. Madagascar

This ancient island is famous for its unique biota.
Yet nationwide, only 5§ percent of the original
vegetation remains (Guillaumet, 1984, Jenkins,
1987: Jolly et al., 1984; Leroy, 1978; Lowry,
1986; Mittermeier, 1986). Forunately, the
situation is somewhat better in a strip of moist
forest along the island’s eastemn side, where more
ihan 6000 plant species occur of which 4900 (82
percent) are endemic. Virnually all of the narrow
coastal plains and the lower slopes have been
deforcsied, but on the higher slopes some tree
cover persists, amounting t%day (early 1988) 10
rather less than 20 q00 km* (32 percent of the
original 62 000 km®) (Sussman et al., 1988).
Around half of these relict patches have been
degraded through intensive slash-and- bum
cultivation, which is now eliminating 1000-1500
km? of forest per year. The forest remnants that
feaure greatest species diversity and endemism,
notably in the northern part of the strip, are
precisely those forest tracts under most pressure
from agricultural setlers.

Thus there is linle hope that more than 10
percent of original forest will survive beyond the
end of the century. Madagascar's population
growth remains high at 2.8 percent per year. Rural
poverty is pervasive. Existing farmlands are
among the most eroded anywhere; and because
they are generally unable to support the rural
population, growing throngs of peasants seek new
lands 1o cultivate, notably in the forests.

2. Atlantic Coast Brazil _

Along its Atlantic coast, Brazil possesses 3
discontinuous strip of remnant forest. This strip,
fioristically far differemt from Amazonia, once
featured about 10 000 plant species, with an
endemism level around 50 percent (53 percent for
trees, 64 percent for palms) (Boom &f al., 1983,

Fonseca, 1985; Mori, 1988). From the onsel of

Portuguese colonisation, the forest has been
heavily and repeatedly logged for timber and
charcoal. Worse, extensive sectors have been
cleared for plantations of sugar-cane, coffee,
cocoa and other cash crops. Of the original 10 000

km* of forest, only 5 percent remains today, 8

mere 2 percent in primary form, and less than 0.1
percent is protested as parks and reserves.

3. Western Ecuador
The lowland wet forest of western Ecuador, once
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cov;ring 27 000 km?, and now reduced to 2500
km* a1 most, shows some floristic affinity with
the Colombian Chocd (see mext ftem), but its
many unique features, ¢.g. its abundant endemic
epiphytes, allow it to rank as a distinct
phytogeographic zone. It once contained some
10 000 plant species, around 2500 of them
endemic 10 the area (Dodson and Gentry, 1978).
The original forest was almost completely
convered to cash-crop plantations and other non-
forest uses within just 12 years from 1960
onwards.

An idea of the former biotic diversity may be
gained from the Rio Palenque Science Center 2}
the southern tip of the area, where less than ] km
of primary forest survives. In this fragment there
are 1200 plant species, 25 percent of them
endemic to western Ecuador (Dodson and Gentry,
1978). As many as 100 of these Rio Palenque
species have proved 1o be new 10 science; 43 arc
known only from the site, and a good number
exists in the form of just a few individuals, some
as & single individual.

About 8 km cast of Rio Palengue is the
Centinella Ridge, isolated from the main Andean
range. Some 600 m high, and measuring only 20
km long by 1 km wide, the ridge formerly
supporied almost 100 endemic plant species
(Gentry, 1986a). Between 1980 and 1984 it was
cleared for setlement agriculrure and its native
vegetation, including its endemic species, was
eliminated. Several dozen other semi-isolated
ridges along the base of the Andes could well
show similar species richness and high endemism,
but they remain linle explored botanically. If they
prove to match the floristic richness of the
Centinella Ridge, they could well contain at least
1000 undiscovered species, many of them
endemic. Around half have recenty been cleared
for agriculture (Gentry, 1987).

Western Ecuador, and the other two arcas
described above, rank as the hottest of hot spots
insofar as they are the richest and the most
threatened of all the arcas considered in this
paper. In these three arcas together there must
have already occurred a mini-spasm of
extinctions. In the light of the data presented. it
is realistic to suppose that until recently they
supported a total of 26 000 plant species, together
with well over 500 000 animal species, indeed
many more animal species if original numbers
were proportionally higher than postulated on the
basis of a minimum planetary complement of 5
million species. Endemism levels ranged from 25
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10 B2 percent. In each area less than 10 percent
of original vegetation remains today, or is likely
to last beyond the end of the century. According
to the well- established theory of island
biogeography (MacArhur and Wilson, 1967),
when a habitat loses 90 percent of its original
extent it can no longer suppon more than 50
percent of its original species. In these three arcas
alone, then, recent or near-future extinctions
could well 1otal some 6200 plant species and at
Teast 124 000 animal species. Altemnatively suicd.
a collective area of originally 1 089 000 km® of
tropical forest, amounting to only 0.74 percent of
Eanth's land surface, formerly supportied 10.4
percent of Earth's plant species; and it is now
surely experiencing the extinction of almost 2.5
percent of Eanth's plant species and at least a
similar share of animal species. Sce Table 3 for a
consolidaied summary.

Let us suppose. moreover, that the great
majority of these extinctions will have occurred
during the last 50 years of this century {much
deforestation overtook Madagascar and Allantic
¢oast Brazil before 1950, whereas western
Ecuador did not stant deforestation until 1960).
The calculations above indicate that in these three
areas alone an average of one plant species will
have been eliminated every three days, and
several animal species, possibly as many as five
species, every day. -

Of course these are crude calculations. They
are advanced solely as a preliminary exploration
of a mass-extinction episode already underway:
no more, no less.

4. The Colombian Chocé
The Colombian Chocé is an expanse of mainly
coastal-plain forest, extending from the Panama
border right through to the Ecuador boardcr.zlnd
formerly comprising almost 100 000 km® of
forest. While only a litde more than 3500 plant
species have been recorded, there are probably at
Teast 8000, and possibly 9000, in just the Chocd
Department, with a total of at least 10 000 in the
whole of the Chocé region. Of these, 25 percent
are believed to be endemic (Gentry, 1982a,
1982b; Forero and Gentry, 1987). Similarly high
rates of endemism apply 1o birds (Terborgh and
Winter, 1983) and butterflies (Brown, 1982).
Since the beginning of this century there has
been a steady stream of settlers spreading out
along the rivers, drawn by the timber stocks and
mining potential, and pushed by socio-economic
problems, such as land hunger in the Colombian
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highlands (Gentry, 1987, Kirkbride, 1986). In
1980, two-thirds of rural households were either
landless or they worked insufficient land 10
sustain themselves (Sinha, 1984); and today the
mal-distribution of farmlands has become still
more skewed. Moreover, there are growing
throngs of workless people. Of 2 labour force of
9 million people in 1984, unemployed and
under-employed amounted to 40 percent, and
increasingly these impoverished people seek 10
suppont themselves through setlement agriculture
in the Chocd and in Amazonia (see next item).
Since the carly 1970s, deforestation has

- proceeded apace. The northem pant of the Chocd

has virtually all been deforested by logging and
the spread of agriculrure. In much of the central
Chocs, forest accessible from rivers, including
tributaries, has been all but eliminated, apan from
a few remote localities. In the southem sector
adjoining the Ecuador boarder, forest has given
way to oil-palm plantations (Gentry, 1987). All in
all, undisturbed_forest in 1579 amounted 1o less
than 80 000 km?, meaning that roughly 20 percent
of the forest cover had already been removed
(Gentry, 1987). Today there is probably no more
than 72 000 km* lefi and deforestation is
proceeding faster than ever.

S. Uplands of Western Amazonia
This arca includes upland sectors between 500
and 1500 m of the Andean slopes that border
Western Amazonia, with high rainfall year-round
and fentile soil. It comprises 2 belt mainly 50 km
wide, sometimes only 25 km. It extends about
2200 km from the southemn part of Colombian
Amazonia, through Ecuador, and right along the
Amazonian fringe of Peru. Th\.&& it encompasses
no more to than 100 000 km®, Not only is it
extremely rich in species, it is probably
undergoing more forest depletion than is
occurring in the 15 times larger Brazilian State of
Amazonas, .
Western Amazonia as 8 whole j.c. lowlands as
well as uplands, is surely the richest biotic zone
on Eanh (Brack, 1987; Caballero, 1981; Gentry.
1986a, 1988a; Parker, T.A., 1987; Remsen, 1987,
Stark and Gentry, 1988; Terborgh, 1987). Indeed
it deserves 10 rank as a kind of global epicentre
of bio-diversity (Munn, 1987). In iouth-eastern
Peru, the forests of the 15 000 km® Manu Park
contzin at Jeast 8000 described plant species, or
almost half as many as in the 520 times larger
USA. There are also 200 animal specics, or more
than in the USA and Canada, and 900 bird
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species, or more than 10 percent of all those on
Earth. Manu extends from the Amazon plain far
up in the Andean slopes and, as elsewhere alone
the fringes of Western Amazonia, much of the
flora and fauna of the lowlands are found in the
“upper tropics” as well. But the converse does not
apply 10 the same extent Of 1200 bird species in
Peruvian Amazonia, 75 percent of the country's
total, there are many more above the 1000 m line
than below; and of 160 tanagers in the whole of
Amazonia, more than 120 occur in the upper
tropics (Parker, TA, ez al,, 1982; see also Haffer,
1985 and Terborgh er al., 1984; for similar
findings in Colombia and Ecuador, see Cracraft,
1985; Hilty and Brown, 1934).

Despite the extreme biotic richness of this
part of Western Amazonia, we know all too Kule
sbout the flora of the area. We cannot even
advance a substantialed estimate of the 1otal
number of plant species. Of an estimated 10 000
plant species awaiting discovery in the
Neotropics, many are surmised to be in Western
Amazonia (Gentry, 1988b). There are reputed 0
be 4000 species in the relatively small
Ecuadorian sector alone (Balslev, 1988). For the
purposes of this paper, and on the basis of
comparative assessments (Gentry, 1987), we ¢an
hazard an "informed assessment 10 the effect that
Western Amazonia may well support 20 000 plant
species. -

More important still, there is 2 higher level of
endemism in the uplands than in the lowlands
(Brack, 1987, Dourojeanni, 1986; Duellman,
1987, Gentry, 1986a; 1988a; 1988b; Gentry and
Dodson, 1987a; 1987b; Patton, 1987, Remsen,
1987). This probably occurs, in part at least,
because the Andean slopes are divided by deep

valleys. In just eight valley systems of eastem .

Peru, several as small as 5000 km“* in extent, there
are 65 endemic bird species (Parker, TA., er al.,
1982). For venebrate species generally in five
scparate drainages, the endemism level appears o
be of the order of 30 percent (Parker, T.A.,1987;
Terborgh, 1987). While the level of plant
endemism is little documented, we know from
other biotically rich arcas in tropical forests of
South America that endemism among plants ofien
matches that of animals (Gentry, 1987). So it is
realistic to suppose that the endemism level for
plant species in the area could well be 25 percent,
if not higher, and this figure is accepted for the
purposes of this paper.

Throughout much of the area there has been
extensive road building for at least two decades.
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This fosters the spread of subsistence farming and
plantation agriculture (coffee, tea, cocoa, cocd) in
the arca with its rich soils. The result has been
large-scale conversion of forest, both by outright
deforestation and by gross disruption of forest
ecosystems. In the Colombian sector, the influx
of new settlers in the late 1970s was eliminating
between 1500 and 2000 km*® of forest per year
and degrading a good deal more (Marsh, 1983).
According to scatiered reports and the author’s
own field findings in south-eastern Colombia, the
amount of land deforested and otherwise
conzrened so far could well amount to 10 000
km*, viz. virtually the entire upper tropics zone.

In the Ecuador sector there were only 45 000
people in 1950, but almost 300 000 today (Salalar,
1986). Since the late 1960s, the scctor has been
Ecuador’s most impornant source of petroleum,
which has been paying for 2 large share of the
naticnal budget. There has been not only much
road building and settlement but also rapid
conversion of forest into oil-palm plantations;
Ecuador has high hopes that palm-oil will join
petroleum as a major source of foreign exchange
for its ailing economy (Bromley, 1981; Hiraoka
and Yamamoto, 1980; Rudel, 1983). The amount
of forest convepied to date could well be as much
as 15 000 km®, again almost all the remaining
forest being in the upper tropics zone.

As for Peruvian Amazonia, the largest and
biotically the richest part of the arca, forest
depletion is proceeding widely and rapidly, but
because the upper tropics zone is much more
extensive here than in Colombia and Ecuador, the
forest has not yet been eliminated so widely. In
the late 1970s, almost 30 000 additional people
were entering Amazonia each year, mostly into
the upper tropical zone (Dourojeanni, 1979;
Myers, 1980). They were amriving primarily in
response to land hunger in traditional farming
areas of western Peru, where landlessness and
near- landlessness amounted to 75 percent of
small-scale farmers (Durham, 1979; Sinha, 1984).
By 1979, lands under effective agricultural use in
Peruvian Amazonia, n}oszly in the uplands,
amgunted 1o 13 200 km®, with a further 37 400
km® of abandoned farmlands (Myers, 1980).
Today, the 1otal is put at more than 70 000 km*,
in the uplands and lowlands combined, with 23
ennual deforestation rate of almost 3000 km
(Dourcjeanni, 1988; Salai ef al., 1988).

In summary, and according to recent
observers {(Gentry, 1987; Munn, 1987, Parker,
T.A., 1987; Patton, 1987, -Salati er al., 1988;

195



“Terborgh. 1987), almost the entire upper tropics
zone has been deforested in Colombia and
Ecuador, while in Peru, the same applies at least
from the Rio Marafion in the north to the Rio
Apurimac in the south. This means that, roughly
estimated. some 65 000 km* (65 percent) of the
area’s forest has already been cleared or otherwise
converied. Morcover, deforestation is proceeding
ever more rapidly. There is a progressive build-up
of land hunger pressures in traditional farming
territories of all countries concerned: and these
pressures are being compounded by faltering

~economies and population growth. In addition,

each of the governments in question perceives an
incentive 10 speed up sclement of Amazonia 8s
a means (o assen sovereignty over the area with
its abundant mineral resources. Given the
accelerating deforestation trends of the past two
decades, it is not unrcalistic to surmise that at
least 90 percent of forest will be converted by the
year 2000, if not sooner, meaning that S0 percent
of the species of the arca will have disappeared
or be on the point of elimination.

6. Eastern Himalayas

Phytogeographically, the Eastern Himalayas form
s distinct floral region (Maheshwari, 1980;
Ohashi, 1975; Palliwall, 1982; Polunin and
Stainton. 1984; Sahni, 1979; Takhujan, 1986).
The area comprises Nepal, Bhutan and

neighbouring states of northern India, plus 2~

contiguous sector of Yunnan Province in south-
western China. Although some Himalayan forests
occur at altitudes of 1800 to 3500 m, where their
physiognomy, structure, etc., make them more
akin to temperate zone forests, and they all lie
well north of the Tropic of Cancer, they will be
considered here as tropical forests since they
occur largely within the climatic tropies.

The Eastern Himalayas feature ultra-varied

" topography, a factor that fosters species diversity

and endcmism. Many decp and semi- isolated
valleys are exceptionally rich in endemic gla.nt
species. In Sikkim, in an area of 7298 km*, of
4250 plant species, 2550 (60 percent) are endemic
(Palliwall, 1982).

In India’s sector of the area some 5800 plant
species occur, roughly 2000 (36 percent) of them
teing endemic (Jain and Mehra, 1983; Jain and
Sastry, 1982; Maheshwari, 1987; Nair, 1987;
Ramakrishnan, 1985; Rao, 1980; Nayar and
Sastry, 1987). In Nepal there arc an estimated
7000 plant species, many of which overlap with
those of India, Bhutan and even Yunnan (totals for
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the Eastern Himalayas). Of these plant species, at
least SO0 (almost § percent) are thought to be
endemic to Nepal (Hara eral., 1978- 82; Shrestha
et al., 1986). Bhutan possesses an estimated 5000
species, of which as many as 750 (1S percent) arc
considered 1o be endemic to the Esstern
Himalayas (Grierson and Long, 1983).

As for China. it harbours an estimate¢ 15 000
plant species in its tropical regions, which
comprise some areas additional to the main
Jocality in Yunnan (Anon., 1985; Hou, 1983;
Takhtajan, 1986; Zheng-Yi, 1980). Yunnan alone,
with its centres of exceptional endemism
(Tsun-Shen and Zhi-Song, 1984; Zaifu, 1984;
Zang, 1987; Zhenzhou, 1987), is believed to
possess almost 12 000 species, mostly in its
tropical forest zone that now covers only 10
percent at most of the 436 200 km province.
Plant endemism rates range from 10 10 34 percent
according 10 locality. But regrentably, no good
data are available for species numbers and
distribution. For the purposes of this paper and its
atiempts 10 come up with “working estimates” of
species totals, let us consider an informed and
strictly conservative assessment, based on the
suthor's communications with Chinese botanists
(Youxu, 1987; Zang, 1987; Zhenzhou, 1987):
Yunnan's tropical forest plants total 7000 species,
some overlapping with temitories to the west at
least 1000 (14 percent) of them being endemic.

In summary then, in that portion of the region
within the Indian sub-continent, i.e. excluding
south-western China, there are an estimated 8000
plant species, some common to the Indian sub-
continent, at least 1000 of them endemic. So a
conservative estimate for the whole of the Eastem
Himalayas can be set at 5000 specics, with 3500
(39 pereent) of them being endemic.

Early in this century, forest cover in the entire
Himalayan range was stll extensive, especially in
the eastern portion. Today, much has been
eliminated altogether, and most of the remainder
is degraded (Gupta and Bandhu, 1979 Myers,
1986; Singh and Kaur, 1985). In the Indian sector
of the castern portion of the range, there is
virtually no forest left below 2000 m, and in the
next zone up 10 3000 m it has declined from sbout
35 percent in 1950 to 8 percent or less today
(Haig, 1984; Lall and Moddie, 1981, Maheshwari,
1987; Rao, 1987). The 1otal can be tentatively put
at 57 000 km?, and as much as 66 percent is
biologically depauperate. Population pressurcs are
already acute: 70 percent of smallholdings in the
Indian sector of the Eastern Himalayas are less
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than 1 ha each.

In Nepal, forest_cover declined by 1982 w
less than 25 000 km? (Bajracharya, 1983; Malla,
1686). Of soday's forest, estimated at a litle over
21 000 km?, 33 percent is considered degraded 0
such an extent thal it no Jonger retains more than
a fraction of its biological productivity and biotic
richness. If current raes of deforestation continue
in Nepal, there will be vinually no forest left by
the end of the century (Manens, 1982; Wallace,
198S). As for Bhutan, at least 23 000 km"™, or 50
percent of national temitory, are still forested, but
only 22 percent features closed or partially closed
forest (Sargent er al., 1985). Moreover, many
forest tracts, especially those that are richest
biotically, have been severely disrupted through
logging and expanding agriculture (Sargent,
1985). ,

In the case of Yunnan, there is scant
information available except that tropical forests
are reponed to have declined since 1950 from 55
to 21 percent of 21heir former extent, i.e. 10
roughly 9000 km®, due principally to heavy
pressures from agriculiural settlement
(Chamberlain, 1987, Smil, 1985; Youxu, 1987,
Zaifu, 1984; Zang, 1987; Zhang, 1986; Zhenzhou,
1987). Much of the remaining forest is degraded.

_ According to these data and best information
availzble from recent researchers in the region,
we can conclude, albeit tentatively, that former
forest in the Eastern Himalayas as a whole was
once some 340 000 km®, but is reduced joday to
110 000 km? a1 most, only $3 000 km? of that
being primary forest

7. Peninsular Malaysia

The Malaysia Peninsula featurgs at Jeast £500
plant species in its 131 000 km", virrually all in
the tropical forests which once covered pretty
well the entire Peninsula (Aiken and Leigh, 1986;
Ashton, 1982; Soepadmo, 1987, Whitmore,
1984). Of 2400 tree species, 654 (27 percent) are
endemic; and this paper assumes a similar raie of
endemism among all plants, for a total of 2,395
species. Of the endemic tree species, 343 (52
pereent) are endangered; and of 66 such species
recorded only in the State of Perak, many of them
in tin-rich areas that have been heavily mined, the
majority have not been seen since 1940 (Zakaria,
1987). Much the same appears to apply to all
other endemic tree species in the Peninsula:
according 1o two experts on the endemic species
in the Perinsula (Ng and Low, 1982, "Their fate
hangs in the balance®.
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Specially imponant are limestone OUICTOPS.
Totalling only 269 km®, these outcrops feawre
1216 plant species of which 261 (21 pereent) arc
endemic (Kiew, 1983). Virtually all putcrops arc
severly threatened by quarrying, mining and
agriculture,

Ten years ago, only 53 500 xm? of Peninsular
Malaysia ?main:d forested and of this, only
28 000 km? ranked as primary forest (Aiken and
Leigh, 1985; Davison, 1982). Today, hardly any
lowland forest, viz. the richest forest type.
remains except in degraded form. Peninsular
Malaysia has recently become a net importer of
hardwood timber, a situation that directs still
greater exploitation pressure at remaining upland
forest.

8. Northern Borngo

The 757 000 km* island of Bomeo contains at
least 11 000 plant species, around 34 percent of
them endemic, making it the richest of the Sunda
islands (Davis et al., 1986). As in the case of
Peninsular Malaysia, virtually all the specics
occur in forests which constitute the
overwhelmingly dominant type of vegetation on
the island. ‘That pant of Bomeo with the greatest
species diversity by far is the northern sector that
comprises most of Sarawak, the mini-ime of
Brunei and Sabah, totalling 175 000 km®, or 23
percent of the island in terms of original forest
areas (Takhtajan, 1986; Veldkamp, 1987). In this
northern sector, a 10 hectare aggregate of forest
can support 700 tree species, Or as many s inthe
whole of North America (Ashton, 1977). of
Bomeo's 267 dipterocarp tree species, 250 (%4
percent) oceur in Sarawak and Brunei, 68 of them
(27 percent) being endemic (Ashton, 1982, see
also Anderson, 1980; Chai and Choo, 1983). In
Sabah there is a major centre of diversity at
Mount Kinabaly, with its 4500 plant species, 700
to 1000 of them being orchids, or at least 25
percent of all orchids in South-cast Asia (Luping
et al., 1978). Of Bomeo's 135 fig tree species, 75
appear on Mount Kinabalu, 13 of them (17
percent) being endemic; while of the 100 or more
Ericoceae species (rhododendrons and
associates), 43 percent are endemic (Cockbumn,
1980; Luping et al., 1978). According 10
best-judgement, albeit litle documented,
estimates of experienced observers, northem
Borneo, as defined here, is estimated to coniain
9000 plant species of which at least 3500 species
(39 percent) are believed to be endemic to the
area.
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The forests of the area are being depleted
quite fast. In Sarawak, logging procecds apace
and there remains a maximum of 75 000 km* o
forest in the State territory of 125 000 km
(Caldecott, 1986; Hong, 1987; Lee er a!l., 1986).
No more than 50 percent of this is considered to
rank as primary forest; almost all remaining forest
tracts in Sarawak have been given out 1o timber
concessions, and the entire expanse could well be
logged by the year 2000, if not earlier. In
addition, the State government considers that a
largze portion of forest lands, as much as 27 000
km®, are suitable for conversion to permanent
agriculture.

In Sabah, 61 S00 km? (87 percent) of the
State were still under forest cover of one type or
another in 1980, around 50 percent having been
disrupted and degraded (Myers, 1980). Today the
amount of prirnapr forest is reputed 10 be no more
mag 24 000 km* (Marsh, 1987). Almost 21 000
km® of forest are considered by the government
to offer agricultural potential and are scheduled
for eventual conversion 10 agriculiure and
agro-industry. Forest Reserves, whicy pemit
logging, comprise another 24 000 . Foregt
protection areas amount to less than 5000 km®.
Through a recent shift in policy, the forests are
being rapidly felled with the aim of maximising
immediate revenues.

Fortunately, Brunei still features around 3600
km? of forest in liwe disturbed state,

9. The Philippines

There are some 8500 plant species in the
Philippines, occurring almost entirely in tropical
forests that covered most of the archipelago as
recently as the start of this century (Madulid,
1982, 1987; Quisumbing, 1967. Revilla, 1986).
Some 3700 plant species (44 percent) are endemic
(Heaney, 1986). Many of the endemic plants have
been collecied only once or twice, and despite
recent efforts by botanists to re-collect them in
their original foresi habitats, many have not been
found and are presumed 1o be extinct.

Species richness and endemism have been
promoted by the fact that the Philippines
comprises more than 7000 islands. Some islands
are strictly oceanic, others are fragments of once
larger islands, and still others have had recent
land-bridge connections to the Asian mainland.
As a result, islands with quite distinct flora and
fauna are separated by only short distances
{(Heaney, 1986). Of 628 terresirial veriebrates,
229 (37 percent) are single-island endemic,
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making them all the more vulnerable to summary
extinction (Hauge er al., 1987). A similar degres
of highly localised endemism applies 10 plants
(Madulid, 1987; Tan & al., 1986). )

Remaining forests cover no more than 55 000
km? (18 percent of the country), mostly in
disturbed and degraded form. Old-growth
dipterocarp forests in primary status, viz. the
richest forests in both biotic and commcrgnl
senses, have been reduced to only 8000 km™ at
most, and they are expected 1o be logged out well
before the year 2000 (Revilla er al., 1987). Yet
the principal factor inforest depletion is no longer
the loggers. It is the slash-and-bumn cultivators
who occupy much of the country’s uplands where
most of the remaining forests are locaied, and
who often feaure popn.gation densities of 200
persons or more per km*, i.e. far more than can
be sustained by shifting cultivation of a traditional
type (Cruz, 1986). These forest-land farmers now
total at least 14.4 million. They mostly comprise
susbsistence peasants who, finding themselves
landless in the country’s lowlands, migrate to
remaining forest lands. Given the current
population growth rate nationwide of 2.8 percent
(no significant decline since 1980), and the .
closing of the agriculiural frontier in the
lowlands, this migratory trend is likely 10
accelerate until virtwally all remaining forest of
whatever sont has been eliminated within another
two decades (Myers, 1988a).

10. New Caledonia

In the island’s forests there are 1575 plant species
of which nearly 1400 (89 percent) are endemic
(Cherrier, 1986; Holioway, 1979; Lowry, 1986;
Morat ef al., 1984). Even before Europeans
arrived there was much burning of forests, and
during the period 1870-1940 the best timber
stands were logged. By the middle of this century
many forest areas with the greatest biotic
diversity had been eithfr bumed of logged. and
by 1970, only 2000 km* at most, out of a total of
3740 km*, could be considered to feature
undisturbed forest (Thomson and Adloff, 1971).
By u:odayi the amount has declined still further to
1500 km* (Morat et al., 1984).

According to the Forestry Department, certain
of these primary forests, together with secondary
forests, many of them degraded to savannah
woodlands, continue 10 recede under the impact
of over-exploitative logging, mincral extraction
and wild fires (Boulet, 1987, Cherrier, 1986;
Dahl, 1984). Much of the forest remaining is on
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steep slopes, so is less accessible to commercial
logging. but the fcw remaining timber companies
are still trying to harvest some last patches of
primary forest (Dahl, 1984; Spiers, 1985).
Morecover, all forests remain vulnerable to mining
activities and frequent bush fires.

These, then are the 10 “hot spot” areas of
special imponance. In addition, there are several
other, though smaller and less rich areas also
under severe threat. They include the Mosquitia
forest of Honduras and Nicaragua; the Darien
Gap in Panama: five centres of diversity in
Brazilian Amazonia; the south-western pan of the
Ivory coast; the "eastern arc” forests of Kenya and
Tanzania; the Western Ghats of India;
south-western Sri Lanka; southem Thailand: and
Sumatra. Altogether, these areas possibly suppon
as many as S000 endemic plant species, by
contrast with 34 200 in the hotspot areas.

Comparisons: Hawaii and Queensland

For comparison. let us briefly consider two hot
spot areas in the developed world where
conservation resources are much more plentiful
than in the developing world, and where
extinction threats can be much more readily
reduced.

1. Hawaii

Covering only 16 707 km?2, the islands harbour at
Jeast 1100 native plant species, some 990 (90
pereent) of them being endemic and nearly half
of them threatened (Carlguist, 1980, Mueller-
Dubois er al.. 1981; Stone and Scott, 1985). At
jeast 75 percent of plant species and an estimated
825 of endemic species occur in the island’s
forests, which are now reduced to well under 50
percent of their original extent. Deforestation
continues in response to a tax system which
encourages forest clearing for agricultural
expansion.

A comprehensive conservation strategy has
recently been formulated (Nature Conscrvancy of
Hawaii, 1987). Of roughly 150 ccosystem types.
the bulk of them in the forests, 88 are considered
so endangered that they will certainly be
eliminated within another two decades unless they
are protected forthwith. At least 30 of these
ecosystems, representing 33 percent of the
critically imperilled communities, could be saved
for a cost of $10 million, while the rest could be
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secured for a further $150 million.

2. Queensland

In northemn Quecnsland, another developed-world
area, there are 6300 km”_of wet forest remaining
out of some 13 000 km? half a century ago. In
this tiny tract, less than 0.1 percent of the surface
area of Australia and actually a paichwork of
forest remnants, there are at least 1165 plant
species, of which 435 (37 percent) are endemic 10
the area (Aiken and Leigh, 1987, Keto, 1984;
Parker, P.K., 1987; Rainforest Conservation
Society of Queensland, 1986; Tracey, 1982). As
in many tropical areas, some plant species are $0
restricted that they occur in a single valley or on
a single hilltop. Moreover, of the world’s 19
primitive flowering-plant families, 13 occur here,
two of them endemic 10 the area, giving the arca
the highest concentration of such plant familics
anywhere.

Ye1 despite the scientific value of the area, it
continues 10 be logged, with support from the
Queensland Government in the form of abundant
subsidies. The area has been designated by the
Govermnment of Australia as a candidate for World
Heritage Listing, a move that is being legally
contested by the Queensland Government.

*Good News™ Areas

Foriunately, there are a number of tropical forest
areas with unusual concentrations of species,
including many endemic species, and where there
are few threats of imminent depletion. An
instance is the Guyana Highlands, covering the
south-eastern haif of Venezuela and exiending
into Guyana.zand a little into Brazil, amounting to
500 000 km*. The area contains more than 400
endemic species described, out of a predicted
flora of about 8000 species (Davis er al., 1986;
Maguire, 1970; Steyermark, 1984). Human
populations are sparse and there seems little
prospect that primary forests will be modified
within the foreseeable future.

Another such arca comprises southern
Cameroon and western Gabon, extending img
parts of Congo and covering roughly 300 000 km
(Brenan, 1978; Catinot, 1978; Hamilton, 1976;
Letouzey, 1976; Stuart, 1987). Southern
Cameroon supports probably the richest flora in
continental tropical Africa, though statistical
evidence is regrettably sparse. Gabon, while liule
explored botanically, is reputed to harbour around
8000 piant species of which 1750 (22 percent) are
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endemic. Congo contains an estimated 4000 plant
species, 880 (22 percent) of them endemic; and
the western portion of Congo's northemn forests is
considered 10 be one of the most species-rich
areas in the entire Zaire Basin, With human
populations in Gabon and Coggo totalling only 3
million people in 610 000 km*, and no more than
$ million in southern Cameroon, population

. pressures on the forests are slight, though in

Gabon there is some threat from logging interests.

New Guinea also ranks as a good news area
for the most part. In the Papua New Guinc!
(PNG) portion there are more than 350 000 km
of forest lefi, covering about 75 percent of the
country; and a roughly similar amount exists in
the Irian Jaya sector of lndonesia2 which is
slightly smaller. These 700 000 km*® of forest
contain the great majority of the island's 11 000
plant species, 90 percent of them endemic
(Gressiu, 1982; Morauta er al., 1982; Paijmans,
1976). While 40 percent of the forests of PNG
have been disturbed or destroyed through
slash-and-bum farmingz outright clearing amounts
to only about 3000 km® per year. Broadly similar
figures apply to Irian Jaya, where the government
plans io devote about 20 percent of the territory
10 protected areas of various sons. PNG contains
only 3.5 million people and Irian Jaya 1.2 million,
s0 population pressures are slight so far.

The forests of these three areas could well
contain as many as 15 000 endemic plant species.

“The Role of P.arks and Reserves

Parks and reserves can play only a limited role in
preserving species in hot spot areas, even though
certain areas, notably Westem Amazonia and
Peninsular Malaysia, feature several protecied
areas of good size. The cost of establishing a
network of parks and reserves, i.e. sufficient to
safeguard a representative array of high-value
forest ecosystems, would be high. A recent
assessment (World Resources Institute and World
Bank, 1985) estimates that 10 establish an
adequate, though less than comprehensive, system
of protecied areas throughout the biome might
require an outlay of $800 million over 5 years.
In any case, there are severe limitations to
prolected areas as a long term safeguard strategy,
duc to the "islandizing effect”. This occurs when
2 patch of habitat becomes a park and its environs
are given over to alien activities, leaving the park
as an isolated patch of habitat. For the park to
serve as a viable ecological entity that can
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safeguard 50 percent of ils original specics
complement, it must generally constitute a1 least
10 percent of the original expanse of habitat,
which is hardly ever the case. As a consequence
of the "islandizing effect™ and the processes of
“ecological equilibration”, there ensues a delayed
fallout of species. Even in the best managed park,
delayed fallout eventually causes the species
complement to decline 10 less, often a good deal
less. than before the islandization occurred.

The same process applies 10 those many
forest areas that do not become parks, but are
islandized through fragmentation of forest tracts.

The remnants of primary forest in the Philippines

have almost all become far smaller than 10
percent of their original extent. This means that
they are.too small already 1o constitute
independent eco-units with full panoply of specics
in perpetuity, even if they were to be protected as
parks forthwith. Much the same applies to large
parts of remaining forests in Madagascar,
Atlantic-coast Brazil, the Eastern Himalayas,
Peninsular Malaysia and New Caledonia, where
most of the remaining forests have been reduced
to relict eco-islands. Indeed, in these six hot spot
areas there must have been a sizeable faliout of
species already.

For a graphic illustration of delayed fallout,
consider Amazonia. According to Simberloff
(1986), if deforestation continues at present rates
until the year 2000 (and it is likely to accelerate),
but then halts completely, we should anticipate an
eventual loss of about 15 percent of the plant
species of Amazonia. Were the forest cover 10 be
ultimately reduced to those areas now set aside as
parks and reserves, we should anticipate that 66
percent of plant species will eventually disappear,
together with almost 69 percent of bird species
and similar proportions of other major categories
of animal species.

The Climate Connection

In any case, the best protected areas may shonly
suffer severely through climatic disruptions. In
Amazonia it is becoming apparent that even if
sizeable amounts of forest cover were to be
safeguarded but the rest were 1o be “developed
out of existence®, there could soon emerge &
hydrological feedback effect that would allow a
good pant of the region’s meisture 10 be lost
the ecosystem (Salati and Vose, 1584). In tum,
this could impose a steady desiccatory process on
the remaining forest until it became more like 3
woodland; with all that would mean for the
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species communitics that are adapied to forest,

habitats. Even with a set of forest safeguards of
excmplary type and sCOpe. Amazonia's remaining
biotas would be more threatencd than ever.

 There are other climatic changes impending,
with potential impact on tropical-forest biotas that
could prove yet more pervasive and profound. By
the end of the century or shortly thereafier, &
planctary warming will surely be emerging,
caused by a build-up of carbon dioxide and other
=greenhouse gases” in the global atmosphere
(Bolin et al., 1986). In addition there will be some
rediswibution of rainfall patterns, with disruption
of monsoon sysiems and other seasonal rainfall
parterns (Davis, 1986, Emanuel, 1987, Myers,
1988b; Zong-Ci Zhao and Kellogg, 1988). Among
hotspot areas that could be vulnerable to this form
of perturbation are Eastern Himalayas,
Philippines and New Caledonia (also Hawaii and
Queensland). )

Equally to the point, these climatic changes
could work in amplificatory accord with other
factors, such as deforesuation and ecological
sensitivity of species, to deplete species
communities more than would be the case if they
worked in isolation from one another. Thesc
synergistic responses could serve to impose & still
greater scale of extinctions, and do so more
rapidly, than is sometimes anticipated (Myers,
1987b).

Analysis and Summary Assessment

The findings presented in this paper indicate that
unless far more vigorous conservation measures
are instituted in the 10 areas in question, we can
anticipate the extinction of & sizeable number of
plant species by the end of the century or shortly
therealter. Assuming that endemic plants in these
areas total rather more than 34 200 (Table 1), and
assuming that their habitats are reduced 10 10
percent or less of their otiginal exiznt within the
foreseeable future, there will ensue, according to
island biogeography, the extinction of half these
species, or more than 17 000 species. This
extinction spasm, accounting for more than 13
percent of all plant species in tropical rorchs. will
occur in a total area of only 252 000 km® of 35
percent of remaining tropical forests. These
calculations also mean that almost 7 percent of
Earth's plant species are now at terminal risk in
0.2 percent of Eanth's 1and surface.

As for animal species, the number in danger
is 350 000, assuming a minimum planetary total
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of S million species. The true total could well be
several times higher.

Furthermore we should not think only in
terms of sheer numbers of species. There is a
qualitative aspect to biotic depletion. In some
cases there will be elimination of taxa beyond the -
species level. For instance, in the forests of
Madagascar four or five families of plants arc
endemic to the area; and in New Caledonis, five
families. In all of the hot spot areas, many plant
genen are endemic. This makes the extinction
spasm underway 8 yel more impoverishing
phenomenon than s suggesied by a simple
count-up of species.

There is yet a further repercussion for the

‘plant kingdom. Large plants have existed on land

for the last 430 million years; and by 65 million
years ago, flowering plants (the great majority of
the plants considered in this paper) totalled
somewhere between 100 000 and 150 000
species, constituting about 75 percent of all plant
species on Jand. Today there are 220 00C such
species, or 88 percent of 250 000 species (Knoll,
1986). But during the late Cretaceous
mass-extinction episode, plant life on land seems
to have escaped with moderate losses at most,
possibly with only a few losses, as compared with
animal life. Thus the impending depletion of the
plant kingdom in hot spot arcas alone seems set
to match the worst mass extinction during the
entire history of vascular plants; and it will surely
prove greater than any other such episode.
Alternatively stated, of the 15 million (maximu
estimate) vascular plant species that are thought
1o have existed during the past 400 million years,
14.75 million have become extinct through
patural, f.e. non-human caused, reasons. This
works out at a very crude average of 1 species
every 27 years (more in recent times, as the
standing stock of species has increased). During
the next 25 years or $0, We can expect that the
extinction rate in 10 hot spot areas alone may well
average almost 2 per day, or almost 20 000 times
the "background” rate.
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For one thing, deforestation.in
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than thought. For a second and more important thing, the
application of island biogeography theory 1in the calculations 1is
unduly cautious and conservative. The basic assertion, viz. that
when a habitat loses 90 percent of 1ts origineal extent it can
stiil support S0 percent of its original specles, depends
critically on the status of the remaining 10 perceat of habitat.
If this remaining portion 18 aplit into many soall pieces of
nabitat {as is the case with virtually all the hot-3poL area3s
described), then a further wsslandizing effect” comes 1into play,
reducing the stock ©f Surviving species still further. It is not
known how severe this additional depletion can be: informed
estimates suggest the 50 percent figure could readily be reduced
to (roughly) 40 percent, more generally to 30 percent, sometinpes
to 20 percent, occasionslly even to 10 percent. Moreover

{soclated remnants of fores

t become prone to additional "’

depasuperizing processes such a3 "edge" effects, also to
desiccating effects due to local climate change. So the
calculations presented above for extinction rates, based on the

c0-percent survivorship rate,

should be considered as pmininum

est- .es. The "true” extinction figures could well be a good

deal higher.
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How many species?

ROBERT M. MAY

Department of Zoology, University of Oxford, South Parks Road. Oxford 0N 3PS, UK., Imperial College, London, UK.

SUMMARY

This paper begins with a survey of the patterns in discovering and recording species of animals and plants,
from Linnaeus’ time 1o the present. [t then outlines various approaches to estimating what the total
number of species on Earth might be: these approaches include extrapolation of past trends; direct
assessments based on the overall fraction previously recorded among newly studied groups of tropical
insects: indirect assessment derived from recent studies of arthropods in the canopies of tropical trees
(giving special attention to the question of what fraction of the species found on a given host-tree are likely
to be ‘effectively specialized’ on it); and estimates inferred from theoretical and empirical patterns in
species—size relations or in food web structure. 1 conclude with some remarks on the broader implications

of our ignorance about how many species there are,

1. INTRODUCTION

Earlier papers in this volume have surveyed our
growing understanding of the factors that govern the
population densities of individual species. Later papers
have gone on to consider the dynamics of single
populations in relation to the systems of interacting
species in which they are embedded (Godfray & Blythe;
Sugihara e/ al.), to their genetic structure (Travis), and

1o past (Valentine) and present (Hubbell; Lawton)’

patterns of relative abundance of species within
communities. Ideally, this final paper should build on
this foundation to arrive at an analytic understanding,
as distinct from a mere compendium, of how many
species of plants and animals we may expect to find in
a given community or in a particular region. Uln-
mately, such analyses could aim to pyramid toward a
fundamental understanding of why the total number of
species on our planet is what it is, and not grossty more
or less.

Needless to say, we are a long way from this goal.
This paper, therefore, focuses on the plainly factual
question of how many species of plants and animals
there are on earth, a number currently uncertain to
within a factor 10 or more, and dees not ask about the
underlying reasons. The paper thus differs from an
carlier review with a similar title {May 1988), in which
I dealt mainly with basic factors that may influence
species diversity, both locally and globally.

My paper begins with an account of those species
that have been named and recorded. Amazingly, this
current total is not known, because there is no central
catalogue or list of named species; a good estimate may
be around 1.8 million {Stork 1988). 1 then discuss a
variety of ways in which the total number of plant and
animal species on earth today mayv be estimated : b
extrapolating past trends of discovery within parucular
groups; by inferences from detailed studies of the
arthropod canopy fauna in tropical trees; by direct

PRl Trs. B Soc fead. BO1O90 3300 293 304
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estimates of the proportion of new species in studies of
groups of tropical insects (often different from extra-
polating past trends, which come predominately from
temperate regions) ; from species—size relations; and so
on. Different approaches yield global totals as small as
3 million or as large as 30 million or more. A
penultimate section raises some broader questions
about species diversity that are prompted by such
estimates of local or global totals. 1 conclude with
subjective thoughts en why it is important to know
how many species there are.

2, HOW MANY RECORDED SPECIES?

Tt is noteworthy that Linnaeus’ pioneering codi-
fication of biotic diversity came a century after Newton,
in the mid-1700s. Whatever the reason for this lag
between fundamental studies in physics and in biology,
the legacy lingers. Today’s catalogues of stars and
galaxies are effectively more complete {by any reason-
able measure), and vastly better funded, than cata-
logues of Earth's biota. And this certainly is not
because steliar catalogues offer more opportunity for
commercial application than do species catalogues.

The 1758 edition of Linnaeus’ work records some
9000 species of plants and animals. Table 1 summarizes
estimates of the numbers recorded since then up to
1970, for different groups. Table 1 also gives the time
it took to record the second half of the total number of
species {up to 1970) in each group, and the era when
new species within each group were being discovered
at the fastest rate (from Simon 1983). The table gives a
sense of the differences in the attention paid to different
groups, with half of all known bird species already
recorded in the century after Linnaeus, while half the
arachnid and crustacean species known in 1970 were
recorded in the preceding 10 vears; contrast figure |
and figure 2.

The furries and featheries are, of course, very well
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Table . Tavonamc activtty. from 1738 to 1970, for different amimal groups. as reveated in patterns of recerding new species {after

Stmon 1983

estimated number of
species recorded up to

length of rtme vears..
prior w 1970, 10 record the
second half of the total

period of maximum
riate of discovery of

ammal group 1970 in the previous column new species
Protozoa 32000 2t 1897-1911
*Vermes' 41000 28 1858-1 9?9
Arthropoda 96 000 10 1856~1970
{excluding insects: )
Arthropoda 790060 35 1859-1929
{(insects oniv}
Coclenteraia 9600 38 ]89‘3—19?8
Mollusca 45000 71 181_3 7-1899
Echinodermata 6000 63 1859-1911
Tunicata 1600 68 19001911
Cherdata _
Pisces 210U0 62 1887-1929
Amphibia 2500 60 1930-1570
Reptilia 6300 79 1859-1929
Aves 8600 125 1859-1882
Mammalia 4300 118 18591898
=
=
e
g| Arachnida Crustacea
=
S 202 years L0
=
=3
=
§ .
= B7 years 123 years
%)
e
% ¥
a
0
=
=
=
1758 1843 1970 -
Figure 1. The curve shows the rate of discovery of bird g
species, from the time of Linnaeus (1758) up to 1970. S1758 19601970

Numbers of known species (expressed as a fraction of those
known in 1970, on a logarithmic scale) are plotted against
time. The vertical and horizontal lines show the point (1843)
when half the 1970 total of species had been discovered. After
Simen (1983).

known by now. As reviewed in detail by Diamend
{1985), only 134 bird species have been added to the
total of just over 9000 since 1934, representing a rate of
discovery of around three species per vear since 1940
(most of them small, brown tropical birds). Raies of
discovery are somewhat higher for mammals, with 134
of the current total of 1030 genera added since 1900, at
a rate of about | genus per vear since 1940 (most of
them tropical bats. rodents or shrews, or small

Figure 2. As for figure 1, but now showing recorded numbers
of Arachnid and Crustacean species {essentially, arthropods
excluding the Insecta) over time. The pattern of discovery is
very different from that for bird species, with half of the total
up to 1970 being recorded since 1960. After Simon (1983).

marsupials). As we shall see below, however, the story
is altogether different for insects and other smaller
creatures.

Publication rates provide another measure of the
differential attention paid 1o different groups (see table
3, May 1988'. Of papers listed in the Zoological Record
over the past few years, mammals and birds average
about | paper per spacies per vear. reptiles, fish and
amphibians about 0.5 papers per species per year.

Phil Trans. R. Soc Lond. B 1990 [r7z]
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Table 2. Evtimated numbers of canupy beetle species thai ave speaific to the hatl tree species Luehea scemami. lassified inio

traphic groups  afler Erwin 1983

estimated
rstmated number of

rrophic number of fraction host-specific
group speeies host-specific 2, specics
herbivores 682 20 136
predators 296 5 15
fungivores 69 i0 7
SCAVCAKETS 96 3 3

Toral 1100+ - 160

whereas insects and other groups average from 0.1 to
0.01 ar fewer papers per species per vear.

Even within a given class, or order, different families
can show different patterns in the study they have
received. Thus, looking at different families of insects,
Strong ¢ al. (1984) show that recorded species of
whiteflies (Aleyrodidae: Hemipteraj and phytopha-
gous thrips (Thripidae: Thysanopteraj increased dra-
matically this century with a peak around 1920—40;
weevils (Curculionidae: Coleopteraj show a gradual
rise since Linnaean times, again peaking around
1320—40; whereas the papilionoid and danaid butter-
flies {Papilionodea and Danainac: Lepidoptera) are
more like birds, with broad peaks in recording rates in
the second half of the 19th century.

Such patterns in rates of recording new species can
be projected forward, group by group, bv standard
statistical techniques. In this way, we can obtain an
estimate of the eventual global total of species of plants
and animals. As mentioned earlier, however, the
records of named species are scattered, so that estimates
of the total number actually named by a given date are
themselves insecure (three frequently cited estimates
are 1.5 million {Grant 1973), 1.4 million (Southwood
1978), and the more current 1.8 million (Stork 1988)).
Projected totals are correspondingly subject to wide
fluctuations, depending on the views taken of trends in
particular groups and the statistical procedures used.
Simor {1983, table 31} surveys several estimates
arrived at by these methods, which range from
concluding that essendally all species have already
been named(!) to Simon’s own estimates of around
6-7 million animal species in total. Grant's (1973)
projection of 4-5 million is often referred to, but it is
essentially based on the crude procedure of multiplying
the recorded total number of insect species (which he
put at 0.75 million in 1973) by 5. It must be emphasized
that all the estimates based on projecting rates of
discovery pre-date the dramatc studies of tropical
insects discussed in §3 and §4.

A cruder, but intuitively satisfying, estimate that the
global total lies in the range of 3-5 million species has
heen provided by Raven (19857 and others. This
estimate rests on two observations. First, among well-
studied groups such as birds and mammals there are
roughly two tropical species for each temperate or
boreal species. Second, the majority of species are
insects, for which temperate and boreuf faunas are
better-known  than ones;  overall,

much tropical

Phd. Tram. R Soc fond B 1500

approximately two thirds of all named species are
found outside the tropics. Thus if the ratio of numbers
of tropical to temperate and boreal species is the same
for insects as for mammais and birds, we may expect
there to be something like two yet-unnamed species of
trapical insects for every one named temperate or
boreal species. This carries us from the recorded total
of 1.4-1.8 million species to the crude estimate that the
grand total may be around 3-5 miiiion.

3. QUESTIONS RAISED BY STUDIES OF
TROPICAL CANOPY FAUNAS

Recent studies of the arthropod faunas of tropical
trees raise serious doubts about the validicy of the
above estimates, based as they are on projecting
forward from past trends of discovery and recording.
The essential point is that all the past trends are
dominated by temperate-zone invertebrate groups.
especially insects, whereas the recent work (surveyed in
this section and the next two) suggests that tropical
insect faunas may have very different patterns of
diversity.

One frequently quoted upward revision to a global
total of 30 mullion species or more comes from Erwin's
{1982, 1983, Erwin & Scott 1980) siudies of the insect
fauna in the canopy of tropical trees. By using an
insecticidal fog to ‘knock down’ the canopy arthro-
pods, Erwin concluded that most tropical arthropod
species appear to live in the treetops. This is not so
surprising, because the canopy is where there is most
sunshine as well as most green leaves, fruits and
flowers.

Specifically, Erwin’s original studies were on
canopy-dwelling beetles (including weevils) collected
from Luehea seemannii trees in Panama, over three
seasons. As summarized in table 2, he found more than
1100 species of such beetles, which he partitioned
among the categories of herbivore, predator, fungivore
and scavenger.

To use the information in table 2 as a basis for
estimating the total number of insect species in the
tropics, one first needs to know what fraction of the
fauna 1s effectively specialized to the parvcular wee
species or genus under study. Unfortunately, there are
essentiadly no svstematic studies of this question even
for temperate-zone trees, much less tropical ones
Erwin guessed 20", of the herbivorous beetles o be
specific to Luehea ,in the sense that they must use this
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tree specles i some was lor successful reproduction .
s shown in table 2. hus overall answer is more sensitive
to this estimate than (o the corresponding figures of

50107, and 3%, for predator. fungivore, and
scavenger beetles, respectively. In this way. Erwin
arrived at an estimate of around 160 species of canopy
beetles effectively specialized to a typical species of
wropical tree.

Several other assumptions and guesses are needed to
go from this estimate of 160 host-specific species of
canopy beetles per tree to 30 million species in total.
Stightly simplified, the argument runs as follows. First,
Erwin noted that beetles represent 40 of all known
arthropod species, leading to an estimaze of around 400
canopy arthropod species per tree species. Next, Erwin
suggested that for every two insect species in the
canopy there may be one species elsewhere on the tree
or the immediately neighbouring forest-floor, increas-
ing the estimate to around 600 arthropod species
cffectively specialized to each species or genus-group of
tropical tree. Finally, by using the estimate of 50000
species of tropical trees, Erwin arrived at the possibility
that there are 30 million tropical arthropods in total.

As Erwin emphasizes, this chain of argument does
not give an answer, but rather an agenda for research.
Setting aside the question of whether Lexhea {along

it ns ensemble of associated lichens, vines, bro-
meliads, etc.) is a typical tropical tree, there are at least
four areas of uncertainty : (1} what fraction of the beetle
(or other} fauna on a given tree species are effectively
specialized ta it; (ii) do beetle species constitute the
same fraction of insect faunas in the tropics as they do
in better-studied temperate regions; {iii) for each insect
species in the canopy, how many other species are
found elsewhere or in or around a tree, and (iv) how do
we scale up from the number of insect species associated
with a given tree species in a given place to a global
total? These four links in Erwin’s chain of argument
serve to organize the remainder of this section.

() What fraction of the fauna is ‘effectively
specialized® to a given tree species?

Suppose a given region contains 100 different tree
species, and a total of 1009 different species of canopy
beetles. At one extreme, all the beetles may be complete
generalists, so that (setting aside sampling problems)
all 1000 species could be found on any one tree species.
At the opposite extreme, it could be that all beetles
were complete specialists,with the total of 1000 made
up by each of the 100 tree species contributing its
particular 10 species of beetles. Now turn this around,
and suppose that in a region where there are 100 tree
species we find 100 species of canopy beetes in
exhaustive sampling from just one tree species. How
many beetle species are there likely to be in total? The
above argument suggests that, if the studied tree is
indeed representative, the total number of canopy
beetle species lies somewhere between 100 {all general-
ists: and 10000 {all highlv specialized).

Suppose we are investigating a region containing a
total of A different tree species. The above issues can
now be made precise by formally defining (1) to be

Phel. Trams. R Swes Lond. B 1990

the fraction of canoupy beetles sor ather nsects) found
on the tree species labelled & A =1.2...., M. which
utilize a total of i different tree species rincluding the
one labelled & . Further, et V. denote the total
number of canopy beetles -or ather insects found on
tree species k. Then. of the beetles found on tree species
k. N, p. (1} are found only there, ¥, £, (2) are found
on & and on onlv one other tree species, and so on. The
total number of distinct canopy-beetle species, .V, in
the region is then given by the sum:

MM
N= T T (/5 NMep i (e
k=1 i-1
That is, we sum the numbers of beetie species over all
tree species, discounting each tree by the factor 1/ for
those of its beetle species found on # tree species.

The “effective average’ number of beetle species per
tree speciés, or overall average number of beetles
‘effectively specialized’ to each tree species, is then
N/M, with ¥ given by equation (). For the tree
species labelled &, the proportion of its beetle species
that are ‘effectively specialized” to it, f, is given by

M
Jo=E (/8 po)- {2
=1
The corresponding overall proportion of beetle species
“effectively specialized’, averaged over all tree species,
is denoted by f:

S=N/E N, (3)

Here N is given by equation (1). Equation {3) says that
the averail average fraction of beetle species *effectively
spccializéd’ to each tree species, £, is given by the total
number of different species divided by the sum of the
totals from each tree species, without discounting for
overlaps.

Unfortunately, there is to my knowledge not a single
svstemnatic study of the distribution functions p(t) for
the apportionment of any faunal group among any
group of plant or tree species. At best there are some
studies, essentially all for temperate communities,
which distinguish among monophagous, oligophagous,
and polyphagous insects (roughly, those feeding on a
single species or genus, on a family, or more generally,
respectively). The assumptions codified in table 2
correspond to assuming that f, is 0.20, 0.05, 0.10, 0.05
for herbivore, predator, fungivore, scavenger beetles in
the canopy of Leucea, respectively; but these are guesses.

Although quantitative studies are lacking, the formal
definitions embodied in equations {1-3} can at least
alert us to some of the pitfalls in intuitive estimates of
the proportion of beetle species that are ‘effectively
specialized’. Suppose, for example, that for a given
group of insects in a particular tree species {labelled 1)
the distribution function, p, (i), has the geometric-series
form p, (1) = ca' {witha < 1). This says that the fraction
of species utilizing i tree species decreases geometrically
as { increases. The normalizaton constant, ¢, ensures
that T p, (i) = 1 {if the toral aumber of tree species is
large, A/ — w0, then ¢ = {1l —a) /). In this event, the
fraction of the insect species on tree species | that are
effectively specialized to 1t, £}, can be seen to be given
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Table 3. A very preliminary study of the distribution of beetle species among four species of British oaks, to show wdeas apout the
dvsiribuiion funchron. p i, and definittons of “effective specializanion” from unpublished data provided by T. R E. Seuthwood

number of
beetle species

number of beetle species found on a given cak species.
that are tound on a totai of : of the 4 vak

proportion of beetle
species effectively

lound on a specics :proportion found on ¢ species, p, (i) specialized on this
oak given oak oak species. f,.
specics species, N, t=1 2 3 4 from eqn (2}
cerris 28 5(0.18; 8 (0.29; 7{9.25) 8 (0.29) 0.48
tlex 47 20 (0.43) 10 (0.21) 9(0.19) 8{0.17) 0.6¢4
petraea 48 14 (0.29) 15 {0.31) 11(0.23} B{0.17) 057
robur 50 15 (0.30; 13 {0.30) 12 (0.24) 8(0.16) 0.57
1otals 173 54 24 13 8 average. f=0.57

{in the limit of very large M) by f = [(l—a)/a]
In(l/({1 —a)}. But an estimate of f, based on biological
intuition might simply ask about the ‘monophagous’

fraction, that are found only on that tree species or

genus-group; this would lead to the estimate f]; =~ p (1}
= l—a. Suppose that in fact p,(1), the fraction
monophagous within this distribution, is 209, (that is,
a = 0.8). Then in this illustrative example the fraction
‘effectively specialized’ is f, = 0.40, which is twice as
large as might be guessed on intuitive grounds.

What are needed, of course, are not speculative
abstractions, but analytic studies of the distribution
functions g, (/) for particular foral and faunal com-
munities. By way of illustration, table 3 shows a very
preliminary analysis of the distribution of beetle species
among four species of oak trees, Quercus cerris, Q. ilex, Q.
petraca and Q. robur in Wytham Wood, Oxford {data
provided by T. R. E. Southwood). The data in table 3
represent the species ‘knocked down' by insecticidal
fog (specifically, from & foggings per tree species in the
months of May and June). On this basis, the four
above-mentioned oak species show totals of 28, 47, 48
and 50 beetle species, respectively, for a gross total of
173 species. But in fact only 99 distinct beetle species
are present, with the pattern of overlap as shown in
table 3. The table also shows that, for this example,
the fraction of the beetle species that are ‘effectively
specialized’ 10 a given oak species (as defined by the
formulae above} is roughly around 609,. It must be
emphasized that this example is presented for illus-
trative purposes, to make the above ideas more
concrete; it is a very crude and preliminary analysis of
a fragment of a much larger data set.

The definition of the distribution function p,({) was
made on biological grounds, based on the number of
tree species whose resources are utilized in some way by
a particular insect species. The data in table 3 are,
however, surely dominated by sampling considerations.
A few of the beetle species in table 3 are represented by
only one individual, and many of the species that
utilize these caks are absent from the samples aito-
gether. Moreover, the rtable does not distinguish
between species that are known to utilize a given
tree, and those that accidentally happen to be on it
when the sample is collected by fogging (Moran &
Southwoed’s 11982) *tourist’ species). In this respect
the data presented in table 3 are similar to those likely
to be collected in most studies of canopv and other
launas: the patterns of distribution of insect species

Phils Trany B Soo dand B 1900

among tree species will be a mixture of the underiying
biological patterns of resource use (and of specialization
and generalization), clouded or often dominated by
sampling effects. I believe there is a need here both for
theoretical studies (clarifying the interplay between
sampling effects and the underlying distributions of
resource utilization, among other things} and for
empirical investigations. Such work will ultimately
tluminate fundamental aspects of the structure of
ecological communities, and will contribute 1o more
reliable estimates of the global total of species. My aim
in this sub-section, which obviously provides questions
not answeis, is to samulzte such further work.

The coarse and conventional division of phytopha-
gous insects into monophages, oligophages and poly-
phages may be sharpened somewhat for the phy-
tophagous beetles on oak trees in Southwood’s study.
By using standard handbooks (Fowler 1913; Joy 1931;
Portevin 1935), it is possible to determine: (i) what
[raction of the approximately 100 species are restricted
to oaks (that is, 1o the genus Quercus); (i) what fraction
to the family Fagiacea, or (iii} the order fagaces, as
opposed to {iv) those found generally on angiosperms,
or (v} even more broadly. A tentative analysis of
Southwood’s data suggests the proportions of phy-
tophagous beetle species in the five categories thus
defined are 0.10, 0.03, 0.06, 0.77 and 0.04, respectively.

If these exceedingly rough figures were taken as
representative, they would suggest that Erwin’s es-
timate that 209 of herbivorous canopy beetles are
host-specific be replaced by a figure of 10° or less
{(remember, the 10%, above Is for the oak genus, not for
a particular species). This would halve the estimated
global total, to 15 million species aor fewer. And if
tropical beetles are typically less specialized than
temperate ones, as they may need to be in response
to the much patchier distribution of a vastly greater
diversity of tree species, then the percentage that are
host-specific (and thence the estimated global species
total) could be smaliler yet. On essentially these
grounds, Stork (1988) had suggested that the effective
fraction of host-specific beetle species in tropical
canopies may be closer to 5%, or less than to 20°;,
(with a correspording global total of 7 million or fewer
species); see also Beaver (1979). There is clear need
both for more theory (dealing with £, and the wan
sampling and other eflects influence it}, and for more
facrs.
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(&) In particular settings, what proportion of insect
species are beetles?

Although roughly 40, of all recorded nsect species
are beeties. the existing handiul of detailed studies
suggest that beedle species constitute a smailer fruction
of insect faunas collected by fogging tropical or
temperate trees,

Southwood et a/. {1982) sampled the invertebrate
fauna {essentially all of which were insects) of six tree
species in both Britain and South Africa, by using
pyrethrum knockdown. In Britain, the 1otal number of
invertebrate species on the different tree species varied
from 176 to 465, and the beetle species constituted, on
average, 79, of the total {ranging from a low of 3%, on
Salix w0 a high of 119, on Quercus; sce table 1 in
Southwood e al. (1982)). The corresponding species
totals on South African trees ran from 105 to 300, of
which an average of 199, were beetle species (ranging
from a low of 15%, on Safix to a high of 23% on
Erythrina and Quercus). Of the roughly 2800 species
represented in the 24000 arthropod individuals col-
lected in fogging samples from 10 trees in Borneo by
Stork (1988, figure 3), approximately 30% were
beetles.

These numbers have led Stork to speculate that
beetles mav more tvpically constitute around 20% of
the insect species found in tree canopies, rather than
the 409, that is characteristic of beetles more generally.
All other things being equal, such a revision to this link
in Erwin’s chain of argument would double the global
total nurmber of species. My view is that these different
results from different studies speak to the complexity
and contingent nature of the underlying questions.
Undil such time as we have a better understanding of
why beetles (or any other group) make up such
different fractions of the species totals in different trees
at different places, | would be inclined to stay with the
overall average figure of 409, beetle species when
making global estimates by ‘scaling up’ local studies.

{(c) What is the ratio of canopy insects to all insects
on a tree?

There are no studies of all the arthropod species
found on the various parss of a tropical tree, but there
are some studies of how the numbers of individuals are
distributed.

Stork (1988) used a range of techniques 0 sample
the fauna from each of five parts of trees in the lowland
rainforest of Seram in Indonesia: canopy; tree trunk;
‘ground vegetation’ {from 0 10 2 m above the forest
floor) ; leaf litter; and soil (the first few cm). In this site,
Stork estimates there were approximately 4200 indi-
viduals per square metre, distributed among the five
categories listed above as 1200, 50, 10, 600 and 2400.
Roughly 709, of all individuals are found in the soil
and leal litter, mostiy springtails {Collembolaj and
mites {Acarina}. In the canopy, which contains about
1494 of all individuals, ants are the most abundant
arthropods (constituting roughiy 439 of the indi-
viduals!. If numbers of species bore a direct relation to
numbers of individuals, we can see that Erwin’s

estimate ol one insect specics elsewhere on the tree for
every two species in the canopy would be out by almaest
4 factor 0. But although ants tzrd 10 be more
abundant than beetles in wopical canopies, they
contribute significantly tewer species. The same seems
likely 1o be true for the springtails in the soil and leaf
litter. | have serious doubts, however, whether it is also
true for the mites {moreover, the number of individual
rmites in the soil and leaf titter is typically an order-of-
magnitude larger than the number of beetle individuals
in the canopy;.

Adis and cotleagues (Adis & Schubart {984; Adis &
Albuquegue 1989) have made similar studies of the
arthropod [aunas of seven differenc types of Amazonian
forests and plantations, using soii cores (0-7 cm),
ground and arboreal traps of various kinds, and
canopy logging. Like Stork, they found the majority of
individuals were Collembola and Acarina in the soil
and leaf litter (with two thirds or more of these in the
top 3.5 cm of the soil). The main difference between
these Amazonian studies and the Indonesian ones is in
the total numbers of individuals, which ranged as high
as 30000 or more per square metre at some Amazonian
sites. But the divisions of numbers of individuals among
canopy, trunk, ground vegetation, leaf litter and soil
are broadly similar in afl the studies, as are the broad
apportionments of individuals among taxonomic
groups.

Understandably but unfortunately, all of these
studies are of numbers of individuals in the different
parts of the tree, not of the numbers of species. Until
more is known, a consensus guess may be that for every
insect species in the canopy there is one elsewhere in
the typical tropical tree {rather than Erwin's 0.5). But
this could lead to a serious underestimate of the global
total, if the mites turn out to be as surprisingly diverse
as the tropical canopy beetles.

(d} How do we scale up from insect species per tree
to a global total?

Even if we knew how many insect species were
effectively specialized 10 a truly represeniative species
of tropical tree at a particular place, there remain serious
difficulties in scaling this up to the roughly 50 000
species of tropical trees. The reason that we cannot
simply multiply the number of species per tree by the
number of tree species is twofold : on the one hand, the
same tree species may play host to different insects in
other parts of its range (so that simple multiplication
underestimates the global toral); on the other hand,
the same insects may be effectively specialized on other
tree species in other regions (so that simpie mul-
tiplication could fead to overestimation).

Ward's (1977) study of Juniper in Britain is an
example of the first of these two complications. Locking
at each one degree band of latitude in the range of
Juniper, from 30° N to 59° N, she found the recorded
numbers of species of arthropods varied from 5 to 20.
The total number of species associated with Juniper in
Britain in this study is 27, which is larger by a factor
1.4-5.0 than the total that might be inferred from any
one regional study.
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The converse phenomenon, the same species spectal-
1eed 1o different plants in ditferent places. s shown by
Vhomas's  1990: analvsis of the Passiflora~Heliconius
wstem i South Amenca. Yor s unusually well-
sudied association, Thomas averages over 12 sites to
find a mean of 7.2 Passifloracenae species and 9.7
Heliconninae species per site (he uses families or
subfamilies, because a few Heliconiinae are not in the
genus Heliconius, and likewise a few Passifloraceae are
not in the genus Passiffora). The rworal number of
recorded Passifloraceae species in the neotropics is 360.
A naive scaling up may therefore suggest 360 times
9.7/7%.2) = 485 Heliconiinae species. But this toral is in
fact onlvy 66 species. The complicaung factor is, of
course, that these relatively specialized butterflies use
taxonomically different {although ecologically similar)
species of Passifloraceae in different paris of the
neotropics, with the result that simpie multiplicative
estimates are an order-of-magnitude too high. There
are [urther complications and caveats here. For one
thing, it could be that, to some extent, systematists
have tended to spiit the Passifloraceae and lump the
Heliconiinae {Gilbert & Smiley (1978) refer to one
downward revision from 70 1o 7 species of Heliconius).
For znother thing, only some 100-150 species of
Passifinraceae are found below 1300 m, which rep-
resertts an upper limit to the range of Heliconitnae
species {Gilbert & Smiley 1978), so that simple
multiplication might more properly suggest 135-200
Heliconiinae species. This is sull significantdy larger
than the 66 that exist

The essential point is that the simple procedure of
multiplying the average number of species per tree by
the number of tree species can be misleading for those’
insect species with ranges significantly larger than that
of the host-tree species in question, and conversely for
tree species whose ranges exceed that of the insects in a
given region. We cannot begin to resolve these
prablems unul we have a better understanding of the
patterns in the distributions of geographical ranges for
plant and animal species.

Despite some pioneering efforts (Rappoport {982;
Hanski 1982; Brown 1984; Root 1988), litle is yet
known about range-size patterns for individual species,
much less for joint distributions of, for instance,
herbivorous insects and their host plants. Figure 3
summarizes one recent analysis of the distributions of
range sizes for all North American mammals, showing
that most species have relatively restricted ranges (the
median range size is about 1%, of the area of North
America), but that there is considerable variability.
On the whole, it seems likely that for tree species with
below-average ranges, we may need to acknowledge
that many of the insects that are effectively specialized
to them range more widely, using other trees in other
places {so that Erwin’s simple multiplicative procedure
may overestimate totals). Conversely, trees with above-
average ranges may embrace different faunas in
different places, resulting in underestimated totals if
one location is treated as definitive. Ultimately, such
questions of range-size and geographical disiribution
shade into larger questions of how we define com-
monness and rarity, and how patchiness and regional
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Figure 3. Histogram of the logarithms of the sizes of species's
geographical ranges for 523 species of North American non-
aquatic mammals. The range size is expressed as a percentage
of the total land area of North America. The distribution is
roughly lognormal in shape, with the proportion of species in
the different (logarithmic) range-size categories falling awav
roughly symmetrically on either side of the median value of
around [ %, After Pagel er al. (1990),

aifferentiation aflect extinction probabilities (Rab-
inowitz et al. 1986; Pagel e al. 1990; Hubbell, this
symposium}.

[ end this section by circling back to Erwin's method
of estimaung the total number of species on Earth.
Suppose we accept a total of 1200 beetie species in the
canopy of a tropical tree species as tvpical. Further
assume there are 2.5 other canopy insect species for
each beetle species (409, of insects are beetles), and
one species elsewhere on the tree for each one in the
canopy. Suppose a {raction, f, of this fauna is effectively
speciatized to the tree species in question. Finally,
assurmne we can simply multiply the effective number of
insect species per tree species by the number of tropical
tree species (50000) to arrive at the grand total. This
total is then {300 /) million. If, overall, 109, of the
insects are effectively specialized to a given tree, we
recover Erwin’s 30 million. To reduce an estimate
along these lines down to the previously-conventional
figure of around 3 million, we need to assume that only
19, of the insect species are effectvely specialized,
which seems a bit low. I return to this below.

4. DIRECT ESTIMATES OF GLOBAL
TOTALS

Hodkinson & Casson (1990) have presented a very
direct way of estimating species totals, based essentially
on determining what fraction of a thoroughly sampled
group, in a particular region, have previouslty been
described.

Specifically, thev use several methods to sample the
bug {Hemiptera] fauna of a moderately large and
topographically diverse region of tropical rainforest in
Sulawesi, in Indonesia, over a onc-yvear period.
Hedkinson & Casson {1990} esumate that their
samples represent the bug fauna on the roughly 500
tree species 1n o their study sites in Dumoga Bone

Phil. Trany. R, Soc. Lond. B 14990 U??}
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Nattonal Park in Sulawesi. Thev found a total of 1690
species of terrestnial bugs. of which 63°, were
previously unrecorded this proportion of undescribed
species is weighted according to the number of species
per familv within the group'.

If the bugs in Sulawesi are representative of tropical
insects more generally, then we may say thac the total
number of recorded insect species (approximately 1
million) represents 379, of the real total, leading to an
estimated 2.7 miilion insect species in total. Hodkinson
& Casson give a somewhat more detailed argument,
with several intermediate steps, to reach an estimated
total of 1.8 to 2.6 million. but I believe the more direct
approach outlined above contains the essentials,

Hodkinson & Casson also use their data w give a
different derivation of the global total number of
insects. First, if they find roughly 1700 bug species on
500 tree species, we might expect 170000 bug species
on the tropical total of 50000 tree species. Second, bugs
comprise approximately 7.5%, of all described insects
(Southwood 1978), so we can estimate a grand total of
2.3 million insects (again, Hodkinson & Casson's
somewhat more detailed estimate gives a toral of
1.9-2.5 million}. This second estimate is surprisingly
close to the first, ard much more direct, estimate of 2.7
million. This rough coincidence between the two
estimates is not trivial or tautological; it can be seen to
arise essentially because the factor of 100 in the ratio
between tree species globaily and in Dumoga Bone
Park is roughly cancelled by the factor of 109 in the
ratio between all known bug species and the number of
known species in their study {or 114 if aquatic bugs are
included in the global total).

This is a brief summary of an important study.
There is obviously an enormous amount of work in
completely sampling and classifying any group of
tropical insects, and one must always worry whether
the group or site is representative of more general
parterns. But [ sce this as the simplest and most direct
route to estimates of global totals. When other taxa are
added, Hodkinson & Casson's estimate of insect species
totals carries us back to the previously conventional
global total of 3-5 million species. On the other hand,
to reconcile Hodkinson & Casson's estimate with
Erwin's data, we need to assume that over 400 of his
roughly 1200 beetle species in the canopy of Leuhea
have been described and recorded, which seens
uniikely 1o me.

5. SPECIES TOTALS FROM SPECIES-SIZE
RELATIONS

An aliogether different approach to estimating how
many species there are derives from examining patterns
in the numbers of terrestrial animal species in different
body-size categories (May 1978, 1988). Very roughly,
as one goes from animals whose characteristic linear
dimension is a few metres down to those of around 1
em (a range spanning many orders-of-magnitude in
body weight), there is an approximate empirical rule
which savs that for each tenfold reduction in length
{1000-fold reduction in body weight) there are 100
times the number of species.

This empirical relation begins o break down at
bodyv sizes below | em in characteristic length. As the
relation itsell is not understaod. this break-down may
mean nothing. But the break-down may plausibly be
ascribed 1o our incomplete record of smaller terrestrial
animals. most of which mav be unrecorded tropical
insects. If the observed pattern is arbitrarily extwrapo-
lated down to animals ol characteristic length around
0.2 mm, we arrive at an estimated global total of
around 10 million species of terrestrial animals (May
1988).

This frankly phenomenological estimate would be
more interesting if we had a better understanding of
the physiological, ecological or evolutionary factors
generating species-size  distributions  (Lawton. this
symposium).

6. SOME MORE GENERAL
CONSIDERATIONS

“This section touches briefly on some more general
questions that are prompted by the above discussion.

(a) Different patterns for different groups ?

We have seen that Hodkinson & Casson's direct
estimates of giobal species totals, based on the fraction
of bug species in their Sulawesi samples that were

previously known, agree with estimates of around 3 -

million species of insects that earlier were obtained by
projecting past trends of discovery. But conservative
reappraisals of Erwin’s estimate, based on beetle species
in tropical canopies, suggest totals of at least 7 million
and possibly more. To produce a total of as little as 3
million insects from Erwin’s or other similar data
requires that we assume only %, of the beetle fauna
are effectively specialized 10 a given tree species, or that
more than 400 of the beetle species found in the canopy
of Leuhea have been previouslv recorded ; these assump-
tions seem a bit extreme.

One way of squaring this circle is to recognize that
very different patterns may pertain to difierent
taxonomic groups, or in different settings. We have
already seen hints of this in the canopy fauna. Tobin’s
preliminary analysis of data from tree canopies in
Manu National Park in Amazonian Peru suggests ants
constitute 709, of the individuals and beetles less than
109, but that there are many more bectle species than
ant species (May 1989). Similarly, Stork’s fogging
samples from 10 Bornean trees were dominated by ants
(4489 individuals), but they only contributed 99 of the
total of 2800 species; one family of beetles contributed
1455 individuals but 739 species. In tropical canopies
generally, ants contribute many individuals, typically
half or more, but relatively few species, while beetles
contribute relatively few individuals but many species.
It seems likely to me that patterns of ‘effective
specialization” will also vary greatly from group to
group, so that we need a much better understanding of
the ecology of specific communities of organisms,
before we can draw general conclusions about species
diversity from limited studies of particular groups in
particular places.
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(b} Food web structure and species totals

Studies of the structure of food webs are beset with
many difficulties of biases and inconsistencies in the
wav data are assembled. Provocatve generahzauons
are nevertheless emerging [Cohen ¢f al. 1990: Yodzis
1990; Nee 1990; Lawtan 1989). One of these is the
suggestion by Lawton and co-workers (for example,
Strong e al. (1984)) that there may twpically be
something like 10 species of phytophagous insects for
each plant species. Applied globally, and given that
there are ar least 300000 recorded species of higher
plants, this would put a lower limit of around 3 miilion
on the number of insect species. However, Lawion’s
ratios come mainly from studies of temperate-zone
plants, and corresponding ratios may be higher for
tropical planis {which would tend to support higher
estimates of the global total).

Similar arguments about food web structure suggest
there could be, on average, as many as five species of
parasitoids (parasitic wasps and flies that lay their eggs
on or in larval or pupal stages of other insects) for each
phytophagous insect species, in both tropical and
remperate regions {Hawkins 1990), Applied generally,
this estimate could clearlv escalate the global total 10
very high levels (Hochberg & Lawton 1990). 1 think
such estimates are probably too extravagant, although
they do suggest that closer studies of tropical hymenop-
terans may produce surprises to match Erwin's work
on beetles.

Such estimates of global species totals, based on the
number of plant species combined with the structure of
food webs, are akin to the estimates in § 5 based on
species—size relations. They provide independent lines
of attack upon the problem, related only obliquely to
direct estimates based on counting species,

{c) Microbial diversity

Throughout this chapter, T have followed the usual
practice of assuming species diversity 0 mean the
numbers of animal species, or sometimes plant and
animal species. More precisely, five kingdoms are
usually recognized, distinguished by different levels of
cellular organization and modes of nutrition, Two of
these kingdoms, the prokaryotic monerans and the
eukaryotic protists, comprise microscopic unicellular
organisms, and together they account for something
like 5%, of recorded living species. The fungal and
plant kingdoms vepresent roughly another 229%, of
species. The animal kingdom thus does comprise the
majority (more than 709%,) of all recorded living
species. The extent to which these recorded numbers of
species in the different kingdoms accurately reflect
their relative diversities is, however, open to question.
As one moves down the size-specirum of organismus,
from the romantic large mammals and birds, threugh
nondescript small anthropods, on down 1o protozoan,
bacterial and viral species, not only does concern for
diversity and conservation fall awav. but it even
changes sign. In the Smithsonian Insutution n
Washington. a touching label anached to Martha, the
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last passenger pigeon. laments her death in 1914, but
no-one mourned the passing of the last smallpox virus.

Regardless of the amount of studv thev have
recetved, the microargamsms that act as decomposers
n the sol and leaf litter are crucial 1o the functioning
of ecosystems. Recent work has, moreover, revealed
that the diversity in natural populations of microbial
organisms is far greater than that found in conventional
studies of laboratory cuitures (Olsen 1990), Ward ¢ of.
(1990) examined the ribosomal RNA sequences from a
well-studied photosynthetic microbial mart from a hot
spring in Yellowstone National Park, and found eigh:
distinct sequence tvpes, none of which were the same as
any of the 12 laboratory-culiured prokarvotes believed
1o be characteristic of this mat. More surprisingly, onlv
one of the eight sequences bears any close resemblance
o a recognized bacterial ‘phylum’. Broadly simiiar
results were obtained by Giovannoni ef al. (1990} from
studies of ribosomal RNA gene sequences of micro-
organisms from samples of ocean water. These studies
of natural populations of microorganisms, as distinct
from laboratory cultures, are, in their own way, even
more astonishing than Erwin's and others’ revelations
about tropical canopy faunas. They mark the advent of
a new stage in our understanding of microbial ecology
and diversity. We have not vet begun to address the
questions that such studies of naturally occurring
microbial diversity raise, for example, for the release of
genetically engineered organisms.

(d) What is a species?

Up to this point, I have deliberately avoided anv
definition of what is meant by a species, nor will [
pursue it in detail here. But a few remarks should be
made.

First, some researchers recognize more species than
others, even within well-studied groups. This is partic-
ularly noticeable for asexually reproducing organ-
isms. For examples, some taxonomists see around 200
species of the parthenogenede British blackberry,
others see only around 20 {and a ‘lumping’ in-
vertebrate taxonomist may concede only two or three).
Some strongly inbreeding populations are almost as
bad, with ‘splitters’ seemng an order-of-magnitude
more species than do ‘lumpers’; Erophila and Arab:-
dogsis, British plants in the mustard family, are notable
examples.

Second, and more fundamentally, studies of nuclec-
tide sequences show homologies of less than 309 {as
revealed by DINA hybridization) for different strains of
what 1s currently classified as a single bacterial species,
Legionella pneumophilia (Selander 1985). This is as large
as the characteristic genetic distance between mam-
mals and fishes. Relatively easy exchange of genetic
material among different ‘species’ of microorganisms
could mean that basic notions about what constitutes a
spectes are significantly different for vertebrates than
for bactenia.

Third, the increasing armamentarium of techniques
for exploring the genetic structure of populations 1z
uncovering {urther complexities in what we mean by a
species. For example, Neomackilellus scandens, 2 member
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of the Meinerteliidae. is found in inundation forests in
the Rio Negro vallev which are flooded for 5-6
months each vear), and in primarv and secondary
drvland forests near Manaus. Ecological studies show
the species 10 be univoltine in inundation forests, with
a defined reproductive period, but polyvoltine in
drvland forests. These two ecologically distinct forms of
N. scandens are effectively indistinguishable on mor-
phological grounds, and traditional taxonomy would
at most recognize them as *biotype-specific races’. But
protein analyses by Adis (1990), using electrophoresis
to test 15 enzymes, shows that there is no gene flow
between the univoltine and polyvoltine populations,
even when the typical spatal separation is less than
50 m. Adis (1990} proposes that on ecological and
genetic grounds we should recognize two species here,
and that this situation may be much commoner in the
tropics than is currently recognized. If so, we could be
dealing with even more species than suggested by
Erwin.

{e) Are some species more equal than others ?

Human activities are destroying natural habitats,
and the associated biota, at rates that are probably
without preccdent in the history of life on Earth. In
particular, the clearance and burning of an area of
tropical forest roughly the size of Britain each year is
surely contributing to accelerating losses of tropical
arthropods and other animals. Against this back-
ground, we need to go beyond knowing how many
species there are, and 1o use this knowiedge o oplimize
conservation efforts (either in planning National Parks
and other protected regions, or in devising strategies
that reconcile sustainable exploitation of resources with
preservation of an appreciable fraction of the original
fauna}.

Such conservation efforts will pose increasingly
difficult choices. Should all species be treated as equal?
Or should we take the view that, for conservation
purposes, a species not closely related to other living
species is more important than one with many widely
distributed congeners? And if the answer to this latter
question is yes, how do we quantify the relative
importance of different species?

Vane-Wright ¢t al. {1990) have made a beginning of
this task, showing how taxonomy and systematics can
build from species lists toward assessment of the relative
distinctness of different species and, ultimately, com-
munities. At one extreme, we could of course regard all
species as equally important. At the opposite extreme,
we could take a phylogenetic or cladistic tree, which
represents the hierarchical relations among the con-
stituent species, and measure taxonomic distinctness by
weighting each group equally with respect to the
summed weights of their terminal taxa. This scheme
has the merit of recognizing taxenomic distinctness,
but it has the fault that taxonomic rank overwhelms
species numbers: on this basis, the two Tuatara species
would be seen as equal to all 6000 other reptile species
taken together. Vane-Wright e ol propoese an in-
termediate scheme, which quantifies the amount of
information contained in a given hierarchical classi-
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feation. Their method gives answers that depend on
the topology of the hierarchy feven for a fixed number
of terminal taxa., and that recognize the mportance
of. for example. Tuataras without amplifving it our of
all proportion ‘see May 1990%

My purpose here is not to dwell on the details of
these pioneering efforts, but rather to emphasize that a
more complete understanding of how many species
there are is onlv a first step. More and more,
conservation efforts will be faced with difficult choices.
It will be helpful to be guided by quantitative measures
of distinctness that are based on systematic under-
standing of the phylogenetic relations among species.

7. CONCLUDING REMARKS

Why should we care how many species there are?
One line of argument is narrowly utilitarian. Thus, for
instance, essentially all modern medicines and other
pharmaceutical products have been developed from
natural products, and so it would seem sensible to be
looking at the other shelves in the larder rather than
destroying them. The triumphs of intensive agriculture
have been accompanied by progressive narrowing of
the genetic diversity of the planis we exploit. The
likelihood of global changes in climate gives fresh
emphasis to the desirability of conserving existing gene
pools and exploring the possibility of utilizing new
plants.

Important though such considerations are, I think a
more pressing and more busic utilitarian reason for
studying and cataloguing diversity is because itis a
prerequisite to understanding how biological systems
work. The scale and scope of human activity are now
so large that they rival the natural processes that
created and maintained the biosphere as a place where
life can flourish. Current rates ol input of carbon
dioxide, chlorofluorocarbons and other gases are
beginning to disturb the balance of the biosphere. Most
of our uncertainties about the long-term consequences
stem from uncertainties about how physical and
biological processes are coupled. We need to under-
stand the structure and functioning of ecosystems,
particularly tropical ecosystems, much better than we
do. And we cannot hope to do this if we do not even
know what is there, and why tropical diversity is what
it is.

Beyond these practical motivations, 1 believe we
need to understand the diversity of living things for the
same reasons that compel us to reach out toward
understanding the origins and eventual fate of the
universe, or the structure of the elementary particles
that it is built from, or the sequence of molecules within
the human genome that code for our own self-assembly.
Unlike these other quests, understanding and con-
serving biological diversity is a task with a time limit.
The clock ticks faster and faster as human numbers
continue to grow, and each year 1-2%; of the tropical
forests are destroved. Future generations will, T believe,
find it incomprehensible thar Linnaeus still iags so far
behind Newton, and that we coatinue to devore so
litle money and effort to understanding and con-
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servinge the other torms of lile with wineh we share this
planet.

I have been helped by Paul Harvev. Michael Hassell lan
Hodkinson. John Lawton. Nigel Stork. Chns Thomas and
many others. | am particularly grateiul 1o Sir Richard
Southwood for letting me use his unpublished data. This
work was supported. in part, by the Roval Society and by
NERC (through iuts Interdisciplinary Research Centre at
Silwood Park).
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Tl “targer” of the wial namber of specics 1 uot, of course,
static hecause species are continually being lost by natural
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and man-made processes and added by speciation. Could
Professor May sav something ahout these rates of change.
and how they compare with the overall picture or specics
diversiry ?

R. M. Mav. It is true that throughout most of the recorded
history of life on Earth, species have been going extinct and
new species have been appearing. The next half-century or so
is, however, likely to be singular in two respects, First, there
is the scope and timescale of impending extinctions in
relation to speciation. For most of the time, extinction rates
and speciation rates have been roughly in balance, and both
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The Future of Biodiversity

Stuart L. Pimm,* Gareth J. Russeli, John L. Gittleman,
Thomas M. Brooks

Recent extinction rates are 100 to 1000 times their pre-human levels in well-known, but
taxonomically diverse groups from widely different environments. if all species currently
deemed “threatened" become extinct in the next century, then future extinction rates will
be 10 times recent rates. Some threatened species will survive the century, but many
species not now threatened will succumb. Regions rich in species found only within them
{endemics) dominate the global pattemns of extinction. Although new technology provides
details of habitat losses, estimates of future extinctions are hampered by our limited

knowledge of which areas are rich in endemics.

Debates about the consequences of human
popuiation growth are not new. Qur num-
bers have increased dramatically since
Malthus but so has our technology (1). Will
technical ingenuity keep pace with increas-
ing population problems? Ingenuiry can re-
place a whale-oil lamp with an electric light
bulb, but not the whales we may hunt to
extinction. Species matter to us (2). How
fast we drive them to extinction is a matter
of our future. Critics consider high estimates
of current and future extinction rates to be
“doomsday myths,” contending that it is the
“facts, not the species” that are endangered
(3). Here, we review these estimates.
Extinctions have always been a part of
Earth's history. So what is the background
rate of extinction: how fast did species dis-
appear in the absence of humanity (4)7 A
summary of 11 studies of marine inverte-
su;gesa that fossil species last from
lO‘to 107 years (5). For ease of comparison,
we use the number of extinctions (E) per
10% species-years (MSY) or E/MSY. If spe-
cies last from 10% wo 107 years, then their
rate of extinction is 1 to 0.1 E/MSY.
These estimates derive from the abun-
dant and widespread species that dominate
the fossil record. The species most prone to
current extinction are rare and local. More-
over, we emphasize terrestial vertebrates in
our discussions of current extinctions.
There are only two studies of their fossils
(5), and these suggest high background
rates {~1 E/MSY). Interestingly, we can
supplement these estimates from our knowl-
edge of speciation rates. These could not be
much less than the extincrion rates, or the
groups would not be here for us to study.
Moalecular phylogenies are now pro-
duced rapidly and extensively. There is one
for 1700 bird species (6). Using the relative

time axis of molecular distances, we can
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elucidarte the pattems of species formation.
Models in which every lineage has the
same, constant probability of giving birth to
a new lineage (speciation) or going extinct
(death)} permit estimation of the rate pa-
rameters {7). The rich details of this ap-
proach offer hope in testing for important
factors controlling the relative rates of
background speciation and extinction. Gh-
viously, absolute rates require accurately
dated events, such as the first appearance of
a species or genus in the fossil record. There
are genetic distance and paleontological es-
timates of divergence times for 72 camivore
and 14 primate specics or subspecies (8).
Given their importance as a benchmark
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against which to compare modem extirc-
tion rates, we plead for more absolurely
timed accounts.

How Many Species Are There?

Any absolute estimate of extinction rate
requires that we know how many species
there are. In fact, we do not. May (9)
shows that the problems of estimating
their numbers are formidable. Only ~10°
species are described and < 10*—cerrestri-
al vertebrates, some flowering plants, and
invertebrates with precty shells or wings—
are popular enough to be known weli.
Birds are exceptional in that differences in
taxonomic opinion [~8500 to 9500 spe-
cies (6)] far exceed the annual descrip-
tions of new species (~1). Most species
are as yet undescribed in every species-rich
group (Fig. 1). Major uncertainties lie in
those groups in which we have scant or
conflicting evidence of very high diversi-
ty. There are ~10° described insects, yet
estimates range from ~107 to nearly 10°
species. Some potentially rich communi-
ties, such as the deep-sea benthos, have
been sparsely sampled.

How can we be confident in our extrap-
olations of extincrion rates from the <10°
well-known species to the ~10° described,
or to the conservative grand total of ~107
(5)? If extinction rates in diverse taxa and
regions are broadly similar, then they are

Fig. 1. Numbers of de- Viruses . .
scribed species and esti- ""*'m - ———s
mates of species numbers, Protoos .
including expert opinions of mm . A
taxonomic specialists (12) . -
and various extrapolations Higher plants . -,
{26). (A) The British ratio of & Anneids .
fungi species:1 plant spe- wsacts — & ¢ p
cies and a world total of 2.5 A’"“W(T"‘"f‘:g . L
X 10° plant species sug- 508l macrofauna - 8
gests ~1.5 million species Marine macrofauna S————
of fungi worlkdwide. (B} A Terestrial macrofauna oF
Tesmestrial flora -

world total of 10°10 107 spe- -l '__H___’_'.

cies of marine macrofauna A y " . - =

comes from the accumula- tx18 1x10*  1x10®  1x10®  1x100 1x10°
fion of new spedies along Number of species

sample transects. (C) A amter DesCribod UP 10 1995 wpee Expert 0pinion  expee Extrapolation

large sample of cancpy-

dwelling beetles from one species of tropical trees had 163 species specific to it. There are 5 x 10* tree
species, and s0 163 X 5 10* =~ 8 X 10% species of canopy beetles. Because 40% of described insects
are beetles, the total number of canopy insects is 2 X 107, Adding half that number for arthropod species
on the ground gives a grand 1otai of 3 X 107. (D} if only 20% of canopy insects are beaties, but there are
at least as many ground as canopy spacies, then the grand total is 8 X 107. (E) Some 63% of the 1690
species on ~500 Indonesian tree species were previously unrecorded. The ~10° described insect
species thus suggest a total of 2.7 x 10° species. (F) Across many food webs, there are roughly three
times as many herbivores and camivores combined as there are plants. This resulting estimate of
terrestrial animal species, ~7.5 X 10°, is certainty too low, because published food webs omit many
species. (G) There are about two tropical bird and mammal species for each temperate or boreal species.
Yet, of the —1.5 x 10° described species, about one-third is tropical. The prediction of 3 X 10° species
is an underestimate, because not all temperate species are described. (H) There is a inear increase in
species numbers with decreasing body size. Below a threshold level, however, the numbers drops,
perhaps because of sampiing bias. If the true pattem remained linear, there wouldbe 1 X 107 to 5 x 107
species. ) We added the more detailed estimates for the numbers of species in the largest groups.

SCIENCE +« VOL. 26% = 21 JULY 1995 347



I =x _

li;

L 3 I

likely to be representative. If we understand*
the underlying mechanisms, we may (ind
they operate universally.

The Past as a Guide to the Future

Unambiguous evidence of human impact
on extinction comes from before-and-after
comparisons of floras and faunas (10).
Polynesians reached the planet's last habic-
able areas—Pacific islands-—within the last
1000 to 4000 years. The bones of many bird
species persist into, but not through, ar-
chacological zones that show the presence
of humans. No species disappeared in the
longer intervals before the first human con-
tact. Adding known and inferred extinc-
tions, it seems that with only Stone Age
technology, the Polynesians exterminated
>2000 bird species, some ~15% of the
world rotal.

We must infer extinctions, because we
will not find the bones of every now-extinct
species. From the overlap in species known
from bones and those survivors seen by
naturalists, sampling theory infers that
~-50% of the species are still missing (10).
Faunal reconstruction affords a second in-
ference. For example, Steadman {(10) con-
tends that every one of ~800 Pacific islands
should have had at least one unique species
of rail. A few remote islands still have rails.
Others lost theirs to introduced rats in the
last century. Large volcanic istands typically
lost several species of mails. Accessible is-
lands lost their rails earlier, for every survey
of bones from islands now rail-free has
found species that did not survive human
contact.

High extinction rates also followed the
Pacific’s colonization by Europeans. Since
1778, the Hawaiian islands have lost 18
species of birds; the fate of 12 more is
unknown (10). Nor are birds unusual. Of
980 native Hawaiian plants, 84 are extinct
and 133 have wild populations of <100
individuals (11). Across the Pacific, a pred-
atoty snail introduced to control another
introduced snail ate to extinction hundreds
of local varieties of land snails (12).

Nor are Pacific islands unusual: of 60
mammalian extinctions worldwide, 19 are
from Caribbean islands {(12). In the last 300
years, Mauritius, Rodrigues, and Réunion in
the Indian Ocean lost 33 species of birds,
including the dodo, 30 species of land
snails, and 11 reptiles. St. Helena and Ma-
deira in the Atlantic Ocean have lost 36
species of land snails (12).

Importantly, extinction centers are not
necessarily on islands nor only in terrestrial
environments. The fynbos, a floral region in
southern Africa, has lost 36 plant species
(of ~8500); 618 more are threatened with
extinction {12). Extinctions of 18 (of 282}
species of Australian mammals rival those
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Fig. 2. Estimates of extinction rates

expressed as extinctions per milion Mo SN
species-years. For birds through Reptites . .
clarms, we denve pas! rates from thwmt:‘:gr"“ss o,
known extinctions in the fast 100 Tropical plants: Raven {1987) .

years; we derive future rates by as-

Plant species: Myers {1988) .
suming that alt cuently thveatened  Forest sm%e‘ss;cecd lu;ulerw {:%9; —

. . . . ies: ——y
spemwdlbeenmctmlmygars. All species. Myers (1975) )
The latter rales are much tigher Msoeues":iLowioy (1980} -
than the former but are stil far too Al species: Raven (1888} .
low. The remaining estimates are Al species: Wilson (1383, 1309) -

previously published (1, 716, 27).
Myers {1979) (27) assumes an ex-
ponential increase in the number of
extinctions. Myers (1988) (16) as-

All species: Simon (1934) «

$x10° 1210° 1% 10" X 1071 & 107 1 x 10° 1 x 30°
Extinction rate

=ww Past «e- Fulure

sumes the loss of a small number of areas fich in endemics. With the exception of Simon, the rest are
estimates based on the relation between habitat toss and species loss. Simon’s claims {1} of one {or a few)
species per year (out of a conservative total of 107 species) are not scientifically credible.

from the Caribbean; 43 more are threatened
{12). In the last century, North American
freshwater environments lost 21 of 297
mussel and clam specics (120 are threat-
ened) and 40 of ~950 fish species (12).

This world tour of extinction centers has
remarkable features { [ 2). Recent extinction
rates are 20 to 200 EMMSY (Fig. 2)—a small
range given, among other things, the uncer-
tainties of whether to average rates over a
century or a shorter interval that reflects
more recent human impacts. We find high
rates in mainlands and islands, in arid lands
and nivers, and for both plants and animals.
Although we know less about inventebrates,
high rates characterize bivalves of conti-
nental rivers and island land snails. There is
nothing intrinsic to the diverse life histories
of these species to predict their being un-
usually prone to extinction.

What obvious features unite extinction
centers! We know the species and places
well—as did naruralists a century ago. Im-
portantly, each area holds a high proportion
of species restricted to it. Such endemics
constituted 90% of Hawaiian plants, 100%
of Hawaiian land birds, ~70% of fynbos
plants, and 74% of Australian mammals
(12). In contrast, only ~1% of Britain’s
birds and plants are endemics {!2}. Remote
islands are typically rich in endemics, but so
are many areas within continents (13). Past
extinctions are so concentrated in small,
endemic-rich areas that the analysis of glob-
al extinction is effectively the study of ex-
tinctions in one or a few extinction centers
(12). Why should this be!

Random extinction is the simplest mod-
el. Some species groups and some places will
suffer more extinctions than others, but
generally the more species present, the
more there will be to lose. This model does
a poor job of predicting global patterns. I
island birds were intrinsically vulnerable 1o
exrinction, then Hawai'i and Britain with
roughly the same number of species of
breeding land birds (~135} would have suf-
fered equally. Hawai'i had >100 extinc-
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tions, Britain only 3 (12). Nor is the num-
ber of species an area houses a good predic-
tor of the total extinctions. Islands house
few species and suffer many extinctions.

Imagine a cookie-cutter model where
some cause destroys {cuts out) a randomly
sclected arca. Species also found elsewhere
survive, for they can recolonize. But some of
the endemics go extinct, the proportion
depending on the extent of the destruction.
We do not assume that island biotas are
intrinsically more vulnerable than main-
lands. For random species ranges, the num;
ber of extinctions correlates weakly with
the area’s total number of species, but
strongly with the number of its endemics.
By chance alone, small endemic-rich areas
will contribute disproportionately to the to-
tal number of extinctions.

This model is consistent with known
mechanisms of extinction. Habitat destruc-
tion cuts out areas, as the model implies.
Introduced species alse destroy species re-
gionally. Species need not be entirely with-
in the area destroyed to succumb to extine-
tion: The populations outside may be too
small to persist {14). Moreover, across many
taxa, tange-restricted species have lower lo-
cal densities than widespread species (15).
The former are not only more likely to be
cut in the first place, but their susviving
populations will have lower densities and
thus higher risks of extinction than wide-
spread species. This entirely self-evident
model emphasizes the localization of en-
demics—Myers' “hot spots” (16)—as the
key variable in understanding global pat-
terns of recent and future extinctions.

Predicting Future Rates
of Extinction

Projecting past extinction rates into the
future is absurd for no other reason than
that the ultimate cause of these extinc-
tions—the human population—is increas-
ing exponentially. For vertebrates, we have
worldwide surveys of threatened species
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Predicted extinctions
Fig. 3. The numbers of species cumently threatened with extinction plotted aganst the numbers of

species predicted to become extinct. Squares, Philippines; circles, North Wallacea, diamonds, Greater
Sundas; triangles, Lesser Sundas. The predictions use satelite estimates of remaining forest cover and
the relation between species numbers and area. (A) For the subset of species endemic to single islands,
these numibers match: they straddse the graph's diagonal, (B) For the subset of speces that are endemic
to several islands within each region. the predicted extinctions consistently exceed the numbers of
threatened species. (C)Vmenwecomm\emespeciesfamdmmeaseveralislands(ﬂacrosslhe
entire negion, the predictions based on forest losses (78) are slightly srmalber than the number of threat-
ened species (119). The remaining subsel comprises widely OCCUITING Species {NE). Their predicted
extinctions (72} tar exceed the few {17} actually threatened with extinction. Predictions of extinctions from
habitat loss must be scaled to the number of endemics the area contains (23).

(12). Is it reasonable to assume that all
these species will be extinct in <100 years,
thus making future rates 200 wo 1500
EMSY (Fig. 2}!

Some threatened species are declining
rapidly and will soon be extinct. Others,
not so cbviously doomed, have small num-
bers (<10?). They risk the demographic
vagaries of sex (all the young of a genera-
tion being of the same sex) and death {all
the individuals dying in the same year from
independent causes). For these, both maod-
els and empirical, long-term studies of is-
{and populations suggest times ro extinction
on the order of decades (17). Population
flucthuations, and the environmental vagar-
jes that cause them, drive the extinction of
larger populations (>107) (14). Over 20
years, bird densities can vary 10-fold, and
insect densities 10,000-fold (14). Ecologists
have been slow to combine models and
data. Yet even in the absence of a formal
analysis, such fluctuations can obviously
doom even quite large populations.

Our predictions may err because some
threatened species will survive the century
(18). The more serious problem with our
predictions is that species not now threat-
ened will become extinct. For birds—the
one group for which we have detailed lists
of the causes of threats—limited habirat is
the most frequently cited factor, implicated
in ~75% of threatened species (i8). In-
creasingly well documented studies {19)
show that habitat destruction is continuing
and perhaps accelerating. Some now-com-
mon species will lose their habirats within
decades.

Interestingly, accidentally or deliberate-
ly introduced species are blamed for only
6% of currently threatened birds (18). Yet
introduced species, and the predation, com-
petition, disease, and habitat modification
they cause, are the most frequently cired

factors in all the extinction centers we dis-
cussed above {12). Undoubtedly, many spe-
cies will be lost to introduced species in
ways that we cannot now anticipate. For
example. no one considered the birds on
the island of Guam to be in danger 30 years
ago, but an introduced snake has eliminated
all the istand’s birds since then {(14). Were
this predator to reach Hawai'i, all its birds
would be at risk. -

Calibrating Species Loss from
Habitat Loss: A Tale of
Two Forests

So far, we have sampled well-known, but
disparate species whose high extinction
rates probably typify the unknown majority.
We now consider a typical mechanism of
extinction: habirat loss. Can we predict spe-
cies losses from estimates of habitat losses!
The function $ = cA? relates the number of
species counted (S) to the area surveyed
(A); ¢ and r are constants (20). If the
original habitat area, A, is reduced 10 A,
we expect the original number of species,
S, to decline eventually to S.. Now S./S,
= cA HcA® or (A JA ) — an expression
that is independent of ¢. Across different
situations, z varies from 0.1 to 1.0, but it is
often taken to be ~% (20). This value is
typical of islands isolated by sea-level
changes, a process that may be the best
model for large habitar fragments isolated
by deforestation (20, 21).

This recipe forms the basis of the predic-
tions of 1000 to 10,000 E/MSY shown in
Fig. 2. To challenge these estimates, critics
point to the few bird extinctions after the
clearing of North America's eastern forests
(3). Is the recipe flawed? Only if interpreted
naively are these results a poor model for
what happens elsewhere.

An extinction “‘cold spot.”” European col-
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onists cut >95% of the eastern forests of
North America, but not simultaneously.
Locally, forests reclaimed abandoned fields,
and regionally forests recovered in the
Northeast as settlers moved westward. Of
the region's 2.87 X 10% km? area, forests
always covered >50% (21). So 16% (=
0.5%4%}-—or 26 of the ~160 forest species—
should have gone extinct. Only 4 did so
(21}. Yet, such predictions are naive. Not
enough time may have elapsed for the ex-
tinctions to occur. However, all bur 28 of
these species occur widely across North
America. They would have survived else-
where even if all the forest had been per-
manently cleared. The cookie-cutter model
restricts the analysis to the region's 28 en-
demics, whence the predicted and observed
number of extinctions correspond (4 ~
16% of 28).

Simply, this region has very few endem-
ics and so few species to lose. In contrast,
tropical moist forests may hold two-thirds of
all species on Earth (22). Despite inevitable
differences in their definition, satellite im-
aging yields detailed and rapidly changing
estimates showing their rapid depletion
(19). The forests’ global extent is variously
estimated at 8 X 10% 10 12.8 X 10° km? and
their rate of clearing as 1.2 X 10° 0 1.4 X
10® km? per decade (19).

An extinction "*hot spot.” The 1.47 X 10°
km? of forests in the Philippines and Indo-
nesia {excluding lIrian Jaya) hold 545 en-
demic bird species—20 times the number in
America’s eastern forest in half the area
(23). Only 091 x 10° km? of forest re-
mains, and ~10% of the original area is
cleared per decade. Using current satellite-
based estimates of forest cover, the species-
area recipe adequately predicts the number
of species endemic to single islands that are
currently threatened (Fig. 3A). The recipe,
however, overestimates the numbers of cur-
rently threatened species that are found on
several islands (Fig. 3B) and greatly overes-
timates the number of currently threatened
species that are widespread {Fig. 3C).

Estirmates of extinctions from habitat
losses (Fig. 2) use an area’s total number of
species, not its smaller number of endemics.
Does this reliance on such totals inflate
these rates? In general, it does not, because
many tropical areas are unusually rich in
endemics (13). For example, 18 areas world-
wide are so rich in endemics as to encompass
~20% of the known species of flowering
plants in a total area of 0.74 X 10° km? (16).
A larger area than this was cleared from the
eastern American forests in the 19th centu-
ty. The fate of these areas obviously domi-
nates the calculations of future extinction
rates. Details of land use changes in these
areas are critical, but the details are not
sufficient in themselves. We also need the

detailed patterns of endemism,
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Unfortunately, we know the geographi-
cal ranges of only a small proportion of the
already small proportion of species for
which we have names. We do have a com-
prehensive understanding of the geograph-
ical patterns of species richness (20). lis
lessons are not encouraging. First, we can-
not extrzpolate from one species group to
the next. For instance, across a continent
specics richness in frogs may not correlate
with the species richness in birds (24).
Worse, the direction of the correlation—
positive or negative—may differ between
continents (24). Second, areas rich in spe-
cies are not always rich in endemics (24).
Simply, our understanding of endemism is
insufficient for us 10 know the future of
biodiversicy with precision (25).
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DIVERSITY 13¢1): 29-33 (1997)

edicinal Plant Research in Nigeria: An Approach for
Compliance with the Convention on Biological Diversity

by T.J. Carison, M.M. Iwu, S.R. King,
C. Obialor, and A. Ozioko

The following case study is of particular
interest as the United Nations prepares 10
review progress achieved towards global
implementation of the Convention on
Biological Diversity (CBD) and other
agreements resulting from the 1992 Rio
Earth Summiit. This case study describes
one private company's activities—some of
which actually predate the Biodiversity
Convention by years—that incorporate
marny of the CBD's guiding principles and
mandates.

An estimated one in four prescription
drugs is derived at least in part from plants,
many of them found in developing nations.
Because natural products are an important
source of medicinal compounds, their
value to the $60 billion-a-year U.S. phar-
maceutical industry is considerable. With
investments of this magnitude, the private
sector has a significant. stake in the Con-
vention on Biological Diversity (CBD),

which encourages “cooperation between
govermnment authorities and the private sec-
tor in developing methods for sustainable
use of biological resources™ and calls for
the equitable sharing of benefits resulting
from the use-of genetic resources through
appropriate access to genetic resources,
transfer of relevant technologies, and fund-
ing that appropriately acknowledges rights
over resources and technologies.

Thomas J. Carlson is Senior Director of Ethnomedical Research and Steven R. King is Senior Vice
President for Ethnobotany and Conservation with Shaman Pharmaceuticals, Inc., of South San Fran-
cisco, California. Maurice M. Iwu is Director and Cosmas Obialor is Field Programme Coordinator
for the Bioresources Development and Conservation Program, Nsukka, Nigeria. Alfred Ozioko is a
Research Botanist in the Depariment of Botany, University of Nigeria, Nsukka.
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The most culturally and biologically
diverse, species-rich, floristic, and tradi-
tional botanical medicine systems in the
world are located in rain forests of tropical
countries, while technological infrastruc-
ture, expertise, and financial resources to
study these tropical medicinal plants are
mainly located in temperate countries. This
leads 1o an increasingly frequent situation
in which plants are collected in the tropics
and then studied by academic institutions
and private companies in the United States,
Europe, and Japan. Such an imbalance
between accessors and owners of indige-
nous knowledge mises a wide range of
political and ethical issues, many of which
are addressed in the CBD through legal
mechanisms for implementation and
enforcement required of the 165 nations
which have, 1o date, ratified the Conven-
tion. Signatenes 10 the CBD are searching
for working examples to aid them in devel-
oping their own country strategies o
implement the Convention's requirements.

Compliance with CBD objectives also
falls 10 companies and nonprofit scientific
researchers who study, and hope tp utilize,
biological resources. The recent resurgence
in interest on the part of industry in evaluat-
ing plants for pharmaceutical developraent
has motivated many major companies,
including Merck, Glaxo, and Bristol Myers
Squibb, to upscale or initiate natural prod-
ucts programs (sec Belson, p.18). This
renewed enthusiasm is prompted by several
factors: revived interest in using the ethno-
botanical approach to identify plant leads

for evaluation; developments in nawral
products chemical methods; and the
demand for new and unusual compounds in
the pharmaceutical development pipeline.
Table | summarizes a varicty of guidance
documents and policies relating to preser-
vation of biodiversity and cultural knowl-
edge within rescarch protocols.

Shaman Pharmaceuticals strives to
incorporate these principles in its strategics,
plans, and programs by involving indige-
nous peoples to maintain cultural diversity
as well as biological diversity, The company
recognizes that community-based projects
and the inclusion of host country expertise
are essential to the successful development,
evaluation, and monitoring of nationai
plans. In a statement by Lisa Conte, founder
and CEOQ of Shaman Pharmaceuticals, Inc.,
to a 1994 U.S. Senate Forcign Relations
Committee hearing regarding U.S. ratifica-
tion of the CBD, she asserted:

The Convention is critical to Shaman's
operations and philosophy because it
defines not only biodiversity conserva-
tion, but also the sustainable use of bio-
diversity and of the equitable sharing of
benefits that arise out of that use. As the
name of my company implies, Shaman
Pharmaceuticals integrates the ancient
knowledge of indigenous peoples’ use of
medicinal plants with the modern tech-
nology of the pharmaceutical industry
to create a more timely and less costly
method for drug discovery. This unique
method focusess on the isolation of
active compounds from tropical plants

that have a history of medicinal use in
indigenous societies and has enjoyed an
unprecedented success rate.

The collaborative relationships estab-
lished by Shaman Pharmaceuticals with
local communitics, traditional healers, and
scientific institutions in Nigeria could pro-
vide a working model for those nations and
private companies that are seeking cre-
ative, equitable, potentially lucrative ways
to comply with the CBD.

Nigeria’s Geography and Culture

Nigeria is one of a number of tropical
countries in Africa, Asia, and Latin Ameri-
ca that collaborate with Shaman Pharma-
ceuticals. With an estimated population of
8.5 to 119 million and high levels of both
biological and cultural diversity, Nigeria is
an ideal country in which to study medici-
nal plants. Over 70% of the population is
rural and 250-400 ethnic groups are recog-
nized, with nearly 60% of the total popula-
tion comprised of the Yoruba in the
southwest, the Igbo in the southeast, and
the Hausa and Fulani in the north.

Shaman's collaborative effort focused
mainly on the healers of the cultural groups
of Igbo, Efik, and Doko-uyanga in the
states of Imo, Anambra, Abia, Enugu,
Ebonyi, and parts of Bendel and Rivers
southeast Nigeria, an area referred to as
{gboland with an estimated 10 million peo-
ple. The predominant colonial religions are
the Catholic and Anglican churches which
coexist with the traditional religions of the
region. Historically, each Igbo village com-

TasLE 1. GUIDELINES AND RESEARCH PROTOCOLS

Center foc Plamt Conservation

Intemnational Society of
Ethnobiology

National Cancer Institute

. Pew Conservation Fellows
Shaman Pharmaceuticals
University Research Expeditions
Program

WWF, IUCN, WHO Conservation
Strategy of Medicinal Plants

Genetics and Conservation of Rare Plants
Covenanl Between a Respoasible
Corporation, Scientist, or Scientific
Institution and an Indigenous Group
Leuer of Colicction

Biodiversity Research Protocols
Agreemen: of Principles

Scientific Code of Ethics

The Guidelines on the Conservation of
Medicinal Plants

Organization Daocument Policies and Practice
‘Association of Systematics ASC Guidelines for Institutional The document discusses the ethical way to share, collect, and conserve
Collections Database Policies

local communities.

systematic collections among large institutions, but docs not mention any
involvement with local communities. L4
The guidelines consist of recommendations foc coilecting genetic variation
and rare plants, but docs not mention collaboration with local communities.
The covenant lists specific responsibilities requircd in the partnership
between rescarchers and indigenous peoples for the culture, community.
society, environment, region, and nation/state.

This agreement acknowledges intellectual property rights and compensation
for product development berween accessors and owners of biodiversity.
“The protocol suggests a framework 1o promote good ethical, responsible
research between communities and institutions which access biodiversity.
This agreement emphasizes prior informed consent and compensation to host
countries. cultures, and local communities.

The code specifically suggests how researchers can work with, involve, and
compensate tocal communities.

This document does not discuss the relationship between researchers and

Data compiled in this 1able are (rom:

Churcher, T. 1996. Directory Panial of Guidance Documents Relating to Biodiversity and Cullural Knowledge Rescarch and Prospeciing. Berkeley: Compiled for the Biodiversity
and Ethics Waorking Group of Pew Conservation Fellows, 1996.

Churcher, T., and Nictschmann. 8. 1994, Biodiversity Rigits: Paper presen
Biodiversity and Ethics Working Group of Pew Conscrvation Fellows.

ied al Pew Conservation Feltows Annual Conference, 1994, Tucson, Afizona. Berkeley: Compiled for (he
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Dr. Anumba, a Nigerian medical doctor, talking
with Ester Madu, a traditional healer, about plants
used to treat Type Il diabetes. {©Stieven R. King)

munity, or village state, is autonomous with
its own chief and govemnment.

The uneven distribution of modem med-
ical facilities in Igboland provides, not
unexpectedly, much higher accessibility to
the higher socioeconomic groups in urban
areas than to the people living in rural com-
munities. Indigenous medical systems
thrive along with Western medical facilities,
and both are used simultaneously and con-
secutively.

An estimated two-thirds of the health
care practitioners in Nigeria are traditional
healers of one sort of another. In 1980,
Nigerian law integrated herbalists and
“spirit mediums” into the state-run nation-
al health service. In 1995, the govemment
of Nigeria officially granted further recog-
nition of traditional healers as health care
providers within the country.

Traditional healers in Nigeria fall into
scveral categories, including traditional
birth attendants, herbalists, traditional
pharmacists, traditional bone setters, tradi-
tional psychiatrists, clairvoyants, diviners,
and oracles. Categories may overlap and a
healer may be, for instance, a traditional
herbalist/psychiatrist or diviner/herbalist.
Furthermore, many village people who are
not recognized as healers have knowledge
of a significant number of widely used
medicinal plants.

A Case Study in Collaboration

In this Nigerian setting, Shaman Pharma-
ceuticals established a collegial research
relationship and collaboration with a num-
ber of stakeholders, including scientific
institutions, scientists, village communities,
traditional healer organizations, and tradi-
tional healers. Shaman’s compensation to
these stakeholders is stated in the company s
“Agreement of Principles” {see Table 1).

The relationslup between Shaman Phar-
maceuticals and its Nigerian counterparts
has been in place since 1990, and four eth-
nobotanical research expeditions have been
conducied in Igboland in 1993, 1995, and
1996. Collaborators with Shaman include
Western-trained scientists located at the
University of Nigeria at Nsukka; Biore-
sources Development and Conservation
Program (BDCP), a Nigerian non-govem-
mental organization; village communities;
and traditional healers and their organiza-
tions. Such collaborations ¢an advance dis-
cussions of mutually beneficial partnerships
with a pharmaceutical company in a tropi-
cal country. Integral to these collaborative |
research relationships is the distribution of
immediate, medium-term, and long-term
benefits to the stakeholders.

Prior Informed Consent
Prerequisite to Research

In accord with the CBD, all Nigerians
with whom Shaman collaborated were
informed of the activities and philosophy
of the company before it conducted eth-
nobotanical research expeditions, recog-
nizing the right of host country scientists,
traditional healers, and community mem-
bers to decide whether they will coliabo-
rate and provide information on medicinal
plants. It is important to note that a number
of the Nigenan healers read, write, and
speak English. To ensure prior informed
consent, Shaman discussed such issues as:

-
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the intentions and goals of the project; how
and where the plants would be an
the potential for commercialization of any
pharmaceutical that is developed; issues of
compensation and benefit sharing for col-
laborators; and the potential for immediate,
medium-term, and long-term benefits,

The Nigenian scientists, with Cosmas
Obialor and Maurice Iwy, proposed the ini-
tial discussions with heaiers and traditional
leaders. They visited the communities thar
had participated in several years of
rescarch collaboration, which included the
villages were where Iwu and Obialor were
bom and still periodically spend time.

Objectives of the research project,
potential commercialization of products,
and compensation were discussed with the
community and the healers. It was clearly
stated that an average of 10 years of
research and development are required
before a product is commercialized. The
community decision-making process was
consistent with the traditional governing
customs of this area and included the vil-
lage chief, his advisors, traditional healers,
and village elders. Groups are predomi-
nantly male with typically 20-30% of the
members female. After all parties came to
a mutually beneficial agreement, Shaman
began its ethnomedical research collabora-
tion. The steps taken during this negotiat-
ing process and the time frame involved
are described in Table 2.

The Shaman ficld research methodolo-

alyzed;

TABLE 2. STEPS T0 ESTABLISH PRIOR INFORMED CONSENT
Step Dates Project Duration
|. Shaman communicates with scientists at the University of 1990 start
Nigeria at Nsukka and prior informed consent regarding Shaman's
objectives and commitments is discussed
2. Shaman brings Nigerian scientists 1o visit its laboratories in 1990 L5t year
California
3. Shaman contributes financially to the scientific capacity building 1990 151*3rd years
atthe University of Nigeria a1 Nsukka (a governmental institution) 1991
and the Bioresources Development 2nd Conservation Program 1992
{BDCP), a nongovermnmental organization estzblished in 1991,
prior to any ethnobotanical research
4. Nigerian scientists visit village communities and establish prior 1992 3rd year
informed consent of Shaman’s objectives and commitments and
proposed-collaborationwith BDCP and Shaman
5. Intersied communities invite Shaman research team to visit 1993 41h year,
6. Shaman obtains research and plan expont permits from Nigerian 1993 4th year
govermnment
7. Shaman research team (with Nigerian westermn-trained scientists) 1993 4th year
visits village community and discusses issues to ensure prior
informed consent for Shaman’s objectives and commitments and
propose collaboraticn
8. A mutual agreemen is established between the Nigerian scientists, 1993 4th year
village communrity, BDCP, and Shaman :
§. The ethnobolznical research proceeds in combination with capacity 1993 4th,6th, 7th years
building and technology transfer 1995
. o 1996
Seurce: Shaman Pharmaceuticals, fne
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gy included an ethnobotanisi-physician
team working at times with an ethnophar-
macologist and a phytochemist. All data
collection forms included the name and
location of the healer who provided the
information. After botanical voucher spec-
imens were collected and copied, the
botanical and cthnomedical data were
deposited in two Nigerian institutions—the
University of Nigeria, Nsukka, and the
Bioresources Development and Conserva-
tion Program (BDCP). Bulk botanical col-
lections of 140 kgs of selected medicinal
plants were compiled later by the Nigerian
ficld research team andfor the traditional
healer, for which the collector was paid a
set amount per dried kilogram of plant.
Collaborating traditional healers and com-
munity members were paid for the number
of days they worked on the project, based
on the local norm for daily wages. Imme-

diate reciprocily was also provided for the
benefit of the whole community based on
proposals put forth by the traditional com-
munity goveming bodies.

An important medium-term benefit is to
communicate laboratory resulis back to the
participating communities, which is done
routinely, and general literature ts published
on medicinal plants from Nigeria. Shaman
maintained a fundamental philosophy and
procedures to equitably compensate indige-
nous societies for their intellectual contribu-
tions to the identification of useful products
in the drug discovery process, even prior
to the inclusion of such requirements in the
Biodiversity Convention. The company
had developed a compensation program
designed to provide immediate, medium-
term, and long-term compensation to
indigenous peoples. To implement long-
term compensation, Shaman founded a

norprofil organization, the Healing Forest
Conservancy, to funnel a percentage of the
profits from commercialized products to
countries and communities that have partic-
ipated in Shaman's drug discovery process.
It provides indigenous communities with
validation and economic benefits for their
knowledge, innovations, and practices.

Collaborators and Partners
‘Ensure Program Viability

While most healers and villagers were
not readily satisfied with the prospect of
receiving benefits as much as 10 years in
the future, they were interested in immediate
and medium-term benefits. Shaman made
it clear, however, that when these iong-
term resources were made available to the
village, the decisions of the people of the
region would determine the use of the re-
sources for projects that would benefit them.

TabLE 3. COMPLIANCE BY SHAMAN PHARMACEUTICALS WITH CONVENTION ON BioLoGicatL DiversiTy (CBD)

CBD Principles { Articles)

Shaman's Compliance

Preamble

« In situ conservation of ecosystems and natural
habitats, recovery of viable species populations

« Eguitable sharing of benefits arising from use of

- traditional knowledge, innovation, and practices

« Recognized importance of indigenous and local people and their traditional knowledge in in site

conservation; desire and intent (o collaborate

« Provided US$2,000 in 1994 10 community and aditional healers® organization in Umobi Community,
Urmukabia Village, Imo State, for community-based medicinal plant forest reserve

Articles 8(a) and 8(j)

« Protected arcas or special measures {o conserve
biological diversity

= Respect, preserve, and mainiain knowledge,
innovations, and practices of indigenous and
local comraunities embaodying traditional
lifestyles

« Spousored two workshops in 1993 and 1996 on ethnomedicine, botany, and conservation for Nigerian
bownists, ecologists, conservation officers, chemists, phannaoolog:sts and physicians. All Shaman
ethromedical and botanical field research documents given to pmncnpams

« Sponsored three ethnobotany and conservation tratning programs, in Nigeria (1993, 1996) and

Camercon {1994)
« Co-5

code of ethics

sponsored workshop on “Ecology, Cultural Transition, and Human Health® at fniemational Society
of Ethnobiology (ISE) annual meeting in Nairobi, September 1996, Conducted in three vitlages,
designed for host country westem-irained scientists, local communily members, and traditional
healers o acquire skilis integrating biclogical ecology. anthropology, and public health

Warkshop sponsored by Healing Forest Conservancy and BDCP at ISE annual meeting to develop

Article 12(a)

+ Scientific and technical cducation and training
in biological diversity for needs of developing
countries

Douala, Cameroon

« Financial support for two Cross River State villages to supply village schools with books, table and

chairs, and fund for paying school teachers

+ 35,000 to support Nigerian scientist antendance at six-weck course in biodiversity monitoring at

Smiithsonian Institution, U.S.

Garden, Cameroon, October 1995

Provided $8,000 to support 1995 BDCP conferences and cihnobotany workshops in Limbe and

Shaman and BDCP sponsor training course on "Ethnobiology and Field Taxonomy' at Limbe Botanic

Article 9(b}
« Establish and maintain ex situ conservation,
preferably in country of origin

Contributed resources and botanical collection supplies 1o help establish herbarium at BDCP office
Funded and worked with Enugu State Herbarium, Department of Foresiry. Enugu State

Article 11
= Adopt economic and social incentives for
biodiversity conservation, sustainable use

Provided ethnomedical field research materials 10 BDCP-Nigeria scientists to study malaria.
leishmaniasis, and trypanosomiasis 1o better understand treatment through plant medicines
Treated traditional herbalist's husband for malania with mefloquine

Paid for hospitalization of three sick children from Cross River State

Articles 15.5 and 15.6

= Prior informed consent of parties providing
access o genetic resources

« Full participation in scientific research

mutually agreed-upon r:lallonshlp established

Shaman established prior informed consent with scientists at University of Nigeria at Nsukka,
appropriate government agencies, and village communities, Ethnobotanical research proceeds after

Article 18.1
+ Promote international technical and scientific

€ooperation in conservation and sustainable use
of biodiversity

+ Three Nigerian scientists visited Shaman Pharmaceuticals laboratories
« Nigerian scientist in natural products chemistry at Shaman January 1994-March 1995 10 Icarn modern

analytical techniques




Shaman's program further incorporated
principles later stated specifically in the
Biodiversity Convention by reinvesting in
host-country activities and supporting local
populations to develop and implement
remedial action in degraded areas where
biological diversity has been reduced,
From 1990 to 1996, resources totaling over
US$210,000 in compensation and reci-
procity have been provided to Nigeria from
Shaman Pharmaceuticals.

Phytotherapy Research Laboratory,
University of Nigeria, Nsukka—As a
demonstration of its commitment to host-
country capacity building, Shaman Phar-
maceuticals provided $20,000 in 1990,
310,000 in 1991, and $10,000 in 1992 to
the Phytotherapy Research Laboratory at
the University of Nigeria at Nsukka to
cnhance research on the pharmacology.
chemistry, and botany of medicinal plants.
The funds were used to support a pharma-
cognosy lab; assist several graduate stu-
denis in the Department of Pharmacognosy;
provide chemical and pharmacological
reagents and equipment; establish biologi-
cal assays for a variety of microbial patho-
geas; and acquire botanical herbarium and
collection supplies.

Bioresources Development and Con-
servation Program—In 1991, Nigerians
representing & variety of cultural groups
established a non-governmental organiza-
tion, the Bioresources Development and
Conservation Programme (BDCP). Since
its inception, Shaman Pharmaceuticals has
provided financial support to strengthen its
infrastructure and facilitate its activities,
which have included:

«» establishing collaborative relation-
ships with traditional healers’ organiza-
tions;

» strengthening traditional botanical
medicine and traditional healers within
Nigeria;

» conducting educational workshops
with western-trained scientists and tradi-
tional healers as participants;

« establishing BDCP offices in Lagos,
Nsukka, Owerri;

» constructing a two-level facility in
Nsukka equipped with office space, meet-
ing rooms, facsimile equipment, a {ibrari-
an, computers, a botany lab and herbarium,
chemistry labs, pharmacology labs, and
biology labs;

« conducting research on plants thal
treat parasitic diseases prevalent in West
Africa; and

= developing strategies to best utilize
traditional botanical medicines to meet
health care needs of African countries.

The BDCP is now expanding to other
Afnican countries such as Cameroon and
Guinca where host-country scientists and

traditional healers manage simitar organi-
zauons.

A Novel Approach
to Benefit Sharing

Shaman pioneered these concepts, which
essentially converted Biodiversity Conven-
tion principles into practice, by working
through its nonprofit foundation, the Heal-
ing Forest Conservancy, whose purpose is
to work with local, indigenous Shaman
collaborators to distributes benefits afier a
product is commercialized. In the long
term, Shaman will return a percentage of its
profits to all the indigenous communities
and countries with which it has worked,
regardless of where the actual plant sample
or traditional knowledge originated.

Pilot Projects Foster
Better Understanding of
Compensation Options

The Healing Forest Conservancy has
successfully sought additional support for
compensation pilot projects from founda-
tions, nonprofit groups, and environmentat
organizations that view compensation pro-
grams as having merit as stand-alone con-
servation programs. Pilot programs were
developed through input from three sources:
(1) indigenous federations and their declara-
tions; (2) international conventions, such as
the CBD, signq'j by governments of species-
rich countries, and (3) professional associ-
ations that have or are developing codes of
conduct for ethnobiological research, such
as the Society for Applied Anthropalogy, the
International Society for Ethnobiology, and
the Pew Biodiversity Research Protocols.

All of these programs recognize the
importance of prior informed consent,
compensation, and the creation of mutual-
ly beneficial relationships between West-
ern-trained scientists and researchers
working with traditional rural healers in
Nigeria in the face of a variety of ethical,
scientific, and traditional resource rights
challenges. Shaman Pharmaceuticals sci-
entists cultivate such relationships through
discussions and clear communication
before, during, and after research expedi-
tions, particularly in establishing collegial-
ity, trust, and fiuent communication with
iocal heaters. Transfer of technology 1o the
host country, reciprocity, and benefit shar-
ing from research collaboration also are
encompassed by Shaman’s philosophy.
Such exchange of resources begins when
the research relationship is initiated with a

i:\!\'()'\[\'l'!():\“\‘

host country and continues throughout the
duration of the collaboration, regardless of
whether a commercialized product is ever
developed from the research.

If a marketable product is developed
from plants collected from Nigeria, the
Healing Forest Conservancy will work
with the BDCP and the Fund for Integrated
Rural Development and Traditional Medi-
cine to maintain fongitudinal dialogue and
distribute these resources to local commu-
nities to help conserve their biological and
cultural diversity,

For further information, contact: Dr.
Steven R. King, Shaman Pharmaceuticals
Inc., 213 East Grand Ave., South San Fran.
cisco, CA 94080-4812, USA. Tel: +1-415-
952-7070. Fax: +1-415-873.1463, =
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Chapter 8

Biological Diversity, Indigenous
Knowledge, Drug Discovery, and
Intellectual Property Rights

Steven R. King, Thomas J. Cadson, and Katy Moran

Shaman Pharmaceuticals, Inc., has pioneered the direct wtilization of
indigenous knowledge in the drug-discovery process. They are also at- -
temping o pioneer compensation strategies different from traditional
bostcommercialization profit sharing. Steven King and his coauthors
describe here some of the compensation strategies being used by the
pharmaceutical company itself during the drug-discovery process, as
well as attempts 10 funnel resources to partner commumities through an
independent nonprofit organization, the Healing Farest Conser-
vancy.—Eds. -

The idea of compensating indigenous people for the use of knowledge about
biological diversity is one based in equity and faimess. It is hard to make an
argument that an exchange of resources or reciprocal action is not needed.
But it is also exceedingly difficult to find the proper means of exchange. A
logical means of compensating indigenous people for their role in the drug-
discovery process would be to accord them a share in the profits from che
drug, once it is commercialized. However, this not only requires a five- to
ten-year waiting period and research conducted in any given village in any
country may never lead to a commercialized pr_oducr. In chese instances, no
benefits of any kind would come to the local people. The most challenging
and difficult issue we are confronted with, then, is how to provide reciprocal
benefits, and chrough what types of mechanisms, so that communities may
receive approoriate, and appropriately rimed, compensation. We are

Hn
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presently exploring ways to provide reciprocity, in addition to profit-sharing
means and programs that provide communities with immediate and medium
term benefits. We describe in this chapter a number of different approaches
and concrete reciprocal benefits conferred on the communities with whom
we work. ’ :

In the drug-discovery process at Shaman Phammaceuticals, we utilize in-
digenous knowledge of medicinal plants during the prescreening of rin for- -
est plants. This knowledge greatly teduces the number of plants that we
screen intensively and increases our potential for success. We place a high
value on the knowledge that we receive from our collaborators, and for this
reason feel it absolutely necessary to reciprocate the conathution to our drug-
development process.

There is another reason to demonstrate to the world our commitment to
reciprocity and the value we place on indigenous knowledge. To preserve the
rain forest without preservation of shamanic knowledge of the plants in the
fotest would be to cut ourselves off from cures for present and future diseases.
In order to preserve that knowledge and ensure that it is passed on from gen-
¢ration to generation, we must also preserve cultural divessity. An explicit
goal of our program is to find ways to preserve not only the rain forest plants,
but the indigenous knowledge and cultural uses of those plants (King 1991).

It is important that we begin to acknowledge the benefits that native peo-
ple provide to the world in the form of their historical and contemporary
management of global genetic resources, and the different types of relation-
ships between indigenous and outside organizations or governments that can
be formed to preserve these benefits. We should view the indigenous knowl-
edge of these people as a highly valuable human cultural resource that should
be carefully safeguarded and considered. In explicitly recognizing the exper-
tise of these individuals, we reinforce its importance by according adequate
compensation for their intellectual properry. i

Reciprocity Strategies

As already mentioned, reciprocity may take many forms. In the first section,
we describe briefly the methods we use to confer the mote conventional type
of reciprocity, long-term benefits. We then describe our activities over the
past four years to return tangible and explicit immediate and medium-term
reciprocal benefits to the people and places where we have worked. We pro-
vide descriptions of various means we use to provide reciprocal benefits in the
form of medicine and public health projects: We also describe activities of
both Shaman Pharmaceuticals and the Healing Forest Conservancy that we
hope will help to maintain and enrich biological and cultural diversity in our
partoer communities.
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Long-Term Reciprocity Strategies

Shaman plans to provide a portion of the profits of any and all products to all
of the communities and countries in which we have worked. This spreads out
the risk to communities of being involved with a financially unpredictable in-
dustry and assures a more rapid retum of resources for all of our collaborators.
Potential profits to be shared would include a portion of those profits derived
from a product that may enter the company through a separate route, in-
cluding a product licensed from another company.

Shaman channels a percentage of product profits, or compensation, equally
to each indigenous group—at the federation or collective organization
level—that represents people with whom Shaman has collaborated in the
drug-discovery process. We do this through an independent nonprofit foun-
dation, founded by Shaman Pharmaceuticals, called the Healing forést Con-
servancy. Compensation will be delivered in the form of projects that help to
conserve biocultural diversity, largely framed through consultation with rep-
resentatives of collaborating countries and indigenous organizations.

A second component of our strategy to return long-term benefits to the
communities we work with involves the creation of new sustainable natural-
product supply industries in the countries in which we work. The develop-
ment of new sustainable supply industry in wopical countries is considered to
be a vital part of economic development by the govemments and local peo-
ple and many countries throughout the tropics (Bennet, 1992; Reid e al.
1993). We are attempting to establish supply relationships with a number of
indigenous groups in Latin America. Our research and development work
with indigenous federations is described in a separate publication (King

1994).

Short-Term Strategies

Ethnobiologists and numerous intemational professional socicties such as the
Society of Economic Botany, the Intemnational Society of Ethnobiclogy, and
American anthropological associations have emphatically stated the impor-
tance of ethical reciprocal conduct by all people doing research of any type
with local and indigenous people (Boom 1990 =, b; Cox and Balick 1994;
Cunningham 1991, 1992; Elisabetsky 1991). We believe this should include
making a commitment to provide immediate reciprocity by developing pro-
jects that help to enhance the health and welfare of the forest people. We ad-
vocate a systemn in which researchers provide for some of the immediate
needs of communities. To do this, an organization must ask the people with
whom they work what their immediate needs are. Contrbution of short- and
medium-term reciprocal benefits based on the requests of local people is a
mode! scrategy that could be followed by 2ll individuals, organizations, or cor-
porations studying and using local people’s traditional knowledge. The fol-
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lowing paragraphs detail many of our successful attempts to provide these -
shorter-term reciprocities 1o our parmer communities.

Integrating Public Health and Ethnobotany Projects

As forest ecosystems are damaged, wild food supplies and traditional agricul-
tural systems are disrupted, leading to a reduction in the nutritional status of
food provided. Increased consumption of introduced processed foods and a
more sedentary lifestyle result in increased incidence of Type 2 Diabetes mel-
litus (Ali et al. 1993; King et al. 1984; Ramachandran et al. 1992). Microbial
pollution. of water and a more sedentary lifestyle contribute to an increased
intestinal parasite load in village populations. Gold-mining by-products (g,
mercury) and oil-drilling cffluents contaminate water and food supplies in vil-
lagés near these operations. Logging, oil-drilling, and gold-mining projects
can also result in the introduction of new infectious disease strains (e.g, drug-
cesistan. strains of tuberculosis and malaria). A salient example is the epi-
demic of drug-resistant Falciparum malaria that was introduced into
Yanomami Indian villages in Brazil by invading.gold miners. Effective public
health programs can complement forest conservation projects through im-
proving the health status of forest-dwelling people.

Historically, ethnobotany and forest conservation projects have not been
conducted in coordination with public health and medical projects. Projects
that merge these fields can be mutually bencficial and enhance the efficacies
of the individual projects. Shaman routinely uses physicians on expeditions to
aid in determination of medicinally active forest plants. Ethnobotanical re-
search is enhanced because a physician can diagnose the diseases seen and/or
discussed with the local herbal healers. This helps to steeamline the pharma-
cological analysis of medicinal plants being used. However, the physician can
also play a very important role in the provision of direct medical care and fa-
cilitation of public health projects. We have established a division of ethno-
biomedical field research within our botany department, the purpose of
which is to develop and implement the medical and public health compo-
nents of ethnobotanical field research expeditions.

In providing medical assistance to indigenous communities, it is important
to emphasize to the people of those communities that we respect their tradi-
tional botanical medicine and recognize its effectiveness in the treatment
of many of their diseases. The ethnobotanist should always set the tone
and guide the physician’s interaction with the local people. When providing
medical eare it is important that the village herbal healer not be upstaged and
that the culture’s confidence in theit uaditional botanical medicine not be
weakened. The relationship between the physician and shaman should be re-
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spectful and never competitive. Western medicine should be administered in
a culturally sensitive fashion as a supplement to traditional medicine, not a
teplacement. _ )

Community-based public health workshops and conferences can be orga-
nized and supported to demonstrate the interrelationship between the stabil-
ity of forest ecology and the health status of the forest people. Tivo of the au-
thors of this chapter recently organized and' contributed to a three-week
course with community-based forest conservation workers. Public health is.
sues for the forest village people were discussed in the context of forest con-
servation. Collaborativeprojects with public health workers and physicians
working with ethnobotanists and forect conservationists are presendy active
in Madagascar (Quansah 1992), Peru (Hansson et al. 1992), and the
Caribbean basin. Shaman has and will continue to generate and support
these and other collaborative efforts to link health care with biodiversity con-

servation.

Offering Direct Medical Care

We have found that the most effective medical projects are those that are [o-
cally based and emphasize both preventative {e.g., clean water projects) and
primary health care. Certain diseases (e.g., introduced drug-tesistant strains
of tuberculasis and malaria) continue to cause significant morbidity and mor-
tality in tropical villages. These illnesses that are not well-treated by tradi-
tional medicine should be the focus of Western-trained physicians.

We take a number of steps in providing health care to our partner commu-
nities. Contact is made with physicians, nurses, and public health workers at
the regional and local clinics and hospitals in the area where field research is
conducted. These medical personnel are interviewed to discuss the main dis-
cases in the villages. This information is used to supplement the epidemio-
logical literature survey. ltis also important for identification of the resources
of local facilities, and lack of resources, hence needs {e.g., books, medicines,
equipment, etc.). Based on this information, the physician can donate med-
ical materials, provide technical assistance, and work in the clinics. Some

specific examples of our mutual medical exchange and support are described
here:

* While conducting ethnobotanical research in Papua New Guinea, one of
the authors developed a dermatitis from contact with a species in the
Anacardiaceae plant family. The dermaritis was very uncomfortable due to
the hot humid tropical environment. The Papua botanical healer working
with us saw the arm and immediately pointed out the plant that caused
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the dermatitis. He then collected the vine of another plant and applied its
stem sap on the skin of the author, which resulted in immediate relief of
itching. Later in che day we were in the healer's village and he requested
that we evaluate some of the elderly people in the village with a variety of

iilnesses. The sense of sharing knowledge and health care was very nat.
ural.

Another Papua collaborator is one of the most knowledgeable field
botanists from the Lae Herbarium. This botanist had been poked in the eye
with a thom six months before while doing his botanical field work. This
resulted in a cataract, which made him blind in that eye. On our evalua-
tion of this man, we determined that his sight could be restored with rou-
tine cataract surgery and placement of an intraocular lens implant. As our
collcagua did not have money to afford this surgery, we paid for all his sur.
gical and travel fees. His sight was restored, and he could better work with
his valuable knowledge about the plants of Papua New Guinea. While the
support of projects to improve the long-term public healthof an atea is cru-

cial, to be able to provide short-term, immediate health care benefits is aiso
important.

While working with an Igbo woman herbalist in South Eastern Nigeria, we
were introduced to her husband, who was ill with Felciparum malaria. He
had recently been treated at a nearby allopathic clinic with chloroquine,
buc his symptoms did not improve. With the agreement of the man and his
wife (the herbalist), we treated him with the antimalarial mefloquine,
which resulted in an improvement of his condition.

In 1992, one of us was approached at a seientific meeting by an anthropol-
ogist, who made a request for antimalarial medications that could be uti-
lized to help the Yanomami Indians in the Northemn Brazilian Amazon.
These people were dying from a chloroquine-resistant strain of malaria
which was introduced by the gold miners. On behalf of the Yanomami, we
contacted Roche Labs, the manufacturer of mefloquine, an effective treat-
ment for this type of malaria, and requested a donation of the medicine.
Shortly thereafter, we received the first 500 doses of tietloquine Tor chese
people and sent them to the Commission for the Creation of 2 Yanomami
Preserve (CCYP) offices in Sao Paulo, Brazil, who delivered them to treat
the most critical malaria cases among the Yanomami. Shaman is not
presently working wich the Yanomami, but we feel there is a morat obliga-
tion to provide support to any indigenous people facing a health erists.

On a recent expedition in East Kalimantan, Indonesia, one of the villages
we worked in requested that their people be evaluated for tuberculosis and
be treated appropriately. It was determined that 17 people in the village
had active tuberculosis, and Shaman arranged to have enough antituber-
culosis medicines sent to treat them all for nine months.
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« During our research expedition to Ecuador, at the village's request, we con-
ducted medical clinics and made house calls in the village. The shaman ac-
companied us into some of the homes, and we functioned as kils consultant.
One of the patients was a respected elder in the village whose son was the
apprentice to the shaman 'Ihethamantoldusdmdteplammcdidm
being administered was not curing the elder man's skin disease. He pre-
sented the patient to us and asked if we had any medicines that would hea
the problem. On our physical examination the patient was found to have
carly developing pyomyositis of the back and chest. This disease is an in-
fection of the skin and subcutaneous tissue that extends into the undedy-
ing muscle and causes abscesses. Pyomyositis is a well-recognized cause of
morbidity and mortality in the Ecuadorian Amazon (Kerrigan and Nelson,
1992}, and is caused by Staphylococeus or Streptococeus. In advanced stages,
people can develop infection of the bloodstream, resulting in death from
bacterial sepsis. We were fortunate to be able to provide an oral antibiotic
that cured his infection and healed his skin lesions. The village and the
elder man's family were appreciative that he was weated effectively and
cured. The shaman was not threatened, but rather delighted that his pa-
tient and friend was feeling better

* While in Ecuador in October 1992, in addition to listening to and record.
ing the spontaneous requests by local people for assistance, we akso had 2

- village meeting to give everyone the opportunity to identify ways we could
contribute to the welfare of the village. One suggestion was the treatment
of their intestinal worms. The next day we provided worm medicine ¢o
everyone in the village and developed an arrangement with a collaborator
from Ecuador to offer worm medicine to the village every three to six
months. Responding to another village request, Shaman committed to -
funding the visit of an Ecuadorian physician and dentist to the village every
three months. We also strongly emphasized the value of using their tradi.
tional botanical medicine. We supplied each household in the village wich
an Ecuadorian-produced book on the botanical medicine of their culture. It
has become standard procedure to acquite and leave data on local medici-
nal plants to stimulate and strengthen cultural health care independence.

Establishing Infrastructure
for Ongoing Public Health Programs

Offtering direct medical care to local people is a way to contribute immediate
benefits on each ethnobotanical cesearch expedition. However, when the
physician leaves, often no infrastructure is left behing to maintain public
health improvements. The programs that have the greatest impact on the
health status of the collecrive populatior are public health p-ojects {e.g., pre-



i x.

1d

i

11-

1z

.

i1 1k

174 Steven R. King. Thomas |. Carlson, Katy Morag

ventative medicine and clean water projects). The efficacy of public health,
projects can be dramatic; simply having clean drinking water in a village can
result in a dramatic reduction in the infant mortaliry rate and'incidence and
prevalence of infectious diseases in all age groups. Even in the United States,
it was the public health measures'in the 1920s and 1930s that reduced the in.
fant mortality rate, not the advent of antibiotics and: other modem medi.
cines. Based on the request of an Ecuadotian Amazon Quichua village, we
are currently supporting a project that will pipe fresh spring water throughout
the village, including into the schoolhouse. The indigenous village people are
integrally involved in the creation and maintenance of this project, thus mak.
ing it a seli-sufficient system.

On a recent research expedition in East Kalimancan on the istand of Bar-

-neo, the Kenyah Dayak village we worked with reported they had developed

a system to pipe water to one-third of the homes in the village, but they ran
out of pipe. They specified the diameter, total length, and type of pipe they
needed to provide clean water to the remaining two-thirds of the village.
They even told us where we could buy the pipe. The town where it could be
purchiased was five days away by canoe, 50 a person from the village accom-
panied us to Tarakan, where we purchased the pipe. The village representa-
tive then took it back to the village to be assembled.

Public health programs should establish infrastructures that facilitate con-
tinuous long-term improvements of the population’s health status. Through
working with regional hezlth-care professionals, local people can be trained
to be village health-care workers. Long-term benefits of such projects can be
assured by integrating the local people into the planning and implementation
of these health-care projects. In addition to conducting clean water and pre-
ventative medicine projects, this infrastructure could also be used to admin-
ister medicines for treatment of tuberculosis and malacdia. When these pro-

jects are integrated thoughtfully, they can complcmcnt the existing
indigenous medical systems.

Community Requests for Immediate and Medium-Term
Reciprocity

In October 1992, Shaman conducted a research expedition in Amazonian
Ecuadoc Prior to our expedition’s arrival, the community decided that they
were in need of an expanded airstrip, as planes were only capable of taking
one passenger at a time. This meant that emergency evacuated medical cases
often had to take young childten or adults without family members to the re-
gional hospital in Puyo, Ecuador Shaman complied with this request and pro-
vided $1,500 for the purchase of supplies, material, and labor to lengthen the

airstrip for this community. This was completed several months before our ar-
tival.



8. Biodiversity, Knowledge, Drug Discovery. 2nd Intelicceual Properey Righes 175

Medium-Term Strategies

Shaman focuses our medium-term efforts on providing benefits that may not
be immediately apparent, but that will nonetheless accrue to the community
before profit-shacing might, such as through increasing its scientific and re.
scarch capability. Some specific examples of medium-term reciprocity have
involved providing chemical reagents, high-pressure liquid chromatography
(HPLC) equipment, software for scientific data analysis, books, and other
c:iﬁcalrcsourccsforuainingtohdpﬁnprove thccapacityoflocnloountry
scientists. These types of benefits have been provided in particular to. scien-
tists working within a nongovernmental organization and Malagasy scientists,
waditional healers, university studencs, and other nonprofit organizations.

Scientific Support and Exchange

Shaman has provided direct support for laboratories in developing countrias
working on traditional medicine. Resources for laboratory materials and
scholarships for study have been provided each year to 2 Nigerian research
laboratory that is working on plant treatments for malaria and other diseases
prevalent in the tropics of West Africa. We have also provided a year-long fel-
lowship for a Mexican research scientist working in a traditional medicine re.
search institution. This fellowship enables a scientist to direct fyll-time and
.continual efforts o traditional medicine and plant research without having to
resort to alternative wages to support a family. This scientist was brought o
our laboratory for several weeks to work directly with our scientists on tech-
niques and methodologies for the development of central nervous systern
medicinal plants. Another scicntist from Papua New Guinea worked in our
labs for three months in late 1993. We also provided support for the purchase
of an HPLC device for the chemists' laborarories in Papua New Guinea. This
s part of our commitment to provide for technology transfer and exchange.
Finally, we have provided opportunities for scientists to come and participate
in an intensive biodiversity conservation monitoring course at the Smithson-
ian Institution in Washington, D.C.

Funding a Shamanic Apprenticeship

On spending time with the family of the sick village elder in Ecuador, we were
told that the son (the shaman's apprentice) needed to leave the village peri-
odically and work on a tea plantation to eam money for the family. This un-
fortunately has interfered with his apprenticeship. We cthen provided imme-
diate and long-term funding for both the apprentice and the shaman so that
they could continue their warking relationship full-time. Now the young ap-
prentice does not have to leave the village and go out 10 seek wages, as he
can earn them as part of his apprenticeship with the mos specialized healer
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in the village. This support will help assure that this valuable shamanic
knowledge will be passed on to anothet generation.

Sustainable Harvesting Studies

Other forms of medium-term reciprocity include the commissioning of sus- - .-
tainable harvesting studics of plant species that are important for local tradi-
tional medicine and also of interest to Shaman Phammaceuticals.. Thirteen
distinct studiés have been commissioned, produced, and distributed in four
different Latin Ameri¢an countries on various fundamental aspects of the
ecology, distribution, production, and management of several species widely
used in traditional medicine in Latin America. These studies, fully commis- ~
sioned and paid for by Shaman Pharmaceuticals, have been distributed to in-
digenous groups, nongovernmental conservation organizations, and govem-
ment institutions within these Latin American countrics. By supporting these
studies and their distribution, Shaman is assisting the development of the sci-
entific infrastructure and knowledge base of critical biological medicinal
plant resources. This helps to create an increased expertise and knowledge of
how to manage the important genetic resources.of the collaborating coun-
tries.

Projects Addressing Conservation of Biocultural
Diversity—The Work of the Healing Forest Conservancy

The independent, nonprofic Healing Forest Conservancy was founded in
1989 with a donation by Shaman Pharmaceuticals, Inc. The conservancy was
created to provide a mechanism to retum short-, medium-, and long-term
benefits to people living in tropical forest countries. One of the goals of the
conservancy is to return a portion of profits from commercialized products to
all of the indigenous groups, commuaities, and countriés with whom we have
worked. The conservancy works to support solutions to secure the long-term
survival of biological and cultural diversity of tropical forests, with a particu-
lar emphasis on preservation of knowledge of medicinal plants and traditional
medical practices using plants.

The conservancy works to conserve biocultural diversity through atliances
with other nonprofit groups and tropical forest people’s organizations in de-
signing and implementing programs with the following objectives: to
strengthen indigenous people’s organizations and foster communication be-
cween indigenous groups and the outside world; to integrate local people into
programs for specics collection, identification, and inventory of local genertic
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resources by merging indigenous and modeen scientific methods; to promote
sustainable, ecologically sound development through local harvesting of
products from forests 50 as to prevent forests from being cleared for timber ex-
traction; to link public health groups and forest conservation groups; and to
support programs and policies that foster the health and welfare of indigenous

cultures and tropical forests. The following information is an account of sev-
eral of the activities of the conservancy.

Medicine Woman Program

A high priority in the implementation of the Convention on Biological Di-
versity (UNEE, 1992) that entered into force on December 29, 1993, will be -
to stimulate technical training in the sustainable development of biologicat
resources 4t local, national, and bioregional levels in species-rich countries
and geographical regions. Tropical countries have varying capacities to both
conserve and develop their biodiversity; at the local level, most of the small
scale communities that live near and inceract daily with flora and fauna lack
the technical training to add value to théir biological resources. Local capac-
ity-building, through training and education for skills in technical jobs to col-
lect, identify, inventory, and screen the biological assets housed within tropi-
cal forests, supplies income-producing incentives to communities living near
biological resources and thus best located to protect those resources. On 2
routine basis it could provide people with technical jobs and/or the ability to
market knowledge and information to 2 broad spectrum of interested partners
or companies, both nationally and intemationally,

The Medicine Woman program provides for education and training to add
value locally to medicinal plant resources, emphasizing the participation of
indigenous women. If training. education, or employment opportunities are
available to women, ecological impacts may be magnified. Studies demon-
strate that women who have the option of a job or another child typically
choose the former, effectively lessening population pressures on natural re-
sources. Few programs specifically offer women this type of opportunity,
though indigenous women have specialized knowledge of medicinal plant use
for contraception, abortion, pre- and postnatal care, and other health and
nuccition-related treatments. With support from the Rex Foundation, the In.
temational Society of Ethnobiology, and others, The Healing Forest Conser-
vancy has established this program to provide small grants to indigenous
women in communities where technical training to add value locally to med-
icinal plants is culturally appropriate and suits local needs.

Technical training can be valuable to local communities at many levels, buc
choice as to which level of trzining sophistication is pursued should be deter-
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mined by the communities. Plant coliection, biological inventories, chemical
screening, and biological assays dre types of analysis that can be done at the
local level; each is a more sophisticated technique than che previous one.
Technical skills in collection include how- to make and use a plant press,
plant-drying methods, care and storage of dried plants, and simple laboratory
techniques for collections. Skills in coliecting can be leamned to suppletment -
local systems of plant use, to enhance employment opportunities with na.
tional govemments that ate responsible for completing country biodiversity
inventorics, ot with foreign employers interested in developing biological re.
soutces commercially. Local participation in the collection process supplies
communities with greater control over the use of their biological resources
and secves as the basis for more advanced training procedures such as biolog--
ical inventories and screening.

Before countries can systematically conserve and utilize their biologicat di-
versity, inventories are necessary to chronicle the present state of diversity.
An inventory supplies a catalogue of a country’s biological resoutces, mea-
sures amount, variation, and uniqueness of species, and describes how species

. are distributed and their status, all of which helps to determine how to man-

age them. Inventories can also record local uses of indigenous plants.

Screening at local laboratory facilities entails the proper scientific collec-
tion and documentation of forest plant material with associated information
on its use, preparation, and therapeutic benefits. Screening is labor-intensive,
yet does not require the destruction of large amouncs of plant samples. In this
way, it can generate jobs and be compatible with local conservation programs.

More sophisticated training could include training in biological assay
(bioassay) methods. Bicassays are tests in which chemical extracts of, in this-
case, plant material, are assessed for their effects on selected organisms, cell
cultures, or other target systems. Conduct of biological assays involves scien-
tific procedures to process, with locally available and appropriate solvents and
reagents, material for toxicity, safety, and efficacy screening. Technicians con-
duct tasks such as adding extracts of traditionally made medicinal plants to
indicator organisms such as brine shrimp, or basic phytochemical screening,
perhaps in search of members of a particular class of compounds. These tasks
are a form of chemical inventorying to determine the potency or biological
activity of compounds and should be incorporated as part of the cataloging
process.

National governments stand to benefit from 2 trained domestic workforce
in a number of ways. In addition to an initial fee for use of the country’s bio-
logical diversity, govenments ¢can eam revenue from the sale of information
generated through inventories, screens, and assays. Additional revenues may
allow debt-ridden nations o forgo the short-term monetany gains associated
with destructive practices such as logging, cattle graning, and menoculture of
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cash crops, and focus instead on conservation-related activities. Regional
medical needs can be met through increased knowledge to conserve the
plants that form the basis of traditional health-care systems. Also, this type of
training can set a foundation for the development of a national infrastructure
for science, commerce, jobs, and taxes.

A Medicine Woman Pilot Project

In 1994 the Healing Forest Conservancy funded a nine-day Medicine
Woman pilot course in Lucknov, India. The course was timed and located to
coincide with the Fourth Intemational Congress of Ethnobiology, which stu-
dents were also able to attend. The purpose of the course was to increase and
diffuse knowledge of ethnobiology among the panticipants. Another impor-
tant reason for this pilot course in India was to encoursge conservation of the
nation’s rich biocultural diversity, with over 400 unique ethnic groups (75 .
percent tribal) and 45,000 species of plants. The course covered basic tech-
nical skills, as well as created a forum for informed participation in applied
ethnobiology through discussion on ethical issues and other professional dia-
logue with those practicing ethnobiology around the warld.

The conservancy, in copperation with the Asia Foundation and the Na-
tional Botanical Rescarch Institute of India, supported participation by 28
trainees, over half of whom were tribal women and, 2s such, the primary man-
agers of natural resources in their communities. Due to their roles of attend-
ing to the everyday needs of children and household, and the outmigration of
men from their communities, they have acquired an intimate knowledge of
local resources and their use, as illustrated partly by home gardens. The trz-
dition of home gardens, tailored to family use, provides considerable variation
in plants among individual gardens. Consequently, the gardens serve as
botanical refuges for less-common and nondomesticated plants. Home gar-
dens are “research and development” laboratories where different plants are
-experimented with and adapted for food, fodder, fiber, medicines, religious, -
ceremonial, and other subsistence uses. They increase the probability thac
vatied and less-common plants will be maintained over time.

On the first day of the course, students were asked what type of informa-
tion they could best benefit from, given the brevity of the pilot course. Re-
sponses included:

* How can communities benefit from their plant resources while maintain.
ing traditional systems’

* What steps must be taken to commercialize plant resources! How can
overexploitation of resources be prevented?
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s What primary processing can be done at the field level to add value to re.
soutces!. Basically, students wanted more information and skills to increase
their capacity to sustainably develop their biotic resources.

Momings were spent in classes discussing methods in ethnobiclogy with
varied international specialists in the natucal and social sciences who had ar.
rived early for the congress, in order to participate as course instructors, Af.
temoons were spent in the field, for technical training in collection methods,
such as how to make and use a plant press and methods of drying plant ma-
terial.- Duting a visit to an herbarium, procedures such as care and storage of
dried plants and simple herbarium laboratory techniques were demonstrated.
Evening discussions focused on ethical issues in applied ethnobiology, such as
intellectual property rights.

The brief but intense pilot project, as well as roundtables and discussions
with professionals at the following intemational congress of ethnobiologists,
supplied many opportunities to address the questions of the first day. Future
Medicine Woman projects worldwide of varying length and depth will offer
specific information and training to respond to local needs.

Terra Nova

Traditional territories and resources are the basis of the livelihood, social or-
ganization, and cultural identity of indigenous communities. A critical seep in
the conservation of biocultural diversity is to recognize important cultural
links with resource-rich areas, and to preserve both the resource and the cul-
ture. Terra Nova is a pilot project to demarcate and manage plant resources,
led by local healers who have formed an association for that express purpose.
It is a joint partnership between the government of Beluze and the Belize As-
sociation of Traditional Healers.

The govermment of Belize has designated a 6,000-acre tract to establish
what many believe to be the world's first ethnobiomedical plant reserve. To
irpede recent poaching and logging, management of the reserve was awarded
to The Belize Association of Traditional Healers (BATH), composed ptimar-
ily of Maya traditional healers. The BATH was formed in 1992 and is an ex-
ample of communal management of resources, uniting traditional people’s -
use of plants with their sustainable extraction. The land, named Terra Nova,
near the Cayo District of Belize, has terrain ideal for many types of Maya
medicinal plants integral to Central American traditional healing. The re-
serve is a nursery for “orphaned” species—medicinal plants tescued from con-
struction bulldozers and transplanted to a safe location. Terra Nova also of-
fers a means to train and pass on the healing forest legacy 1o future
generations of healers. Future plans, supported by the Healing Forest Con-
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servancy, the New York Botanical Garden's Institute of Economic Botany, and
the Rex Foundation, include making Terra Nova a self-supporting extractive
ceserve by creating for-profit factory producing Mayan herbal remedies.

The Usko-Ayar Amazonian Schoo! of Painting

The Usko-Ayar Amazonian School of Painting in Pucallapa, Pery, is much
more than an art school. Students leamn the names and uses of the rain for-
est plants they paint and, through art, record the myths and traditional
knowledge of their elders. While many students become accomplished artists
whase paintings capture scenes from the rain forest in stunning detail, they
also learn about themselves, their culture, and the natural world of the Ama-
oM.

Since the nonprofit school was founded in 1988, it has taught more than
600 children from working-class families in rural areas of the Ueayali River in
the Peruvian Amazon. Usko-Ayar, meaning “Spiritual Prince” in Quechua,
offers classes free of charge and provides art supplies for promising students.
Paintings from the school have eamed acclaim at intemational art exhibits,
particularly the collection of the works of Pablo Amaringo, founder of the
- school. Amaringo, who has Lamista, Cocama, and Piro Indian ancestors, was
awarded the United Nations Global 500 Award in recognition of his protec-
tion of the enivironment through the school's work. The Healing Forest Con-
servancy currently supports expansion of the present one-room school by sell-
ing the children’s paintings at Shaman's corporate headquarters and, along
with other environmental organizations, features the school in act exhibics in
the United States and Europe.

The Richard Evans Schultes Award

To foster and encourage professionalism in the expanding applications of eth-
nobotany, the Healing Forest Conservancy presents an annuat award 1o a sci-
entist, practitioner, or organization that has made an outstanding contribu-
tion to ethnobotany or to indigenous people's issues relaced to ethnoborany.
The award is in the name of Richard Evans Schultes, widely recognized as the
father of ethnobotany, with many distinguished academic and applied ac-
complishments. Schultes camed his Ph.D. in biology from Harvard, where he
now serves as Professor Emeritus, and is an internationally renowned special-
ist in the botany of rubber trees, medicinal plants, and hallucinogens. He has
published over 400 technical papers and nine books, including Plants of che
Gods (1979), Where the Gods Reign (1988), and with Robert Raffauf, The
Healing Forest (1990) and Vine of the Soul {1992}, The Healing Forest Con-
servancy was named after their 1930 book.
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Schultes' deep respect for the Indians of the Northwest Amazon is leg.
endary, but best related in his own words:

The accomplishments of aboriginal people in learning plant properies
rmust be a result of a long and intimate association with, and witer de-
pendence on, their ambient vegetation. This native knowledge warrants
carcﬁdmdcﬁ:icalazwuioncndmpanofmdcmsdmdﬁcmdwds.
If phytochemists must randomly investigate the constituents of biologi-
cal effects of 80,000 species of Amazon plants, the task may never be
finished. Concentrating first on those species that people have lived and
experimented with for millennia offers a shont-cut to the discovery of
new medically or industrally usefud compounds (Schultes 1988).

The first Richard Evans Schultes Award was presented during the June
1993 Society for Economic Botany mecting, of which Schultes is a founding
rmembet. De Calvin R. Sperding, of the National Germplasm Resources Laba.
ratory at the U.S. Department of Agriculture, was recognized for his compre-
hensive work as a field ethnobotanist in the preservation of genetic resources
and the ethnobotany of economic plants. The 1994 award was presented to
Professot Hernando Garcia Barriga from Bogota, Colombiz, primarily recog-
nizing his life work, Flora Medicinal de Colombia. The annual award features
a cash prize of $5,000 donated by Shaman Pharmaceuticals and Conservation
International.

Summary

We have outlined in this chapter some of the appioaches that we as a com-
pany ate taking to provide immediate 2nd medium-term reciprocal benefits
to the communities in which we work. While there has been a tramendous
amount of interest and discussion regarding the importance of intellectual
property rights with a strong ermphasis on royalties, we feel that immediate
benefits are as important to local people as potential long-range benefits. We
feel as well that the obligation to provide such benefits extends well beyond
the commercial or industrial sector and applies 10 any cype of research, be it
academic, corporate, professional, or otherwise.

We advocate that tangible, concrete benefits be teciprocated to all people
with whom tesearch is conducted, regardiess of the end product. The recip-
rocal benefits should commence when a project begins and continue
throughout its duration. We suggest that all grants for research in developing
countries, regardiess of the size, include a portion i the research or resources
that will be reciprocated to the people in that countn.
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In fulfilling these cthical obligations, companies must consider and solicit
the expressed desires of the people themselves. We have found that the most
common forms of reciprocal requests are resources for health care, schools
and education, and new markets based on sustainable harvesting of nontim.-
ber forest products. There have been centuries of inequitable exchange be-
tween local people and outside businesses or research entities. It is time for
the ethnobotanical, academic, and industrial research communities to set
and maintain new precedents for ethical and reciprocal relationships with
local people in tropical forest regions.

There is much faith today in the ability of market forces to “save” the rain
forest. While it is useful to link economics and environment, 2 third ‘¢’ rep-
resenting equity is a critical component for sustainable development of biodi-
versity. Indeed, markert forres can be a double-edged sword when Western
concepts such as markets are introduced into nonmarket groups. Maintain-
ing equity in the process creates 2 balance of power among participants in-
terested in developing biocultural diversity: species-rich but cash-poor tropi-

* cal countries, small-scale indigenous communities that have discovered and
nurtured their knowledge system of the use of medicinal plants, and the in-
stitutions and commercial enterprises of industrialized countries that possess
the resources and the technical means to develop biocultural diversicy.

Equity means not only compensation but, more importantly, equal stand-
ing among participants in making decisions about what form compensation
should take. For example, compensation for some countries can mean tech-
nical assistance to write and implement national laws that prevent the un-
regulated use of tropical species. Uppermost, compensation must localize the
value of biocultural diversity. This is a unique challenge for which no formal,
inclusive, or consistent process currently exists,. However, if we are serious
about the conservation and sustainable development of biocultural diversicy,
fair compensation must be the principle to guide it.
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