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Synopsis
This is the proceedings of the symposium Plant Diversity and Complexity Patterns - Local, Regional 
and Global Dimensions, held at the Royal Danish Academy of Sciences and Letters from the 25th to 
the 28th of May, 2003. The symposium presented an overview of new research on the origins and 
patterns of vascular plant diversity from a local to a global scale. The symposium covered one geo
graphical scale each day and included a total of 35 lectures and posters. 30 of these presentations 
have been written up for the present proceedings. These are divided into the following parts: 
Diversity and complexity patterns at local scales. Diversity and complexity patterns at regional 
scales. Diversity and complexity patterns in wide-spread genera, families and orders. Diversity and 
complexity patterns on the global scale. The symposium was planned for 2003 in order to coin
cide with the opening of the new building for the Global Biodiversity Information Facility (GBIF) 
in association with the Natural History Museum of Denmark (Zoological Museum) of the Uni
versity of Copenhagen.
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Introduction

Henrik Balslev

Balslev, H. 2005. Introduction. Biol. Skr. 55: 7-10. ISSN 0366-3612. ISBN 87-7304-304-4.

This symposium at the Royal Danish Academy of Sciences and Letters presents an overview of 
new research on the origin and patterns of vascular plant diversity from a local to a global scale. 
It was planned for 2003 in order to coincide with the opening of the new building for the Global 
Biodiversity Information Facility (GBIF) in Copenhagen.

Henrik Balslev, Department of Systematic Botany, University of Aarhus, Building 540, 8000 Aarhus C, Den
mark. E-mail: henrik.balslev@biology.au.dk

Higher plants include about 220.000 or maybe 
420.000 species globally but probably some
where between these two extremes of current 
estimates (Scotland 8c Wotley 2003; Govaerts 
2001). They dominate terrestrial ecosystems 
from deserts to rain forests and from coastlines 
to the margins of perpetual snowlines on high 
mountains. In the most lush plant communi
ties - the tropical rain forests of SE Asia - 
higher plants may have an above ground bio
mass of 400 tonnes per hectare. Plants provide 
humans with food, construction materials, 
medicines and much more, and their genetic 
diversity therefore represents a major resource 
for human survival and well being. Under
standing the origin of plant diversity, how it is 
maintained, and currently also how it is being 
eroded are therefore fundamental research 
questions.

It is well known that plant diversity is not 
evenly distributed over the Earth; rather there 
are gradients in diversity from higher latitudes 
towards the equator and from deserts to humid 
tropical forest (Rosenzweig 1995). When mea
sured within communities, very humid lowland 

forests are known to be the most diverse 
among plant communities (Valencia et al. 
1994), whereas humid montane forests are the 
most diverse on larger scales such as between 
communities or at the landscape-level 
(Churchill et al. 1995). On even larger scales 
there are great differences between regions 
and continents; South America is richer in 
species than SE Asia, which in turn is richer 
than Africa. Beyond the tropics species rich
ness is much reduced with notable exceptions 
in subtropical regions of South Africa and 
south-western Australia.

Several of the patterns of diversity found in 
plants also occur in other groups of organisms 
such as birds, mammals, insects, etc. and there
fore general explanations for species richness 
have been hypothezised (Hubbell 2001). It is 
often asstimed that over time it has been the 
same evolutionary processes of speciation and 
diversification that have operated across many 
groups of organisms.

When it comes to geographic scale it has 
become increasingly clear that there is no sin
gle or simple unifying explanation or mecha
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nism that governs species richness. For South 
American birds it has been shown that precipi
tation is a more important environmental fac
tor for species richness at small scales (12,300 
km2) whereas at larger scales (1,225,000 km2) 
cloud cover and area are the most important 
predictors of species richness (Rahbek & 
Graves 2001). In temperate zone plant commu
nities the slope of the log-species/log-area plot 
varies over scales from 0.01 m2 to 100 km2 
(Crawley & Harral 2001).

The question of scale relates much to that of 
ranges of species distributions. Some species 
are widely distributed and occur under a vari
ety of environmental conditions and others are 
narrowly distributed and endemic to small 
areas of often very uniform environmental 
conditions. Understanding the mixture of 
widespread and endemic species in the flora of 
a local site or of larger regions or continents is 
a great challenge in plant diversity research. 
This theme relates strongly to conservation 
issues and to efforts of estimating species rich
ness or of estimating the size of the world’s 
threatened flora (Pitman & Jørgensen 2002).

As for the time scale there is little evidence 
and more speculation concerning its relation
ship to plant diversity and complexity patterns. 
For instance it has not been well understood 
for how long the exceptional plant diversity of 
South America has existed although it was usu
ally characterized as being of Neogene or Pleis
tocene origin (Davies et al. 1997). Recent 
palaeobotanical research in early Eocene 
deposits (52 mya) now suggests that contrary 
to common beliefs, South America has had 
unusually high plant diversity far back into the 
history of angiosperm evolution (Wilf et al. 
2003).

Willis and Whittaker (2002) proposed a hier
archical framework for processes influencing 
biodiversity from local scales to global scales. 
Important local environmental variables were 
fine-scale biotic and abiotic interactions func

tioning on time scales of 1-100 years. At the 
other extreme, the global scale, the important 
environmental processes were continental 
plate movements and sea-level changes occur
ring over 10-100 millions of years. This sympo
sium provided an opportunity to test the hier
archical framework proposed for processes 
influencing biodiversity.

From day one to day three we moved from 
local scales (a vegetation, a naturally delimited 
part of a country, a large island, a mountain 
massif, etc.) over regions and continents to the 
global scale and we heard presentations that 
described and analysed the plant diversity and 
complexity patterns at every geographic scale. 
Research groups throughout the world work at 
different geographic scales and they are often 
associated to different organisations (for 
instance AETFAT in Africa, The Flora Male- 
siana Symposia for SE Asia, The Organization 
for Flora Neotropica in South and Central 
America). For many years there has been only 
few attempts to transgress these limits. As 
organisers we found that it was time to do so 
and to put together researchers from a num
ber of groups in a symposittm which would 
compare the work carried out in the various 
research centres. The response to this idea was 
overwhelming, and almost all those we 
approached were eager to participate.

In recent decades plant diversity research 
has accelerated strongly, and the latest expres
sion of it may be the netbased Global Biodiver
sity Information Facility (GBIF). Increasing 
amounts of data are becoming available for 
research and the tools to analyse them are 
becoming more and more sophisticated. Infor
mation concerning species and their distribu
tions has accumulated through research and 
collecting since the middle of the 18th century, 
and now it may all be placed in a larger per
spective and it may be handled with the help of 
relatively simple computer systems.

Methodologically the last several years has 
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seen a tremendous diversification in biodiver
sity research. Some groups base their work on 
advanced electronic mapping of a large num
ber of species on global or continental scales 
with the help of data already existing in the lit
erature or in museum collections. This kind of 
research show patterns of species richness and 
endemism which may be subjected to biogeo
graphic analysis. Other researchers seek to 
understand the biodiversity through field 
based studies of sample plots in various vegeta
tion types, such as tropical rain forests in Amer
ica, Africa and SE Asia. Some combine hypo
thetical trees of life (cladograms) based on 
detailed morphological and molecular data of 
groups of organisms with the distribution pat
terns of the same organisms to obtain informa
tion concerning the geographic distribution of 
speciation seen in relation to species-rich cen
tres or centres high in endemism.

Still others study patterns of diversity at dif
ferent taxonomic levels (species, genera, fami
lies, etc.) and of diversity patterns in the classi
cal phytogeographic regions. Comparisons of 
the results obtained with the methods 
described above are still in their being.

The practical aspects of biodiversity research 
is that it may help to pinpoint areas of impor
tance for the preservation of important frac
tions of the world’s biological diversity and it 
can also document changes in patterns of 
diversity and document external influence 
such as fragmentation of habitats for organ
isms with limited distributions, changes in 
global climate, changes of the environment 
because of increasing frequency and intensity 
of forest fires, etc.

The symposium lasted for three days, from 
the 25th to the 28th of May, 2003, covering one 
geographical scale (local, continental, global) 
each day with about 10 lectures. It was planned 
for 2003 in order to coincide with the opening 
of the new building for the Global Biodiversity 
Information Facility (GBIF) in association with 

the Zoological Museum of the University of 
Copenhagen.

It is our hope that the symposium has 
revealed a number of common traits within the 
highly dispersed research in plant diversity and 
complexity patterns and provides inspiration 
for future collaborative research. For instance 
it would be interesting to study plant diversity 
and complexity patterns in a more systematic 
way which would cover all biomes (alpine, 
Mediterranean rain forest, dry tropical forest, 
tropical montane forests, savannas, deserts, 
temperate forests, steppe, arctic vegetation, 
etc.) It would be even more forward looking if 
the symposium could formulate common 
research questions that could be treated in 
analogous ways in all continents and biomes. 
The complementarity of ecological process ori
ented views on one side and phylogenetic pat
tern oriented views of plant diversity on the 
other side came out very clearly and the discus
sions at the symposium demonstrated the 
potential benefits of further integrating these 
ways of viewing diversity in future research.
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Documenting plant diversity in Central French 
Guiana: The first step toward understanding 

biocomplexity

Scott A. Mori, Carot A. Gracie, Edmund F. Hecklau, 
Tatyana A. Lobova, AmyBerkov and Jean-Jacques de Granville

Mori, S.A., Gracie, C.A., Hecklau, E.F., Lobova, T.A., Berkov, A. & de Granville, J.J. 2005. Docu
menting plant diversity in Central French Guiana: The first step toward understanding biocom
plexity. Biol. Skr. 55: 11-24. ISSN 0366-3612. ISBN 87-7304-304-4.

Publication of the Guide to the Vascular Plants of Central French Guiana completes the first phase of 
a botanical inventory of central French Guiana. This floristic effort has stimulated studies of pol
lination biology, insect predation, forest ecology, and seed dispersal; and has promoted conserva
tion and ecotourism. We provide examples of 1) bee pollination of species of Corythophora (Brazil 
nut family, Lecythidaceae); 2) attack of the wood of Lecythidaceae by species of cerambycid bee
tles; 3) life form, habitat, and nutritional mode composition of the species of the flora; 4) the 
importance of bats as dispersers of seeds; 5) use of plant diversity data in promoting conserva
tion; and 6) ecotourism and how it can increase local income without damaging forest diversity 
and structure. We conclude that floristic inventories act as a catalyst for studies in many other dis
ciplines and, as such, are the first step in understanding biocomplexity.

Scott A. Mori, Institute of Systematic Botany, The New York Botanical Garden, Bronx, New York 10458- 
5126, USA.
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Introduction
The plants of the Gtiianas have been collected 
and studied since the latter part of the 18th cen
tury beginning with Aublet (1775) and Lin

naeus (1775). Moreover, there have been and 
continue to be long-term floristic projects such 
as the Flora of Suriname, The Flora of the Guianas 
(Lindeman & Mori 1989), and the Checklist of 
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the Plants of the Guianas (Boggan et al. 1997). As 
a result, the plants of this part of South Amer
ica are among the best known of all of the 
American tropics. Nevertheless, there is still a 
great deal that needs to be done to complete 
the inventory and as well as to understand the 
biocomplexity of Guianan ecosystems.

As part of the effort to document the flora of 
the Guianas, The New York Botanical Garden 
(NY) and the Institut de Recherche pour le 
Développement - Gayenne (IRD-CAY) have 
been engaged in a project called the Guide to 
the Vascular Plants of Central French Guiana since 
1976. Our goals are to:

- document with herbarium collections the 
species of plants found in an area sur
rounding the village of Saül in central 
French Guiana (Mori et al. 2002b),

- furnish keys and descriptions, including 
photos and botanical line drawings, to 
facilitate the identification of plants (Mori 
et al. 1997, 2002a),

- promote studies of ecology, systematics, 
evolution, and conservation by providing 
others with the ability to identify plants 
included in their studies,

- encourage ecotourism as a way to gener
ate income without destroying the forest, 
and

- supply data for conservation.
With the publication of the Guide to the Vascular 
Plants of Central French Guiana (Mori et al. 1997, 
2002a), we have accomplished goals one 
through three. As a result of these efforts, con
siderable progress had been made in the other 
goals as well. In addition, the recent publica
tion on the mosses of central French Guiana 
has expanded the inventory to the non-vascu- 
lar plants (Buck 2003).

The steps we followed to gather the collec
tions, write, and publish the Guide are 
described elsewhere (Mori & Gracie in review). 
Therefore, the purpose of this paper is to 
describe the kinds of studies that have been 

possible because of our floristic inventory. The 
Flora of Barro Colorado Island (Croat 1978) and 
the subsequent studies (Leigh et al. 1996) that 
have been stimulated by it serve as a model for 
what we are attempting to accomplish in cen
tral French Guiana.

As examples of the kinds of studies pro
moted by knowledge of the flora, we will dis
cuss (1) the pollination of Lecythidaceae, (2) 
the attack of the wood of species of Lecythi
daceae by cerambycid beetles, (3) the life 
forms, habitats, and nutritional modes of the 
flowering plants of central French Guiana, (4) 
the importance of bats as dispersers of the 
fruits of Cecropia, (5) ecotourism and how it 
can stimulate local economies without destroy
ing biological diversity, and (6) knowledge of 
plants and how it can be used to make argu
ments for conservation. Additional informa
tion about our program of research in central 
French Guiana can be found at Fungal and 
Plant Diversity of Central French Guiana and 
Bat/Plant Interactions in the Neotropics at:

www.nybg.org/bsci/french_guiana 
and
www.botanypages.org

Study area
The area of our study includes 1402.5 square 
km (140250 hectares) covered mostly by undis
turbed, non-flooded forest between 200 m and 
400 m elevation (Mori & Boom 1987; Oldeman 
1974). It encompasses a rectangle in the geo
graphic center of French Guiana between 
3°30’ and 3°45’ N latitudes and 53° and 
53°28’W longitudes (Fig. 1). The most obvious 
deviations from the predominant vegetation 
pattern are found in poorly drained areas 
often dominated by Euterpe oleracea Mart. (Are- 
caceae); on outcroppings of large, granitic 
rocks, i.e. inselbergs (de Granville & Sastre 
1991), which occur as steep slopes surrounded 
by forests of varying height as at Pic Matécho;
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French Guiana: Department of France
Total area studied: 140 250 hectares
Total known lycopod species: 12
Total known ferns: 188
Total known gymnosperms: 1
Total known monocots: 430
Total known dicots: 1 488
Total known vascular plants: 2 144

Source: Mori et al. 1997, 2002a

Fig. 1. Location of the study area. A. In relation to South America and French Guiana. B. The area covered by the Guide to 
the Vascular Plants of Central French Guiana (Mori et al. 1997).
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Five-Year Intervals

Fig. 2. Documenting plant 
diversity in central French 
Guiana. Left columns: Accu
mulation of vascular plant 
species recorded in central 
French Guiana over time. 
Right columns: Decrease in 
the number of specimens 
gathered; the number of 
specimen decreases as the 
flora of central French 
Guiana becomes better 
known.

□ Number of Species E Number of Collections

and in limited areas of secondary vegetation 
found near the village of Saül and at scattered 
homestead sites. In addition, the zone extend
ing from 500 m to the highest peak on Mont 
Galbao (762 m) consists of cloud forest. The 
study site does not contain any large lakes or 
rivers, but many small streams are present 
throughout the area. A small lake caused by 
impeded stream drainage near Pic Matécho is 
home to species so far found nowhere else in 
the area, e.g., Mayaca sellowiana Kunth (Maya- 
caceae), Nymphaea glandulifera Rothschied 
(Nymphaeaceae), and Tabebuia insignis (Miq.) 

Sandwith (Bignoniaceae). There are no large 
areas of white sand and seasonally flooded 
ground and hence the associated vegetation 
types are lacking in central French Guiana.

Annual rainfall for central French Guiana, as 
recorded in the village of Saül, averages 2413 
mm. There is a well defined dry season from 
July to November and a less pronounced and 
less reliable dry period for several weeks in 
February to March. Under the influence of NE 
or SE trade winds of moderate velocity (aver
age 1,6 m/sec), temperatures vary only slightly 
through the year, averaging 27.1° C (Mori & 
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Prance 1987). The difference between the 
longest and shortest days of the year is approx
imately 35 min (List 1950).

The Vascular Plant Inventory
It is difficult to determine when enough collec
tions have been accumulated to justify the pro
duction of a Flora. The collection process adds 
taxa new to science, taxa new to the flora, and 
new information about known taxa. If the goal 
of a project is simply to document the species 
found in a flora by providing a checklist, then 
only one collection per species is needed, and 
the total number of collections equals the total 
number of species in the flora. When our 
species accumulation curve (Fig. 2) began to 
level off, we decided that future discovery of 
species new to the flora would be minimal, and 
this was one consideration in determining 
when writing of the Guide could begin.

However, the format of the Guide required 
more information about species than just their 
presence, and this information was obtained by 
studying more than one collection per species. 
For example, information on phenology can 
be determined only after a species has been 
collected or observed for flowers and fruits 
throughout the year. In order to determine if 
we had enough collections to justify the publi
cation of the Guide, we developed an indicator 
called the Index of Efficiency of Biodiversity 
Exploration (IEBE) (Mori & Gracie in review). 
An IEBE of one is only acceptable when the 
goal of the project is limited to a listing of the 
species found in the flora; hence, an IEBE 
number considerably greater than one was 
needed to insure that enough information was 
available to write our Guide.

Very high IEBE ratios might indicate that 
too many collections have been gathered for 
each species - thereby resulting in the accumu
lation of specimens that are expensive to han

dle and to archive, but which add little to 
botanical knowledge. On the other hand, a low 
IEBE indicates that not enough specimens are 
available to provide the information needed to 
describe all stages of a species’ life cycle as well 
as its ecological and morphological variation. 
The IEBE value for central French Guiana is 
7.0 (total number of collections [13488]/total 
number of species [1918]) suggesting that the 
number of collections per species for this area 
falls into the lower range of the number 
needed for initiating the preparation of the 
Guide. As the size of the area covered by floris
tic inventories increases, however, higher IEBE 
values are needed to understand the wider geo
graphic distribution, larger ecological ampli
tude, and greater morphological variation 
characteristic of species over wider areas.

As botanical exploration progresses, the 
total number of collections per expedition or 
per period of time should diminish because 
the easy-to-collect common species are avoided 
as they are already represented by sufficient 
specimens (Fig. 2). The value of each collec
tion increases because of the higher percent
ages of rare species and of new information in 
the collection. Therefore, the success of an 
expedition should not be judged solely on the 
total number of specimens gathered, but also 
on the quality of the specimens and the 
amount of new information they provide.

After we concluded that enough specimens 
were available to justify writing the Guide, we 
enlisted the help of nearly 80 taxonomic spe
cialists studying the plants of the Neotropics. 
The combination of monographers and floris- 
ticians working together results in better 
monographs and floras. The monographer 
receives herbarium collections, pickled flowers 
and fruits, photographs, DNA collections, and 
notes about the ecology of the plants they study 
and, in return, the flora benefits by having the 
most up-to-date treatments.
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Fig. 3. Floral symmetry of Lecythidaceae in central French Guiana. A. Gustavia hexapetala, an actinomorphic-flowered 
species. B. Eschweilera pedicellata, a zygomorphic-flowered species.

Pollination of Lecythidaceae
The pollination biology of the Brazil nut family 
(Lecythidaceae) has been relatively well-stud
ied in central French Guiana (Mori & Boeke 
1987). Adaptation of Lecythidaceae for polli
nation has taken place, for the most part, in 
the androecium. There are two types of flow
ers, actinomorphic (Fig. 3 A) and zygomorphic 
(Fig. 3B) and three different rewards offered 
to pollinators - fertile pollen, sterile pollen, 
and nectar. Radially symmetrical flowers, such 
as those of Gustavia hexapetala Aubl. (Fig. 3A), 
offer only fertile pollen as a reward; conse
quently the pollinator reward and the pollen 
that effects fertilization is morphologically and 
physiologically identical. Female bees move 
into the flower without restriction, collect 
pollen that is subsequently fed to their larvae, 
and receive pollen haphazardly deposited on 
their bodies. When the bees move to a flower 
of another tree, the pollen is deposited onto 
the stigma of another flower and that pollen 
eventually effects fertilization. Although 
numerous bees visit the flowers of G. augusta in 
central French Guiana, the principal pollina
tor is the night-flying bee, Megalopta genalis, 
which removes pollen from the poricidal 

anthers by vibrating its flight muscles in a 
process called buzz pollination.

The zygomorphic-flowered species offer 
either sterile pollen or nectar as a reward. We 
describe the pollination biology of the two 
species of Corythophora found in French Guiana 
as an example of species with sterile pollen as a 
reward and that of Eschweilerapedicellata (Rich.) 
S. A. Mori as a species with nectar as a reward 
(Fig. 3B).

Corythophora is a genus of three species, one 
of which, C. rimosa W. A. Rodrigues, includes 
subsp. rimosa and subsp. rubra S. A. Mori. The 
flowers are zygomorphic and sterile pollen is 
the pollinator reward. Depending on the 
species, the sterile pollen is either placed in the 
androecial hood or in the staminal ring. The 
fertile pollen is always found in some part of 
the staminal ring.

In central French Guiana, both Corythophora 
amapaensis and C. rimosa subsp. rubra are visited 
by bees for their sterile pollen reward (Mori & 
Boeke 1987) (Figs. 4A-C). The larger flowers of 
C. amapaensis Pires ex S. A. Mori & Prance are 
entered mostly by the large bees Euglossa mixta 
(Fig. 4D), Epicharis sp., Eufriesea purpurata, and 
Xylocopa viridis. All of the bees enter the flowers 
head first and pry open the androecial hood 
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with their heads; hence, their ventral surfaces 
are oriented toward the androecial hood while 
their heads and backs contact the fertile 
anthers of the staminal ring. The bees stay in 
the flowers for three to five seconds, and, upon 
emerging, they have yellow (sterile) pollen on 
their heads and white (fertile) pollen on their 
backs. After the bees back out of the flowers, 
they hover for several seconds and transfer the 
yellow pollen to their pollen baskets.

The only insect observed to enter the flowers 
of C. rimosa was Trigona capitata. This bee 
makes frequent visits to the flowers. It enters 
the flowers with its ventral surface toward the 
androecial hood from which it collects yellow 
(fodder) pollen. Upon leaving the flowers, yel
low pollen (sterile) is clearly visible in its pollen 
baskets while white pollen (fertile) from the 
staminal ring is deposited on its head and back.

The two species of Corythophora found in 
central French Guiana, although they are both 
canopy trees and grow in nearly the same habi
tat, are clearly different in floral structure. 
Even though they both offer pollen as a 
reward, the size of the flowers and the position 
of the anthers bearing the sterile pollen is dif
ferent. In C. amapaensis the sterile pollen is 
found on the inside of the ring bearing the fer
tile stamens and in C. rimosa subsp. rubra the 
sterile pollen comes from sterile anthers on the 
staminal hood (Fig. 4C). Moreover, these two 
species are pollinated by different species of 
bees (Mori & Boeke 1987).

Eschweilera is a genus of 85 species. The flow
ers are zygomorphic and nectar is the pollina
tor reward. Eschiueilera pedicellata produces rela
tively few flowers, 3-5 cm in diameter (Fig. 4B), 
scattered within the crown. The principal 
flower visitor is the large bee Eulaema bomi- 
formis which has been observed entering the 
flowers with its ventral surface against the an
droecial hood. This bee presumably removes 
nectar from the apex of the coiled hood and 
gets pollen deposited onto its head and back.

Our knowledge of the pollination of Lecythi- 
daceae in central French Guiana stems from an 
interest in explaining the differences in floral 
structure observed during our botanical inven
tory. Actinomorphic versus zygomorophic flow
ers, the different floral rewards, the position of 
the floral rewards, and the type of anther 
dehiscence all play roles in the pollination of 
these species.

Cerambycid attack on Lecythidaceae
Investigations of complex interactions between 
tropical plants and animals are among the 
most rewarding field studies, but there are 
daunting obstacles to overcome. One funda
mental obstacle is plant identification, espe
cially of trees or lianas. Even experienced field 
botanists are unable to identify most tree 
species with any degree of confidence based 
solely on vegetative characteristics. Because dif
ferent trees species are fertile at different times 
of the year, and a particular species can bloom 
at different times from one year to the next, 
considerable effort must be expended to iden
tify the local plants before any serious study of 
tropical plant/animal interactions can take 
place. In studies involving plants and insects, 
the identification of the insect partners can be 
an even greater obstacle - in part because any 
particular plant species is typically visited by 
many unrelated insect species. Although esti
mates vary widely, there is no doubt that many 
tropical insects are not yet described. Even 
when tropical insects have a name and a rudi
mentary description, specialists capable of teas
ing out the identity are few and far between.

A collaboration between Scott Mori, special
ist in the Brazil nut family, and Gérard Tavakil- 
ian, specialist in wood-boring beetles (Ceram- 
bycidae), led to the discovery that a well 
defined guild of cerambycid beetles (Fig. 5) 
was reproducing exclusively in trees belonging 
to the Brazil nut family. Cerambycids lay their
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Fig. 4. Pollination rewards of species of Corythophora in central French Guiana. A. C. amapaensis. B. C. rimosa subsp. rubra. C. 
Fertile (1) and sterile (2) pollen locations in C. amapaensis (left) and C. rimosa subsp. rubra (right). D. A euglossine bee 
(arrow) visiting the flower of C. amapaensis (Photo byJef Boeke).

eggs in dead wood and the galleries they pro
duce allow entry of bacteria and fungi thereby 
facilitating the breakdown of wood to humus 
and the subsequent recycling of nutrients 
(Berkov 8c Tavakilian 1999).

The presence of plant and beetle taxono
mists working in the same area, stimulated a 
year-long beetle rearing study in which gradu
ate student, Amy Berkov, reared cerambycids 
(and other wood-boring beetles) from five
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Fig. 5. Cerambycid bee
tles and their Lecythi- 
daceae hosts. A. Late 
instar larva of Xylergatina 
pulchra from a branch of 
Lecythis poiteaui O. Berg. 
B. Pnpa of Xylergatina pul
chra from Eschweilera cori
acea. C. An adult of 
Colobothea sp. on a 
branch of Gustavia hexa
petala Aubl.

species of Lecythidaceae (Berkov 1999, 2002; 
Berkov & Tavakilian 1999; Berkov et al. 2000). 
Her study, designed to quantify the host, sea
sonal, and stratum specificity of the beetles, 
revealed 52 new host plant records for 38 cer
ambycid species (including 12 that may repre
sent undescribed species). Approximately 70% 
of the cerambycid species were associated pref
erentially with a single host genus. Overall, 
many more cerambycids (individuals and 
species) emerged from branches cut during 
the dry season, although Eschweilera coriacea 
(DC.) S. A. Mori was well-colonized during the 
rainy season. The ratio of stratum specialists: 

stratum generalists was roughly 1:1, but only 
four cerambycid species appeared to be 
canopy stratum specialists. Although few cer
ambycid species were reared exclusively from 
canopy branches, during the rainy season 
almost all cermbycid reproductive activity took 
place in the canopy. This change in stratum 
selection suggests that in tropical forests with 
extended wet seasons, fewer insects reproduce 
in wood of branches found on the ground in 
the wet season than in the dry season.

Berkov’s ongoing ecological study would not 
have been possible without the taxonomic 
expertise of Mori and Tavakilian, and is com- 
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ing full circle to make a small contribution 
back to beetle taxonomy. Several cerambycid 
species that originally appeared to make sea
sonal changes in host association actually 
included multiple mtDNA haplotype groups 
(8-11% sequence divergence), and now appear 
to be complexes of cryptic species (Berkov 
unpublished data). Berkov is currently extend
ing her study to other regions of Amazonia to 
see if she can explain better this taxonomically 
complex group of little brown beetles, and to 
evaluate the stability of host-plant associations 
throughout Amazonia.

Life form, habitat, and nutritional 
mode
Our botanical inventory has made possible 
ecological studies. For example, we were able 
to determine the different life forms, habitats 
occupied, and the nutritional modes of the 
flowering plants of central French Guiana 
(Mori et al. 2002c) by constructing a database 
derived from our checklist (Mori et al. 2002b) 
and the information provided in the Guide to 
the Vascular Plants of Central French Guiana (Mori 
et al. 1997, 2002a).

The flowering plants of central French 
Guiana comprise 1918 native species (Mori et 
al. 2002c), including 549 species of herbs, 44 
species of vines, 45 species of subshrubs, 269 
species of shrubs, 245 species of lianas, and 766 
species of trees. The habitat of the flowering 
plants is primarily terrestrial. A total of 1653 
species or 86% of the flora occurs in this habi
tat. However, the reproductive cycles of a 
majority of the flowering plants take place in 
the crowns of trees. When the number of 
species of trees is added to the numbers of epi
phytes, hemi-epiphytes, and aerial endophytes, 
the crowns of trees are the site of about 68% of 
the flowering plant reproductive activity in this 
forest. Heterotrophic vascular plants, with 36 
species, make up 1.9% of the flora.

Because the forests of central French Guiana 
have not been disturbed on a large scale by 
humans in the recent past (Mori & de 
Granville 1997), the life form, habitat, and 
nutritional mode compositions reported by 
Mori et al. (2002c) should provide baseline 
data needed to distinguish pristine from dis
turbed habitats. Hence, these data can be used 
for conservationists to identify relatively undis
turbed forests for protection in biological 
reserves.

Bats as dispersers of Cecropia
Bats play an important role in the pollination 
and dispersal of tropical plants. However, 
details of this interaction in lowland Neotropi
cal forests have not been adequately studied 
partly because there are few areas in the 
Neotropics that have published inventories of 
the plants and the bats. An exception is found 
in central French Guiana where a published 
flora (Mori et al. 1997, 2002a) and bat fauna 
are available (Charles-Dominique et al. 2001). 
As part of our effort to describe bat/plant 
interactions, we have recently completed a 
study of the role of bats in dispersing the dias
pores of Cecropia (Cecropiaceae) in French 
Guiana (Lobova et al. 2003).

Cecropia is a Neotropical genus of pioneer 
plants. A review of the literature on bat/plant 
dispersal revealed that 15 species of Cecropia 
are consumed by 32 species of bats. In French 
Guiana, bats we captured in primary and sec
ondary forests yielded 936 fecal samples with 
diaspores, among which 162 contained dias
pores of C. obtusa TrécuL, C. palmata Willd., 
and C. sciadophylla Mart. We discovered that 
the dispersal unit of Cecropia is the fruit (Figs. 
6A, B), not just the seed (Fig. 6F), and that bats 
consume the infructescence, digest pulp 
derived from the enlarged, fleshy perianth 
(Fig. 6A), and defecate the fruits (Fig. 6C). We 
suggest that the mucilaginous pericarp of
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Fig. 6. Fruits, seed, and seedlings of Cecropia obtusa. A. Part of dry infructescence showing fruits enclosed in perianth. B. 
Fruits. C. Fruits from bat feces. D. Fruits from soil seed bank (clay soil). E. Fruits from soil seed bank (sandy soil). F. Seed. 
G. Germination, fruit (left), dehisced fruit and young seedling (middle left), more advanced seedling (middle right), and 
still more advanced seedling (right).
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Cecropia facilitates endozoochory. The exocarp 
and part of the mesocarp may be lost after pas
sage through the digestive tract of bats (Fig. 
6C), but fruits buried for a year in the soil seed 
bank remain structurally unchanged (Figs. 6D, 
E) and seeds retained within soil keep their 
ability to germinate for up to nine years. Bat 
dispersal is not necessary for seed germination 
(Fig. 6G), but it increases seed survival and 
subsequent germination by removing the peri
anth and some of the mucilaginous tissue from 
the fruit. Our study confirms that species of 
Cecropia are important colonizers of disturbed 
vegetation and that this genus possesses a set of 
adaptations that facilitates dispersal by bats and 
adapts the diaspores for longevity in the soil 
until light conditions are favorable for seed 
germination.

Eco tourism
We have made the argument that ecotourism is 
a way to protect the environment and, at the 
same time, preserve the tropical ecosystems of 
the Guianas (Mori et al. 1998). Because of its 
pristine nature and the existence of books that 
enable visitors to identify plants in general 
(Mori et al. 1997, 2002a), orchids (Veyret 
1991), trees (Office National des Forêts 2001), 
vegetation types (de Granville 1986), birds 
(GEPOG 2003; Tostain et al. 1992), mammals 
(Hansen & Richard-Hansen 2000), snakes 
(Chippaux et al. 1988; Rogé 8c Sauvanet 1987; 
Starace 1998), amphibians (Lescure & Marty 
2000), some insects (Hequet 1996), and even 
poisonous animals (Marty 2002), central 
French Guiana is an ideal travel destination for 
those wishing to learn about the plants and ani
mals inhabiting tropical lowland forests. It is 
already visited by many Europeans interested 
in tropical nature, but even those not inter
ested in knowing the names of the plants and 
animals they observe, are drawn to the forests 
of French Guiana by the natural beauty they 

find there (Richard-Hansen & Le Guen 2001). 
The publication of user-friendly guides to the 
plants and animals and beautiful books about 
nature enhances the visitor experience and 
thereby helps promote an appreciation for 
wilderness areas. As the result of increased eco
tourism, local people will have sources of 
income that depend on the preservation 
rather than the destruction of the forests sur
rounding them.

Conservation
In 1974, a plan for conserving the diversity of 
French Guianan ecosystems was developed (de 
Granville 1974) and central French Guiana was 
among the areas proposed as reserves. The 
presence of relatively undisturbed forests in a 
region of high plant diversity as demonstrated 
by our botanical inventory has been an impe
tus to continuing efforts to set aside this area as 
a biological reserve (Deviers 8c Raynaud 1994; 
Mission pour la Création du Parc de la Guyane 
1999). These efforts have resulted in the estab
lishment of a biological reserve (Arrêté de Protec
tion de Biotope called the Forêt de Saul) in central 
French Guiana.

Botanical inventories can have a more direct 
application in conservation planning. Once 
the species of an area are known, then studies 
of their biogeography can provide guidelines 
for conservation planning. For example, a 
study of the Lecythidaceae of central French 
Guiana (Mori 1991) reveals that a considerable 
number of species are distributed within the 
northeastern confines of the Amazon, Negro, 
and Orinoco Rivers thereby supporting the 
recognition of a Guayana Lowland Floristic 
Province. Moreover, within this area, there is 
evidence supporting recognition of an eastern 
and western element within the overall 
Guayana region. As much as 55% of all of the 
Guianan species of Lecythidaceae would be 
protected if a large biological reserve were 
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established in central French Guiana. Species 
composition of Lecythidaceae changes 
markedly at the Essequibo River in Guyana. 
The protection afforded by the large Iwokrama 
Reserve, added to that of the proposed central 
French Guiana reserve, would raise the num
ber of protected species of Lecythidaceae to 
83%. In order to complete the protection of 
Guianan species of Lecythidaceae, smaller 
reserves protecting habitats not found within 
the two proposed larger reserves would have to 
be established. For example, the establishment 
of a reserve in the savannas of southwestern 
Guyana would protect Lecythis brancoensis (R. 
Knuth) S. A. Mori and L. schomburgkii O. Berg, 
the preservation of periodically inundated for
est along the Comté River would preserve L. 
pneumatophora S. A. Mori, and the continued 
safeguarding of Brownsberg National Park in 
Surinam would insure the continuation of 
Corythophora labriculata (Eyma) S. A. Mori & 
Prance, the only known endemic of this family 
in Surinam.

Conclusions
The first step in understanding the biocom
plexity of tropical forests is knowledge of the 
plants and animals that inhabit them. We have 
demonstrated that detailed floristic study in 
central French Guiana has stimulated research 
in different fields, ecotourism, and conserva
tion. We recommend that similar inventories 
be made throughout the Neotropics as was first 
recommended by the Committee on Research 
Priorities in Tropical Biology in 1980.
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Introduction

Between regions, at distances well over hun
dreds of kilometres, rainfall and lithology are 
important determinants of plant diversity of 
lowland Neotropical forests. At smaller, local 
scales, flooding, topography, and soil drainage 
are among the factors thought to control plant 
diversity. In this paper we present the results of 
a comparative study of diversity of woody plants 
with DBH >2.5.cm, recorded in widely distrib
uted, small plots at three sites in the north
western Amazon basin. Since Gentry (1988) 
described the high tree species richness of rain 
forests around Iquitos in Peru (Fig. 1), more or 
less equally high diversities were recorded 
from Amazonian sites in Ecuador (e.g. Valencia 
et al. 1994) and Colombia (mainly the middle 
Caqueta area; e.g. Duivenvoorden 1996). Large 
areas of the Amazon basin in Ecuador, north
ern Peru en Colombia are still covered by non
fragmented ‘virgin’ lowland rain forests. The 
whole area has negligible altitudinal gradients 
and a largely uniform geomorphology 
(Dumont et al. 1990), comprised mostly by 
more or less dissected sedimentary plains. Fur
thermore, the area receives everywhere a 
yearly rainfall of about 3000 mm with a low sea
sonality (all months show an average precipita
tion above 100 mm) (Lips & Duivenvoorden 
2001). A similar humid rainfall regime pre
vailed in Pleistocene and Holocene climatic 
history (e.g. Colinvaux et al. 2000; Hooghiem- 
stra & van der Hammen 1998; Lips 8c Duiven
voorden 1994). Because all these important 
environmental factors show relatively little 

regional variation, there is no a priori reason to 
expect any substantial difference in woody 
plant species richness in the north-western 
Amazon basin.

Methods
The study was carried out in three different 
areas in the north-western Amazon basin: the 
Meta area, forming part of the middle Caquetâ 
basin in Colombia; the Yasuni area in Ecuador; 
and the Ampiyacu area pertaining to the May- 
nas Province in Peru (Fig. 1). All areas are 
Humid Tropical Forest (bh-T) in the life zone 
system of Holdridge et al. (1971).

A total of 80 plots, each 0.1-ha, were estab
lished, 30 in Metâ and 25 in both Yasuni and 
Ampiyacu. Field work was planned using aerial 
photographs (Duivenvoorden 2001) and satel
lite images of Landsat TM (Tuomisto & Ruoko- 
lainen 2001). During walks through the forests, 
soils and terrain units were described rapidly, 
and forests were visually examined to identify 
sites with homogeneous soils and physiognom- 
ically uniform forest stands. In these stands, 
rectangular plots (mostly 20 x 50 m) were 
delimited by compass, tape measures and 
stakes, working from a random starting point, 
with the restriction that the long side of the 
plot was parallel to contour lines. Plots were 
made in forests that lacked signs of human 
intervention. The only exceptions to this were 
some swamp plots in the floodplain of the 
Ampiyacu river in Peru, where few palms had 
been cut recently to harvest fruits from Mauri- 
tia flexuosa. Plots were established with a mini-
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Fig. 1. Location of the three study sites in the north-western Amazon basin (more details can be found in Duivenvoorden 
et al. 2001).

mum between-plot distance of 500 m and their 
geographical positions were mapped with GPS. 
The extent (total area encompassed by the net
work of plots) was largest in Yasuni and small
est in Ampiyacu (Table 1). Plots were subdi
vided into subplots of 10 x 10 m, in which all 
vascular plant individuals with DBH >2.5 cm 
(DBH = diameter at 1.30 m height) were num
bered and measured with a tape measure. The 
height of the trees was estimated using long 
poles as a reference. Field work took place in 
1997 and 1998.

Botanical collections were made of all vascu
lar plant species (DBH >2.5 cm) found in each 
plot. Identification took place at the herbaria 
COAH, QCA, QCNE, AMAZ, USM, MO, NY 
and AAU (abbreviations according to Holm
gren et al. 1990). The nomenclature of families 
and genera followed Mabberley (1989). Speci
mens that could not be identified to species 

were clustered into morpho-species on the 
basis of simultaneous morphological compar
isons with all other specimens. Hereafter the 
term species refers to both morpho-species 
and botanical species.

In the central part of each plot, a soil anger
ing was done to 1.20 m depth to describe the 
mineral soil horizons (in terms of colour, mot
tling, horizon boundaries, presence of concre
tions, and texture) and to define soil drainage 
(in classes of FAO 1977). At each augering a 
soil sample was taken at a depth of 65-75 cm. 
For analyses, soil samples were dried at temper
atures below 40°C, crumbled and passed 
through a 2-mm sieve. Total content of Ca, Mg, 
K, Na, and P was determined by means of 
atomic emission spectrometry of a subsample 
of 100-200 mg from the sieved fraction, that 
had been digested in a solution of 48% HF and 
2M H2SO4 (after Lim & Jackson 1982). Total 
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content of C and N was determined for the 
sieved fraction by means of a Carlo Erba 1106 
elemental analyser. Soil analyses were done at 
the soil laboratory of Institute for Biodiversity 
and Ecosystem Dynamics of the Universiteit 
van Amsterdam.

One-way ANOVA followed by Tukey-Kramer 
HSD tests, ANCOVA, correlation analyses, and 
regression were performed in JMP 3.1. In 
AN(C) OVA and regression residuals showed 
normal distributions. Between-plots distances 
were calculated using the Geographic Dis
tances Module in R-package (Casgrain & 
Legendre 2000).

Results
The 0.1-ha sample plots in the well-drained 
upland forests in the three pilot areas did not 
differ substantially in the number of vascular 
plant species per unit area (Table 1). The 

species-area curve of Meta even seemed to rise 
towards a slightly higher position than that of 
Yasuni (Fig. 2D). However, the Meta plots con
tained significantly more trees and lianas than 
the plots in the other two areas (Table 1), 
which resulted in a steeper inclination of the 
Meta line in the individual-area plot (Fig. 2C). 
On a species-to-individual basis, therefore, as 
quantified by Fisher’s alpha (Fisher et al. 1943; 
Condit et al. 1996) and visualized in the 
species-individual plot (Fig. 2B), the diversity 
in Meta was lower than in Ampiyacu and 
Yasuni. The accumulation graphs of individu
als to area (Fig. 2C) and species to individuals 
(Fig. 2B) suggested that the diversity in Ampiy
acu was somewhat above that in Yasuni. How
ever, according to the Tukey-Kramer HSD tests 
the differences in density and diversity 
between these two sites were not significant.

The higher density in the Meta area was 
mostly attributed to the larger number of 

Table 1. Density, species richness, Fisher’s alpha, and basal area for woody plants (DBH >2.5 cm), and between-plot dis
tance in well-drained upland forests at three study sites in the north-western Amazon basin. Numbers given are averages ± 
one standard deviation of n 0.1-ha plots. The F-ratio and probability are from one-way ANOVA between sites. Lower-case 
letters denote results of Tukey-Kramer HSD tests.

Species Individuals Fisher’s alpha Basal area (m2) Distance (km) n

Meta 173 ± 18.8 436 ± 68.7 a 108 ± 18.7 a 3.9 ±0.91 17.8 ± 10.2 15
Yasuni 174 ± 15.3 360 ± 43.7 b 140 ± 27.0 b 4.8 ± 1.52 3.2 ±2.0 10
Ampiyacu 185 ±21.2 349 ± 27.2 b 161 ±31.4 b 4.8 ± 0.47 27.7 ± 20.5 6

F-ratio 1.0 7.9 11.3 2.3
Probability 0.37 0.002 0.0003 0.12

Table 2. Plant density divided by diameter classes in well-drained upland forests at three study sites in the north-western 
Amazon basin. Numbers given are averages ± one standard deviation of n 0.1-ha plots. The F-ratio and probability are from 
one-way ANOVA between sites. Lower-case letters denote results of Tukey-Kramer HSD tests.

2.5<5 cm 5<10 cm 10<20 cm 20<40 cm 40<60 cm >60 cm n

Meta 237 ±41.0 a 119±21.9a 54 ± 13.7 21 ±3.1 2.7 ± 2.3 1.5 ± 1.1 15
Yasuni 196 ± 37.9 b 89 ± 13.7 b 44 ± 10.0 25 ± 9.3 4.9 ±2.8 2.4 ± 2.2 10
Ampiyacu 183 ± 17.9 b 90 ± 11.1 b 48 ± 4.2 21 ±2.7 4.7 ± 1.5 2.0 ± 1.4 6

F-ratio 6.4 10.6 2.5 1.4 3.1 1.0
Probability 0.005 0.0004 0.098 0.27 0.06 0.37
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small trees with DBH <10 cm (Table 2). The 
average basal area did not differ significantly 
between the three sites (Table 1). However, 
the basal area accumulated over individuals 
was clearly lowest in Meta (Fig. 2A), probably 
due to the greater contribution of the big 
trees in Yasuni and Ampiyacu (Table 2). 
ANCOVA was done to test if the site differ
ences in density could be accounted for by the 
basal area of trees and lianas. Several analyses 
were done including as covariate the In-trans
formed basal area from all plants (DBH >2.5 
cm) or from subsets of plants with DBH >10 
cm, DBH >20 cm, and DBH>40 cm (untrans

formed), while testing the site effect on plant 
density of all plants (DBH>2.5 cm) or a subset 
of slender plants (2.5 cm< DBH <10 cm). In 
all these ANCOVA, the explained variation 
(R“) hardly increased when basal area was 
included as covariate (the highest increase was 
from 36% to 38% for the density of all plants, 
and from 41% to 44% for the subset of plants 
with 2.5 cm < DBH < 10 cm). Also, the effect 
of basal area was never significant (probabili
ties remained above 0.25).

Soil concentrations of cations, P, and N were 
substantially lower in Meta than in the other 
two sites (Table 3). The well-drained upland

(dbh>2.5 cm)
Fig. 2. Accumulation curves of basal area, density, and species (DBH>2.5 cm) recorded in 0.1-ha well-drained upland plots 
in each of three study sites in the north-western Amazon basin. Curves are drawn through averages derived from 10 ran
dom plot sequences. Bars represent one standard deviation.
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Table 3. Average ± one standard deviation of total concentrations of different elements, measured at 70 cm soil depth in 
well-drained upland forests at three study sites in the north-western Amazon basin, in n 0.1-ha plots. The F-ratio and prob
ability are from one-way ANOVA between sites. Lower-case letters denote results of Tukey-Kramer HSD tests.

Ca Mg K Na P C N n

mg- kg‘ %

Meta 67 ± 22.9 ab 728 ± 488.7 a 2058 ± 1468 a 216 ± 156.0 ab 166 ±42.7 a 0.44 ±0.11 0.05 ± 0.02 ab 15
Yasuni 791± 1902 c 3940 ±1939 b 6500 ± 2547 b 1857 ± 1570 c 305 ± 74.5 b 0.47 ±0.15 0.07 ± 0.02 c 10
Ampiyacu 102 ± 30.0 be 3088 ±976.1 b 8270 ± 2806 b 588+ 114.1 be 351 ± 319.1 b 0.56 ± 0.08 0.06 ±0.01 be 6

F-ratio 8.8 32.5 15.5 4.9 9.9 1.6 6.8
Probability 0.001 <0.0001 <0.0001 0.016 0.0006 0.22 0.004

Table 4. Pearson correlation coefficient between In-transformed total concentrations of different elements measured at 70 
cm soil depth and density, species richness, Fisher’s alpha, and ln-tranformed basal area for woody plants (DBH >2.5 cm) 
in well-drained upland forests at three study sites in the north-western Amazon basin.

InMg InK InNa InP InC InN Species Density Fisher’s In Basal area

InCa 0.69 0.51 0.49 0.47 0.17 0.50 -0.01 -0.51 0.42 0.04
InMg 0.93 0.69 0.67 0.23 0.74 0.07 -0.76 0.60 0.18
InK 0.75 0.65 0.23 0.64 0.21 -0.72 0.66 0.14
InNa 0.47 0.21 0.42 0.15 -0.42 0.43 0.06
InP 0.23 0.54 0.18 -0.38 0.42 0.22
InC 0.35 -0.03 -0.29 0.23 0.03
InN -0.15 -0.64 0.37 -0.03
Species 0.26 0.69 0.15
Density -0.47 -0.02
Fisher’s 0.08

soils in Yasuni and Ampiyacu did not differ for 
these elements. C content was roughly similar 
in all three areas. The contents of the cations, 
P, and N were highly correlated (Table 4).

Each of the individual soil variables showed a 
low degree of correlation with species richness 
(Table 4). However, plant density was clearly 
negatively correlated to all soil variables, espe
cially to Mg, K, and N (Table 4, Fig. 3). Hence, 
Fisher’s alpha was positively correlated to the 
soil variables, mostly with Mg and K (Table 4, 
Fig. 3). Multiple regression of species richness 
against the entire set of In-transformed soil 
chemical variables did not yield a significant 
result (F-ratio = 1.2, p = 0.36). Both density (F- 

ratio = 7.2, p = 0.0001) and Fisher’s alpha (F- 
ratio = 3.4, p = 0.01) were significantly 
regressed against this same set. However, in 
these two analyses the partial regression coeffi
cients were not significant (p >0.05), apart 
from the coefficient for In-transformed K con
centrations on Fisher’s alpha (p - 0.02). 
Including basal area (from all plants or from 
the same subsets as used in the ANCOVA test of 
the site effect) as covariate in these multiple 
regressions hardly changed the results (with or 
without basal area R2 remained about 68% for 
density, and 51% for Fisher’s alpha, and the 
probabilities of the basal area effect were above 
0.60).
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Fig- 3. Scatter plots of density and Fisher’s 
alpha index of plants with DBH > 2.5 cm 
against total concentration of selected ele
ments recorded at 70 cm soil depth in 0.1-ha 
plots, marked according to each of three 
study sites in the north-western Amazon 
basin.
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Discussion

Soils in the Meta plots showed distinctively 
lower reserves of cations, P and N, than soils 
from the other two sites. The nutrient reserves 
from the Meta soils resembled closely those 
found in other well-drained upland soils from 
the middle Caqueta area in Colombian Amazo
nia (compare Fig. 4.4 in Duivenvoorden & Lips 
1995). Lips and Duivenvoorden (1996b) 
grouped such upland soils into a so-called Acri- 
Ferralsol group. Furthermore, they suggested 
that the low levels of the soil nutrient reserves 
were due to the highly weathered status of the 
soil parent material that could have originated 
from the Guayana shield area (Hoorn 1993, 
1994). The same authors also report soil analy
ses from at least 7 well-drained upland soil pro
files in the middle Caqueta basin with higher 
soil nutrient reserves, similar to those found in 
the Yasuni and Ampiyacu plots in the current 
study. These soils were grouped into the so- 
called Ali-Acrisol group and their high soil 
nutrient reserves were attributed to the 
Andean origin of the soil parent materials 
(Duivenvoorden & Lips 1995; Lips & Duivenvo
orden 1996b). This shows that there is more 
variation in nutrient reserves in the well- 
drained upland soils in the middle Caqueta 
basin than indicated by our samples from the 
15 plots in the Meta area studied here. In the 
middle Caqueta basin, just as in well-drained 
upland forests of lowland Borneo (Ashton 
1989; see also Potts et al. 2002), threshold 
reserve levels of about 1200 ppm Mg and 200 
ppm P (compare Table 3) mark significantly 
different routes of development of the humus 
profile, regarding morphological and chemical 
differences of the litter layer (ectorganic hori
zons) (Duivenvoorden & Lips 1995) and leaf 
litter fall (Lips & Duivenvoorden 1996a). Since 
the survey of the middle Caqueta basin in the 
late eighties, new data on nutrient reserves 
from several well-drained upland soil profiles 

have become available, making it possible to 
illustrate more precisely the strong association 
between the accumulated litter on the forest 
floor and the nutrient status of the mineral soil 
(Fig. 4).

More trees were found per unit area in the 
small size classes in the Meta area. In the con
text of the entire Amazon basin, ter Steege et 
al. (2003) reported a comparatively high tree 
density in the north-western Amazon basin. 
They attributed this to the constantly high cli
matic moisture conditions, which would 
induce high shade tolerance among trees 
(Huston 1994; Givnish 1999). As rainfall in the 
Meta area is similar to rainfall at the other sites, 
climatic moisture cannot explain the higher 
understory density in the Meta plots.

The Meta area differed from the other areas 
regarding both soil fertility and tree density. 
Potentially, this difference may have an expla-

Fig. 4. Regression of necromass (dry weight) of ectorganic 
horizons against soil nutrient status as represented by the 
total concentration of Mg at 70 cm soil depth in well- 
drained upland soils in the middle Caqueta area, Colom
bian Amazonia. Details of field methods are in Duivenvo
orden & Lips (1993, 1995). Linear least squares regression 
between In-transformed variables is significant (F=17.3, 
p=0.0002).
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nation with a distinct spatial component at a 
regional scale. For example, human distur
bance by indigenous forest dwellers in the 
Holocene or the dynamics of climatic change 
may have been different in Meta compared to 
Yasuni or Ampiyacu. However, a regional spa
tial explanation is not strictly required as there 
is evidence that the relationship between 
treelet density and soil fertility (at mesic 
upland sites) also occurs within Colombian 
Amazonia (Fig. 5). In fact, the negative corre
lation between density and soil nutrient levels 
in tropical forests has also been reported at 
neotropical (Clinebell et al. 1995) and world
wide scale (Phillips el al. 1994).

It might be argued that more fertile soils 
allow the presence of larger trees that reduce 
treelet densities by imposing restrictions on 
conditions of growth and settlement in the for
est understory (for example, lower levels of 
photosynthetically active radiation). This appli
cation of the assemblage-level thinning hypoth
esis (Oksanen 1996; Gotelli & Colwell 2001) to 
tropical forests seems appropriate for the data 
here presented. The basal area and the num
ber of big trees were relatively low in the Meta 
area (Table 1, Fig. 2A), which would explain 
the enhanced density of treelets and lianas in 
the small diameter classes. However, account
ing for basal area in ANCOVA and regression 
hardly affected the way sites or soils explained 
density. This indicates that sites (or soils) 
might control the understory densities in away 
that is independent from forest biomass. The 
ANCOVA test results should be interpreted 
with care. The lack of significance of the basal 
area effect might be attributed to the small 
number of sample plots which reduces the 
power of the ANCOVA. On the other hand, the 
overall numbers of big trees (which contribute 
mostly to basal area) were low due to the small 
plot sizes. This might enlarge the variance of 
the basal area estimates and reduce the chance 
of obtaining significant test results.

Fig. 5. Number of small trees (1 < DBH <10 cm; height >2 
m) in plots of 0.1 ha on well-drained upland soils in the 
middle Casquetâ area (Colombian Amazonia). Treelets 
were counted in subplots of 0.01 ha in each 0.1 ha plot. Ali- 
Acrisols represent soils with relatively high cation reserves 
and thin humus profdes and Acri-Ferralsols soils with rela
tively low cation reserves and thick humus profiles. Details 
of soils and field methods are in Duivenvoorden & Lips 
(1993,1995). Treelet density differed significantly between 
the two soil groups (ANOVA F-ratio=13.6, p=0.0007), also 
after accounting for basal area of large trees in the plots.

Small and insignificant differences in steady
state levels of forest biomass along soil fertility 
gradients are predicted by theories of conser
vation (Jordan 1985) and closed cycling of 
nutrients in tropical forests (Burnham 1989). 
In the light of these, it might be hypothesized 
that the higher understory density around 
Meta is due to a greater longevity, better 
defense against herbivory, and lower mortality 
of the understory plants involved. Slower 
growth, tougher leaves with lower nutritional 
quality and higher levels of phenols and tan
nins, and better plant defences (including 
improved traits to attract predators of herbi
vores) are commonly believed to be an evolu
tionary response of plants to poor soils (Janzen 
1974; Coley & Barone 1996). Lower soil fertility 
must lead to higher investments in roots at the 
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expense of photosynthetic tissue. This imposes 
relatively strong impacts of leaf herbivory and 
eventually results in a positive selection effect 
on plants that have well-defended leaves. In the 
tropics, this hypothesis has been initially con
firmed along gradients of extremely nutrient
poor white-sand soils to mesic sites (with ulti- 
sols and oxisols) (McKey et al. 1978). The pat
terns of treelet density in well-drained upland 
forests along the ecotone of Ferralsols to 
Alisols in the north-western Amazon basin, sug
gest that these mechanisms also operate along 
ecotones in the mesic soil environment 
(excluding white sand soils). In line with this, it 
might be hypothesized that upland tree species 
that characteristically occur in and directly 
around the Guayana shield area have better 
plant defence mechanisms with associated 
reduced mortality rates than tree species that 
typically occur in Amazonian forests on less 
poor upland soils (for instance, in the lowland 
forests along the footslopes of the Andes). 
Lower plant mortalities and lower biomass 
turnover on less fertile soils reduce chances of 
nutrient loss and can therefore be seen a nutri
ent conservation mechanism in humid tropical 
forests (Vitousek & Sanford 1986). Some evi
dence for this link between forest dynamics 
and soil fertility is available. Phillips et al. 
( 1994) reported a fairly strong negative associ
ation between forest ‘dynamism’ and soil qual
ity. In Colombian Amazonia, Lips and Duiven- 
voorden (1996a) showed that litter turnover 
was lower on less fertile tipland soils.
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We studied species richness and diversity of terrestrial and low-epiphytic pteridophytes and 
Melastomataceae in lowland rain forests in western Amazonia. Our objective was to analyse 1) 
how alpha-diversity is related to ecological gradients, and 2) whether alpha-diversity of one of 
these plant groups can be used as an indicator of alpha-diversity of the other. We made field 
inventories in Colombia, Ecuador, northern Peru, and southern Peru, using several transects that 
represented both inundated and non-inundated {terra firme) forests in each area. The total area 
sampled exceeded 79 ha for pteridophytes and 102 ha for Melastomataceae. The total number of 
species observed was 323 for pteridophytes and 297 for Melastomataceae. Transects of 0.25 ha 
(500 m by 5 m) contained, on average, 34 species of pteridophytes and 22 species of Melastomat
aceae. Both plant groups had lower within-transect species richness and diversity (Shannon’s H) 
in inundated than in non-inundated forests, but along soil gradients within the two major land
scape types, the trends were different. In terra firme forest, for example, pteridophyte species 
richness increased linearly with the logarithm of soil cation content, whereas Melastomataceae 
species richness showed a tendency to peak at intermediate cation contents. Both species rich
ness and diversity were correlated between the two plant groups. However, correlation coeffi
cients were relatively low, especially when compared to correlations that have been reported pre
viously when between-site similarities in species composition were analysed for the same plant 
groups. We conclude that it is less realiable to use indicator plant groups for predicting patterns 
in alpha-diversity than for predicting patterns in beta-diversity.
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Introduction
Early interest in species diversity gradients was 
largely focussed on trends in gamma diversity 
at continental to global scales, and on differ
ences in regional species richness relative to 

such environmental variables as potential or 
actual evapotranspiration (e.g., Currie 1991 
and references cited therein). More recently, 
trends in alpha-diversity (local species rich
ness) along different ecological gradients have 
attracted attention. Especially disturbance, 
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herbivory and productivity are being used to 
explain variation between sites in local plant 
species richness (reviewed in Givnish 1999; 
Waide et al. 1999; Pausas 8c Austin 2001 ; Wright 
2002).

With increasing attention to biodiversity 
conservation, alpha-diversity (local or within- 
sample diversity) has gained status as one of 
the criteria that can be used in selection of 
nature reserves (Flather et al. 1997). Conse
quently, hope emerged that an easy-to-obtain 
general measure of alpha-diversity could be 
developed. This would save researchers and 
conservation planners the effort of measuring 
the species richness of all plant and animal 
groups separately, which would be an unman
ageably big task especially in the tropics. How
ever, predicting alpha-diversity has proven a 
difficult business, and reliable indicators of 
alpha-diversity have been hard to find. One 
approach has been to look for such plant or 
animal groups whose species richness could 
serve as an indicator of the species richness in 
other plant or animal groups. The success of 
this approach has been limited, as it has usually 
been found that the species richness of differ
ent groups of organisms are correlated weakly 
or not at all (Prendergast et al. 1993; Lawton et 
al. 1998; Tuomisto et al. 2002).

Another approach has been to model 
species richness as a function of physical envi
ronmental conditions, such as temperature, 
rainfall, or soil fertility, which would be easier 
to measure than species richness itself. This 
approach faces the problem that the alpha
diversities of different plant or animal groups 
may show different trends along the environ
mental gradients, or they may show no system
atic trends at all. For example, contrasting 
models on the response functions of alpha
diversity along fertility gradients have been 
proposed, including bimodal (Austin & Smith 
1989), unimodal (Tilman 1988; Vandermeulen 
et al. 2001) and monotonic (Abrams 1995).

Givnish (1999) suggested that forests on fertile 
soils should have more tree species than forests 
on infertile soils, because soil infertility pro
motes chemical defenses that reduce the effect 
of pathogens. On the other hand, if plant-plant 
interactions were the only ones operating in 
the forest, maximum diversity would be 
expected at intermediate soil fertility.

Field studies of plant alpha-diversity along 
soil fertility gradients in tropical rain forests 
have also yielded contradicting results: some 
have found increasing alpha-diversity with 
increasing soil fertility (Gentry 1988; Duiven- 
voorden 1994, 1996; Tuomisto & Poulsen 1996; 
Tuomisto et al. 2002) others the opposite (Hus
ton 1980), and some have documented a diver
sity peak at intermediate soil fertility (Ashton 
1992; Rosenzweig & Abramsky 1993) or no 
relationship at all (Clinebell et al. 1995). These 
discrepancies may be due to, for example, dif
ferent ranges in the environmental gradients 
covered in each study, confounding environ
mental factors, different behavior of the differ
ent plant groups studied, or inherent differ
ences between geographical areas. In any case, 
much more understanding of the distribution 
of alpha-diversity is needed before environ
mental variables can be used as a surrogate for 
measuring alpha-diversity.

Here, we investigate patterns in plant alpha
diversity of two independent plant groups in 
western Amazonian rain forests. Our aim is to 
understand the correlations between them, 
and to study how their alpha-diversities are 
related to environmental (especially edaphic) 
gradients. In addition, we attempt to estimate 
the level of environmental heterogeneity 
within each sample for the simple reason that 
environmentally more heterogeneous samples 
probably contain more species than more 
homogeneous ones. Our data come from pteri
dophyte and Melastomataceae inventories in 
four different parts of western Amazonia. We 
also estimate regional (gamma-diversity) and
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Fig. 1. Map of western South America with the four study 
regions indicated.

between-sample (beta-diversity) diversities 
within the four study areas to see if they affect 
local species diversity, as has been suggested by 
several authors (Ricklefs 1987; Shmida & Wil
son 1985; Ricklefs & Schluter 1993).

Material and methods
We surveyed lowland rain forests in Colombia, 
Ecuador, northern Peru, and southern Peru 
(Fig. 1). All areas are within the range 100-400 
m above sea level, and have flat, gently undu
lating or hilly topography with hills rarely 
exceeding 60 m in height. Climate in the three 
northern areas is tropical and almost aseasonal 
with about 3000 mm of rain annually. Southern 
Peru has a more seasonal climate and a total 
annual precipitation of about 2000 mm (Hoff
mann 1975; Gentry 1990; Marengo 1998; Lips 

& Duivenvoorden 2001). Two plant groups 
were inventoried in the same sites: pterido
phytes (ferns and fern allies) and the Melas- 
tomataceae (a family of shrubs, small trees and 
vines).

To estimate the sizes of the regional species 
pools (gamma-diversity) of these plant groups 
for each of the four regions, we used both liter
ature data (Tryon & Stolze 1989-1994; Brako & 
Zarucchi 1993; Jørgensen & Leôn-Yânez 1999) 
and all inventory data we have collected our
selves. The latter is the same data set that was 
used in Ruokolainen et al. (2002), and it 
includes about 200 sites inventoried using sam
pling units of different sizes and shapes. The 
sampling units consisted of either 1) several 
square plots (20 m by 20 m or 25 m by 25 m in 
size), 2) a 5-m-wide line transect of 500 m or 
1300 m in length, or 3) a 2-m-wide line transect 
of 9.7 km to 43 km in length. In each transect, 
all species of pteridophytes and Melastomat- 
aceae were inventoried, with the exception of 
pteridophytes with all leaves shorter than 10 
cm, and epiphytes and climbers with the lower
most green leaves more than 2 m above 
ground. These conditions were set in order to 
speed up the field work, as searching for tiny 
juveniles and climbing trees to collect canopy 
epiphytes are very time-consuming excercises. 
Each of the methods has been explained in 
more detail elsewhere (Tuomisto & Ruoko
lainen 1994; Ruokolainen et al. 1997; Ruoko
lainen & Tuomisto 1998; Tuomisto et al. 2003a, 
b). The total area sampled in the four regions 
exceeded 79 ha for pteridophytes and 102 ha 
for Melastomataceae.

Our principal interest here is in local species 
diversity, and we have chosen to operate simul- 
tanously with two different alpha-diversity mea
sures: the number of species in a fixed surface 
area (species richness) and Shannon’s index of 
diversity (H).

(1) 
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where pj is the proportion of individuals 
belonging to the zth species in the sample 
(Magurran 1988). Local species richness and 
diversity were quantified in a subset of the data 
described above, namely 160 line transects of 
0.25 ha each (5 m x 500 m). The transect 
inventories included non-inundated forests on 
clayey, loamy and sandy soils, as well as season
ally inundated and swamp forests. This is the 
same dataset that was used in Tuomisto et al. 
(2003c), except that we excluded three tran
sects that included both non-inundated and 
seasonally inundated parts. The transects were 
allocated to two categories: non-inundated 
terra firme forests (124 sites) and inundated 
forests (36 sites, including both seasonally 
inundated floodplain forests and permanently 
waterlogged swamp forests).

Within each of the four study regions, we 
estimated species turnover or beta-diversity by 
calculating the Jaccard similarity index 
between all pairs of transects, and subtracting 
its values from 1. The Jaccard index is com
puted by dividing the number of shared 
species with the total number of species in two 
transects (Legendre & Legendre 1998), so 
after its 1-complement is taken, high index val
ues indicate high species turnover. The Jaccard 
index was computed separately for pterido
phytes and Melastomataceae and expressed in 
percentages (original index value x 100%).

Several (usually three) surface soil samples 
were taken along each transect. Each sample 
was a composite of five subsamples collected 
within 5 m from each other and mixed. Most 
soil samples were analysed in MTT Agrifood Re
search Finland, although some samples were 
analysed in the Geological Survey of Finland or 
the International Soil Reference and Informa
tion Centre (Wageningen, the Netherlands) us
ing standard methods (van Reeuwijk 1993). 
More detailed descriptions of soil sampling and 
analyses are given by Ruokolainen and Tuomis
to (1998) and Tuomisto et al. (2003a).

Here we analyse response functions of 
species richness and diversity along three 
edaphic gradients: soil cation content 
(Ca+K+Mg+Na, expressed in cmol(+)/kg), soil 
Al content, and soil pH. These soil properties 
are generally considered to correlate with soil 
fertility. Before analysis, cation and Al contents 
were log-transformed, because a given differ
ence in element concentration is ecologically 
more important at low than at high concentra
tions. Since pH already is a logarithm, it was 
not transformed. Both first-order and second- 
order polynomial regressions were fitted to test 
for linear and unimodal relationships, respec
tively. We considered the values of the coeffi
cients of determination of the regressions and 
their probabilities of error as criteria when 
evaluating whether diversity had a monotonic, 
unimodal or no relationship with each soil 
characteristic.

We measured the topographic profiles of the 
transects using a Suunto clinometer. The eleva- 
tional range within each transect was used as a 
measure of topographic variability. As other 
measures of within-transect variability, we used 
standard deviations of the three chemical soil 
characteristics. Since a logical hypothesis is 
that alpha-diversity increases with site hetero
geneity, we tested for linear and logarithmic 
regressions, but not for unimodal ones.

To test how similar the patterns in alpha
diversity were between pteridophytes and 
Melastomataceae, we computed linear Pear
son’s correlation coefficients for their species 
richness and diversity values. A correlation 
between the alpha-diversities of the two plant 
groups may result if both respond similarly to 
some of the environmental gradients. To inves
tigate whether this was the case, we also com
puted a partial correlation coefficient between 
the alpha-diversities of pteridophytes and 
Melastomataceae. This was done so that first 
the alpha-diversity of each plant group was 
regressed on an environmental characteristic, 
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using either the linear or the quadratic regres
sion function obtained earlier (but so that the 
same form was always used for both plant 
groups). Thereafter, the residuals of these

regressions were extracted and the correlation 
coefficient computed between them. The 
amount of difference between the simple and 
partial correlation coefficient provides an esti-

Table 1. Inventory details for four geographical regions studied for pteridophytes and Melastomataceae in western Ama
zonia. Only the 0.25-ha transects were used in the numerical analyses, but the total area surveyed was used to obtain the 
total number of species found in inventories for each region. When available, regional species counts from floras or check
lists are provided for comparison.

Total area surveyed (ha) Number of 
0.25-ha transects 
(non-inundated)

Total number of species 
found in inventories

Total number of species 
reported in literature

Pter. Mel. Pter. Mel. Pter. Mel.

Colombia 14.74 24.97 17(13) 127 133
Ecuador 15.94 17.84 53 (43) 197 120 317 162
Northern Peru 37.00 47.46 43 (33) 195 188 243 236
Southern Peru 12.00 12.00 47 (35) 173 109 155 69

Total 79.68 102.27 160 (124) 323 297

Table 2. Relationship of species richness and diversity of pteridophytes and Melastomataceae with some edaphic gradients 
and within-transect variability in edaphic factors in 124 terra firme transects in western Amazonia. The coefficients of deter
mination (R-squares) of linear, second-order polynomial and/or logarithmic regressions are given. P values are those of 
the highest-order term in the regression. Statistically significant values are emphasized in bold. SD = standard deviation.

Edaphic 
gradient

Species richness (number of species) Species diversity (Shannon’s H)

Linear fit Polynomial fit Linear fit Polynomial fit

Pterid. Mel. Pterid. Mel. Pterid. Mel. Pterid. Mel.

log(Ca+K+ 
Mg+Na)

0.41
(<0.0001 )

0.01
(0.4167)

0.48
(<0.0001 )

0.04
(0.0319)

0.19
(<0.0001)

0.06
(0.0063)

0.20 
(0.3022)

0.14
(0.0025)

log(Al) 0.23 
(<0.0001 )

0.42
(<0.0001 )

0.27
(0.0166)

0.45
(0.0104)

0.05
(0.0128)

0.50 
(<0.0001)

0.05 
(0.9461)

0.50 
(0.2848)

PH 0.00 
(0.4829)

0.10
(0.0004)

0.05
(0.0229)

0.16
(0.0049)

0.01 
(0.2564)

0.17
(<0.0001 )

0.07
(0.0069)

0.24
(0.0019)

Source of 
variation

Linear fit Logarithmic fit Linear fit Logarithmic fit

Elevation 
difference

0.15
(<0.0001)

0.00 
(0.8885)

0.20
(<0.0001 )

0.03 
(0.0751)

0.12
(0.0002)

0.00 
(0.7533)

0.11
(0.0003)

0.05
(0.0135)

SD of log (Ca 
+K+Mg+Na)

0.26
(<0.0001 )

0.02 
(0.1477)

0.21
(<0.0001 )

0.02 
(0.1534)

0.07
(0.0028)

0.04
(0.0239)

0.08
(0.0019)

0.03 
(0.0602)

SD oflog(Al) 0.01
(0.2065)

0.04
(0.0269)

0.02 
(0.1307)

0.04 
(0.0288)

0.08
(0.0024)

0.00 
(0.5386)

0.08
(0.0022)

0.00 
(0.8458)

SD of pH 0.00 
(0.4847)

0.05
(0.0125)

0.03
(0.0464)

0.03
(0.0478)

0.00 
(0.5303)

0.03 
(0.0796)

0.02 
(0.1265)

0.02 
(0.1185)
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Table 3. Relationship of species richness and diversity of pteridophytes and Melastomataceae with some edaphic gradients 
and within-transect variability in edaphic factors in 36 seasonally inundated and swamp forest transects in western Amazo
nia. The coefficients of determination (R-squares) of linear, second-order polynomial and/or logarithmic regressions are 
given. P values are those of the highest-order term in the regression. Statistically significant values are emphasized in bold. 
SD = standard deviation.

Edaphic 
gradient

Species richness (number of species) Species diversity (Shannon’s H)

Linear fit Polynomial fit Linear fit Polynomial fit
Pterid. Mel. Pterid. Mel. Pterid. Mel. Pterid. Mel.

log(Ca+K+ 
Mg+Na)

0.05 
(0.1978)

0.13
(0.0310)

0.07 
(0.4233)

0.27
(0.0187)

0.01 
(0.6158)

0.09 
(0.0793)

0.06 
(0.1824)

0.34
(0.0013)

log (Al) 0.02 
(0.4371)

0.36
(0.0001)

0.11
(0.0737)

0.39 
(0.1643)

0.01 
(0.5899)

0.28
(0.0009)

0.19
(0.0099)

0.40
(0.0160)

PH 0.00 
(0.8682)

0.40
(<0.0001 )

0.00 
(0.8578)

0.45 
(0.0797)

0.12
(0.0360)

0.40
(<0.0001 )

0.17 
(0.2050)

0.41 
(0.4959)

Source of 
variation

Linear fit Logarithmic fit Linear fit Logarithmic fit

Elevation 
difference

0.00 
(0.6852)

0.06 
(0.1630)

0.01 
(0.5528)

0.15
(0.0182)

0.04 
(0.2161)

0.10 
(0.0627)

0.08 
(0.0982)

0.24
(0.0027)

SD of log(Ca+ 
K+ Mg+Na)

0.00 
(0.9789)

0.02 
(0.3620)

0.01 
(0.5166)

0.03 
(0.2882)

0.00 
(0.8433)

0.09 
(0.0793)

0.01
(0.6303)

0.08 
(0.1016)

SD oflog(Al) 0.01 
(0.5704)

0.04 
(0.2234)

0.01 
(0.5181)

0.06 
(0.1387)

0.08 
(0.0991)

0.12
(0.0376)

0.06 
(0.1339)

0.16
(0.0141)

SD of pH 0.03 
(0.3216)

0.04 
(0.2527)

0.00 
(0.8398)

0.05 
(0.1799)

0.00 
(0.8572)

0.07 
(0.1067)

0.00 
(0.6845)

0.08 
(0.0853)

mate of the importance of the environmental 
variable for the congruence in pteridophyte 
and Melastomataceae diversities.

Results
In total, we found 323 species of pteridophytes 
and 297 species of Melastomataceae (Table 1). 
Each region had more than 100 species of both 
plant groups, and usually there were more 
pteridophyte species than Melastomataceae 
species. The exception was Colombia, where 
Melastomataceae were slightly more speciose. 
The gamma-diversity estimates obtained from 
the literature were sometimes higher, some
times lower than those based on field invento
ries (Table 1).

Each 0.25-ha transect contained, on average, 
34 species of pteridophytes and 22 species of 
Melastomataceae (Fig. 2A, B). Species richness 
per transect varied between 4 and 76 species 
for pteridophytes, and between 2 and 46 
species for Melastomataceae. Diversity (Shan
non’s H) varied between 0.19 and 3.38 (mean 
= 2.24) for pteridophytes, and between 0.14 
and 3.35 (mean = 2.28) for Melastomataceae 
(Fig. 2C, D). The frequency distributions of 
the number of species per transect were close 
to normal, but the distributions of the values of 
Shannon’s H were skewed to the left for both 
plant groups.

Both pteridophytes and Melastomataceae 
showed lower within-transect species richness 
in inundated than in non-inundated forests.
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Fig. 2. Frequency histograms of the distribution of species richness (A, B) and Shannon’s H diversity index (C, D) of pteri
dophytes (A, C) and Melastomatacese (B, D) in 160 transects (5 m by 500 m) in western Amazonia.

For pteridophytes, the mean number of 
species was 22 in inundated areas and 37 in 
non-inundated areas. For Melastomataceae, 
the mean number of species was 11 in inun
dated areas and 26 in non-inundated areas. 
Diversity (Shannon’s H) was also lower in inun
dated than in non-inundated areas (means 
1.62 vs. 2.42 for pteridophytes, 1.46 vs. 2.52 for 
Melastomataceae).

There were some regional differences in 
with in-transect species richness. Transects in 

Ecuador showed generally high species rich
ness for both plant groups. There was little dif
ference between transects in the other three 
regions in pteridophyte species richness, but 
southern Peruvian transects showed clearly 
lower Melastomataceae species richness than 
transects in the other regions. The same ten
dency was observed in diversity, but differences 
between regions were smaller (c.g., Fig. 3).

The relationships between species richness 
or diversity and the different environmental
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□ Non-inundated
■ Inundated

Fig. 3. Species richness (A, B) and Shannon’s H diversity index (C, D) of pteridophytes (A, C) and Melastomatacese (B, D) 
as a function of logarithmically transformed soil cation content in 160 transects (5 m by 500 m) in western Amazonia. Lin
ear and quadratic regressions are shown separately for transects in non-inundated areas (black lines) and inundated areas 
(grey lines). For R-squares and P values, see Tables 2 and 3.

characteristics are illustrated in Figures 3-6, and 
the statistical details are given in Tables 2-3.

In terra firme forests, both pteridophyte 
species richness and diversity increased linearly 

with the logarithm of soil cation content (Fig. 
3, Table 2). The quadratic term was significant 
only in the regression of species richness, and 
even there it contributed relatively little to the
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Fig. 4. Species richness (A, B) and Shannon’s H diversity index (C, D) of pteridophytes (A, C) and Melastomatacese (B, D) 
as a function of logarithmically transformed soil aluminium content in 160 transects (5 m by 500 m) in western Amazonia. 
Linear and quadratic regressions are shown separately for transects in non-inundated areas (black lines) and inundated 
areas (grey lines). For R-squares and P values, see Tables 2 and 3.

coefficient of determination. In inundated 
forests (Fig. 3, Table 3), neither pteridophyte 
species richness nor diversity showed signifi
cant responses along the soil cation gradient. 

Melastomataceae species richness and diversity 
were best fit by the quadratic regression on soil 
cation content both in inundated and in terra 
firme forests.
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34567 34567
pH pH

Fig. 5. Species richness (A, B) and Shannon’s H diversity index (C, D) of pteridophytes (A, C) and Melastomatacese (B, D) 
as a function of soil pH in 160 transects (5 m by 500 m) in western Amazonia. Linear and quadratic regressions are shown 
separately for transects in non-inundated areas (black lines) and inundated areas (grey lines). For R-squares and P values, 
see Tables 2 and 3.

Along the soil aluminium content gradient 
in tierra firme, species richness and diversity of 
both pteridophytes and Melastomataceae 
showed a linear response; although the qua

dratic term was statistically significant for 
species richness, its contribution to the coeffi
cient of determination was small. For pterido
phyte species diversity, even the linear fit was
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Fig. 6. Species richness (A, B) and Shannon’s H diversity index (C, D) of pteridophytes (A, C) and Melastomatacese (B, D) 
as a function of elevation difference within 160 transects (5 m by 500 m) in western Amazonia. Linear and quadratic 
regressions are shown separately for transects in non-inundated areas (black lines) and inundated areas (grey lines). For R- 
squares and P values, see Tables 2 and 3.
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poor (Fig. 4, Table 2). In inundated areas, 
Melastomataceae species richness showed a 
clear linear response and diversity a unimodal 
response along the Al content gradient. For 

pteridophytes, no statistically significant 
response was detected for species richness, but 
species diversity showed a unimodal response 
(Fig. 4, Table 3).
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Along the soil pH gradient, pteridophyte 
species richness and diversity showed weak uni- 
modal responses in tierra firme, but only 
species diversity yielded a statistically signifi
cant relationship in inundated forests, and 
then only with the linear model (Fig. 5, Tables 
2-3). For Melastomataceae, both the linear and 
quadratic terms were significant in terra firme, 
but only the linear term was significant in inun
dated areas. Species richness and diversity 
decreased with increasing pH in all cases.

Environmental heterogeneity’ within the 
transects did not provide very strong explana
tions for species richness and diversity (Tables 

2 and 3, Fig. 6). The best fits for pteridophytes 
were in terra firme species richness showed a 
linear regression on standard deviation of log- 
transformed cation content, and a logarithmic 
regression on elevation difference. None of 
the regressions in inundated areas were signifi
cant for pteridophytes. For Melastomataceae, 
the situation was different: the strongest 
regressions were for elevation difference and 
SD of Al content in inundated areas, and even 
though more regressions were statistically sig
nificant in terra firme, their coefficients of 
determination were lower.

When the alpha-diversity patterns of pterido- 

Table 4. Linear correlation (Pearson’s coefficient) in alpha-diversity between pteridophytes and Melastomataceae, and the 
degree of'beta-diversity in four areas in western Amazonia. Alpha-diversity was measured as both species richness (number 
of species per transect) and diversity (Shannon’s H within a transect). Statistically significant correlation coefficients are 
emphasized in bold. Beta-diversity was measured as the 1-complement of the Jaccard index computed between pairs of 
transects and expressed in percentages; means (and ranges in parentheses) are given for each region.

Correlation in alpha-diversity between 
pteridophytes and Melastomataceae

Degree of beta-diversity within a 
region (%)

species richness Shannon’s EI pteridoph. Melastom.

All transects 
(n=160)

Colombia 0.25 
(p>0.10)

0.38 
(p>0.10)

74 
(41-100)

77 
(39-100)

Ecuador 0.63
(p<0.001)

0.35 
(p=0.0076)

61
(29-93)

71 
(26-100)

Northern Peru 0.76
(pcO.OOl)

0.76
(pcO.OOl)

78 
(36-100)

87 
(14-100)

Southern Peru 0.45
(p=0.0016)

0.73
(pcO.OOl)

82 
(30-100)

85 
(0-100)

All areas 0.64
(pcO.OOl)

0.70
(pcO.OOl)

82 
(29-100)

89 
(0-100)

Tierra firme 
transects (n=124)

Colombia 0.12
(p>0.10)

0.37 
(p>0.10)

64 
(41-86)

65 
(39-86)

Ecuador 0.25 
(p=0.0953)

0.10 
(p>0.10)

56 
(29-82)

66 
(29-98)

Northern Peru 0.50
(p=0.0045)

0.43
(p=0.0365)

75 
(37-100)

82 
(34-100)

Southern Peru 0.30 
(p=0.0817)

0.50
(p=0.0021)

74 
(36-100)

81 
(37-100)

All areas 0.51
(pcO.OOl)

0.50
(pcO.OOl)

78 
(29-100)

86 
(29-100)
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phytes and Melastomataceae were compared in 
the entire data set, high correlations were 
found both for species richness (r - 0.64) and 
species diversity (r = 0.70; Table 4). If only terra 
firme transects were included in the analyses, 
the correlations were somewhat weaker (0.51 
and 0.50, respectively), but still statistically sig
nificant. Within three of the four regions, cor
relations between pteridophyte and Melastom
ataceae species richness and diversity were 
found in the entire data set, and for one 
region, both correlations remained significant 
when only terra firme transects were considered.

Mean values of beta-diversity (species 
turnover between transects) were highest in 
the two Peruvian regions, both when all tran
sects were compared to each other, and when 
only terra firme transects were considered 
(Table 4).

In the partial correlation analyses for the 
terra firme transects, soil Al content proved to 
be the only environmental variable that clearly 
reduced the correlation coefficient between 
pteridophyte and Melastomataceae species 
richness, from r = 0.51 (P < 0.001) to r = 0.29 (P 
= 0.0011) with linear regression model, and to 
r = 0.25 (P = 0.0048) with quadratic regression 
model. The correlation between pteridophyte 
and Melastomataceae species diversity 
decreased from 0.50 to 0.44 when the effect of 
soil cation content was taken into account, but 
in all other cases the effect of environmental 
variables was negligible. Because few environ
mental variables provided significant regres
sions for both pteridophytes and Melastomat
aceae in inundated areas, partial regressions 
were only computed for the terra firme data set.

Discussion
General alpha-diversity patterns
The great ecological difference between inun
dated and terra firme forests has been acknow
ledged for a long time, and tree diversity has 

been found to be lower in inundated forests 
than in terra firme (Campbell et al. 1986; Balslev 
et al. 1987; Clinebell et al. 1995; ter Steege et al. 
2000). Our results show that a similar pattern 
exists also for pteridophytes and Melastomat
aceae. Both plant groups presented much 
lower alpha-diversity in inundated forests than 
in non-inundated forests, no matter whether 
species richness or Shannon’s diversity index 
was considered.

So far, our results confirmed what could be 
expected on the basis of earlier studies. How
ever, when exploring diversity trends along soil 
gradients within the two major landscape types, 
it was more difficult to foresee the outcome. 
The only Amazonian study that has concen
trated on such comparisons before is that of 
Clinebell et al. (1995), and their results indi
cated that climatic humidity is the most impor
tant factor for tree species richness; the role of 
soil properties was found negligible in compar
ison. Also ter Steege et al. (2003) argue for the 
importance of climate in explaining the varia
tion in Amazonian tree alpha-diversity. In our 
data, Melastomataceae did indeed show lower 
alpha-diversity in southern Peru (with lower 
annual precipitation and more pronounced 
rainfall seasonality) than in the three northern 
regions. However, pteridophyte alpha-diversity 
was no lower in southern Peru than in north
ern Peru or Colombia.

Alpha-diversity along edaphic gradients
All three soil factors that we explored are 
related to soil fertility, although their relation
ship with actual site productivity is rather com
plex. The content of base cations (Ca, K, Mg, 
Na) is a resource gradient sensu Pausas and 
Austin (2001), while pH is a direct environ
mental gradient whose high (or rather, neu
tral) values are often used as indicators of high 
soil fertility (e.g., Soilins 1998), and Al content 
is a direct environmental gradient whose high 
values may reduce productivity due to toxicity.
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The ranges of these soil variables in our data 
are close to the ranges reported in earlier stud
ies for Amazonian forests (Sanchez & Buol 
1974; Botschek et al. 1996), and all these gradi
ents yielded statistically significant relation
ships with species richness and diversity. How
ever, the forms of the response functions were 
not always easy to describe, and they had rela
tively little consistency between the two plant 
groups.

For pteridophytes, the trends in alpha-diver
sity along the edaphic gradients were clearer 
within terra firme forests than within inundated 
forests. For example, variation in species rich
ness could not be explained by any of the 
edaphic gradients within inundated areas, 
whereas both soil cation content and soil Al 
content provided statistically significant regres
sion models within terra fiirme. This contrasts 
with the situation for Melastomataceae, for 
which the trends in the two landscape types 
were more similar. Overall, more statistically 
significant regression models were found in 
terra firme than in inundated areas, and the 
coefficients of determination were generally 
higher in terra firme. These differences between 
the landscape types may occur because alpha
diversity in inundated areas is more strongly 
affected by such ecological gradients that were 
not measured in the present study (c.g., the 
duration or depth of inundation), but it may 
also reflect our smaller sample size for inun
dated than terra firme areas.

In the terra firme areas, the most obvious dif
ference between the two plant groups was 
found in their response to the soil cation con
tent gradient. Pteridophyte species richness 
and diversity were best explained by an increas
ing monotonic response to soil cation content, 
whereas Melastomataceae species richness and 
diversity showed unimodal patterns (albeit 
rather weakly so).

Along the soil pH gradient, species richness 
and diversity of both plant groups showed uni

modal patterns, but the explanative power of 
soil pH was very poor, especially for pterido
phytes. Because the vast majority of the tran
sects has soil pH values between 3.5 and 4, the 
general trend was set by a few transects whose 
pH was well outside these limits. Consequently, 
the observed relationships of species richness 
and diversity with soil pH are not robust. Soil 
Al content proved to be the best explanatory 
factor for Melastomataceae species richness 
and diversity, with clearly monotonic response 
functions. The responses of pteridophyte 
species richness and diversity along the soil Al 
content gradient were also monotonic, but the 
explanatory powers of these models were 
poorer.

Is alpha-diversity predictable?
To sum up, the two plant groups differed in 
which soil factors best explained the trends in 
their species richness and diversity, and in 
some cases also in the type of response func
tion (monotonic or unimodal). Similar incon
sistencies exist between earlier studies relating 
alpha-diversity and soil characteristics in tropi
cal forests (Huston 1980; Gentry 1988; Ashton 
1992; Rosenzweig & Abramsky 1993; Duivenvo- 
orden 1994, 1996; Clinebell et al. 1995; Austin 
et al. 1996; Tuomisto & Poulsen 1996; Pausas & 
Austin 2001; Tuomisto et al. 2002).

What should be concluded from all this? 
One obvious possibility is that all plant groups 
behave in an individualistic way along ecologi
cal gradients, and consequently, alpha-diversity 
patterns are idiosyncratic and cannot be gener
alized from one plant group to others. Another 
possibility is that there is a general pattern of 
alpha-diversity, but we have failed to identify 
those ecological factors that are most impor
tant for defining that pattern. We did not mea
sure the contents of such important plant 
nutrients as nitrogen or phosphorus in the 
soil samples, and the most important diversity
regulating factors may actually not be related 
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to soils at all. For example, specialized herbi
vores have been repeatedly advocated as a 
main factor in promoting alpha-diversity in 
tropical rain forests (Janzen 1970; Connell 
1978; Givnish 1999; Wright 2002). It may also 
be that reliable results can only be obtained 
when all factors are analyzed together rather 
than in isolation (cf. Pausas & Austin 2001), or 
when such analysis methods that are able to 
detect ceiling effects are used (cf. Thomson et 
al. 1996).

In any case, if any factors affect the alpha
diversity of plants in general in a systematic 
way, then a correlation between the alpha
diversities of different plant groups should 
exist. We did indeed observe such a correla
tion. Both species richness and diversity 
showed statistically significant correlation 
between pteridophytes and Melastomataceae 
within terra firme forests. However, this correla
tion can be due to neither soil cation content 
nor soil pH, because the shapes of the 
response functions of both plant groups along 
these gradients were different, or the coeffi
cients of determination were too low, or both. 
Soil Al content did seem to have some effect on 
the correlation between pteridophyte and 
Melastomataceae species richness (but not 
diversity), as taking it into account in a partial 
correlation analysis clearly decreased the cor
relation between plant groups.

Another possible explanation for a correla
tion between alpha-diversity of two plant 
groups is that the degree of within-transect 
habitat heterogeneity varies between transects: 
transects that include more habitat hetero
geneity should have higher numbers of 
species. We investigated this possibility by cor
relating species richness and diversity with four 
measurable sources of environmental variation 
within a transect: elevational range, and the 
standard deviations of soil cation content, soil 
Al content, and soil pH. However, none of 
these features explained alpha-diversity partic

ularly well, and statistically significant results 
were rarely obtained with the same variable for 
both pteridophytes and Melastomataceae.

Unfortunately, our measures of habitat het
erogeneity were rather crude (e.g., usually only 
three soil samples were taken in each transect), 
so these results cannot rule out the possibility 
that habitat heterogeneity does play a role. 
Indeed, it has been documented that elevation 
differences of less than 25 m are sufficient to 
affect the local distribution of plant species, 
and to create floristically different patches 
within sites (c.g., Poulsen & Balslev 1991; 
Tuomisto et al. 1995; Clark et al. 1995, 1998; 
Svenning 1999; Tuomisto 8c Poulsen 2000). 
Furthermore, we did not measure succession 
in any way, even though it is known that tree 
fall gaps may harbor successional species that 
are not represented in the closed-canopy parts 
of the forest.

Importance of gamma-diversity
It has repeatedly been observed that local 
species richness is not independent of regional 
species richness, but that the two correlate pos
itively (c.g., Ricklefs 1987; Ricklefs & Schluter 
1993; Parte! et al. 1996). However, in our data 
such a pattern is only partly present. For Melas
tomataceae, Ecuador stands out as the region 
with the highest and southern Peru as the 
region with the lowest within-transect species 
richness, even though the regional species 
richness in both is about the same (and lower 
than in the other two regions). For pterido
phytes, the within-transect species richness is 
also highest in Ecuador, although its regional 
species richness is about the same as in the two 
Peruvian regions. Unfortunately, all estimates 
of the sizes of regional species pools are 
affected by collection intensity, and our sample 
sizes vary among regions. Therefore, our esti
mates of regional species richness are not 
strictly comparable, and even their rank order 
may be incorrect. Consequently, we cannot 
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even begin to estimate the sizes of the regional 
species pools sensu Pärtel et al. (1996), i.e. the 
number of species that are both present in the 
region and able to grow in the plant commu
nity of interest (e.g., inundated forests); this 
would require information on which species 
are able to grow in which kinds of forests, 
which is not available either.

Using the gamma-diversity estimates 
obtained from the literature would not clarify 
the picture much, because they are based on 
data that are even less standardized than our 
inventory data: they cover areas of very differ
ent surface areas and botanical exploration his
tories. For example, southern Peruvian 
gamma-diversity is obviously underestimated in 
the literature sources; even though we sampled 
southern Peru less intensively than any of the 
other regions, our inventories included more 
species of both pteridophytes and Melastomat- 
aceae than the published checklists.

Importance of beta-diversity
The regional species pool may explain differ
ences in local diversity between regions, but it 
cannot explain the variation in alpha-diversity 
within one region. The correlations between 
the alpha-diversities of pteridophytes and 
Melastomataceae within both Peruvian 
regions, therefore, call for some explanation at 
a more local scale. The degree of beta-diversity 
within the two Peruvian regions was higher 
than in the Ecuadorian and Colombian 
regions, i.e., mean floristic similarity between 
sites was lower. This suggests that alpha-diversi
ties of two plant groups are more likely corre
lated in areas where species composition differ
ences between sites are high than in areas 
where they are low. This is, of course, a very 
tentative result, because four geographical 
areas can hardly be considered a sufficient 
sample to establish such general patterns.

The main problem with analyzing trends in 
alpha-diversity is that the observed level of 

diversity in any given site is the product of a 
multitude of factors, many of which are diffi
cult or impossible to measure. Factors that 
have been considered important in this respect 
include, for example, size of the regional 
species pool, dispersal abilities of the species, 
competitive abilities of the species, disturbance 
history, herbivory, climatic humidity, tempera
ture, productivity, and edaphic factors. Present 
theoretical knowledge about each of these fac
tors is still inadequate, and therefore it is not 
possible to predict their effects on local diver
sity. On the contrary, both observations and 
theoretical considerations have produced con
tradicting models concerning their effects 
(Huston 1994; Abrams 1995; Waide et al. 1999).

It is easy to imagine that all these factors 
could contribute to alpha-diversity, but that 
their relative importance would vary so much 
from site to site that a generally valid predictive 
model would be either impossible to construct 
or so complex that, in practice, its parameters 
would be impossible to estimate. Furthermore, 
the importance of many of the factors may vary 
among plant groups. For example, the size of 
the regional species pool of a particular taxon 
is to a large degree defined by its evolutionary 
and biogeographical history, and there are 
many reasons why these might not be congru
ent between unrelated plant groups at the con
tinental scale (Givnish 1999). Furthermore, it 
can be suggested that the alpha-diversities of 
groups such as cacti and ferns are unlikely to 
peak at the same sites, because they are 
adapted to different levels of air humidity. 
Even within Amazonian rain forests, it has 
been reported that some plant genera or fami
lies are more speciose on poor soils while oth
ers are more speciose on rich soils (Gentry 
1988; Tuomisto 1998). Consequently, there is 
little reason to suggest that the correlation 
between the alpha-diversities of independent 
plant groups should always be positive.

This ambiguity is in striking contrast with the 
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situation when predicting beta-diversity, or 
species turnover between sites. It is by now uni
versally recognized that all plants grow better 
in some ecological conditions than in others, 
and from this it logically follows that there 
must be species turnover along such ecological 
gradients that affect plant growth. In Amazon
ian forests, such universally recognized gradi
ents include the transitions between inundated 
forests and terra firme, and between extremely 
nutrient-poor white sand soils and more nutri
ent-rich fine-textured soils.

It is inconsequential to the resulting floristic 
patterns whether the actual mechanism of 
species replacement is by the physiological 
inability of the species to grow in unfavorable 
conditions, or by changes in the relative com
petitive abilities of different species along the 
ecological gradients. In either case, the net 
result is that environmentally similar sites tend 
to have similar floristic compositions, whereas 
environmentally different sites tend to have 
different floristic compositions. This leads 
unambiguously to the prediction that floristic 
similarities of independent plant groups 
should be positively correlated. Obviously, 
when the observed ecological differences are 
so small as to be inconsequential for plant 
growth, the correlation between plant groups 
may be zero, but there is no ecologically sound 
reason to expect a negative correlation.

Indeed, all studies that have analysed the 
question have found that floristic similarities 
are positively correlated between plant groups 
(Tuomisto et al. 1995, 2002, 2003a, b, c; Ruoko- 
lainen et al. 1997, Ruokolainen & Tuomisto 
1998; Vormisto et al. 2000; Higgins & Ruoko
lainen 2004). In an earlier study, we com
pared the correlations of (similarity in) local 
diversities with correlations of similarity in 
species composition in Ecuador, and found 
that the latter were much higher (Tuomisto et 
al. 2003a). Furthermore, the correlations 
between pteridophyte and Melastomataceae 

floristic similarities reported in Tuomisto et al. 
(2003c) were much higher than the correla
tions reported in the present paper between 
the species richnesses and diversities of the 
same plant groups in the same data set. This 
difference is especially remarkable because 
Mantel correlation coefficients (which were 
reported in Tuomisto et al. 2003c) are gener
ally lower than Pearson correlation coefficients 
(reported in the present study) when com
puted from the same data (Tuomisto & 
Poulsen 2000; Tuomisto et al. 2003a). This 
means that when one plant group is used to 
predict patterns in another plant group, simi
larity in species composition can be predicted 
much more reliably than similarity in species 
richness.

Conclusions
The practical conclusion of all this is that when 
conservation planners look for shortcuts in 
gaining useful information about the distribu
tion of species diversity, indicators of beta 
diversity provide more reliable predictions 
than indicators of alpha diversity. This is actu
ally not bad news. Indicators of changes in 
species composition can be used to evaluate 
whether all different habitats are included in 
conservation programs, and to assess the com
plementarity value of new conservation area 
proposals (Flather et al. 1997). After all, the 
ultimate aim of conservation is to ensure the 
viability of all species in a region, not just those 
that occur in the habitats that happen to have 
the highest local species richness.
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Diverse tropical communities are poorly known. How many species live where is fundamental to 
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Introduction

Many or most neotropical tree species have 
poorly known geographic ranges. Large areas 
of forest in Central America and especially 
South America remain unexplored, and even 
where tree inventories have been carried out, 
they are seldom exhaustive. The large number 
of rare tree species in the tropics ensures that 
complete inventories are exceedingly time
consuming. Sparse and incomplete samples 
make it difficult to even hypothesize about fac
tors limiting geographic ranges. Are most 
species limited by climate or soils? Or do dis
persal and history prevent species from reach
ing areas where they could grow? Do tropical 
tree species have narrow ranges and high rates 
of endemism, or are most widespread general
ists (Pitman et al. 1999, 2001). Species turnover 
(ß-diversity) is an important element of conser
vation theory, since it determines how many 
species there are in total (y-diversity) and how 
national park systems should be arranged to 
capture diversity.

Central Panama encompasses a range of cli
mate and topography, and a variety of evidence 
suggests that climate limits the ranges of many 
tree species (Pyke et al. 2001). For one, obser
vations at Barro Colorado Island on mortality 
during unusually severe drought suggest that 
the duration of the dry season is critical in lim
iting where some species can grow (Condit et 
al. 1995, 1996). Moreover, Panama tree com
munities show higher ß-diversity than regions 
where climate is less variable (Condit et al. 
2002). Here we begin with the assumption that 
some tree species are limited by dry season 
duration, and move forward to the question of 
how many species there are and how many are 
restricted in range to different positions along 
the rainfall gradient.

We invoke two approaches for extrapolating 
richness and ranges from scattered small sam
ples. First, we estimate how many species there 

are in regions of fairly uniform climate and ter
rain by extrapolating species-area curves devel
oped from precisely mapped inventories. We 
have a good basis for doing so: there is ample 
ecological literature on species-area relation
ships (Rosenzweig 1995) and some theory to 
back it up (Hubbell 2001). Beyond richness at 
single sites, we need to know how many species 
are shared between two different regions - this 
shows how many species have limited ranges. 
Far less has been published on this topic (see 
Cao et al. 1997), so we develop a simple theory 
here to address specifically what we need: how 
to extrapolate species-overlap between two 
regions when neither has been completely 
sampled.

Study site
In central Panama, extensive forests line nearly 
the entire length of the Panama Canal, and a 
second large block of forest lies to the east, in 
Chagres National Park (Condit et al. 2001, 
Ibanez et al. 2002). Toward the northern and 
eastern fringes of Chagres National Park, 
ridges and small peaks reach 600-1000 m ASL; 
southwest of the Canal there is a small patch of 
montane forest, also reaching 1000 m in eleva
tion (Fig. 1, and see maps in Ibanez et al. 2002). 
The rest of the area is below 300 m, but topo
graphically variable with a complex mixture of 
geological formations (Stewart et al. 1980, Pyke 
et al. 2001). Forests of Chagres National Park 
are mostly old-growth, little disturbed for sev
eral centuries or more, while much of the for
est along the Canal — which we call the Canal 
corridor - has been disturbed since the 19th 
century. Some sites near the Canal, though, 
such as Barro Colorado Island, have old- 
growth (Ibanez et al. 2002).

Precipitation comes from the Caribbean, 
and the mountain chain running through Cen
tral America creates a rainshadow. As a result, 
the Caribbean coast is substantially moister 
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than the Pacific, with a shorter and less intense 
dry season (Condit et al. 2000). Annual precip
itation near the Pacific entrance to the Canal is 
1700 mm, and the dry season lasts an average 
of 129 days. At the Atlantic mouth of the Canal, 
rainfall is 3000 mm and the dry season lasts 102 
days (Condit et al. 2000). The northeast part of 
the watershed gets 3500 mm of rain or more, 
with a dry season as short as 75 days.

Materials and methods
Censuses
We have carried out inventories of trees at 88 
forested sites in the Panama Canal area (Fig. 
1 ). Sites were chosen to evaluate different geo
logical formations, and we have attempted to 
leave no major geographic gaps (Fig. 1). The 
samples includes 49 tree plots where every 
individual was marked, measured, identified, 
and precisely located in a carefully measured 
area: one 50-ha, one 40-ha, one 5.96-ha, one 4- 
ha, 37 1-ha, and nine 0.32-ha. In three large 
plots, every individual tree > 1 cm diameter
breast-height (dbh) was censused. In most 
other plots, every tree >10 or > 20 cm dbh was 
censused, and trees > 1 cm dbh were censused 
in subquadrats; in the 0.32-ha plots, however, 
nothing < 10 cm was censused (see Condit 
1998, Pyke et al. 2001, and Condit et al. 2004 for 
details). At 18 more sites, a square area of 
either 40 x 40 m (14 sites) or 100 x 100 m (4 
sites) was marked and then thoroughly 
searched for tree species present. Finally, we 
censused 21 transects, recording tree species 
present along trails within an area < 1 km2. 
Transects were not designed to cover precise 
areas nor to include every species.

Three inventories east of the Canal (Fig. 1) 
had elevation 600-850 m ASL and were consid
ered the eastern-montane region. Three other 
sites to the southwest, around Cerro Campana, 
were also 600-850 m ASL (Fig. 1). All other 
inventories were < 420 m elevation.

All individuals encountered were placed in 
morphospecies categories. Most of these are 
fully identified, and we have collected many 
specimens and published species lists (Condit 
et al. 1996, 2004). Still, about 25% of the mor
phospecies remain unidentified, but in the 
analyses presented here, all are included, iden
tified or not.

Ideally, we would compare inventories based 
on identical effort, but this would greatly hin
der our ability to expand the dataset. Two con
siderations suggest that the enormous varia
tion in census effort and methods can be 
ignored. First, what really matters is not 
whether the effort is identical everywhere, but 
whether the number of species sampled at 
each site is comparable, and species accumu
late in a convenient way. In small samples, the 
number of new species encountered rises 
rapidly, but with additional sampling, this rate 
diminishes. As a result, inventories based on 
enormously different efforts include reason
ably similar species counts. In fact, 78 of 88 
inventories had between 70 and 180 species, 
even though sampling effort varied 1000-fold 
(200 individuals in 0.32-ha plots to 200,000 in 
the 50-ha plot). Second, most comparisons we 
make are based on regional groups of invento
ries, and this further overcomes differences in 
effort among individual censuses.

Regions
To evaluate similarity of tree communities 
across the isthmus, we aggregated inventories 
into 11 geographic regions (Fig. 1). In one 
analyses, we compared two of these - the Sher
man and Pacific regions, including the Sher
man and Cocoli plots mentioned above plus 
several smaller inventories (Fig. 1). We then 
made broader comparisons by further aggre
gating the 11 regions, first into climatic zones: 
wet (Santa Rita, Chagres, Montane East, Cam
pana), intermediate (Sherman, Barro Col
orado, Pipeline, Laguna), and dry (Gamboa,
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Fig. 1. T'ree inventories in the Panama Canal area. Sites of inventories are marked with dots (in several places, nearby 
inventories appear as one dot). Regions described in text are indicated, and larger ones are circled. The climatic gradient 
is indicated with arrows.
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Madden, and Pacific). We then compared the 
eastern wet forests with the main Canal corri
dor by aggregating the three regions east of the 
Canal (Santa Rita, Upper Chagres, Montane 
east) and comparing this to the aggregation of 
seven regions near the Canal (all remaining 
regions except Campana to the west).

Species richness benchmarks
Our samples of species are incomplete. Our 
best evidence for this comes from published 
and unpublished checklists of the flora of 
Panama. Croat’s (1978) flora of Barro Colo
rado Island includes 436 species which have 
free-standing stems at least 2 m tall (and thus 
approximately 1 cm dbh), but the 50-ha plot 
on the island plus two additional 1-ha plots had 
just 321 species. In addition, M. Correa 
(unpublished data) has updated D’Arcy’s 
(1987) published checklist of Panama; Cor
rea’s dataset lists 863 tree or shrub species in 
the Canal Zone. All our inventories in the 
Canal corridor (roughly the same as the Canal 
Zone used by D’Arcy) include 650 species. The 
Correa checklist likewise can be used to count 
tree and shrub species in each of Panama’s 
provinces and the entire country - 2880 
species in 76,000 km2 for the latter.

Extrapolating species richness
From plots where individuals and species were 
counted, the diversity index Fisher’s a was esti
mated using the procedure given in Condit et 
al. (1998). Fisher’s ex from one plot can be used 
to extrapolate species richness in larger sam
ples, since the definition of the index includes 
a simple relationship between S (species num
ber) and N (individuals):

S = aln(l+-^).

Fisher et al. (1943) devised the index, and 
Hubbell (2001) demonstrated that in a theo
retical community on a homogeneous sub

strate (so every species can grow everywhere), 
this formula describes the relationship 
between S and N.

We also extrapolate species counts in large 
areas using the power-function species-area- 
relationship, or SAR: S = bAz, where A = area. 
Assuming tree density is constant, this can also 
be given as S = b'Nz, with the same z in both 
cases but a different b. Except at small scales, S 
rises more rapidly with the power function 
than with Fisher’s a, that is, the power function 
will extrapolate to higher species richness than 
will Fisher’s a.

Measuring similarity
To evaluate the similarity of tree communities 
on opposite sides of the isthmus of Panama, we 
counted the number of species shared between 
samples of various sizes. To do so, we sub-sam
pled the 5.96-ha plot near the Caribbean, at a 
site called Fort Sherman, and the 4-ha plot 
near the Pacific (called Cocoli). In each plot, 
species lists were taken from small, square, ran
domly-placed subquadrats of varying size. We 
express similarity between two subquadrats 
with the Sørensen similarity index, defined as 
the number of shared species divided by the 
mean of the species total in each of the two 
subquadrats.

Similarity theory
All our estimates of similarity are based on 
incomplete tree species lists. Fisher’s ex and the 
SAR allow us to extrapolate species richness, 
but not the number of species shared. To do 
so, we present a simple theory of similarity.

Imagine two communities whose total 
species counts are unknown, and which share 
an unknown number of species. We sample a 
fraction of species f at each (z = 1,2). 71 is the 
total number of species in community i, and S, 
= /71 is the number of species sampled in each. 
Call the total number of species shared 71 and 
the observed number shared Sr. Now make a 
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simple assumption: that the average probabil
ity of encountering shared species in a sample 
is equal to the average probability of encoun
tering non-shared species. This assumption 
holds if species abundances at the two site are 
uncorrelated, that is, if abundant species at site 
1 are absent, rare, or abundant at site 2 just as 
often as rare species at site 1. We examine this 
assumption in more detail below, but first use it 
to estimate Tc.

Given uncorrelated abundances, the num
ber of species found shared between samples S/ 
and S2 is Sc = fiftC. This is because the probabil
ity of finding one of the species in sample 1 is 
fi, and likewise f2 for sample 2, and under the 
assumption stated above, the two probabilities 
are independent, so I he joint probability is 
their product. This equation can be rewritten

£ = _T_

because S, = /T,. The left side of this equation is 
the number of species shared between samples 
1 and 2 divided by the product of the species 
count in each sample; the right side is the num
ber of total shared species divided by the prod
uct of total species counts at the two sites. Call 
this index k. It can be considered a similarity 
index, differing from Jaccard and Sørensen 
indices in having a product in the denomina
tor rather than a sum (the Sørensen index is

0.5W+S2)’-

The equation above demonstrates that k has 
a useful property as a similarity index: it is sam
ple-size independent (but only under the 
assumption of independent probabilities). It 
can thus be used to estimate Tc, the total num
ber of species shared, given that extrapolated 
estimates of species-richness are available (T/ 
and T2). Here we apply this method - after first 
checking that abundances in two communities 
are uncorrelated - to estimate the total num

ber of species shared between Caribbean wet 
forests and Pacific coast forests in central 
Panama, and then more broadly, between the 
Canal corridor and eastern wet forests.

Correlation in abundance
The lack of correlation in species abundance 
between two sites is crucial to the extrapolation 
described above. Consider two distinct aspects 
of this correlation. First, there is the correla
tion between abundances when species are 
present at both sites. Lack of correlation then 
means that the abundance of a species at one 
site does not predict abundance at the second 
site. The second aspect covers species present 
at one site but absent at the second. Here, a 
lack of correlation means that the abundance 
of species at site A does not depend on 
whether they are present or absent at site B.

It is easy in a qualitative sense to understand 
why the abundance correlation is crucial to 
similarity estimates from small samples. Initial 
sampling will uncover abundant species first 
and rare species later. If two sites have the same 
abundant species - a positive correlation in 
abundance - then early sampling tends to 
encounter shared species more rapidly than 
the equations above predict. Conversely, if 
there is a negative correlation in abundance, 
then small samples over represent non-shared 
species. Likewise, if species abundant at site A 
tend to be shared with site B, whereas rare 
species at site A tend to be absent at B, then 
small samples at site A are biased, since they 
disproportionately encounter shared species.

Conceptually, the correlation in abundance 
is easy to state, but judging whether species 
abundances at two sites are correlated in real 
datasets can be problematic. There are three 
groups of species which must be considered. 
First are those observed at both sites. We are 
certain about their distributions, and we can 
test directly whether their abundances are cor
related. The only caveat is that small samples 
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hinder the estimate. The second group 
includes those observed at only one site. We do 
not know whether they are present at the sec
ond site, however, we can still include them in 
the question about abundance correlation. 
Does abundance at site A differ between those 
species observed to be absent at site B and 
those observed to be present at site B? The 
final group is comprised of species not 
observed at either site. We know nothing about 
them. Our only hope is that inferences based 
on cases one and two apply. If not - if unob
served species behave differently from 
observed species in terms of similarity - we are 
sunk, even if we can estimate exactly how many 
unobserved species there are.

We tested for abundance correlations after 
log-transforming population densities in plots, 
since densities were nearly log-normally distrib
uted across species. First, simple regressions 
were done using those species present at two 
sites. Next, we compared mean log (abun
dance) at one site for those species present at a 
second site versus those absent at the second 
site. Confidence limits were estimated on 
log(abundance) using the variance across 
species and a standard /-test. To report abun
dances, we back-transformed mean and confi
dence limits, giving density in individuals ha1. 
We tested for correlation in abundance 
between the 4-ha Cocoli plot and the 5.96-ha 
Sherman plot, and then again between 34 
small plots in the Canal corridor and 11 small 
plots in the eastern wet forest (Santa Rita and 
east-montane regions). In the latter case, abun
dance for each species was averaged across all 
plots in a region.

Results and discussion
Range in Central Panama
A total of 1142 tree and shrub morphospecies 
were tallied in the 88 inventories; 825 of these 
have been identified fully to species. The latter

Table 1. Local ranges of tree species recorded in invento
ries near the Panama Canal. Species were categorized with 
respect to presence-absence in three broad geographic 
zones (see text, Fig. 1). Widespread means occurring in all 
three zones.j

Species range no. species % of species

Widespread 197 17.3
Wet forest only 492 43.1
Wet-intermediate 113 9.9
Intermediate only 113 9.9
Wet-dry only 10 0.9
Dry-intermediate 130 11.4
Dry side only 87 7.6

TOTAL 1142 100

includes 12 subspecific taxa: six species have 
two separable subspecies. It does not include 
20 cultivated species which occasionally appear 
in forest. Hereafter, we refer to the 1142 mor
phospecies or subspecies as ‘species’.

By far the largest number of species was con
fined to the wet climatic zone - Santa Rita, 
Upper Chagres, and the higher elevations (Fig. 
1, Table 1). The next largest group was wide
spread, occurring in all three zones. A smaller 
number of species was confined to the dry 
zone, or dry plus intermediate (Table 1). Sam
ple distribution maps are shown in Figure 2. 
The overall trend suggests that species are lim
ited climatically - if species were confined to 
zones due to dispersal or chance alone, then 
the number of species confined to different 
zones ought to be roughly equal. Three addi
tional lines of evidence argue against dispersal 
limitation being the major cause of limited 
ranges: 1) the montane-east region is more 
similar to the distant montane region at Cam
pana than it is to the intervening Pacific 
region, sharing 29% of its species with the for
mer and just 7% with the latter; 2) a single 
limestone site in the Sherman region is more 
like the Pacific sites than nearby Sherman sites; 
and 3) the Taguna region is more like Upper
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Table 2. E stimates of species richness in various regions, extrapolating with Fisher’s a or an SAR (Fig. 3).

Barro Colorado Sherman Pacific 
(Cocoli)

Canal corridor

large plot area (ha) 50 5.96 4.0 -
species in large plot 301 227 169 -
mean a in all plots 34.3 35.6 28.4 33.7
species in all inventories 321 336 311 650
area of entire region (ha) 1567 15,000 11,000 62,000
estimated individuals in 

entire region (x 106)
7.2 53.1 22.5 -2500

estimated richness from a 420 506 386 532
estimated richness from SAR 505 - - 1000
known species

(plots plus flora/checklists)
453 - - 946

Chagres wet forests than the nearby Gamboa 
sites. Pyke et al. (2001) and Condit et al. (2002) 
mentioned the latter two examples.

However, it remains plausible that dispersal 
limitation is a factor in limiting some species 
distributions. There are many species (151 of 
214, to be precise) occurring in montane for
est east of the Canal but not at Campana, and 
the edaphically unusual Laguna site is missing 
many wet forest species. A caveat to conclu
sions about species absence, though, is that 
samples are incomplete, and it is always possi
ble that missing species really are present in a 
region but have not been sampled.

Extrapolated species richness
The total species count of trees and shrubs on 
Barro Colorado is 453, taking Croat’s (1978) 
Hora plus 17 new species we identified in the 
50-ha plot. We estimate the uncertainty to be 
from 424 to 475, because species probably still 
remain to be discovered and because the lower 

limit of 1 cm dbh produces a gray area regard
ing which species to include. In addition, there 
are some species Croat includes for which their 
is doubt, such as cases where no specimen nor 
living plant is known.

Fisher’s a in the 50-ha plot is consistently 
close to 34 for samples larger than 1000 indi
viduals (Condit et al. 1998). Given a - 34.3, the 
entire island (with 1567 ha and 4581 individu
als per ha) would have 420 species (Table 2, 
Fig. 3). Alternatively, the power function 
S= 173* A 1455 fits data from 1 ha to 50 ha within 
the large plot; extrapolating this to 1567 ha 
predicts 505 species (Table 2, Fig. 3). Thus, 
Fisher’s a gives a slightly better prediction at 
local scale, as Hubbell’s (2001) theory predicts, 
and provides a means for estimating total 
species richness in the Sherman region and 
the Pacific region (Fig. 1).

In the Pacific region, three plots have a 
mean Fisher’s a of 28.4, leading to an estimate 
of 386 species in 11,000 ha of forest near the

Fig- 2. Distribution maps of species in tree inventories in the Panama Canal area. Presence is indicated by filled circles, 
absence by empty circles. A) Virola koschnyi Warb. (Myristicaceae); B) Tetragastris panamensis (Engl.) Kunze (Burseraceae) ; 
C) Prockia crucisT. Browne ex L. (Flacourtiaceae), D) Hybanthus prunifolius Schulze-Menz (Violaceae). Light gray lines indi
cate the 600-m contour; black lines show coasts and rivers.
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A) Viroia koschnya B) Prockia crucis

C) Tetragastris panamensis D) H y ban th us prunifoHus
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Fig. 3. Species-area relationship for trees and shrubs. The solid line gives the best fit power-function SAR for plots from 1 
ha to 50 ha at Barro Colorado (S=173arcö0146). The dashed line is the fit to the three points indicated with arrows 
(S=91area0-218). The dotted lines give predictions from Fisher’s a, with a = 26, 35, and 60, representing mean values for a 
from the Pacific region, Barro Colorado, and eastern wet forests.

Pacific coast (using the mean density there of 
2046 trees per ha > 1 cm dbh). The three plots 
have 191 species in total. We have carried out 
15 additional inventories in the region, and the 
pooled species total is now 311 (Table 2), and 
it is not difficult to believe that further work 
would uncover another 75 species to reach the 
predicted total of 386. The same approach for 
the Sherman region (a = 35.6, 3539 individuals 
per ha, 336 species observed) produces an esti
mate of 506 species in 15,000 ha (Table 2).

In the entire Canal corridor, the Panama 

checklist includes 863 species, and our plots 
have 73 more, leading to a total count of 946 
tree and shrub species. Assuming additional 
species remain to be discovered, we estimate 
1000 as the total, and this falls almost exactly 
on the power-function SAR between Barro Col
orado and the entire nation of Panama: 5 = 91* 
A218 (Fig. 3). On the other hand, with a mean 
Fisher’s a per plot of 33.7 throughout the 
Canal corridor, extrapolation with a leads to 
an estimate of 532 species, well below the 650 
we have recorded in plots and inventories 
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(Table 2, Fig. 3). At larger scale, where there is 
substantial climatic or soil heterogeneity, a sub
stantially under-predicts species richness.

There are 107,000 ha of wet forests east of the 
Canal, covering a great deal of elevational het
erogeneity. Based on how poorly Fisher’s a ex
trapolated to the Canal corridor, we see no jus
tification for its use at this larger scale, and we 
are left only with the SAR. Using S = 91* A218 
(the dashed line in Fig. 3) leads to an estimated 
1136 species in 107,000 ha; fitting a curve that 
includes the 50-ha plot, or the 50-ha plot plus 
additional 1-ha plots, changes this estimate to 
1173 or 1180 species. But we do not place much 
confidence in these estimates. Other province 
counts fall far below the fitted SAR (Fig. 3), al
though this is probably due to lack of collecting. 
On the other hand, wet forests east of the Canal 
are locally very diverse. At Barro Colorado and 
Sherman, there were < 100 species per 0.16 ha 
plot, but Santa Rita and the Upper Chagres had 
> 150 species in similar plots (Table 3). We sug
gest that wet forests near the Canal have 1100- 
1300 species of trees and shrubs, but this is an 
hypothesis more than an estimate.

Similarity of samples across the isthmus 
Small plots in the Pacific and in Sherman 
regions shared few species. For instance, the 
mean 0.25-ha quadrat at the 4-ha plot at Cocoli

Table 3. Mean species richness in different regions of the 
Canal area from all plots in which every species was 
recorded; N is the number of plots.

region

40 X 40 m 
>1 cm dbh

1 ha
>10 cm dbh

no. species N no. species N

Santa Rita 174 2 162 2
Upper Chagres 155 1 - 0
Sherman 94 35 77 9
Barro Colorado 93 35 90 60
Pipeline 100 10 87 10
Gamboa 71 12 66 6
Pacific 57 25 57 6

(Pacific) shared 8.4 species with the mean 0.25- 
ha in the Sherman plot, out of 67 species in the 
Cocoli quadrat and 112 in the Sherman 
quadrat. The Sørensen similarity index from 
this sample would be 0.09. Increasing sub
quadrat size led to an increase in the Sørensen 
index that was linear with the number of 
species sampled at either site (Fig. 4). The lin
ear increase is a prediction of the similarity the
ory, providing species abundances are uncorre
lated at the two sites.

Abundance correlation
The regression of the log-abundance in the 
Cocoli plot vs. log-abundance in the Sherman 
plot, for (hose 52 species found in both plots, 
had r2 = 0.01. However, those species present at 
just one of the two sites indicated some corre
lation, although in a complicated sense. At 
Cocoli, mean abundance of all species was 2.3 
ha'1: 3.2 ha'1 for those shared with Sherman 
and 2.0 ha'1 for those unshared (based on log
transformation, averaging, then back-transfor
mation). This difference was not statistically 
significant. For Sherman abundances, the pat
tern reversed: abundance of shared species was 
lower (1.9 ha'1) than for unshared species (4.2 
ha1), and this difference was significant. 
Despite this indication of correlated abun
dances, similarity rose in a linear fashion (Fig. 
4). We believe it did so because of the reversal 
between sites — Sherman abundance was nega
tively associated with presence at Cocoli, but 
Cocoli abundance was positively associated 
with presence at Sherman. The conflicting pat
terns combine to produce an overall lack of 
correlation.

Comparing the Canal corridor and the wet 
forests east of the Canal, though, there was evi
dence for a positive correlation in abundance. 
For 194 species found in the small plots in both 
regions, the regression of log (abundance) 
between sites was significantly positive (r = 
0.07, p< .001). Moreover, the mean abundance
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Fig. 4. Relationship between the Sørensen similarity index and sample size in quadrats from Sherman (Caribbean) and 
Cocoli (Pacific) plots. Solid circles show the Sørensen index graphed as a function of the number of species found in a 
sample at Sherman; the open circles show the index graphed as a function of species number at Cocoli. For example, the 
leftmost points give the index calculated between randomly drawn quadrats of 10 x 10 m in size, one in the Sherman 
plot, one in the Cocoli plot. The mean similarity index between all such pairs was 0.011, but the Sherman quadrats had 
a mean of 24 species and the Cocoli quadrats 12. Subsequent points show similarity for 20 x 20, 25 x 25, 50 x 50, 75 x 75, 
100 x 100 m quadrats, the entire plots (4 ha at Cocoli, 5.96 at Sherman), and finally for all inventories in the two regions 
(see Fig. 1).

of those 194 species in the Canal corridor plots 
was 3.3 ha1, while the mean for 279 species in 
those same plots which did not occur in the wet 
forests was just 0.9 ha1, a statistically significant 
difference. For species occurring in wet forest 
plots, though, there was no significant differ
ence in abundance between those shared with 
the Canal corridor and those not shared.

Extrapolated similarity
Assuming a lack of correlation in abundance, 
the theory presented above allows us to extrap
olate the total number of species shared 
between Sherman and Pacific regions, given 
extrapolated species richness. In the two large 
plots, 52 species were shared, whereas 145 were 
shared in the complete set of inventories in 
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both zones. According to theory, the statistic k 
should be sample-size independent: k based on 
the two plots is

169x227 °-00136’ 

while based on all inventories,

311x336 °-00139’

It thus appears that the theory works quite well 
at these two sites. With it, we estimate that 271 
species are shared between the two zones 
(Table 4). But there are two layers of uncer
tainty in this estimate, since it depends both on 
extrapolated species richness and extrapolated 
similarity'; we do not pretend this is anything 
but a preliminary approximation. It is, how
ever, the only estimate we have.

It seems certain that the total number of 
species shared between Pacific and Caribbean 
zones is higher than we would have concluded 
based on just the two moderately-sized plots. 
Contrary to our initial conclusions about how 
sharply the two forests differ in species compo
sition, the fraction of species occurring in the 
Pacific zone that also occur near the Caribbean 
is 70% (271 of 386). This conclusion does not 
change the fact, though, that abundant species 
at the two sites are very different - not a single 
one of the top-ten ranking species in basal area 
at Sherman rank among the top-ten at Cocoli 
(Condit et al. 2004). A substantial number of 

species that are common in one region must 
occur rarely in the other, perhaps in locally 
moist (or dry) microsites.

A similar exercise can be applied to a com
parison of the entire Canal corridor and the 
eastern wet forest. The observed number of 
species shared was 290, out of 650 in Canal cor
ridor inventories and 694 in the wet forest. 
Assuming no correlation in abundance, we 
would extrapolate the true number shared to 
be 707-836, out of 1000 species in the corridor 
and 1100-1300 in the wet forest. However, 
there was a positive correlation in abundance 
between the two zones, and this invalidates the 
extrapolation. The positive correlation sug
gests that those species unobserved in either 
zone would tend to be absent in the second 
zone (that is, relative to those sampled).

If so, the estimate of 700-800 species shared 
is high. On the other hand, we are certain that 
the true number shared is higher than 290, the 
observed number shared. It would be useful to 
evaluate the severity of the overestimate when 
the assumption of no correlation in abundance 
is violated, but we have not tried to do so yet. 
For the sake of drawing a conclusion, we con
sider the lower figure of 700 (Table 4) as our 
best guess for the number of species shared. If 
so, there would be 1400-1600 in the two zones 
combined (Table 4). Based on the dashed SAR 
(Fig. 3), we would estimate 1281 species among 
the two regions (169,000 ha), and this varies 
little whether we add BCI 1- and 50-ha samples 

Table 4. Estimates of total species shared between Sherman and Pacific regions as calculated from similarity theory. Area 
was estimated as the amount of forested area (Ibanez et al. 2002) within the regions marked on Fig. 1. See text for expla
nation of estimates.

region (area) observed spp 
s,

observed shared 
&

estimated spp 
T,

estimated shared 
£

Sherman (150 km2) 336 145 506 271

Pacific (112 km2) 311 145 386 271

Total 502 - 621 -
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to the SAR. This means 800 must be shared, 
not 700, and suggests that the extrapolation 
based on similarity theory was close to the 
mark. Clearly, though, these estimates are fairly 
uncertain; recall the important caveat that 
applying the similarity theory requires that we 
make assumptions about unobserved (and 
thus rare) species based on the observed (com
mon) species.

Conclusions
Here is what we would like to conclude: that 
there are 1300-1400 tree species in central 
Panama, that 500-600 of these are restricted to 
wet forests of the Caribbean ridges and other 
mountain tops, 200 are restricted to the drier 
Canal corridor and Pacific slope, and 700-800 
are widespread. The broad pattern - that there 
are more species restricted to the wet zone 
than the dry zone - seems defensible, but the 
actual species counts are hypothetical.

Scanty inventories and incomplete sampling 
should generally produce substantial underes
timates of similarity between different forests, 
and we believe there has been a tendency to 
underestimate the distribution of tropical trees 
as a result. Existing methods for estimating 
species richness in poorly known areas, or the 
number of species with restricted ranges, are 
crude (Pitman & Jørgensen 2002). We agree 
with Pitman et al. (1999, 2001) that a large 
number of species are widespread, but we can
not properly judge just how many until there 
are better methods for extrapolating from 
small samples. We have tried to present a 
framework for doing so, and it is somewhat 
encouraging that in some circumstances, our 
theory accurately predicted changes in similar
ity. Whether the quantitative predictions of the 
theory will bear out in other regions, and 
whether its extrapolations are accurate, remain 
to be seen.

We close by encouraging thorough invento

ries of tree species at more sites. Crucial to 
extrapolations are benchmarks where all 
species present are known with reasonable con
fidence, such as Croat’s (1978) treatment of 
Barro Colorado Island, the 50-ha plot on the 
island, and M. Correa’s growing and well-main
tained checklist of the flora of Panama. More 
complete checklists of these sorts will be 
needed to advance theories on extrapolating 
species richness and ranges.

Acknowledgments
The U.S. Department of Defense Legacy Pro
gram supported plots at Sherman and Cocoli, 
and G. Angehr was instrumental in developing 
the projects there. The National Science Foun
dation, the Smithsonian Scholarly Studies Pro
gram, the John D. and Catherine T. MacArthur 
Foundation, the World Wildlife Fund, the 
Earthwatch Center for Field Studies, the Geral
dine R. Dodge Foundation, and the Alton 
Jones Foundation supported the plot at Barro 
Colorado; and the U.S. Agency for Interna
tional Development supported many of the 
remaining plots. R. Foster and S. Hubbell initi
ated the plot work at Barro Colorado, R. Foster 
assisted in species identification in all the plots, 
A. Hernandez helped establish the Sherman 
and Cocoli censuses, M. Correa gave us unpub
lished versions of the checklist of the flora of 
Panama, and J. Wright and K. Harms allowed 
us to use the species list from the 40-ha plot on 
the Gigante Peninsula. The Smithsonian Trop
ical Research Institute provided logistical and 
financial support.

Literature cited

Cao, Y, Williams, W.P. & Bark, A.W. 1997. Effects of sample 
size (replicate number) on similarity measures in river 
benthic Aufwuchs community analysis. Water Environment 
Research 69: 107-114.

Condit, R. 1998. Tropical Forest Census Plots. Springer-Verlag 



BS 55 71

and R. G. Landes Company, Berlin, Germany and 
Georgetown, Texas.

Condit, R., Aguilar, S., Hernândez, A., Pérez, R., Angehr, 
G., Lao, S., Hubbell, S.P. & Foster, R.B. 2004. Tropical 
forest dynamics across a rainfall gradient and the impact 
of an El Nino dry season. J. Trop. Ecol. 20: 1-22.

Condit, R., Foster, R.B., Hubbell, S.P., Sukumar, R., Leigh, 
E.G., Manokaran, N. & Lao, S. 1998. Assessing forest 
diversity on small plots: calibration using species-individ
ual curves from 50 ha plots. In: Dallmeier, F. & Comiskey, 
J.A. (eds.), Forest Biodiversity Diversity Research, Monitoring, 
and Modeling. UNESCO, the Parthenon Publishing 
Group, Paris. Pp. 247-268.

Condit, R., Hubbell, S.P. & Foster, R.B. 1995. Mortality 
rates of 205 neotropical tree and shrub species and the 
impact of a severe drought. Ecol. Monogr. 65: 419-439.

Condit, R., Hubbell, S.P. & Foster, R.B. 1996. Changes in a 
tropical forest with a shifting climate: results from a 50 
ha permanent census plot in Panama. / Trop. Ecol. 12: 
231-256.

Condit, R., Pitman, N., Leigh, E.G., Chave, J., Terborgh, J., 
Foster, R.B., Nûnez, P.V., Aguilar, S., Valencia, R., Villa, 
G., Muller-Landau, H., Losos, E. & Hubbell, S.P. 2002. 
Beta-diversity in tropical forest trees. Science 295: 666- 
669.

Condit, R., Robinson, W.D., Ibanez, R., Aguilar, S., Sanjur, 
A., Martinez, R., Stallard, R., Garcia, T, Angehr, G., 
Petit, L., Wright, S.J., Robinson, TR. & Heckadon, S. 
2001. Maintaining the canal while conserving biodiver
sity around it: a challenge for economic development in 
Panama in the 21st century. Bioscience 51: 135-144.

Condit, R., Watts, K., Bohlman, S.A., Pérez, R., Hubbell, 
S.P. & Foster, R.B. 2000. Quantifying the deciduousness 
of tropical forest canopies under varying climates./ Veg. 
Sei. 11: 649-658.

Croat, T.R. 1978. Flora of Barro Colorado Island. Stanford 
University Press, Stanford, California.

D’Arcy, W.G. 1987. Flora of Panama. Part I. Introduction and 
Checklist. Missouri Botanical Garden, St. Louis, Missouri.

Fisher, R.A., Corbet, A.S. & Williams, C.B. 1943. The rela
tion between the number of species and the number of 
individuals in a random sample of an animal population. 
Journal of Animal Ecology 12: 42-58.

Hubbell, S.P. 2001. The Unified Neutral Theory of Biodiversity 
and Biogeography. Princeton University Press, Princeton, 
NJ-

Ibanez, R., Condit, R., Angehr, G., Aguilar, S., Garcia, T, 
Martinez, R., Sanjur, A., Stallard, R., Wright, S.J., Rand, 
A.S. & Heckadon, S. 2002. An ecosystem report on the 
Panama Canal: monitoring the status of the forest com
munities and the watershed. Environmental Monitoring 
and Assessment 80: 65-95.

Pitman, N.C.A. & Jørgensen, P.M. 2002. Estimating the size 
of the world’s threatened flora. Science 298: 989.

Pitman, N.C.A., Terborgh, J., Silman, M.R. & Nunez V., P. 
1999. Tree species distributions in an upper Amazonian 
forest. Ecology 80: 2651-2661.

Pitman, N.C.A., Terborgh, J., Silman, M.R., Nunez V., P., 
Neill, D.A., Palacios, W.A., Aulestia, M. & Céron, C.E. 
2001. Dominance and distribution of tree species in 
upper Amazonian terra firme forests. Ecology 82: 2101- 
2117.

Pyke, C.R., Condit, R., Aguilar, S. & Lao, S. 2001. Floristic 
composition across a climatic gradient in a neotropical 
lowland forest./ Veg. Sei. 12: 553-566.

Rosenzweig, M.L. 1995. Species Diversity in Space and Time. 
Cambridge University Press.

Stewart, R.H., Stewart, J.L. & Woodring, W.P. 1980. Geologic 
map of the Panama Canal and vicinity. United States Geo
logical Survey, Reston, Virginia, USA.





BS 55 73

Diversity and complexity of the Araracuara 
sandstone flora and vegetation in the 

Colombian Amazon

Antoine M. Cleef and Maria Victoria Arbeiaez Velasquez

Cleef, A.M. & Arbelaez Velasquez, M.V. 2005. Diversity and complexity of the Araracuara sand
stone flora and vegetation in the Colombian Amazon. Biol. Skr. 55: 73-87. ISSN 0366-3612. ISBN 
87-7304-304-4.

Insular open vegetation of the western Guayana Shield in Colombia (c. 150-1000 m) surrounded 
by NW Amazon rain forest (over 3000 mm annual precipitation) has been botanically unex
plored until the early 1990’s. During recent botanical exploration of the sandstone plateaus of 
the Araracuara region a total of 381 vascular species belonging to 205 genera and 77 families 
have been documented. This is much less than in the same altitudinal interval of the floristically 
rich core area of the Central Guayana Province in southern Venezuela. The lowermost sandstone 
plateaus of the Araracuara region (West Guayana Province) offer an array of different habitats 
for 1) pioneer-like herb vegetation (at least 18 plant communities) and 2) shrubland and low 
thin-stemmed forest (5 plant communities). Basically three types of sandstone habitats occur: 
gently sloping rock, concave and convex sandstone surfaces. Microtopography in combination 
with substrate thickness and organic matter content and degree of water supply have created a 
number of different microhabitats, which account for a large number of different plant commu
nities. Low herbaceous vegetation structure consisting of main lifeforms such as chamaephytes, 
hemicryptophytes and therophytes combined with a limited number of species per vegetation 
type resulted in a low alpha diversity and a relatively high beta diversity (especially in open pio- 
neer-like and herbaceous vegetation). Similar evidence with a high diversity of habitats has also 
been found in another landscape dominated by extreme environmental conditions: the high 
Andean paramo. In contrast to paramo West Guayanan sandstone flora and vegetation have a 
much longer historical record. The present highly specialized vegetation of West Guayana must 
have been derived by selection and adaptation to the harsh conditions of the equatorial sand
stone surfaces with many different habitats. Plant strategies developed involve: 1 ) conservative 
use of limited amount of nutrients, 2) xeromorphic structures, 3) different photosynthesis path
ways, 4) long distance seed dispersal by wind and fauna, 5) longtime investment in strategic 
growth forms such as branched and unbranched ground rosettes, caulescent rosettes, tufted 
herbs with long needle like leaves or short thick coriaceous leaves, 6) development of many 
therophytic species adapted to cyclic flooding and drought.
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A msterdam. Kruislaan 318, 1098 SM Amsterdam. The Netherlands.
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Introduction

Inselbergs have recently been reviewed world
wide in terms of the biodiversity of the flora 
and vegetation (Porembski & Barthlott 2000). 
Only a few studies however deal with aspects of 
ecosystem processes on rocky surfaces and out
crops.

The Colombian sector of the Guayana 
Shield is considered by Huber (1994, 1995) as 
the westernmost part of the phytogeographical 
Province of West Guayana. The south to north
western delimitation of this Province is still 
under discussion, but the lowermost ridges and 
plateaus of the Serrama de la Macarena sup
port a genuine Guayana-derived outcrop flora 
and vegetation (D. Cardenas, pers, comm.) as 
do partially also the rocky surfaces of the Sierra 
de La Lindosa near Guaviare (Lopez & Betan- 
cur 1999). Guayanan species have also been 
reported from the tropical Andes, e.g. from the 
Cordillera del Condor in south Ecuador and in 
Chachapoyas of northern Peru (Schulenberg 
& Awbrey 1997, Conservacion Internacional 
Peru 1999, Fundacion Natura et al. 2000). On 
the other hand genuine Andean taxa have also 
been reported from the Venezuelan tepuis 
(Berry et al. 1995). As everywhere in the West 
Guayana province, the insular sandstone 
plateaus of the Araracuara region in the 
Colombian Amazon are surrounded by rain 
forests.

The earliest botanical exploration of the 
Mesa of Araracuara was in January 1820 by Carl 
F. Ph. von Martins, when he reached the 
Canyon of Araracuara of the Caqueta river 
upstream from the Amazon river. From 1944 
onwards, the systematic (ethno-) botanical 
exploration of the Colombian Amazon initi
ated by Richard E. Schultes and coworkers 
lasted for almost half a century (e.g. Schultes 
1944, 1945).

The present botanical exploration in the 
Middle Caqueta started in the 1980’s with stud

ies of e.g. Palacios (1986), Cleef and Duiven- 
voorden (1994), Duivenvoorden and Cleef 
(1994), Duivenvoorden and Lips (1993, 1995), 
Urrego (1997), Vester and Cleef (1998), 
Arbelâez and Callejas (1999), Londono and 
Âlvarez (1997), Sanchez (1997), Duivenvoor
den et al. (2001), Quinones (2002), Arbelâez 
(2003), Duque et al. (2002, 2003), Berrio et al. 
(2003) and Arbelâez and Duivenvoorden 
(2004).

Earlier, Sastre and Reichel (1978) were the 
first to report on the Aduche sandstone 
plateau, south of Araracuara. Also other parts 
of the outcrops of the Colombian sector of the 
Guayana Shield were botanically explored dur
ing the 1990’s: the Serrama de Chiribiquete 
(Estrada 8c Fuertes 1993; Rangel et al. 1995; 
Cortés & Franco 1997) and the departments of 
Guaviare, Vaupés y Guainia (Lopez 8c Betancur 
1999; Martinez 8c Galeano 1999, Etter 2001).

In this study we provide an overview of the 
diversity and complexity of the flora and vege
tation of the lowland Araracuara sandstone 
plateaus in order to provide key data on this 
topic for the Western Guayana Province and to 
discuss its biogeographical and ecological 
basis. Equatorial sandstone surfaces seem 
extremely inhospitable for plant growth in 
terms of air and rock surface temperatures and 
water and nutrient supply. Because the study 
area is part of the Guayana Shield we are inter
ested to know (1) how plant taxa are distrib
uted over the extension of sandstone plateaus 
surrounded by rainforests; (2) how species 
assemblages perform to colonize, to develop to 
open and closed herbfields and how shrub and 
dwarf forests grade into the surrounding rain 
forests; (3) as already established in Central 
and East Guayana (mainly on granitic sub
strates), here we are interested to see how 
species assemblages perform in the different 
vegetation types in terms of main life and 
growth forms, alpha diversity and vegetation 
diversity and phytogeographical patterns.
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Environmental stress
Environmental stress on top of the sandstone 
surfaces of the study area has thus far not been 
documented. Only nutrient availability of dif
ferent sandy and organic substrates has been 
analyzed showing extremely low nutrient con
tents and low pH values (Duivenvoorden & 
Cleef 1994; Arbelâez 2003; Arbelâez 8c Cleef, in 
prep.). Weathering of the sandstone surface 
does not release substantial amounts of nutri
ents. Nutrient limitation is surely a serious envi
ronmental stress, causing strong root competi
tion (in dense vegetation) and the nutrient 
capital of a habitat is materialized in living and 
dead biomass (Duivenvoorden & Cleef 1994; 
Duivenvoorden 8c Lips 1993, 1995).

The sandstone surfaces in the regional 
matrix of NW Amazonian rain forests with over 
3000 mm annual precipitation are subject to 
repetitive heavy showers and intermittent short 
dry spells. Torrential rain causes swollen 
streams which are loaded with sediment and 
organic debris. During showers, large and 
almost level or gently sloping sandstone sur
faces experience a 5-15 cm thick sheet of swiftly 
moving water. Flood-marks can be found every
where, but especially along the border of vege
tation patches such as that of insular water
logged Bonnetia martiana shrub more or less in 
slightly concave physiographic conditions. 
Water action is apparently important for the 
dispersal of seeds and diaspores, invertebrate 
and small ground dwelling vertebrate fauna, 
and for the mineral and organic accrescence of 
insidar vegetation patches allowing for vegeta
tion expansion, especially in the early stages of 
successional development (Berrio et al. 2003).

Environmental dryness is most prominent 
from December to March, although monthly 
precipitation is still over 100 mm. Plant species 
seem well adapted to dryness, i.e. by a xero- 
phytic morphology (Groeger 1995; Porembski 
8c Barthlott 2000). This is expressed by e.g. 
thick coriaceous leaves in a limited number, or 
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small xeromorphic foliage (but numerous 
leaves), pachycaulous stems, vertical leaf orien
tation, therophytic strategy adapted to flood
ing and subsequent evaporation, facultative 
C3-CAM photosynthesis, among a number of 
other special adaptations to these extreme 
habitats which, in addition, also are character
ized by strongly limited nutrient availibility.

Gröger (1995) carried out daily climate mea
surements on granitic inselbergs along the 
Orinoco river, which showed an interesting 
pattern of high relative humidity levels of 
about 70% between 4.00 and 8.00 hr and low
est values of about 30% between 13.00 and 
14.00 hr. Opposite values were recorded for 
aerial temperature with lowermost values of 23- 
25Q C in the early morning (6.00-8.00 hr) and 
highest temperatures of about 452 C around 
13.00 hr. A similar repetitive daily temperature 
and relative humidity sequence is expected 
above the Araracuara sandstone plateaus.

Study area
The study area of the sandstone plateaus of the 
Araracuara region (about (72° 30’ - 71° 00’ W, 
0° 04’ N - 1° 10’ S) reaches from Serrania de 
Chiribiquete southwards for 25-30 km to the 
Aduche sandstone plateau south of the village 
of Araracuara (Fig. 1): These sandstone 
plateaus reach altitudes between about 150 m 
and 300 m a.s.l., they are insular plateaus and 
surrounded by Amazonian rain forests, and 
deeply dissected with deep escarpments and 
gorges. The Caqueta and Yari rivers dissect the 
plateau with deep canyons near Araracuara. 
Most of the sandstone surface is level or slightly 
sloping up to 3-5 degrees and only rarely 
steeper parts are found.

Geologically the sandstone formation of 
Araracuara is of Paleozoic age and developed 
on top of the Precambric shield. Soils related 
to the sandstone are relatively shallow (mostly 
less than 10 cm, and rarely up to 1 m), acidic,
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Fig. 1. Extension 
of the sandstone 
surface in the 
Araracuara region 
in the Colombian 
Amazonia with 
localities of field 
survey.
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grayish, sandy, podzolic and extremely low in 
nutrient content. Under shrub and low forest 
formations a distinct superficial reddish root
mat is developed under a thick litter layer of 
mainly coriaceous leaves. Duivenvoorden and 
Lips (1993) classified the soil as typic Psam- 
maquents. Large parts of the sandstone surface 
are outcrops, but substantial portions are also 
covered by fluvial or aeolic white sand deposits, 
specially in the Aduche sandstone plateau.

The climate is that of equatorial lowland 
rainforest with unimodal annual precipitation 
of over 3000 mm and all months receive over 
100 mm precipitation although drier condi
tions may prevail from December to March. 
During the daytime air temperature fluctuates 
between 29-32s C; during the night between 
21-232 C (Duivenvoorden & Lips 1993; Tobôn 
1999). The Koppen classification ranks the 
regional climate as Afi.

Methods
The botanical exploration of the sandstone 
plateaus consisted of gathering representative 
plant collections (vouchers in herbaria COAH 
in Bogota and HUA in Medellin) and repre
sentative relevés of the non-forest vegetation 
(including dwarf forests up to 8-10 m in 
height) following the Zürich-Montpellier 
method as applied by Cleef (1981), Duiven
voorden and Cleef (1994), Arbelâez (2003) 
and Arbelâez and Duivenvoorden (2004). Esti
mates of cover percentages were based on 
assessment of the ground cover of each species 
using the peripherical outline. In total 227 
relevés were collected with about two thirds of 
them located in the southern half of the study 
area and one third in the northern half. They 
were selected to represent the variation in 
structure and composition of the vegetation. 
The phytosociological associations in this study 
is not a validation of their syntaxonomical 
names (Arbelâez & Cleef, in prep.).

Results

Phytogeography
On the sandstone plateaus of the Araracuara 
region a total of 381 vascular species in 205 
genera and 77 families were documented. The 
percentage of species belonging to each of 
four phytogeographic categories was calcu
lated for 301 species, 205 genera and 77 fami
lies; for which phytogeographical origin was 
known (Fig. 2). The proportion of both the 
endemic Guayana Shield and the Neotropical 
element accounts for more than 90% at the 
species level. Only the Guyana Shield element 
attains almost 40% of the vascular species. Phy
togeographic evaluation of genera referred 
above as ‘important in the study area because 
of prominence and dominance’, such as: Gon- 
gylolepis, Bonnetia, Clusia, Euceraea, Monotrema, 
Schoenocephalium, Brocchinia, Navia, emphasize 
a strong affinity with the Guayana Shield 
region.

Vegetation diversity
The sandstone plateaus of the Araracuara 
region include an array of different habitats 
with pioneer-like herbaceous vegetation. Low 
shrub formations and open and dense thin
stemmed dwarf forests are associated as well.

Basically three main sandstone habitats 
occur on the sandstone plateaus of the 
Araracuara region: level to gently sloping rock, 
concave and convex sandstone surfaces (Fig. 3, 
1-4). Sandstone rock surfaces are in general 
more or less smooth. In combination with 
white sand bodies the number of habitats 
increases. Microtopography in combination 
with substrate thickness, organic matter con
tent and degree of water supply create a num
ber of different habitats, which account for 
many distinct plant communities, especially in 
pioneer-like and herb-dwarf-shrub vegetation.

Other less studied habitat types include 
prominent escarpments with dry, mesic and
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Guayana Shield Neotropical Pantropical Cosmopolitan

Fig. 2. Phytogeographic breakdown at fam
ily, genus and species level of the vascular 
flora of the sandstone plateaus of the 
Araracuara region.
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Fig. 3. Basic habitat types of sandstone plateaus of the
Araracuara region: 1, level. 2, slope. 3, convex. 4, concave. 
Assemblages with sand bodies (as the example 5 from 
Aduche). In 5: p, precipitation; e, evaporation; f, flow. 

humid to wet substrate (also according to pres
ence and quality of shading), mostly shaded 
evergreen wet bryophyte-herb communities 
along streams and drainage channels, deep 
and filled-in crevices mostly with woody growth 
in line patterns, and small seepage patches of a 
few square meters consisting of organic accu
mulation (more than 50 cm) with growth of an 
unknown Juncus species with Xyris lomatophylla 
(Aduche locality).

At least 18 pioneer and herbaceous plant 
communities at the phytosociological associa
tion level have been recognized thus far. In 
addition, for shrub-land and thin-stemmed low

Table 1. The phytosociological associations of the open vegetation of the sandstone plateaus of the Araracuara region. The 
names of the associations discussed in the text are in italic. The associations without author name will be published soon by 
Arbelâez and Cleef (in prep.).

Pioneer/ephemeral vegetation
P 1 Clusio chiribiquetensis-Navietum garcia-barrigae
P 2 Axonopodo schultesii-Navietum garcia-barrigae
P 3 Utricularietum neottioides J. F. Duivenvoorden & A. M. Cleef 1994.
P 4 Siphuletum carassanae
P 5 Siphanthero hostmannii-Xyridetum paraensis], F.Duivenvoorden, A M. Cleef, J. C. Murillo & M. V. Arbelâez 1994.

Herbaceous vegetation
H 1 Pachiro coriaceae-Axonopodetum schultesii
H 2 Syngonantho humboldtii-Paspaletum tillettii
H 3 Syngonantho vaupesanum-Xyridetum wurdackii
H 4 Xyrido wurdackii-Paspaletum tillettii J. F. Duivenvoorden & A. M. Cleef 1994
H 5 Xyris mima-Lagenocarpus verticillatus
H 6 Syngonantho humboldtii-Panicetum orinocanum
H 7 Xyrido lomatophyllae-Paspaletum tillettii
H 8 Sauvagesio jruticosae-Brocchinietum hechtioides
H 9 Axonopodo schultesii-Schoenoœphalietum martianij. F. Duivenvoorden & A. M. Cleef 1994.
H 10 Bulbostylido lanatae-Rhynchosporetum globosae
H 11 Burmannio bicoloris-Monotremetum xyridioides
H 12 Schoenocephalio martianum-Ourateetum roraimae
H 13 Epistephio parvifolium-Crotonetum

Low shrub formation and dwarf forest
A 1 Tepuiantho colombiani-Euceraeetum nitidi
A 2 Ocoteo esmeraldanae-Clusietum opacae
B 3 Everardio montanae-Bonnetietum martianae
C 4 Brocchinio hechtioides-Bonnetietum martianae
A 5 Macaireo rufescentis-Bonnetietum martianae]. F. Duivenvoorden & A. M. Cleef 1994



80 BS 55

Table 2. Alpha diversity, growth form, photosynthesis pathway and habitats of some selected vegetation types (Table 1 ) of 
the vegetation of the sandstone plateaus of the Araracuara region.

Structure-substrate Habitat Soil depth Alpha diversity Predominant growth form C3-C4-CAM PH
(cm) mean total Monocot Dicot

f: periodically flooded and subsequent evaporation
s: seepage

Pioneer (Veg. 50 cm)
(1) sandstone < 12 8-47 rale dwarf ground rosettes CAM-C3-C4 4.2

(7) sand (0 <8 8-14
scrubs 

ephemerals tufts C3-C4 5.4

Herb field (Veg. 100 cm)
(15) sand <45 8-27 ground rosettes xeromorphic C3 5.5

(12) sand

(11) sand (s)

<40

? 1 - 8

13-46

11-58

tufts 
ground rosettes 

ground

scrub/carni- 
vorous herbs

xeromorphic

C3 - CAM

CAM - C3

4.5

5.5

Shrub-dwarf forest (Veg. 3-4 m) 
(a5) sand (s) < 100 17- 113

rosettes/tufts

ground rosettes

scrub

woody C3 (+CAM) 3.2

(al) sand <80 20-113
branched rosettes

mixture mixture C3 5

( 1 ) : Clusia chiribiquetensis — Navia garcia-barrigae
(7) : Siphantera hostmanii - Xyris paraensis
(11 ): Sauvagesia fructicosa - Brocchinia hechtioides
(12 ): Axonopus schultesii - Schoenocephalium martianum
(15) : Schoenocephalium martianum - Ouratea roraimae
(11) : Macairea rufescens - Bonnetia martiana
(al): Tepuianthus colombianus - Euceraea nitida

forest, five plant communities at the associa
tion level have been classified (Table 1). How
ever, some herbaceous and shrub communities 
still remain undescribed because of incom
plete relevé data.

Because of its low structure, it is likely that 
habitat diversity is more easily reflected by 
herbaceous vegetation diversity as opposed to 
taller vegetation types (Duivenvoorden and 
Cleef 1994, Arbelâez 2003). Our data indicate a 
complex vegetation mosaic consisting of differ
ent (micro-) habitats, each of which is character
ized by a proper combination of plant species.

The same complexity repeats itself on a 
mesic landscape scale (i.e. surveys dealing with 
a mapping scale of 1:10 000 to 1:100 000), and 
complexity is even increased specially in com
bination with white sand deposits (Duivenvoor
den & Cleef 1994). White sand bodies of differ
ent thickness and different water supply, i.e. 
permanently or periodically with seepage or 
water-logged, create more habitats on top of 
the sandstone surfaces. Habitat dynamics by 
wind and water erosion and deposition are also 
frequent and cause substantial stress and frag
mentation of communities. Therophytes and
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Table 3. The ten most species rich plan families in this study compared to other studies on hard rock formations in the 
Amazon basin. Differences in study area were not taken into account in this compilation.

Sandstone plateaus in 
the Araracuara study 
area; < 350 m snm. 
(Arbelåez 2003)

Sandstone plateaus in 
Sierra de Chiribiquete, 
Colombian Guayana; 
580-800 m snm.
(Cortés et al. 1998).

Sandstone plateaus in 
the Venezuelan 
Guayana; 0-3000 
m snm.
(Berry el al. 1995)

Granitic Inselbergs in 
Venezuela; < 500 m 
snm. (Gröger 2000; 
Gröger & Barthlott 
1996)

Granitic Inselbergs in 
the Guianas; 360 y c. 550 
m snm. (Raghoenandan 
2000)

Cyperaceae (28) Rubiaceae (32) Orchidaceae (689) Cyperaceae (40) Poaceae (23)
Orchidaceae (24) Melastomatoc. (31) Rubiaceae (530) Rubiaceae (40) Cyperaceae (15)
Melastomatoc. (22) Orchidaceae (25) Poaceae (420) Melastomatoc. (36) Orchidaceae (14)
Xyridaceae (22) Bromeliaceae (22) Melastomat. (397) Orchidaceae (33) Bromeliaceae (10)
Rubiaceae (21) Euphorbiaceae (19) Fabaceae (319) Poaceae (31) Rubiaceae (10)
Bromeliaceae (16) Moraceae (16) Bromeliaceae (273) Bromeliaceae (20) Euphorbiaceae (8)
Poaceae (15) Cyperaceae (14) Asteraceae (257) Apocynaceae (18) Melastomatoc (7)
Apocynaceae (15) Apocynaceae (13) Cyperaceae (243) Caesalpiniaceae (18) Cactaceae (7)
Eriocaulaceae (11) Poaceae (13) Euphorbiae. (237) Fabaceae (17) Eriocaulaceae (5)
Euphorbiaceae (10) Araceae (12) Caesalpiniac. (203) Euphorbiaceae (15) Araceae (5)

small tufted hemicryptophytes (c.g. small Xyris 
spp.) suffer most; large hemicryptophytic 
ground rosettes (e.g. Navia, Brocchinia, Abol- 
boda, Syngonanthes) are the most resistant ele
ments (to wind and water force) of the open 
ground layer.

Life forms
Duivenvoorden and Cleef (1994) visualized the 
Raunkiaer life form spectra and the relative 
contribution of lichens, ferns, monocots and 
dicots for six plant communities. In mixed 
shrub communities {Dimorphanda cuprea-Ilex 
divaricata) phanerophytic and dicots have the 
highest values of over 60% of the species. 
Other life-forms and phanerogamic and cryp
togamie species contribute only tip to 10%. In 
the Macaireo rufescentis-Bonnetietum martianae 
shrub association the proportion of thero
phytes (c. 20%) and monocots (c. 25%) 
increased. The herbaceous associations 
Axonopodo schultesii-Schoenocephalietum martiani 
and Xyrido luurdackii-Paspaletum tillettii show a 
marked decrease of the proportions of both 
phanerophytes and dicots versus high values 
for monocots (resp. c. 45% to 35%) and 

hemicryptophytes (resp. c. 30% and 20%). 
Therophytes (c. 45%) and lichens (c. 25%) 
rank high in the Xyrido vjurdackii-Paspaletum 
tillettii herbfield. It is striking that ferns are 
almost absent. In the association Siphanthero 
hostmannii-Xyridetum paraensis occupying a 
harsh habitat (temporarily flooding and evapo
ration) therophytes and monocots (both 
almost 50%) and chamaephytes (> 20%) attain 
the highest proportions. Phanerophytes and 
ferns are absent. The sandstone surface pio
neer association Navio garcia-barrigae-Lagenocar- 
petum (presently Clusio chiribiquetensis-Navietum 
garcia-barrigae according to Arbelåez 2003) 
shows up with the highest proportion of 
lichens (c. 25%) and of therophytes and dicots 
(c. 40%).

Growth forms
Growth forms refer to the same physiognomic 
morphological aboveground structures of veg
etation and approaches also the concept of 
functional groups (Diaz & Cabido 1997) in 
vegetation. Growth forms used in this study are 
defined as vascular plant structures of similar 
physiognomy and morphology, which belong 
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to the same or different taxonomic entity. They 
are mostly shaped as such by specific environ
mental conditions. We did not look in a system
atic and detailed way to all the species and 
growth forms involved of the sandstone com
munities, but some remarkable growth forms 
could be detected. Among them rosettes, tufts, 
tiny delicate one-stemmed herbs, shrub and 
low slender-stemmed trees of all sizes from 
dwarf to 5-6 m with few large coriaceous leaves 
or with numerous small sclerophyllous leaves. 
Lichens were also prominent, especially 
species of Cladina and Cladonia. Bryophytes, 
ferns and fern allies were rare; lianas and epi
phytes were limited in occurrence.

In pioneer-like communities a marked pro
portion of ground rosettes and stem rosettes 
were present. A special feature are rosettes 
which are horizontally branched and lay on the 
sandstone substrate (Navia garcia-barrigae) and 
branching on stems (Vellozia lithophila). Both 
growth forms also display a number of xero- 
morphic adaptations. Ground rosettes are 
mostly broad-leaved and less xeromorphic in 
herb fields and under open shrub. All belong to 
different monocot families like Bromeliaceae, 
Eriocaulaceae, Velloziaceae and Xyridaceae.

All meadow communities are dominated by 
tufts. Large-leaved or short-leaved monocot 
genera prevail according to the water and/or 
nutrient supply. Large tufts occur in habitats 
with most water availability (not flooded); 
small tufts suffer long-term water stress and 
may be periodically flooded (and experience 
long term evaporation) after rain. The amount 
of nutrients also influences growth forms. 
More nutrient contents are ‘translated’ in 
larger growth forms and thus more structure 
and biomass. Mesic to humid conditions with 
sufficient nutrient availability allow species 
with 2-4 mm wide, more or less flat blades. This 
can be observed in a number of species of Xyris 
(e.g. X. fallax, X. lomatophylla) and Rapateaceae 
(e.g. Monotrema arthrophylla, Schoenocephalium 

martianum). Increasing humidity also favors 
the ground rosette growth form (e.g. Abolboda, 
Brocchinia, Macairea, Vriesea).

Woody communities are either shrub forma
tions or thin-stemmed low forests. Bonnetia mar
tiana shrub seems successional to Rapateaceae 
herb field (Berrio et al. 2003). Low dwarf forest 
of waterlogged Bonnetia martiana is apparently 
the climax of this series. A characteristic feature 
are the relatively thick stems up to maximally 6- 
7 m in height with a prominent rough bark and 
the limited number of thick coriaceous leaves. 
On the branches of Bonnetia, leaves are concen
trated in small tufts. This allows much more 
light in the understory as compared with other 
mixed shrub and low forest communities. In 
open Bonnetia martiana dwarf forest however, 
the thick coriaceous litter layer is counteracting 
the effect of incoming light: only few inconspic
uous herb species persist in this dense litter lay
er covering wet, shallow sandy substrate. We 
consider this thick-stemmed dwarf forest type, 
present in small patches in the study area, at 
least as one line of the climax of Bonnetia mar
tiana succession. Gongylolepis martiana may oc
cur in small mono-dominant patches (dense 
dark understory) and Euceraea nitida in a more 
open true dwarf forest type on thin soil on wet 
sandstone surfaces. The numerous stems of 
Gongylolepis are thin and prevent easy penetra
tion of these thickets. Highest alpha diversity of 
the vegetation is documented with more than 
100 vascular species per community for both 
Bonnetia martiana shrub associations (Everardio 
montanae-Bonnetietum martianae, Macaireo rufes- 
centis-Bonnetietum martianae) grading into low 
forest of lepuiantho colombiani-Euceraeetum nitidi 
(Duivenvoorden & Cleef 1994; Arbelâez 2003; 
Arbelâez & Cleef in prep.).

Alpha diversity
The seven sandstone plant communities (asso
ciations) selected include two pioneer commu
nities, three herbaceous communities and two 
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shrub/low forest communities (Table 2). The 
mean number of vascular species shifts from 
eight in pioneer communities to 11-13 species 
in well developed meadows, to 17-20 species in 
shrub and low forest.

Total alpha diversity at the association level 
has been summarized from the phytosociologi- 
cal tables (Arbelâez 2003; Arbelâez & Cleef in 
prep.). For the Clusia chiribiquetensis-Navia gar- 
cia-barrigae pioneer community alpha diversity 
has been established at 47 species in total. The 
remaining six associations indicate a range of 
increasing species numbers, from 14 to 113. 
The discrepancy of a high total species number 
for the pioneer community (Pi) can be 
explained by the small patchy or mosaic-like 
occurrence of this vegetation type. Rectangular 
plots without doubt supposedly have included 
a number of species of other neighboring rock 
dwelling communities. The subassociation of 
Clusia opaca of the association Clusio chiribi- 
quetensis-Navietum garcia-barngae refers to a pio
neer community with in total 18 vascular 
species; nine occasional and nine frequent.

Discussion
Floristic patterns
Open vegetation was specified as pioneer and 
herbaceous growth. In closed thin-stemmed 
vegetation most species are arborescent. Ter- 
restric species of bryophytes are limited, 
except in the low forest of Euceraea nitida. Ter- 
restric lichens in contrast, are much more 
abundant and are diverse (Sanchez 1997). In 
the Chiribiquete region (probably underex
plored) Cortés et al. (1998) found three genera 
and three species (one a forest species) of Rap- 
ateaceae while in our study in Araracuara we 
found four genera and five species. Xyridaceae 
are represented with two genera and 23 species 
on top of the Araracuara sandstone surfaces 
versus I I species in Chiribiquete highlands. 
Asclepiadaceae and Rhamnaceae have not 

been documented in Chiribiquete up till now. 
Thus far species of Bulbostylis (Cyperaceae) 
have not been reported.

Gröger (1995, 2000) studied the vegetation 
of numerous granitic outcrops in the lowlands 
of southwestern Venezuela, mostly along the 
Orinoco River. His study area extended from 
central Venezuela to the southwest border 
along the upper Rio Negro under both a savan
na climate (five dry months annually and less 
than 1500 mm precipitation) and an Amazon 
rain forest climate of over 3000 mm annual pre
cipitation. In total he recorded 614 species be
longing to 344 genera and 107 families. Cyper
aceae, Orchidaceae, Melastomataceae, Rubi- 
aceae and Poaceae are about as rich in taxa as in 
the Colombian sector of the West Guayana 
province. Xyridaceae are rather poorly repre
sented and Leguminosae are outstandingly rich 
in species (35). Cactaceae (8) and Portula- 
caceae (7) have also been reported from the 
northernmost granitic inselbergs. Scrophulari- 
aceous genera like Bacopa and Lindernia have 
also been documented here. Gröger (l.c.) re
ferred to the assemblage of Apocynaceae, Ery- 
throxylaceae and Portulacaceae as the most di
agnostic families of the granitic outcrops along 
the Orinoco. Berry et al. (1995) considered the 
vascular flora of Central Guayana and Pantepui 
Provinces of southern Venezuela. In total c. 
9400 species have been considered belonging to 
all types of habitats representing an area about 
454,000 km2 forest and non-forest; dry and 
aquatic. The most species rich is the orchid fam
ily (many epiphytes) and the Rubiaceae family 
(mainly forest species). The order of species 
richness in families is mainly determined by for
est species. Raghoenandan (2000) reported 157 
species from granitic outcrops in the of Sipalaw- 
ini and the Voltzberg area in Suriname located 
in the central part of East Guayana Province. 
The families arranged according to their 
species richness are: Poaceae, Cyperaceae, Or
chidaceae, Bromeliaceae, Rubiaceae, Euphor- 
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biaceae, Melastomataceae, Cactaceae, Araceae 
and Eriocaulaceae. Xyridaceae are less impor
tant and Rapateaceae are absent (Table 3).

It is difficult to obtain a good idea about the 
floristic diversity elsewhere in the Central 
Guayana Province in this altitudinal interval 
concerning non-forest vegetation. When we 
use the information provided by Berry et al. 
(1995), they refer to 138 endemic (forest and 
non-forest) plant genera of the Guayana 
Shield. Of these, 118 have been documented 
for Venezuela and 34 for Colombia. Almost all 
Colombian endemic genera are shared with 
Venezuela. All the vascular genera in the 
Araracuara sandstone region probably also 
occur in Venezuela except for the newly discov
ered undescribed genus and species of Rham- 
naceae (M.V. Arbelâez # 1145) on the Yari 
sandstone plateau north of Araracuara (Fig. 
1). Further, Berry et al. (1995) list the earlier 
mentioned 138 endemic genera in distribution 
and in altitude in the countries of the Guayana 
Shield. However, these numbers refer to gen
era both of forest and non-forest habitats and 
landscapes. In the altitudinal interval below 
500 m, 53 genera out of 118 have been 
recorded for the Venezuelan Guayana as a unit 
(Central Guayana Province > 500 m) including 
the Neblina summit at 3014 m. In the Colom
bian sector only 34 endemic genera have been 
documented up to the ca. 900 m summits of 
Chiribiquete. The country of Guyana possesses 
61 endemic genera, a larger part of which is to 
be found on the slopes of Roraima. Suriname 
and French Guyana only have 13 and 10 
endemic genera; they only share 6 of them. 
Almost 40% of the species and over 10% of the 
genera of the Araracuara sandstone region is 
ranked with Guayana Shield affinity (Fig. 2).

Vegetation diversity and succession
A total of about 25 plant communities at the 
phytosociological association level have been 
reported from the Araracuara region study 

area (Arbelâez 2003, Arbelâez and Cleef, in 
prep.). First colonization as a rule is by 
Cyanobacteria and lichens including micro
colonial fungi forming biofilms (Büdel et al. 
2000). It is believed that the vascular colonizers 
of this habitat persist for a very long time. On 
slightly convex and almost level sandstone sur
faces (in the absence of deeper soils) the suc
cession pathway is supposed to stay a long time 
in the colonist phase. Succession towards struc
tural more developed vegetation takes place on 
deeper soils. Though erosion at the sandstone 
surface is ongoing, the chance that erosion 
material (sand) remains in situ has a low prob
ability because of splash erosion and the high 
frequency of torrential rain. In some cases, like 
on the sandstone plateau of Aduche sand bod
ies can be found on top of level rock surfaces. 
Erosion and accumulation by water and wind 
are the main factors shaping the present day 
rocky surfaces and sand bodies here (Fig. 3). 
This configuration of sand bodies and sand
stone rock surfaces with soil moisture and seep
age, are the main factors causing habitat diver
sity.

On much smaller granitic surfaces of three 
dome-shaped inselbergs surrounded by rain 
forest in French Guyane Sarthou and Villiers 
(1998) documented six associations based on 
similar field methods. Annual precipitation is 
also between 3000 and 3250 mm (except for 
Roche Dachine, 2250-2500 mm) as in the 
Araracuara study area. The number of species 
and communities may be explained by the dif
ference in size of the rock surfaces between 
both areas, the convex, dome-shaped insel
bergs not allowing for accumulation of sand 
bodies as in the Araracuara study area, thus less 
habitat diversity on the inselbergs.

Succession pathways are complex and not 
easy to unravel at the plant community level 
with a high resolution. Succession is supposed 
to develop from initial colonizing plant com
munities to meadows vegetation types and 
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finally according to physiographic position, 
moisture supply and soil depth to shrub-land 
communities and low thin-stemmed forest. On 
sloping sandstone surface succession from 
Rapateaceae dominated meadow communities 
to structurally more complex shrub and dwarf 
forest of Bonnetia martiana may only take some 
50 years as Berrio et al (2003) demonstrated 
with a radiocarbon controlled pollen diagram. 
Increased water supply (by changing drainage 
patterns) may also contribute to this succes
sional change of vegetation structure.

On top of the sandstone of the lowermost 
part of a wet concave slope organic and min
eral material collects and a well developed Bon
netia martiana shrub is present on top of wet 
mineral soils between 30 and 50 cm depth.

Deeper and more aerated soils give rise to 
mixed stands of low forest. Woody elements of 
this forest type follow the deep crevices pattern 
in the sandstone landscape, when they are 
filled up with sandy deposits originating by ero
sion. Increasing soil depth increases structure 
and alpha diversity from shrub to dwarf forest 
and low rain forest. A herb layer of species of 
Marantaceae dominates in low, thin-stemmed 
rain forest up to 10-12 m in height with a min
eral soil depth of about 75 cm.

Comparison to paramo
Comparing the vegetation of the sandstone 
plateau with another neotropical landscape 
that suffers from harsh environmental condi
tions (the open Andean paramo) some striking 
resemblance can be identified. Also in the 
paramo a daily climate type is experienced, 
though with markedly lower mean tempera
tures according to the altitude above sea level. 
Values of atmospheric relative humidity follow 
comparable patterns in the short dry season 
and prolonged wet season (Gröger 1995, Witte 
1994). Annual precipitation in paramo (except 
in ecotonic bamboo paramos) is less than at 
the Araracuara study area, but evapotranspira

tion is expected to be similarly less (Cleef 1981, 
Bekker & Cleef 1989). For floristic affinities 
between both equatorial ecosystems the reader 
is referred to Cleef et al. (1993).

The Guayana Shield rock surfaces including 
those of Pantepui were present long before the 
rise of the northern Andes. The same applies 
to the flora of the Brazilian Shield. The flora of 
the study area must be much older than the 
early paramo flora dating back from the proto 
paramo of the Middle and Upper Pliocene 
(van der Hammen & Cleef 1986). The oldest 
palynological sections on tepuis and in the 
Gran Sabana in Venezuela are not much older 
than c. 8000 BP (Rull 1991). It is however, very 
difficult to obtain good palynological sections 
from the rocky lowland part of the Guayana 
Shield (Berrio et al. 2003) in order to under
stand the history of vegetation and climate 
over much longer time.
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Species diversity in oceanic island archipelagoes is caused by many factors. The equilibrium the
ory of island biogeography emphasizes size of islands and distance from source areas as impor
tant factors. However, other factors also influence species diversity in islands. Speciation within 
the archipelago, unequal ecological partitioning, different rates of evolution, and variation in 
inter-island dispersal capabilities, are some additional factors not considered under the initial 
model. Another factor is the impact of history, which can be viewed from many dimensions, 
including phylogenetic history (history of speciation), but the type most often discussed in 
oceanic archipelagoes is human impact. Humans have disturbed natural island ecosystems 
through direct harvesting of plants and animals, introduction of invasive exotic species, and 
deliberate and accidental use of fire. Historical aspects of natural landscape modification are also 
significant. Oceanic islands of volcanic origin arise from the sea floor and emerge above the sea, 
undergoing a rapid modification through colonization by numerous life forms. These islands 
gradually subside due to cooling and contraction of the oceanic crust, and they are eroded by 
wave action, wind, and rain, finally disappearing under the ocean after approximately six million 
years. An oceanic island that is four to five million years old may have lost 75-95% of its surface 
area. This areal loss also results in loss of habitats, reduction in the breadth of ecological zones, 
and loss of species diversity. It must also lead to reduction in population size in many species. It is 
challenging, therefore, to interpret patterns of genetic variation within and among populations 
on older islands. Low levels of genetic variation in island populations are often interpreted as 
resulting from a founder event during initial dispersal and establishment. It is difficult to distin
guish this influence from genetic drift caused by reduction in population size due to diminishing 
landscape and loss of ecological zones.
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Introduction
Oceanic islands have long been considered as 
natural laboratories for the study of plant evo
lution. Because of their physical setting, land 

masses surrounded by large expanses of ocean, 
they invite hypotheses regarding how and from 
where endemic flora has arrived and how it has 
diversified after colonization. Islands have 
stimulated numerous generations of biologists 
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going back to Darwin (1842) and Wallace 
(1871), and many theories of island biogeogra
phy and speciation have emerged. In recent 
years, quantitative approaches to phylogeny 
reconstruction, more rigorous biogeographic 
analyses, and molecular markers have provided 
many new insights.

Many theories have been advanced to 
explain levels of species diversity in oceanic 
islands. Because of their simplicity, island arch
ipelagoes have attracted attempts to model and 
explain numbers of species, both native, 
endemic, and even invasive. An important 
attempt to explain species diversity was pro
vided by MacArthur and Wilson (1967). 
Emphasizing simple and manageable dimen
sions of island size and distance from source 
areas, they provided an equilibrium model for 
levels of species number based on accompany
ing rates of extinction and colonization. It is 
well known (e.g, Case & Cody 1987; William
son 1989) that this model, however stimulating 
as an example toward quantitative attempts to 
model species diversity, fails to predict accu
rately the levels of actual species number in 
island archipelagoes because of lack of addi
tional information, including levels of inter- 
and intra-island speciation, ecological parti
tioning of the island environment, different 
dispersal abilities, and so on.

In addition to these biological factors that 
influence species diversity in islands, historical 
factors are also very important. The obvious 
influences are those due to human distur
bance during historical time, often docu
mented when speaking about island diversity. 
Easter Island provides a classic case of ecologi
cal alteration due to exploitation already by 
the Polynesians and subsequent ecological 
and cultural collapse of the entire plant and 
human populations on the island (Zizka 
1991). Alterations include direct cutting of 
forests, clearing of land for cultivated crops, 
burning, introduction of domestic animals 

(some becoming feral, such as goats and pigs), 
and introduced plants (some becoming inva
sive plagues of great menace to the endemic 
island flora).

Another important factor in reduction of 
species diversity in oceanic islands is landscape 
modification due to natural subsidence and 
erosion. Oceanic islands quickly subside and 
are eroded by a combination of wind, rain, and 
wave action. As a result of these impacts, most 
oceanic islands are short-lived (Nunn 1994). 
An island four or five million years old has lost 
a great deal of its elevation, its surface area, its 
breadth of ecological zones, and its specific 
and genetic diversity.

The impact that loss of area and habitat 
diversity may have had upon genetic variation 
within and among populations of island archi
pelagoes is poorly understood. It is often 
assumed that detection of low levels of genetic 
variation in natural island populations is a con
sequence of founder effects (e.g., Witter & Carr 
1988). While this may be so, it would be diffi
cult to separate this influence from that due to 
loss of habitat leading to reduction in popula
tion number and/or size, and concomitant loss 
of genetic variation that has accumulated since 
colonization and proliferation into larger pop
ulations. This loss of diversity may simply be a 
consequence of genetic drift. Focusing on this 
problem, therefore, is important for under
standing processes of evolution (especially spe
ciation, adaptive radiation, etc.) in oceanic 
archipelagoes.

The Juan Fernandez (Robinson Crusoe) 
archipelago in the Pacific Ocean is a good, sim
ple system to address these historical factors 
(Fig. 1). There are excellent historical records 
(e.g., Woodward 1969; Wester 1991), no previ
ous aboriginal people (Anderson et al. 2002), 
and two principal islands of different ages (c. 
four million years for Masatierra (Robinson 
Crusoe), and one-two million for Masaftiera 
(Alejandro Selkirk), based on radiometric dat- 
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ing; Stuessy et al. 1984). The islands harbor 
more than 400 vascular plant species (more 
than half of which are introduced; Matthei et 
al. 1993; Swenson et al. 1997), including 132 
endemics (Marticorena et al. 1998). Further, 
there is considerable information about 
genetic variation in plant populations (see 
review by Crawford et al. 2001) and the human 
impact on natural vegetation of the archipel
ago (Johow 1896; Skottsberg 1953; Greimler et 
al. 2002a, b; Dirnböck et al. 2003).

The purposes of this paper, therefore, are to: 
(1) sketch hypotheses on the subsidence and 
erosion of the Juan Fernandez archipelago and 
corresponding loss of land area during the past 
four million years; (2) demonstrate the histori
cal impacts from humans during the past 400 
years; (3) summarize the more recent impacts 
on the native flora due to invasive species; (4) 
discuss these factors in context of genetic varia
tion seen in different endemic species in the 
archipelago and for understanding modes of 
speciation.

Subsidence and erosion of the Juan 
Fernandez archipelago
In general, oceanic islands develop and vanish 
as a consequence of plate tectonics. They 
either form along divergent plate boundaries 
(mid-oceanic ridges) or along convergent 
plate boundaries (near the trench) more or 
less parallel to the ridge or trench axis (for 
details, see Nunn 1994). Their lifetime in gen
eral does not exceed six million years, that is, 
very short in comparison to continental areas. 
There are, however, older islands (e.g-., in the 
Hawaian archipelago; Macdonald et al. 1983), 
and there is some continuum in that new 
islands emerge as old ones disappear from the 
same hot spot. Subsidence begins soon after 
formation, due to plate movement and cool
ing, thickening and increasing density of the 
oceanic crust, so that the sea floor subsides iso- 

statically (thermo-isostasy) and oceanic islands 
become gradually submerged. In tropical 
waters the subsidence is increased by the load 
of coral reefs which grow upward and thicken 
as they maintain their shallow water position. 
Average subsidence rates have been calculated, 
e.g., for the Marshall Islands (0.20 inm/yr, or 
100 m/500,000 yrs; Pirazzoli 1998). Minor 
changes in sea level are due to polar drift, 
which causes deformations of the geoid and 
topography of the sea floor (Pirazzoli 1998) 
and subsequently a rise of sea level in the 
northern and a fall in the southern hemi
sphere (Equator region unperturbed).

Climatic changes also affect the size and 
shape of the changing oceanic island land
scape. These influence the temperature and 
moisture regime and have induced huge 
changes in sea levels due to glaciation and 
deglaciation events. As the global water bal
ance is constant, development or melting of 
continental ice sheets has been of great impor
tance for sea level changes during the past 
20,000 years and certainly for the sequence of 
glaciations and deglaciations previously. Dur
ing the past glacial maximum 18,000 years ago, 
sea level was about 100 m lower than today 
(Athens 1997). The climatic effects on islands 
depend on their size and shape and can be 
very dramatic for small, flat islands, as the pro
portions (%) of size changes are in reverse pro
portion to absolute size changes (in km2). The 
global Pleistocene cooling correlates with 
increased aridity in many areas, causing dra
matic effects on islands. In Hawaii, e.g., the 
inversion layer (above which rain clouds do 
not form) was depressed during the Pleis
tocene (Athens 1997). Precipitation, therefore, 
in higher elevations was probably lower than 
today. There is evidence for downward shifting 
of vegetation zones in Hawaii during glaciation 
(at the same time the sea level was 100 m lower; 
Athens 1997). Coming closer to the present, a 
dry mid-Holocene period is documented
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throughout the Pacific and South America 
(Athens 1997). This climatic episode could be 
due to a long-duration ENSO (El Nino-South
ern Oscillation).

These geological and climatic effects have 
had a combined impact on the landscape of 
the Juan Fernandez Islands (Figs. 2, 3; see also 
Haberle 2003). The existence of a huge 200 m 
submarine erosional platform around 
Masatierra suggests an original island much 
larger than at present, perhaps reaching to 
3000 m and extending nearly 1000 km2. As the 
present height and area of this island are only 

980 m and 50 km2 (Stuessy 1995), respectively, 
this represents a tremendous loss of surface 
area (only 5% remaining; Stuessy et al. 1998a). 
Even more importantly, the loss can be sur
mised also to have affected ecological zones, 
with concomitant reductions in number and 
sizes of plant populations. Masafuera, the 
younger island (1-2 million years old) shows 
(Fig. 3) a small 200 m submarine erosional 
platform very near to the present coast, sug
gesting that this younger island has not yet 
entered a major subsidence or erosional phase 
(it is still a relatively much younger island).
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3 my bp

4 my bp

2 my bp

Low sea-level 
Pleistocene 
glaciation

Fig. 2. Hypothesized subsidence and erosion on Masatierra during the past four million years. A, present configuration of 
island; B, shape of original island, four million years before present (my bp); C, three my bp; D, two my bp; E, one my bp; 
F, lowering of sea level during Pleistocene glaciation. From Sanders et al. (1987).
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B

Original shape of island

Fig. 3. Hypothesized subsi
dence and erosion on 
Masafuera during the past 
one-two million years. A, 
present configuration of 
island; B, estimated shape 
of original island. From 
Sanders et al. (1987).

Fig. 4. Early historical 
map of Masatierra by 
Ringrose (1685).
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Fewer ecological zones and populations would 
presumably have been lost on this island in 
contrast to Masatierra.

Human impacts on the Juan 
Fernandez Islands
It has sometimes been assumed that human 
island societies were perfectly integrated in 
their ecosystems, so that their presence did not 
alter the natural equilibrium of the island (for 
review see Kirch & Hunt 1997). Recent histori
cal research shows a different picture (e.g., see 
contributions in Kirch & Hunt 1997). Human 
arrival on islands has always been an alien 
intervention often of dramatic proportions 
with serious negative consequences for the 
native flora and fauna. Human arrival in 
Hawaii, for example, about 1000 BP, is corre
lated with a lasting vegetation change (Athens 
1997). According to pollen diagrams, the 
native forests of the lowlands disappeared in a 
few centuries. By AD 1400-1500 there was 
essentially nothing left. Pritchardia palms and 
Kanaloa (Leguminosae) disappeared, and 
other native trees and shrubs dwindled to neg
ligible numbers. By the time Captain Cook 
arrived in Hawaii in 1778, the native lowland 
forest was already gone (Athens 1997).

Sustaining human life in remote oceanic 
islands without an agricultural economy based 
on introduced plants may well have been 
impossible in prehistorical times. Few edible 
plants were naturally available, and the only 
edible land fauna of significance included fruit 
bats (never having reached Hawaii, however), 
birds, and on some islands, lizards and turtles. 
Oceanic islands were certainly not a paradise 
when they were first settled. Agriculture 
requires cultivated land, and such areas on 
forested islands required clearing, usually by 
fire. Windward forests tend to regenerate 
quickly, whereas the more diverse, leeward dry 
forests regenerate much more slowly after 

clearing and are more susceptible to further 
human disturbance and alteration (Spriggs 
1997). Rousseau’s “homme naturel”, the 
“noble savage” living in harmony with the envi
ronment, in contrast with “civilized man” is 
certainly a fiction in oceanic islands. In the his
tory of Polynesian colonisation, with firestick 
farming, there has been already a strong pre
European impact on islands. With the Euro
peans and their descendents in the colonies 
(Crosby 1986), an armada of animals and 
plants arrived to the islands. Weeds arrived 
together with introduced crops, fruit plants, 
forage plants, and ornamentals. Domestic ani
mals such as goats, rabbits, pigs, all accompa
nied by rats, became severe pests that drove 
many native and endemic species toward 
extinction.

The Juan Fernandez Islands have the advan
tage that no aboriginal peoples colonized them 
prior to their discovery by Juan Fernandez in 
1574 (Anderson et al. 2002). The early observa
tions on the vegetation and taxa of the archi
pelago, therefore, provide some clues to the 
original plant life prior to human intervention. 
Further, because the islands were strategically 
located to provide a safe harbor to moor ships, 
to provide fresh water and meat (from sea lions 
and abundant fish), and to provide fresh plants 
to cure sailors of scurvy, many sailing vessels 
stopped there during the 17th-19th centuries (it 
was also a convenient location from which to 
attack the Spanish colonies along the coast of 
South America). Many of these voyages were 
long ones, often around-the-world multi-year 
adventures, and the experiences were often 
published as books containing logs of the 
entire trip (e.g., Walter 1748). Thus there is 
much descriptive information on the vegeta
tion and plants of the archipelago, especially 
on Masatierra, which has the more favorable 
bay for safe anchoring of ships.

Historical documentation from voyagers to 
Juan Fernandez suggests that Masatierra was 
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completely forested on the eastern side of the 
island. The low western part of the island had 
already subsided substantially and became dry 
prior to human discovery. Textual references 
substantiate the point of extensive forests: 
"... the woods which cover the island ...” 
(Shelvocke 1726); “The northern part of this 
island is ... generally covered with trees” 
(Anson in Walter 1748). In addition to these 
records, several drawings also show forests (dia
grammatical ly) with trees covering the entire 
eastern part of the island (e.g., Ringrose 1685; 
Fig. 4). The detailed map by Anson (based on 
observations in 1741; in Walter 1748) shows 
the same fully forested pattern. Surveys of the 
historical literature also provide a view of the 
extent of cutting of the endemic forest species 
(Stuessy et al. 1998a). The human impact over 
the past four centuries, therefore, has left 
Masatierra (including the small island Santa 
Clara) with less than 20% native forest cover 
(Greimler et al. 2002b; Fig. 5).

Impacts from invasive species in the 
Juan Fernandez islands
At the same time that humans cut and burned 
the native forests in the Juan Fernandez 
Islands, they also deliberately and accidentally 
introduced exotic animals and plants. The 
release of goats and pigs was a sea-faring tradi
tion, so that fresh meat would be available on 
return voyages (Woodward 1969). Levels of 
feral animals on Masatierra have been carefully 
estimated from historical documents by Wester 
(1991).

Rabbits are a huge problem now on 
Masatierra, and goats still abound on Masa- 
fuera (Sanders et al. 1982; pers, observ.).

In addition to introduced animals, many 
exotic plants have also been brought to the 
Juan Fernandez Islands and have invaded nat
ural vegetation dramatically (Greimler et al. 
2002a). The worst invasives have been (and still 

are; Greimler et al. 2002b): Acaena argentea 
(Rosaceae), Aira caryophyllea (Poaceae), 
Anthoxanthum odoratum (Poaceae), Aristotelia 
chilensis (Elaeocarpaceae), Avena barbata 
(Poaceae), Briza minor (Poaceae), Geranium 
core-core (Geraniaceae), Rubus ulmifolius 
(Rosaceae), Rumex acetosella (Polygonaceae), 
and Ugni molinae (Myrtaceae). Three taxa of 
Vulpia (Poaceae) have also invaded large areas 
(Greimler et al. 2002a). As pointed out by 
Denslow (2003), these invasives have an advan
tage over the native and endemic taxa of 
oceanic islands due to the high net resource 
availability of the ecosystem and the poor abil
ity of native taxa to take advantage of these 
resources (z'.c., the invasives have a more 
aggressive biological syndrome). In general, 
the picture is not a very positive one, because 
the existing invasive species continue to exert a 
pressure upon the native and endemic flora, 
despite gallant conservation efforts by park ser
vice personnel (CONAF). Further, the rain of 
exotics continues unabated due to lack of sani
tation measures for incoming foodstuffs and 
materials to the archipelago.

The severity of pressure being brought to 
bear on the Juan Fernandez archipelago from 
invasive plant species can be further illustrated 
by recent studies that estimate the extent of 
cover possible from selected aggressive taxa 
(Dirnböck et al. 2003). Aristotelia chilensis, e.g., 
which is disturbing enough because of the 
large area already covered is likely to continue 
to spread without efficient control. Spatial 
models of potential habitats of this species pre
dict substantial increase of its present extent, 
which might be a matter of a few decades. 
Combining this impact with that of the many 
other noxious weedy introduced species results 
in a formidable pressure against numbers of 
populations and population sizes of the 
endemic flora.
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Fig. 5. Map of Masatierra 
showing present extent 
of undisturbed and dis
turbed native forest 
(adapted from Greimler 
et al. 2002a).

Interpreting levels of genetic variation 
in oceanic island plants
Because of numerous historical impacts, in 
many islands we are dealing with left-overs of a 
native and endemic flora that was much more 
diverse and consisted of larger populations 
before impacts from natural and human 
causes. Due to direct and indirect human inter
vention, many island species seem to undergo 
a deterministic process of reduction and 
extinction following exploitation, habitat 
destruction, and competitive exclusion from 
former suitable sites. Populations driven down 
below the minimum viable population sizes are 
strongly affected by demographic and environ
mental stochasticity. This chance variation can 
drive them into extinction vortices (Gilpin & 
Soulé 1986). In the Juan Fernandez islands, it 
may come as no surprise, therefore, that 21 of 
the endemic species in the archipelago are 

known to exist with no more than 25 or fewer 
individuals (Stuessy et al. 1998b).

It is in this context, therefore, that we exam
ine the known levels of genetic variation, 
assayed through allozymes, in the Juan Fernan
dez Islands (Crawford et al. 2001). Twenty-nine 
of the endemic angiosperm species (of a total 
of 104, or 28%) have been analyzed. Some 
species show no genetic variation at all, e.g, 
Chenopodium sanctae-clarae, restricted to one 
rock (Morro Spartan) and consisting of only 
one small population. Another example is the 
endemic monotypic family, Lactoridaceae, with 
Lactoris fernandeziana, which also shows no 
isozymic variation (Crawford et al. 1994) 
among the several known populations perhaps 
harboring a total of 1000 individuals (Stuessy et 
al. 1998c). With RAPD and InterSimple 
Sequence Repeats (ISSR), however, intra- and 
inter-populational variation can be seen 
(Brauner et al. 1992; Crawford et al. 2001).
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Other species show considerable genetic varia
tion, such as the widespread endemic Myrceuge- 
nia fernandeziana (Myrtaceae), with thousands 
of individuals located between 200 and 500 m, 
and extending up to 700 m (Greimler et al. 
2002a; Jensen et al. 2002). Crawford et al. 
(2001) sought correlations with biological 
attributes of these endemics to explain the vari
ation in levels of genetic variation within and 
among populations observed, following gen
eral life history traits reviewed earlier by Ham
rick and colleagues (Hamrick et al. 1979, 1991; 
Hamrick & Godt 1989, 1996, 1997). However, 
Crawford et al. (2001, p. 2195) found: “The 
apportionment of genetic diversity within and 
among populations (Gst values) is not signifi
cantly different for any of the species cate
gories” (i.e., different life-history classes, such 
as differences in breeding and pollination sys
tems, woody vs. herbaceous, etc.). The conclu
sion was that (p. 2202): “... one cannot make 
assumptions about apportionment of allozyme 
diversity based on pollination biology and size 
and distributions of populations. As empha
sized by Hamrick & Godt (1996), a myriad of 
historical factors can shape the diversity now 
seen in plant species, and island endemics are 
especially subject to certain of these factors 
because of rapid and recent changes in popu
lation sizes and breeding systems (Anderson et 
al. 2001) and recent speciation.”

Similar studies of allozyme variation have 
been done for 69 endemic species of the 
Canary Islands (Francisco-Ortega et al. 2000). 
Once again, based on attempts to explain 
observed genetic diversity within and among 
populations (p. 910): “These data do not indi
cate a consistent trend for higher diversity in 
outcrossing compared to selfing species.” Fur
ther, in comparing relationships of related 
species among islands of the archipelago, they 
also note (p. 911): “If there were loss of varia
tion due to drift or founder events associated 
with recent speciation, then the more recently 

derived species would be expected to display 
lower alloyzme diversity than basal taxa. 
Clearly, this is not the case.” Another notewor
thy point is that, in general, the levels of vara- 
tion between populations within species is 
twice as high as reported for such systems in 
Pacific Island archipelagoes (e.g., in Juan Fer
nandez, Crawford et al. 2001; in Hawaii, Witter 
& Carr 1988). Francisco-Ortega et al. (2000) 
also focus on historical factors, including the 
greater age of some of the islands in the 
Canarian archipelago (the oldest being 
Fuerteventura with an age of more than 21 mil
lion years; Carracedo 1984, 1994).

A more direct comparison to reveal genetic 
founder effects would be to compare levels of 
genetic variation in progenitor and derivative 
species in continental and oceanic island habi
tats. Only two examples are known to us: in 
Rhaphithamnus (Verbenaceae, Juan Fernandez 
Islands, Crawford et al. 1993) and in Gossypium 
(Malvaceae, Galapagos Islands, Wendel & Per
cival 1990). In the former, there are only two 
known species, R. spinosus, restricted to low ele
vations in the southern Andes, and R. venustus, 
endemic to both islands of Juan Fernandez. In 
this instance, a dramatic reduction in genetic 
variation among populations was noted in the 
island endemic, in fact, among the 14 popula
tions analyzed, the variation was one-fourth 
that seen in two populations of the mainland 
species. Further, the island species is gynodioe
cious, and hence promoting outcrossing, in 
contrast to the hermaphroditic mainland 
species. The difficulty in this case is how to 
interpret this as a result of a founder event. 
Neither species occur in large populations, but 
in the island the individuals occur in lower 
density than in the continent. In any event, due 
to the massive alteration of the landscape, 
especially on Masatierra (the island best docu
mented for vegetation alteration), it is simply 
impossible to be certain that the low level of 
genetic diversity encountered reflects a 
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founder event or simply loss of variation 
through time due to habitat reduction.

The second example of comparing a conti
nental progenitor and derivative oceanic 
island species is in Gossypium (Wendel & Perci
val 1990), with G. klotschianum endemic to the 
Galapagos Islands and G. davidsonii from Baja 
California, Mexico. Results show higher inter
population genetic variation in allozyme loci 
for the Mexican species in contrast to less vari
ation in the Galapagos endemic (e.g., number 
of alleles per polymorphic locus, 1.85 vs. 1.31, 
respectively, and inter-population genetic iden
tities 0.917 vs 0.987). Data suggest that the 
derivative species originated recently "... and 
that it suffered a severe genetic bottleneck as a 
consequence of a founding event.” (p. 110). 
Again, it is difficult to separate this hypothesis 
from that of reduction in population number 
and size as a result of historical impacts, both 
natural and human-induced, that have also 
occurred in the Galapagos Islands (e.g., Cox 
1983; Hamann 1984).

Conclusion
The main point of this paper is to urge caution 
in interpreting reasons for levels of presently 
observed genetic variation in endemic species 
of oceanic archipelagoes. Understanding the 
reasons for observed genetic variation 
demands a synthesis of biological and histori
cal factors. Oceanic islands have long been 
regarded as models for evidence of founder 
effects, simply because the probability of 
propagules arriving and establishing in far
away small land masses must, through simple 
common sense, be limiting the genetic breadth 
of the founder population in comparison with 
continental source regions. New molecular 
markers have now provided means for directly 
measuring levels of genetic variation in island 
systems, and often reduced genetic variation is 
seen in island endemics (Frankham 1997). The 

evolutionary significance of this observation, 
however, in terms of understanding plant spe
ciation in oceanic islands, is by itself unclear. A 
variety of historical impacts have acted on 
these populations. Further, there is some indi
cation that not all island endemics are as genet
ically depauperate as one might think. Genetic 
variation perhaps accumulated after the 
founder event of early colonization through 
mutation and recombination in the first mil
lion years (e.g., as seen in Ullung Island, Korea; 
M. Pfosser & T. Stuessy, unpubk). Such initial 
populational build-up might, in fact, support 
adaptive morphological variation in response 
to different habitats in oceanic islands. This, 
however, might be followed by population 
decline and reduction in genetic variation 
through time as the various historical factors 
act upon the island biota. What is needed are 
direct observations of newly arrived popula
tions of native species in newly created natural 
islands, such as with the origin of Surtsey sev
eral decades ago (Fridriksson 1975) off the 
coast of Iceland.
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An overall programme of research on the flora of Mount Kinabalu has four major objectives as out
lined below. (1) Inventory of vascular plants. The Kinabalu flora, with approximately 5,000 taxa 
recognized, is now completely enumerated and published. The database includes over 62,000 
specimen records representing 218 families and 1,070 genera. The final part of the inventory (di
cot families Magnoliaceae to Winteraceae) was published in 2004. The enormous diversity of Kin
abalu occurs in an area of only 1,200 km2, making this flora one of the richest in the world. Analy
ses of the general geographical distribution in four exemplar families involving 143 taxa indicated 
that floristic relationships are strongest with Borneo, the rest of West Malesia and continental East 
and Southeast Asia. Weaker affinities were found east of Wallace’s line in Central and East Malesia, 
Australia and the Pacific islands. Floristic similarities between Kinabalu and a few other Malesian 
high mountains are briefly considered. A website (http://herbarium.lsa.umich.edu/kinabalu) 
provides searchable databases on pteridophytes, gymnosperms, monocots, and dicots. (2) Geo
graphic information system. A geographic information system (GIS) is being used in the floristic, 
phylogenetic and ethnobotanical studies. Over 500 locally named landforms and villages, most of 
which were not previously mapped, are included on a coloured topographic map that is ready for 
publication. Three components are an introduction and gazetteer, the map itself, and a Landsat 
TM image of the area. Maps also are being prepared for areas around nine villages where ethnob
otanical studies have been concentrated. The GIS technology additionally has been applied to in
vestigating complex phylogenetic and biogeographic relationships. (3) Phylogenetic analyses. Var
ious exemplar taxa in such unrelated groups as the ferns, orchids, stone-oaks {Lithocarpus), and 
nettle relatives (Elatostema) have been subjected to phylogenetic analysis. Among the conclusions 
resulting from these independent studies is that some high-elevation, endemic species have been 
derived from neighbouring species of lower elevations, rather than having originated by dispersal 
from distant geographical sources. (4) Ethnobotany. An ethnobotanical project (Projek Etnobotani 
Kinabalu [PEK\ ) has given special attention to the collection and description of plants that are eco
nomically valuable, ecologically important, and threatened by human activities. Seventeen local 
collectors worked extensively around their home villages, contributing some 9,000 specimens that 
document names, uses, and localities for both used and currently unused plant resources. A team 
including local people, Kinabalu Park personnel and visiting researchers is studying patterns of 
Dusun knowledge of plants. During the project, research and capacity-building opportunities have 
been provided for students from Malaysia and other Asian countries, particularly through a series 
of certificate training courses. The results of the floristic inventory will be returned to local com
munities in the form of a Dusun Ethnoflora. These efforts should provide a continuing incentive to 
the communities to carefully manage unprotected forests in buffer zones around Kinabalu Park 
and to promote the viability of Dusun botanical and ecological knowledge.

John H. Beaman, The Herbarium, Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AB, United King
dom and Department of Plant Biology, Michigan State University, East Lansing, Michigan 48824, U. S. A. 
E-mail: J.Beaman@rbgkew. org.uk
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Introduction

Mount Kinabalu, located on the island of Bor
neo in the Malaysian state of Sabah, is one of 
the world’s most remarkable landforms. Of ori
gin in the late Pliocene-Pleistocene, Kinabalu 
rises from near sea level to nearly 4,100 m and 
is isolated by vast distances from other moun
tains of comparable elevation. Its exceedingly 
diverse biota offers outstanding opportunities 
for research on evolution and diversification of 
species and vegetation types. In 2000 Kinabalu 
Park was inscribed on the World Heritage List. 
Considering that the symposium deals in part 
with local plant diversity and complexity prob
lems, this account represents an especially 
local example; the area of Mount Kinabalu has 
an extent of only c. 1,200 km2.

A discussion by van Steenis (1964) on plant 
geography of the mountain flora of Kinabalu 
established a foundation upon which much 
subsequent biogeographical and evolutionary 
research can be built and argued, van Steenis 
suggested that the interest and uniqueness of 
Kinabalu lies largely with its mountain flora (as 
distinct from that of the lowlands). He further 
noted that interpretation of a mountain flora 
requires recognition that some species may 
have evolved in situ and can be called 
autochthonous or centric, while others have 
migrated from remote centers of development 
and are called allochthonous or eccentric. This 
problem of biogeography and evolution pre
sents a marvelous opportunity to employ phy
logenetic analysis of morphological and molec
ular data to enhance understanding of the ori
gin and evolution of species in the Kinabalu 
flora.

Many of the techniques and data van Steenis 
needed to better understand the phytogeogra
phy of Mount Kinabalu have only become well 
developed in the past 15 years, particularly 
those offered by molecular and morphological 
phylogenetic analyses and GIS. He lamented 

that there was no complete plant list of Mount 
Kinabalu, a situation that is now nearly reme
died. He further indicated that the north and 
east slopes of the mountain were almost com
pletely unexplored. Since 1992 a team of eth- 
nobotanical collectors has made over 9,000 
new collections on the lower slopes of Kina
balu, mainly on the north side. These are con
tributing significantly to a fuller understanding 
of the composition and distribution of the 
flora.

Fourteen years ago it was suggested (Bea
man & Beaman 1990) that this flora included 
about 4,000 species of vascular plants. A few 
years later the figure was revised to about 4,500 
species, and now we know that the total is 
around 5,000 species. This extraordinary diver
sity in an area of only 1,200 km2 is particularly 
remarkable considering that the analysis by 
Barthlott et al. (1996) of the global distribution 
of species diversity identified the six highest 
global diversity centres in the world as having 
more than 5,000 species per 10,000 km2. Our 
data indicating that 5,000 species occur in an 
area of less than 20 percent that unit size point 
to the extraordinary richness of the Kinabalu 
flora.

Five volumes are now published enumerating 
the groups of vascular plants on Mount 
Kinabalu (Parris et al. 1992; Wood et al. 1993; 
Beaman & Beaman 1998; Beaman et al. 2001; 
Beaman & Anderson 2004). A website 
(http://herbarium.lsa.umich.edu/kinabalu) 
provides searchable databases on pterido
phytes, gymnosperms, monocots, and dicots.

It is now desirable to examine salient biogeo
graphic, evolutionary and ecological principles 
that emerge from the enumeration. This could 
not be effectively done on a piece-meal basis 
with limited segments of the flora (i.e., groups 
such as pteridophytes, gymnosperms, mono
cots, etc.), a circumstance that prevailed until 
three weeks before this symposium, because 
until then the database had been maintained 
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as separate components by major taxa. A new 
phytogeographic analysis comparable to that 
of Stapf (1894) should now be made, but more 
than a century of additions to our knowledge 
of the flora make this a daunting task. Stapf’s 
analysis considered less than 15 percent of the 
currently known flora. With the completed 
inventory various other applications will be 
possible. For example, information could be 
provided, perhaps through the Internet, to 
facilitate field identification of species. In view 
of the present lack of up-to-date keys and 
species descriptions for many taxa, images of 
line drawings, photographs and herbarium 
specimens hold promise as identification aids.

In a general view of the vegetation, Kinabalu 
can be thought of as having four major zones 
dominated by trees: lowland tropical rain for
est from the foot of the mountain at about 300 
to 600 m (now mostly substituted with various 
kinds of secondary vegetation), hill forest, 
from about 600 to 1,400 m, in which the Dipte- 
rocarpaceae are especially important domi
nants, lower montane forest, from about 1,400 
to 2,200 m, with families such as the Fagaceae, 
Lauraceae, Moraceae, Myrtaceae and Rubi- 
aceae having special prominence, and upper 
montane forest, from about 2,200 to 3,400 m, 
in which gymnosperms and a few angiosperm 
genera are conspicuous. A fragmented sub
alpine scrub extends up to about 3,700 m. 
Above that level is a summit zone of alpine 
rock-desert with scattered communities of 
alpine scrub. Edaphic factors, ridges, valleys, 
slope, and exposure all influence the vegeta
tion, giving rise to a highly diverse mosaic of 
vegetation types. It should be noted that the 
vegetation zones indicated above do not corre
spond to those designated by Whitmore (1984, 
fig. 18.1; 1998, fig. 2.7) for the mountains of 
Malaya. Mount Kinabalu is almost twice as high 
as any of the mountains on the Malay Penin
sula, so it is not to be expected that there 
would be altitudinal correspondence. His dia

grams show lowland forest extending to about 
700 m, lower montane forest from 700 to 1,500 
m, and upper montane forest from 1,500 to 
2,100 m.

Detailed long-term ecological studies of the 
vegetation are being conducted by Kanehiro 
Kitayama and a number of collaborators. 
Kitayama has established permanent plots at 
various altitudinal levels and on different geo
logical substrates to examine species composi
tion and species-area relationships (see espe
cially Kitayama 1991; Kitayama 1992; Aiba et al. 
2002; Takyu et al. 2002). Along with the plots 
he has recorded extensive weather records 
from stations at various elevations (Kitayama et 
al. 1999).

The geology of Mount Kinabalu has received 
considerable attention over the past half cen
tury. Among the most important geological 
publications are those by Collenette (1958) 
and Jacobson (1970). The lower slopes of the 
mountain have thick layers of late Cretaceous 
to Tertiary sandstones and shales of the 
Trusmadi and Crocker Formations. The core 
of the mountain is a pluton of mainly horn
blende and (granitic) adamellite diapirically 
emplaced into the complex of older rocks. The 
core is part of a large batholith underlying the 
area. The central part of the batholith was 
uplifted in the Pleistocene, forming the pre
sent mountain, and making it one of the 
youngest major mountains in the world. Pleis
tocene glaciation produced the present ice- 
carved topography of the summit area. Intru
sive ultramafic rocks were uplifted with the 
core and appear rather like a collar around the 
mountain at lower and middle elevations.

Geographical distribution, endemism
Stapf (1894), on the basis of the facts available 
to him at the time, gave a brilliant explanation 
of the history of the flora of Mount Kinabalu 
(J.H. Beaman 2001). This, however, was devel
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oped half a century or more before the con
cept of plate tectonics was elaborated. Thus he 
did not realize that Kinabalu was a very young 
mountain, whose flora could not have been so 
ancient as he imagined. Nor was he aware that 
New Guinea was part of the Australian conti
nental plate, and that there had not been a 
continuous land connection between New 
Guinea, Borneo and Malaya at a time that 
would have allowed movement of the highland 
floras among these areas. His ideas on “land 
bridges” to explain phytogeographic relation
ships in the floras of Southeast Asia and Aus- 
tral-Asia were taken up and vigourously elabo
rated some 40 years later by van Steenis (1934- 
1936), but these hypotheses must now give way 
to the recent information on the tectonic evo
lution of Southeast Asia as discussed by Hall 
(1996) and many other recent authors. 
Notwithstanding some of the currently unsup
portable conclusions reached by Stapf, his phy- 
togeographical concepts of floristic relation
ships among the various regions are elegant 
and unassailable, and his explanation of the 
origin of the secondary vegetation as a product 
of human influence is all too evident today.

The overall distribution of the majority of 
species in the Kinabalu flora is not well docu
mented, but we have more detailed knowledge 
of orchid distributions than for any other fam
ily. Among the total of 856 Kinabalu orchid 
taxa, 706 are fully determined. Eighty-six of 
these (12.2%) are known only from Mount 
Kinabalu. Among other taxa that have been 
analyzed, Beaman & Beaman (1998) consid
ered the phytogeography of the Kinabalu 
Gyperaceae. This family was used because they 
had been treated in Flora Malesiana (Kern 
1974; Kern & Nooteboom 1979) and they 
appeared representative of monocots in gen
eral. The predominant geographical affinity of 
the Kinabalu Gyperaceae is with Asia (45 taxa 
from a total of 73 considered). Some of these 
are also Austral (i.e., southern Southern Hemi

sphere) , a category that may have been under- 
represented in the analysis, because taxa well 
represented in Asia were placed in that cate
gory even when they extended to Austral 
regions. The second most common affinity was 
that of taxa restricted or nearly restricted to 
Malesia (25). A considerable number (10) of 
the lowland and hill-forest Gyperaceae are 
pan tropical, and even the lower montane for
est taxa include some pantropical members 
(4). Austral species were fewest in the analysis 
(9), but 13 taxa considered Asian in affinity 
also extend to Austral regions. Only two 
species of the Gyperaceae were regarded as 
endemic or subendemic. It is well to keep in 
mind that the statement about endemism 
made by Stapf (1894) over 100 years ago still 
rings true, i.e., “To speak of the endemism of a 
district so little known and forming part of a 
likewise imperfectly explored flora is a very dif
ficult task, ...” Another consideration is that 
with a poorly known flora the smaller the area 
the more difficult it is to be certain that so- 
called endemics are truly endemic. Thus, 
species limited to Borneo are more readily des
ignated than are those limited to Kinabalu, 
and still more assurance is possible concerning 
species endemic to Southeast Asia rather than 
Borneo.

Wide disjunctions are most prominent 
among the upper montane/summit area 
Gyperaceae. A pattern repeated in several taxa 
is from Mount Kinabalu to southwest Sulawesi 
(particularly Mt. Latimodjong, c. 3,460 m) to 
various high mountains in New Guinea. 
Species with this distribution may also occur in 
high mountains of the Philippines and extend 
on to Australia and New Zealand. The low 
number of Kinabalu endemics in the Cyper- 
aceae is characteristic of all the non-orchid 
monocotyledons (some 490 taxa), of which 48 
were thought to be endemic, subendemic or 
with restricted, disjunct occurrences, and only 
17 taxa were indicated as known only from 
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Mount Kinabalu, a mere four percent of the 
non-orchid monocotyledons.

Because dicotyledons in the families Magno- 
liaceae to Winteraceae (in alphabetical order) 
have been recently studied for the enumera
tion, it seemed useful to have data from them 
in addition to the Cyperaceae for purposes of 
this symposium. For the dicotyledons the Mag- 
noliaceae (Nooteboom 1988), Rosaceae (Kalk
man 1993) and Symplocaceae (Nooteboom 
1977) are among families already published in 
Flora Malesiana and provide suitable examples 
of geographical distribution. Together they 
constitute 70 taxa, about equal to the number 
of Cyperaceae previously analyzed. For pur
poses of this analysis subspecies and varieties 
were regarded as equivalent to species. Hybrids 
were not included. Taxa occurring in the low
lands, hill forest and lower montane forest 
were considered to be lower elevation taxa, 
and those occurring in upper montane forest 
and the summit area were counted as high-ele
vation taxa. Twenty taxa occur at both lower 
and higher elevations, extending from lower 
montane forest or below into upper montane 
forest. The geographical divisions of Malesia 
used in the analysis follow Johns (1995), in 
which the category of Central Malesia (the 
Philippines, Sulawesi, Moluccas and Lesser 
Sunda Islands) is recognized in addition to the 
usual distinction of West Malesia and East 
Malesia. In Appendix 1 the column for Kina
balu endemics is placed at the centre, with Bor
neo, non-Bornean West Malesia and East and 
Southeast Asia extending to the left and Cen
tral Malesia, East Malesia, Australia and the 
Pacific Islands extending to the right (at pro
gressively greater distances from Kinabalu), 
similar to the organization used by Stapf 
(1894). With one notable exception incom
pletely determined taxa (z.c., those with the 
qualifiers aff. and cf. were not included in the 
analysis. The exception was Eriobotrya aff. ben- 
galensis, a very distinctive plant known only 

from a single collection on extreme ultramafic 
substrate, which probably represents an unde
scribed species.

The predominant geographical affinity of 
the flora, based on these dicotyledons, is with 
Borneo (47 taxa), as shown in Appendix 1. The 
next strongest relationship is with West Malesia 
(excluding Borneo), with 35 taxa. The third 
highest affinity is with Central Malesia with 26 
taxa, followed by East and Southeast Asia with 
21 taxa. East Malesia is next with 16 taxa, and 
only three taxa extend to Australia and the 
Pacific islands. From this analysis it can be seen 
that the families Magnoliaceae, Rosaceae and 
Symplocaceae (possibly representative of all 
dicotyledons) are more localized around Kina
balu than is the case with the Cyperaceae. In 
contrast to the latter family, none of the dicots 
had a pantropical distribution. Furthermore, 
the dicots had a higher level of endemism, 16 
of 70 taxa (23%), compared to the Cyperaceae, 
in which only two of the 73 taxa (2.7%) were 
considered endemic.

The occurrence of endemic and disjunct 
dicotyledons is to some extent correlated with 
higher elevations, but not to the extent as with 
the Cyperaceae. More of the endemic dicots 
(seven) occur only at high elevations, while 
four occur at both lower and higher elevations, 
and five are known only from low elevations. 
Among disjunct taxa four occur at high eleva
tions, four at low elevations, and one at both 
low and high elevations. Smith (1986) made a 
compelling case for long-distance dispersal in 
the origin of Australasian alpine floras. A num
ber of species in the high-elevation Kinabalu 
flora are likely to have been the result of dis
persal events, but this problem is still in need 
of thorough investigation. The problems of 
autochthonous vs. allochthonous taxa alluded 
to by van Steenis therefore remain, and will be 
most effectively investigated through detailed 
phylogenetic studies.

The widely distributed dicots are relatively 
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numerous, with 19 occurring in four or more 
regions (in addition to Mount Kinabalu). 
Twelve of these are relatively low-elevation taxa 
{i.e., lowlands, hill forest and lower montane 
forest), while seven occur at low and high ele
vations, i.e., extending up to upper montane 
forest, but none is strictly high-elevation in 
occurrence. Fifteen taxa are restricted to only 
one region beyond Kinabalu, with nine occur
ring at low elevations, two at high elevations 
only, and four at both the lower and higher ele
vations. Twenty-two taxa are intermediate in 
distribution between widely distributed and 
localized {i.e., in two to three regions beyond 
Kinabalu). Eleven of these are from lower ele
vations, seven from lower and upper eleva
tions, and four from upper elevations only.

Seventeen of the dicots were classified as 
Asian-Malesian in distribution, 30 as strictly 
Malesian, and 16 as endemic. One taxon 
{Rubus moluccanus var. discolor) is Malesian-Aus- 
tral, and two {Rubus moluccanus var. moluccanus 
and R. rosifolius) are widely distributed, i.e., 
occurring in all seven areas included in the 
analysis. Six taxa are disjunct with extensions 
beyond Borneo, three of which occur at low 
and three at high elevations. The preceding 
discussion illustrates that the Kinabalu flora is 

not only diverse but that the geographical dis
tribution patterns also exemplify considerable 
complexity.

Inventory of the flora
Collections upon which the Kinabalu botanical 
inventory are based have been obtained over a 
century and a half from 1851, when Hugh Low 
made the first collections, to the most recent in 
the last year or two. Collectors may be placed 
into five groups: (1) Mary Strong and Joseph 
Clemens, (2) Sabah Forestry Department col
lectors, (3) members of the Royal Society expe
ditions of 1961 and 1964, (4) the Projek Etnob- 
otani Kinabalu {PEK) collectors, and (5) all 
other collectors. An analysis of the collections 
by these five groups is provided in Table 1.

The database presently contains 61,352 
records (specimens) representing 218 families, 
1,070 genera, and 5,128 species and infraspe
cific taxa. The ten largest families, based on 
number of species and infraspecific taxa, are 
listed in Table 2. Not surprisingly the Orchi- 
daceae are the largest, with 127 genera and 856 
species and infraspecific taxa. The Rubiaceae, 
a family on Kinabalu dominated by shrubs, is 
second largest, with 66 genera and 296 species 

Table 1. Numbers of collections and taxa obtained from Mount Kinabalu by five major groups of collectors.

Croup No. of Collectors No. of Specimens No. of Collections No. of Taxa

J. & M. S. Clemens 2 24,443 11,066 2,757
Sabah Forestry Department -213 8,564 5,665 1,994
Royal Society 3' 5,075 2,698 1,313
PEK 17 6,302 6,3022 1,777
Additional collectors -413 16,972 11,458 3,148

Total 648 61,356 37,189 _3

1 Chew, Corner & Stainton in 1961; Chew & Corner in 1964.
2 The number of specimens and collections is equal for the PEK material, because the count is based only on specimens in 
K. The first set of these collections is in the Sabah Parks Herbarium at Kinabalu Park headquarters and has not been exam
ined for this project. Duplicate specimens have been distributed to several other herbaria, including K, where most of the 
determinations have been made.
3 The column cannot be totalled, because the various collectors obtained many of the same taxa.
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and infraspecific taxa. A ratio has been calcu
lated based on the number of species vs. gen
era for each family. The highest ratio (22.5) is 
for the Moraceae, resulting primarily from the 
large number of Ficus species in the flora. High 
ratios are suggestive that active speciation has 
taken place in the family. Corner (1964a) 
noted that the evolution of subg. Ficus seems to 
have occurred where there has been relatively 
recent mountain-making, and to have 
employed regionally the section or series that 
happened to be on the spot. The ratio for the 
Ericaceae is also high; this family includes only 
five genera, but numerous species in Diplycosia 
and Rhododendron contribute to the high ratio. 
In contrast, the ratio is low for the Poaceae. 
The large number of genera and few species 
per genus may indicate that evolution in the 
Kinabalu grasses has been relatively static.

The Kinabalu flora is arguably the richest in 
the world on a per-unit-area basis. Now that 
the botanical inventory is completed, opportu
nities abound for more intensive investiga
tions. While research for the inventory is fin
ished, much of the flora is still not well under
stood. Names for over one-tenth of all taxa 
(686 names) have been designated with quali

fiers. Thus 135 taxa are determined as “off." 
some other species, 127 are qualified with 
“cf.”, 211 are designated as “sp. 1”, “sp. 2” etc., 
and 213 genera include specimens that have 
not been identified to species (i.e., those indi
cated with “znde/.”). That so many taxa and 
specimens remain incompletely identified in 
itself presents challenges for further study of 
the flora.

Table 3 provides a list of the ten largest gen
era in the Kinabalu flora. The figure of 114 
taxa for Bulbophyllum (Orchidaceae) is espe
cially impressive. It is noteworthy that the 
Orchidaceae as the largest family in the Kina
balu flora (by a wide margin) also includes 
three of the largest genera, whereas the other 
large genera listed in Table 3 all belong to dif
ferent families. Among the dicotyledons 21 
genera have 20 or more species, of which Ficus 
with over 90 taxa is the second largest genus in 
the Kinabalu flora. Analyses in any of these and 
other relatively large genera that wotdd reveal 
the number of neoendemics vs. paleoendemics 
and autochthonous vs. allochthonous taxa 
wotdd be an especially rewarding extension 
into the origin and evolution of the Kinabalu 
flora but remains to be done.

Table 2. Ten largest families in the flora of Mount Kinabalu, with numbers of genera and species and ratios of species per 
genus.

Family No. of genera No. of species and infraspecific taxa Ratio (species/genus)1

Orchidaceae 127 856 6.74
Rubiaceae 66 296 4.48
Euphorbiaceae 48 197 4.10
Moraceae 6 135 22.5
Fabaceae 42 133 3.17
Lauraceae 13 126 9.69
Melastomataceae 20 98 4.90
Ericaceae 5 97 19.4
Myrtaceae 11 97 8.82
Poaceae 52 91 1.75

1 The ratio of species per genus is obtained by dividing the number of species by the number of genera in a particular fam
ily.
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Table 3. Ten largest genera in the flora of Mount Kinabalu.

Genus Number of species 
and infraspecific taxa

Bulbophyllum (Orchidaceae) 114
Ficus (Moraceae) 91
Syzygntw (Myrtaceae) 76
Dendrobium (Orchidaceae) 73
Eria (Orchidaceae) 50
Rhododendron (Ericaceae) 44
Ardisia (Myrsinaceae) 42
Asplénium (Aspleniaceae) 37
Lithocarpus (Fagaceae) 37
Litsea (Lauraceae) 37

Collectors and collections
Mary Strong and Joseph Clemens made more 
collections on Mount Kinabalu than any other 
collectors (Table 1). During their Kinabalu ex
peditions they obtained some 11,066 collec
tions that we have been able to examine, repre
sented by 24,443 specimens (Table 1). It is awe
some to realize that they collected more than 
one-third of all Kinabalu specimens and more 
than half the total flora. An account of their lives 
and work is provided by Beaman et al. (2001 ).

The first Kinabalu specimen records of the 
British North Borneo (Sabah) Forestry Depart
ment are those of Foster and Puasa in 1931. 
Collectors from that department have been 
active ever since, especially since the 1950s; 
8,564 specimens and 5,665 collections from 
the Forestry Department are included in the 
Kinabalu database.

The Royal Society expeditions of 1961 and 
1964 focused on the Eastern Shoulder and the 
Pinosuk Plateau respectively and made collec
tions at a wide diversity of elevations from 
about 500 m to the summit or near the summit 
of King George Peak (4,050 m). The Kinabalu 
database includes 5,075 specimens and 2,698 
collections from these expeditions. The 1961 
expedition was discussed in detail by Corner 
(1964a, b) and others, but an account of the 

1964 expedition was not published. From this 
fieldwork Corner gained knowledge of the Kin
abalu flora that was eloquently presented in 
Kinabalu: Summit of Borneo (Corner 1996).

A group of local people have served as col
lectors of the Kinabalu flora under a pro
gramme called Projek Etnobotani Kinabalu 
(PEK). Over a period of about seven years 17 
PEK collectors in nine communities made 
about 9,000 collections. Over 6,000 of these 
have been identified at Kew as part of the over
all botanical inventory of Mount Kinabalu. A 
PEKcollections database is maintained at Kina
balu Park headquarters.

In addition to the collectors and collections 
discussed above, a fifth group includes some 400 
other individuals or teams, for which the Kina
balu database includes 16,972 specimens and 
11,458 collections. The earliest collector and 
the first person to climb Mount Kinabalu was 
Hugh Low (later Sir Hugh), who collected there 
in 1851 and 1858. The most important botanical 
expedition to Kinabalu during the 19th century 
was that of George D. Haviland in 1892. Stapf s 
enumeration and analysis of the flora were 
largely based on the Haviland collections.

Important collection localities
Table 4 provides an analysis of 24 localities 
from which the greatest number of collections 
has been obtained. The six numeric columns 
in this table indicate the number of collections 
by which each taxon is represented at a partic
ular locality. For example, at Tenompok 610 
taxa have been collected only once, while 84 
taxa have been collected six or more times. In 
view of the predominance of collections by 
Mary Strong and Joseph Clemens it is not sur
prising that three localities (Tenompok, 
Penibukan, and Dallas), where their efforts 
were concentrated, are shown in the table as 
having especially large numbers of taxa. Other 
localities from which numerous taxa were gath-
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Table 4. Twenty-four Kinabalu localities where large numbers of collections and taxa have been obtained.

Number of collections for each taxon1 1 2 3 4 5 6+

Locality

Tenompok 610 252 127 75 50 84
Penibukan 502 219 124 73 49 60
Dallas 497 207 83 41 23 22
Park Headquarters 368 127 57 20 13 15
Eastern Shoulder 412 83 37 10 2 0
Marai Parai 336 107 36 28 13 13
Melangkap Tomis 354 102 39 13 8 6
Mesilau River 318 123 42 21 8 5
Gurulau Spur 370 100 32 7 2 1
Nalumad 321 59 10 2 0 1
Kemburongoh 220 80 37 17 6 30
Summit Trail 213 70 46 14 9 23
Sosopodon 207 78 31 20 14 20
Hempuen Hill 273 55 26 3 3 2
Kundasang 267 68 14 7 4 1
Pinosuk Plateau 251 49 10 2 1 1
Kiau 234 45 11 11 5 6
Bambangan River 242 53 9 6 0 0
Marai Parai Spur 221 54 18 4 6 4
Bundu Tuhan 220 33 9 6 4 1
Poring 196 45 17 7 3 2
Takutan 195 38 18 7 3 4
Mesilau Cave 172 54 23 9 3 4
Tahubang River 219 26 7 2 0 1

' The numbers in columns headed 1-6+ indicate for each locality the number of collections by which all taxa known from 
that locality are represented.

ered by the Clemenses are Marai Parai, the 
Gurulau Spur, and the Tahubang River. Many 
collectors have worked along the Mesilau 
River, especially the East Mesilau River, but the 
Royal Society expedition of 1964 collected 
extensively in that locality. The Eastern Shoul
der and Bambangan River are also prominent 
localities because of Royal Society collections. 
Mesilau Cave (actually a nearby landslide with 
ultramafic substrate) was a major site for Royal 
Society collections.

Number of collections by which taxa 
are known
In spite of the relatively intensive collecting 
activity that has been devoted to parts of 
Mount Kinabalu, its flora still cannot be con
sidered well known; 1,184 taxa are represented 
by a single collection (Fig. 1) and only 708 taxa 
are represented by more than 15 collections 
(not shown in Fig. 1). Thanks to the work of 
the Clemenses, the Sabah Forestry Depart
ment, the Royal Society expeditions and other 
collectors, the southern half of the mountain is 
now reasonably well collected. That is not the
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Fig. 1. Number of collections by which each taxon in the Kinabalu flora is represented.

case, however, for the northern section, which 
remains incompletely explored because of its 
rugged topography and because no climbing 
route to the summit is located there.

An examination of which taxa are most 
extensively collected on Mount Kinabalu illus
trates why certain species tend to be frequently 
gathered. Table 5 provides a list of the ten 
most-collected species, all of which are herbs, 
shrtibs or small trees. They all have a wide ele- 
vational range, and most are especially evident 
in upper montane forest along the Summit 
Trail. These plants are easy to collect and con
spicuous at eye-level, common in vegetation 
types with limited species diversity, and have 
long flowering and/or fruiting periods. Four 
species on the list do not occur above 3,000 m, 

while the others mostly extend well above that 
elevation, in the case of Phyllocladus hypophyllus 
up to the summit area. Ficus oleifolia subsp. 
intermedia, found at up to 3,200 m, is the high
est occurring fig on Mount Kinabalu.

Causes of high species diversity
The extremely high species diversity of Mount 
Kinabalu apparently has resulted from a com
bination of factors, among which the most 
important are: (1) great altitudinal and cli
matic range from the hot humid lowlands near 
sea level to freezing alpine conditions at the 
summit; (2) precipitous topography causing 
effective geographic and reproductive isola
tion of species over short distances; (3) geolog-
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Table 5. Ten most-collected taxa in the flora of Mount Kinabalu.

Taxon No. of collections Habit Elevation range (m)

Symplocos adenophylla var. adenophylla 85 Shrub or small tree 900-2,600
Elatostema lineare 76 Erect herb 900-3,000
Ilex havilandii 75 Shrub or small tree 1,200-3,500
Rhododendron rugosum var. rugosum 73 Shrub or small tree 1,000-3,400
Elatostema penibukanense 65 Herbaceous root-climber 800-3,200
Ficus uniglandulosa 65 Shrub, climber or small tree 400-2,300
Smilax lanceifolia 64 Slender woody climber 700-2,700
Ficus oleifolia subsp. intermedia 63 Shrub 500-3,200
Dysoxylon cyrtobotryum 61 Small to medium-sized tree 600-1,800
Phyllocladus hypophyllus 61 Shrub or small to large tree 1,200-4,000

ical history of the Malay Archipelago involving 
movement of several tectonic plates; (4) many 
localized edaphic conditions, particularly the 
ultramafic or serpentine substrates; (5) fre
quent climatic oscillations resulting in 
droughts influenced by El Nino events; and (6) 
additional environmental instability such as 
landslides, river flooding and glaciation.

The role of climatic fluctuations in increas
ing floristic diversity has been noted in areas 
such as in the West African mountains (Morton 
1972) and alpine regions of Australasia 
(Barker 1986). Morton referred to these 
processes as an “evolutionary pump.” Beaman 
& Beaman (1990) suggested that the model of 
edaphic endemism and catastrophic selection 
in speciation, as outlined by Lewis (1962) and 
Raven (1964) could be relevant to the high 
diversity of the Kinabalu flora. Raven noted 
that this mode of origin of new species is most 
likely to have been of particular importance in 
areas characterized by extreme climatic fluctu
ations. Catastrophic selection on Kinabalu 
could have been driven by the frequent El 
Nino droughts. Various reports have been 
made of dead plants at the higher elevations 
after droughts, e.g., Beaman et al. (1986), 
Kitayama et al. (1999), Lee & Lowry (1980), 
Lowry et al. (1973) and Smith (1979). Numer
ous ultramafic outcrops offer the unusual 

edaphic conditions that the catastrophic selec
tion hypothesis requires. Raven & Axelrod 
(1978) suggested that the process may be most 
important in annuals of mediterranean cli
mates, but the concept merits examination 
with respect to the woody species, especially 
the many shrubby species, of Mount Kinabalu.

In the short time during which Mount Kina
balu has been elevated numerous new habitats 
have been created that could be occupied by 
newly evolved plants. Some of the rarest and 
most interesting species occur on old land
slides, i.e., geologically recent habitats. Land
slides are a prominent feature of the Kinabalu 
landscape. New ones occur frequently and pro
vide open habitats for plant colonization. Cor
ner (1964a) noted that these were often recog
nizable because of the abundance of the pio
neer theaceous tree Adinandra. The upper 
slopes, far distant from other similar habitats, 
simulate a new oceanic island system such as 
Hawaii. The terrain presents many situations 
where immigrant populations can be effec
tively isolated from donor populations. Rapid 
adaptive radiation could be facilitated under 
these conditions. The environments on Kina
balu are so diverse and so localized as to virtu
ally enforce occurrence of highly localized 
populations, particularly on the many small 
and widely scattered ultramafic outcrops at dif- 
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ferent elevations. The physiognomy of numer
ous sharp ridges and profound valleys results 
in circumstances that severely limit movement 
of both pollinators and seed-dispersers. The 
possibility of a role also for genetic drift in the 
small populations on Mount Kinabalu is 
intriguing. The processes of catastrophic selec
tion and genetic drift may be acting jointly, a 
possibility suggested by Grant (1981).

Hybridization likewise may have played a role 
in increasing diversity in the high-elevation Kin
abalu flora, as has been noted in papers by Bark
man (2001), Cannon (2001) and Conant and 
Stein (2001 ). Rhododendron on Kinabalu, with 38 
taxa (excluding hybrids) currently recognized 
(Beaman et al. 2001), includes seven named hy
brids and seven more instances in which inter
specific hybrids occur. Most of these are found 
at high elevations, especially on ultramafic sub
strates. It appears likely that habitat disturbance 
could have been a major factor in promoting hy
bridization. Cannon (2001) noted that intro
gressive hybridization in the diverse genus Litho- 
carpus may have served as a mechanism facilitat
ing survival of réfugiai populations during 
changing environmental conditions.

Similarities (or lack thereof) to other 
mountains
Mount Kinabalu is in a class by itself relative to 
other mountains in Southeast Asia. Except for 
New Guinea, where a range of high mountains 
extends almost the length of the island, most 
of the mountains of the rest of Malesia are 
lower by 1000 m or more. Furthermore, the 
high mountains of Sumatra, Java and the 
Philippines are volcanic rather than sedimen
tary or granitic and ultramafic. The second 
highest mountain in Sabah is Mount Trusmadi 
at 2,649 m. Various expeditions have been 
made to Trusmadi, but to our knowledge no 
enumeration or database is available for its 
flora. If considered separate from Mount Kina

balu, Mount Tembuyuken at 2,579 m would be 
the third highest mountain in Sabah, but its 
proximity and geology are so close to Kinabalu 
that it has been considered integral for pur
poses of the Kinabalu inventory.

The highest mountain in Sarawak is Mount 
Murud (2,424 m), for which an inventory of 
the summit flora was published by Beaman & 
Anderson (1997). They enumerated 260 fully 
determined taxa, and concluded that its most 
salient phytogeographic relationship appears 
to be with Kinabalu. Indeed, they found that 
the similarity of the Murud and Kinabalu floras 
was stronger than to floras of Murud’s geo
graphically closer neighbours in Sarawak. 
Among the Murud pteridophytes, 24 (77%), 
and Murud orchids, 31 (74%), also occur on 
Mount Kinabalu. During specimen examina
tions for the Kinabalu enumeration 
Kongkemul in East Kalimantan was often 
noted to have species in common with Kina
balu, but we have no data for it. Species in com
mon with Mounts Halcon and Apo in the 
Philippines likewise have been noted but quan
titative comparisons cannot be made in light of 
available data.

Johns (2001) made a comparison of floristic 
aspects of Mount Kinabalu and Mount Jaya in 
Papua (west New Guinea). At 4,860 m Mount 
Jaya is the highest mountain between the 
Himalayas and the Andes and the only moun
tain in Southeast Asia with glaciers. It has a 
limestone geology, which differs dramatically 
from that of Kinabalu. Johns noted that the 
number of alpine and subalpine vascular 
plants on Mount Kinabalu is c. 120 species, a 
significantly lower number than the c. 500 
species recorded for Mount Jaya. Higher diver
sity of the high-elevation flora on Mount Jaya 
probably is a consequence of the long back
bone (2,300 km) of high mountains in New 
Guinea, which must have provided a local and 
rich source of propagules for high-elevation 
colonization. Families such as the Asteraceae 
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are much more diverse on Mount Jaya, with 
genera like Gnaphalium, Olearia, Senecio and 
Tetramolopium not occurring in the sub
alpine/alpine flora of Mount Kinabalu, but 
represented by 3, 6, 3 and 14 species, respec
tively, on Mount Jaya. These species tend to be 
very closely related to one another. Even where 
genera of Asteraceae occur on both mountains 
the diversity on Mount Jaya seems significantly 
greater. Keysseria with one species on Mount 
Kinabalu and six species on Mount Jaya is a 
good example. Unfortunately, comparisons 
between the entire floras of Kinabalu and Jaya 
cannot be made, because the flora at lower ele
vations on Mount Jaya has not yet been enu
merated. Johns suggests that the flora of the 
Mount Jaya area may include c. 8,000 to 8,500 
vascular plant species, which would make it an 
even hotter spot for plant diversity than is 
Mount Kinabalu. However, it must be realized 
that Kinabalu is isolated and very young while 
Jaya is part of an extensive chain, perhaps not 
quite so geologically young, and much of it 
botanically totally unexplored.

Geographic information system
A geographic information system (GIS) is 
being used in the taxonomic, biogeographic, 
phylogenetic, and ethnobotanical studies. It 
has had an especially important application in 
the production of a location map of Mount 
Kinabalu. The map has been completed 
recently and will be printed at 1:50,000 scale, 
with 200-m contour intervals, and shows over 
500 localities, many of which were derived 
from a database of place names in the Dusun 
language (Beaman et al. 1996). The map, a 
Landsat TM image, and an introduction to the 
map with gazetteer will be published together 
as a single product. An example of a GIS appli
cation is provided in Fig. 2, a drape of the satel
lite image over a digital elevation model pre
pared from topographic map data. This image 

shows the upper part of the northwest side of 
Mount Kinabalu, and has been used to localize 
Wusser Falls, an important collecting locality 
recorded by Joseph and Mary Strong Clemens 
(“Wusser” probably was how they understood 
wasai, the Dusun word for waterfalls).

GIS coverages from satellite imagery and 
topographic maps have been prepared for the 
topography, hydrography, vegetation, Park 
boundary, geographic locations, geology, and 
land use. Geodetic control of these coverages 
has been enhanced through linkage with a 
database of global positioning system (GPS) 
points provided by the Sabah Department of 
Lands and Surveys and many additional points 
obtained by Reed Beaman and myself. The 
geo-referenced locality records in the speci
men database can be mapped to associate 
diversity at various taxonomic and altitudinal 
levels with environmental parameters.

The greatest diversity in the Kinabalu flora, 
as shown in Fig. 3, occurs at around 1,500 m, 
where 661 genera and 1,925 species and infra
specific taxa are recorded. These data have 
been summarized from elevations recorded on 
specimen labels. Elevation data lower than 200 
m have not been recorded, because the base of 
the mountain is at about 200-300 m. The small 
number of genera and species recorded at 
lower elevations is partly artifactual. Much of 
the original vegetation already had been 
destroyed before collecting began in 1851. The 
ethnobotanical collections, most of which are 
from around the base of the mountain, lack 
elevation data, so do not contribute to know
ledge of the elevation of taxa. Grytnes & Vetaas 
(2002) have noted that different aspects of 
sampling seriously affect observed species rich
ness patterns at varying elevations. At the 
extremes of altitudinal sampling only the 
species that have actually been recorded are 
counted, but for intermediate elevations inter
polated species not observed at an actual level 
but included in a range are counted. A further
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Fig. 2. Drape of part of a Landsat image of Mount Kinabalu over a digital elevation model. The figure shows the upper ele
vations of the northwest side of the mountain, with a particularly prominent feature, Low’s Gully, at the head of the 
Penataran River. This image has been used to localize an important collecting locality, the “Wusser” River of Joseph and 
Mary Strong Clemens, which is circled on the image. The thin red lines in the background at the upper right are roads on 
the Pinosuk Plateau. This is a false-colour image in which the light colours at the summit of the mountain represent nearly 
bare granitic substrates and the reddish colours just below show subalpine scrub vegetation.

factor likely to influence the elevational hump 
in Fig. 3 is that the mid-elevations on Kinabalu 
(and many other tropical mountains) provide 
the most pleasant working conditions for 
botanists and therefore are most intensively 
collected. It is noteworthy that a graph by 
Hemp (2002, fig. 7) for species number and 
constancy of pteridophytes in relation to alti
tude on Mount Kilimanjaro in Africa corre
sponds remarkably closely with the elevational 
distribution of the Kinabalu flora. Hemp’s data 
were derived from plot sampling, whereas the 
Kinabalu data are based on herbarium records.

Phylogenetic analyses
My research role in the Kinabalu inventory has 
been primarily that of data gathering and enu
merating the flora. A number of collaborators, 
however, have concentrated on selected genera 
and applied cladistic analysis to their taxa. In a 
symposium held at the 16th International 
Botanical Congress in 1999, four of them dis
cussed evolutionary relationships of the species 
in four genera in unrelated families. Some of 
their conclusions were remarkably similar, 
especially that various high-elevation endemic 
species are probably of recent origin and are
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Elevation (m)
Fig. 3. Elevational distribution of genera and species in the flora of Mount Kinabalu.

most closely related to species of lower eleva
tions on Mount Kinabalu rather than to 
preadapted high-elevation species from distant 
regions.

Barkman (2001) considered the in situ and 
probably recent speciation of high-elevation 
orchids in the SE Asian genus Dendrochilum, 
noting that five independent high-elevation 
Dendrochilum lineages arose from lower eleva
tion Bornean ancestors. He was able to reject 
the hypothesis that they came from preadapted 
ancestors in the Philippines or Sumatra. He 
reported that reduced leaf surface area, 
increased leaf sclerophylly, and greater leaf 
thickness may have been key innovations allow
ing these plants to colonize successively higher 
habitats.

Conant and Stein (2001) discussed tree-fern 

diversity and relationships in the family 
Cyatheaceae on Kinabalu and on a broader 
geographical basis. Their morphological and 
molecular data suggest the possibility that one 
of the serpentine-endemic Kinabalu tree-fern 
species (Alsophila havilandiï) may share a com
mon ancestry with another species (A. oosora) 
whose distribution is nearly restricted to Kina
balu.

Cannon (2001) examined diversity in the 
stone-oak genus Lithocarpus in the Kinabalu 
area, where this group attains maximum diver
sity. An enclosed-receptacle (ER) fruit occurs 
in at least two sections of the genus, suggesting 
convergent evolution of this unusual feature. 
Evolution of the ER fruit appears to have been 
rapid, with little corresponding molecular 
change. The ER fruit type is particularly com- 
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mon at higher elevations. Cannon noted the 
possible importance of Kinabalu as a réfugiai 
area for long-lived tree species such as Lithocar
pus.

R.S. Beaman (2001) used cladistic and GIS 
techniques to analyze evolutionary and phyto
geographic relationships of Elatostema 
(Urticaceae), a genus with many localized 
endemics on Kinabalu. His results indicate that 
recent speciation has occurred primarily in 
taxa occurring in mid- and high-elevation habi
tats. Species of Elatostema in low-elevation habi
tats, both ultramafic and otherwise, are phylo- 
genetically basal (at least for the Kinabalu 
species). His approach of defining areas in 
cladistic biogeography using satellite-image 
analysis has not been carried out previously.

Ethnobotanical research
In July 1992, researchers and staff from Sabah 
Parks, Universiti Malaysia Sarawak and the 
WWF-UNESCO-Kew People and Plants Initia
tive created the Projek Etnobotani Kinabalu 
(PEK). The PEK has had four primary objec
tives: (1) ethnobotanical research, focused on 
building a team of local Dusun people, Park 
personnel, and visiting researchers who study 
patterns of Dusun classification, management, 
and use of plants; (2) conservation of pristine 
areas, by developing the ability of Park person
nel to assess the ecological, cultural and eco
nomic importance of locally-used botanical 
resources and by strengthening links between 
the Park research staff and Dusun communi
ties; (3) environmental education, by provid
ing research and training opportunities for stu
dents from Malaysia and other Asian countries 
and by enriching interpretive programs and 
exhibits for the more than 300,000 people who 
visit the Park every year; (4) community devel
opment, through improving the management 
of unprotected forests in buffer zones around 
Kinabalu Park and promoting the viability of 

Dusun ecological knowledge. In 1994 The 
John D. and Catherine T. MacArthur Founda
tion made a first grant to Sabah Parks for the 
PEA and in 1997 a second grant became effec
tive.

In the course of the PEK, Dusun villagers 
from nine communities around Kinabalu Park 
made over 9,000 collections. Comparative 
analysis of non-PAA collections and ethnob
otanical collections from the PEA indicate that 
the community-based collectors increased 
recorded palm taxa by 67%, and monocotyle
dons in general by 28% (Beaman & Beaman 
1998; Martin et al. 2001). A new database, 
“DusunPEKf being developed by Gary Martin, 
will allow elucidation of the general structure 
of Dusun botanical classification according to 
general principles of ethnobiological classifica
tion (Berlin 1992) and standard methods set 
out in the Ethnobotany Methods Manual (Martin 
1995). The total number of Dusun generic and 
specific botanical categories, and their affilia
tion with various Dusun life-forms (including 
kayu “tree”, wakau “vine”, saket “grasses and 
herbs”, and tuai “rattans”) will be ascertained 
by documenting the patterns of correspon
dence between the scientific name, plant fam
ily, Dusun name and Dusun life-form. These 
characterizations will be useful also for a pro
jected Dusun Ethnoflora.

Dusun classification of the landscape pro
vides key ecological categories used to describe 
the successional stage of the vegetation where 
plant resources are harvested. Their ecological 
classification includes seven essential cate
gories: timbaan (primary forest with large 
trees), puru or talun (primary forest); temulek 
(secondary forest or earlier successional stages 
that originate from fallowed cultivated fields) ; 
geuten (dense, relatively impenetrable sec
ondary vegetation best characterized as 
thicket); butur (grassy areas, in pasture or near 
a household); tume (cultivated fields, some
times with trees); natad or liman (home gar
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den). The DusunPEK database has a field that 
identifies the Dusun vegetation category for 
the majority of the 9,000 PEK collections. 
Agnes Lee Agama has recently completed a Ph. 
D. thesis at the University of Kent at Canter
bury in which comparative ethnographic work 
at the village of Kian was used to gain a detailed 
understanding of the Dusun system of vegeta
tion classification. Her research has focused on 
how knowledge of dominant or key plant 
resources varies according to an individual’s 
age, gender, geographical location, level of 
acculturation, and other characteristics.

In the ethnobotanical research, patterns of 
plant distribution around Mount Kinabalu in 
both geographical and vegetational terms are 
being determined by drawing upon the locality 
information for collections in the taxonomic 
database. This should provide baseline data for 
a future analysis of Dusun community access to 
key plant resources and of Dusun preference 
for various habitats where plant resources are 
typically harvested. These data also should 
allow a broader biogeographic analysis for the 
Kinabalu flora and ethnoflora, following the 
cladistic methodology employed by Barkman et 
al. (1998) to elucidate orchid distributions and 
the GIS technology used by Beaman & Beaman 
(1997) to understand distribution and diversity 
patterns of pteridophytes. The resulting data 
could be used to create, through the Kinabalu 
GIS, distribution maps for the Dusun 
Ethnoflora. Such maps would show in precise 
detail where specimens have been obtained by 
the PEKcollectors.

Conservation of the flora and threats 
to Kinabalu Park
Mount Kinabalu has long been regarded as a 
sacred mountain by the Dusun people of the 
surrounding foothills region. With settlements 
now established on all sides, the mountain has 

become a biological island, partly protected by 
the Park boundaries. The Kinabalu Hora as it is 
being enumerated extends well beyond the 
Park boundaries and that outside part is much 
more subject to destructive forces. The Park 
has five main focus areas: (1) Conserving the 
biological and physical resources; (2) spear
heading scientific research and enhancing 
educational values; (3) increasing recreational 
and tourist activities; (4) preserving cultural 
and historical values; and (5) instituting man
agement procedures to support other strategic 
thrusts.

Potential threats to the integrity of the Kina
balu flora and Kinabalu Park are the following: 
(1) Native rights: claims of several areas in the 
Park by adjacent villagers as “native customary 
rights,” e.g., burial grounds. (2) Agriculture: 
cultivation of rice and fruit trees. (Agricultural 
activities by villagers inside the Park may cause 
management concerns in the future.) (3) Cli
mate change: droughts resulting from El Nino 
events. (Forest fires during recent droughts 
destroyed nine locations in Kinabalu Park that 
covered an area of 2,500 hectares.) (4) Recre
ational use: visitor activities. These are concen
trated in three main locations in the Park, rep
resenting approximately 5 percent of the total 
Park area. (In 1998 Kinabalu Park had more 
than 300,000 visitors, most of whom con
tributed to the local economy. Erosion, noise, 
and litter problems are largely under control.) 
(5) Mining. A copper mine that operated for 
30 years has now been closed, but other areas 
on the mountain may contain valuable mineral 
resources for which there will be pressure for 
exploitation. (6) Logging. Illegal logging has 
happened in the past, partly because the log
gers claimed that they could not recognize the 
Park boundary. The entire boundary has now 
been conspicuously marked, but pressure may 
be exerted for boundary changes that would 
permit access to timber resources.
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Appendix 1. Geographical affinity of taxa in the families Magnoliaceae, Rosaceae, and Symplocaceae in the flora of Mount 
Kinabalu.

Taxon

H
abitat

1 & elevation 
range in m (w

hen 
know

n)

U
ltram

afic
2 or granitic 

substrate

Fast & South-east A
sia

W
est M

alesia

Borneo

Endem
ic or sub-endem

ic 
to K

inabalu

Central M
alesia

Fast M
alesia

A
ustr. & Pacific Islands

Com
m

ents

Magnoliaceae

Elmerrillia 
tsiampacca subsp. 
mollis

HF +3 + + +

Magnolia candollii 
var. candollii

LL, HF, LM 
500-2100

+ + + + +

M. candollii var. 
obovata

HF, LM, UM 
900-2700

+ + + +

M. candollii 
var. singapurensis

LL, HF, LM + + +

M. carsonii var. 
carsonii

HF, LM 
1200-1800

+ +

M. carsonii var. 
drymifolia

HF, LM, UM 
1400-2900

+ +

M. maingayi HF + +

M. persuaveolens 
subsp. persuaveolens

LM
1500

+ +

M. persuaveolens 
subsp. rigida 
var. pubescens

LM 
1200-2300

+ +

M. persuaveolens 
subsp. rigida 
var. rigida

LM, UM 
1500-3400

+ +

M. sarawakensis HF
800

+ +

M. uvariifolia HF, LM 
1200-1800

+ +

Manglietia 
dolichogyna

HF, LM 
500-1700

+ +

M. sabahensis HF, LM 
1100-2100

+ +

Michelia montana HF 
800-1200

+ + +
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Taxon

H
abitat

1 & elevation 
range in m (w

hen 
know

n)

U
ltram

afic
2 or granitic 

substrate

East & South-east A
sia

W
est M

alesia

Borneo

Endem
ic or sub-endem

ic 
to K

inabalu

Central M
alesia

East M
alesia

A
ustr. & Pacific Islands

Com
m

ents

Rosaceae

Eriobotrya aff. 
bengalensis

UM 
2000-2300

+ +

Photinia davidiana UM, SA 
2700-4000

+ + + +4 In Borneo 
only on Mt. 
Kinabalu

P. prunifolia LM 
1400-1700

+ + +4 In Borneo 
only on Mt. 
Kinabalu

Potentilla 
borneensis

UM, SA 
3400-4100

+ + +4 OnlyN 
Sumatra & 
Mt. Kinabalu

P parvula UM, SA 
3200-3800

+ +4 + + Also in the 
Philippines, 
Sulawesi, & 
New Guinea

P polyphylla var. 
kinabaluensis

UM, SA 
3000-4000

+ +

P arborea var. 
alticola

UM 
2400-2700

+ + +

Prunus arborea var. 
arborea

HF, LM 
1100-1600

+ + + +

P. arborea var. 
densa

HF, LM, UM 
900-2400

+ + + +

P. arborea var. 
stipulacea

HF, LM 
600-1700

+ +

P. glabrifolia UM 
?2300-2800

+ + +

P. grisea var. 
tomentosa

HF, LM, UM 
1400-2400

+ + + + +

P. javanica LL, HF, LM 
600-1600

+ + + + +

P. kinabaluensis HF, LM 
600-2100

+4 + Also in Luzon, 
but variant

P. lamponga LM + +
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Taxon

H
abitat

1 & elevation 
range in m (w

hen 
know

n)

U
ltram

afic
2 or granitic 

substrate

East & South-east A
sia

W
est M

alesia

Borneo

Endem
ic or sub-endem

ic 
to K

inabalu

Central M
alesia

East M
alesia

A
ustr. & Pacific Islands

Com
m

ents

P. laxinervis HF, LM 
1100-1800

+ +

P. mirabilis LM, UM 
2000-3400

+ +

P. oocarpa HF, LM, UM 
1200-3400

+ +

P spicata HF, LM 
1200-1500

+ + +

Rhaphiolepis 
philippinensis

LM
1500-1800

+ +4 + Also in the 
Philippines

Rubus alpestris LM, UM 
1600-2900

+ + + + +

R benguetensis LM, UM 
1200-2900

+ + +

R elongatus LM
1400

+ + +

R fraxinifolius HF, LM, UM 
900-3000

+ + + + + +

R. lineatus LM, UM 
2100-3700

+ + + +

R lowii UM, SA 
2400-4000

+ +

R moluccanus var. 
discolor

LL, HF, LM, 
UM; 
500-2900

+ + + + + +

R. moluccanus var. 
moluccanus

LL, HF, LM 
?-1800

+ + + + + +

R. moluccanus var. 
obtusangulus

LL, HF, LM, 
UM; ?-1800

+ + + + + +

R rosifolius LL, HF, LM 
400-1800

+ + + + + +

Symplocaceae

Symplocos 
adenophylla var. 
adenophylla

HF, LM 
900-2600

+ + + + +
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Taxon

H
abitat

1 & elevation 
range in m (w

hen 
know

n)

U
ltram

afic
2 or granitic 

substrate

East & South-east A
sia

W
est M

alesia

Borneo

Endem
ic or sub-endem

ic 
to K

inabalu

Central M
alesia

East M
alesia

A
ustr. & Pacific Islands

Com
m

ents

S. anomala HF, LM
800-2100

+ + + +

S. brachybotrys LM, UM 
1500-2600

+ +

S. buxifolia UM, SA 
2300-4000

+ +

S. celastrifolia HF + + + +

S. cerasifoliaxAv. 
cerasifolia

HF + + + + + An unusual 
disjunction

S. cochinchinensis 
subsp. 
cochinchinensis

HF, LM 
1200-1700

+ + + + + +

S. colombonensis UM 
2100-2900

+ +

S. crassipes var. 
ernae

HF, LM 
800-1500

+ +

S deflexa UM 
2300-3400

+ +

S. fasciculata LL, HF 
500-1100

+ + + + +

S. henschelii subsp. 
henschelii 
var. henschelii

HF, LM, UM 
1200-1600

+ + + +

S. johniana LM, UM 
1200-2400

+ + +4 Also on 
Kongkemul, 
East 
Kalimantan

S. laeteviridis var. 
alternifolia

HF, LM 
1100-1500

+ +

S. laeteviridis var. 
kinabaluensis

HF, LM 
1400-2700

+ +

S. laeteviridis var. 
laeteviridis

HF, LM, UM 
900-2400

+ + + +

S. laeteviridis var. 
mjoebergii

HF, LM 
1200-1700

+ +4 Also on Mt. 
Murud, 
Sarawak
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Taxon

H
abitat

1 & elevation 
range in m (w

hen 
know

n)

U
ltram

afic
2 3 or granitic 

substrate

East & South-east A
sia

W
est M

alesia

Borneo

Endem
ic or sub-endem

ic 
to K

inabalu

Central M
alesia

East M
alesia

A
ustr. & Pacific Islands

Com
m

ents

S. laeteviridis var. 
pauciflora

UM; 2600 + + +4 Also on Mt. 
Murud, 
Sarawak

S. laeteviridis var. 
velutinosa

HF, LM 
900-1500

+ + +4 Also in the 
Kapit area, 
Sarawak

S. odoratissimavax. 
odoratissima

LM; 1500 + + + +

S. ophirensis subsp. 
cumingiana

HF, LM, UM 
1200-2700

+ + +

S. pendula var. 
hirtistylis

LM, UM 
1300-3400

+ + + + + +

S. trichomarginalis LM, UM 
1200-2400

+ +

S. tricoccata HF, LM 
900-2100

+

S. zizyphoides UM 
2700-3700

+ +

1 LL = lowlands, HF = hill forest, LM = lower montane forest, UM = upper montane forest, SA = summit area. Elevation 
ranges pertain only to the occurrence of these species on Mount Kinabalu.
2 Some species occur on ultramafic and/or granitic substrates as well as other substrates. Thus, it should not be assumed 
that a species is restricted to a particular substrate. Above 3,000 m the substrate is mostly granitic, whereas below that ele
vation it is more generally ultramafic or sedimentary. The characterization of substrate pertains only to Mount Kinabalu, 
rather than to other areas in the range of a species.
3 The + sign indicates that a particular species is common to Kinabalu and the region for which the sign is entered, or, in 
the case of substrates, that the species occurs on ultramafic or granitic substrates.
4 Subendemic to Mount Kinabalu, or with otherwise interesting distribution noted in the Comments column.
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Composition and species richness of forest 
plants along the Albertine Rift, Africa

Axel Dalberg Poulsen, David Hafashimana, Gerald Eilu, Innocent 
B. Liengola, Corneille E. N. Ewango and Terese B. Hart.

Poulsen, A.D., Hafashimana, D., Eilu, G., Liengola, LB., Ewango, C.E.N. & Hart, T.B. 2005. 
Composition and species richness of forest plants along the Albertine Rift, Africa. Biol. Skr 55: 
129-143. ISSN 0366-3612. ISBN 87-7304-304-4.

The Albertine Rift is composed of a system of mountains from Lake Albert to Lake Tanganyika 
and harbours a high proportion of endemic species. In this area, 16 1-ha plots of 20 m x 500 m 
were placed in semi-evergreen forests between 770 m to 1520 m; 12 in Uganda and four in 
Congo. In the Ugandan plots, soil samples were taken for analyses and ground herbs (divided 
into pteridophytes and angiosperms), trees, climbers and epiphytes were inventoried. From the 
Congolean plots only data for ground herbs and trees are included. Species richness of ground 
herbs and trees were correlated with altitude but do not conform to simple models on Pleis
tocene refugia and might also be explained by environmental factors of the present. Species com
position matrices calculated on the bases of presence-absence for each of the five plant groups 
were highly and significantly correlated and thus any of them can be used as a rough indicator of 
more general floristic patterns, which provides a tool for rapid assessment of species composition 
in other Albertine forests in the future. The floristic pattern of most plant groups were correlated 
with patterns in altitude, pH and cation concentrations (which were intercorrelated). Species 
composition has two components related to altitude: an Albertine submontane and a Congolean 
lowland.
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Introduction

The Albertine Rift consists of a long belt of 
mountains on either side of the Western Great 
Rift Valley extending from Lake Albert (on the 
border between Congo and Uganda) through 
parts of Burundi and Rwanda to the southern 
tip of Lake Tanganyika. The mountain chains 
of eastern Congo (including Mts. Bleu and 
Butumbas, the Kivu ridge) form the western 
flank of the Great Rift Valley and separate the 
Nile and Zaire basins. The Albertine Rift is 
noted as a hotspot in species richness and 
endemism for birds (Prigogine 1988; Bibby et 
al. 1992) and other animals; the most known of 
the latter being the mountain gorilla {Gorilla 
gorilla beringet). In a numerical analysis of 
species distribution of 794 plant species, Lin
der (1998) identified the western rift moun
tains as one of the four most important areas of 
high plant species richness in the African con
tinent. For the Albertine Rift, about 5,800 
plant species were compiled from lists and flo
ras (Plumptre et al. 2003) which equals 15% of 
the plant species in mainland Africa. The 
Albertine Rift area has a complex geography 
including montane and submontane forests 
and several phytochoria (plant geographical 
regions according to White 1983) meet in this 
region. The Albertine plant species constitute 
23% of of the species in the Guineo-Congolian, 
Afromontane and Zambesian phytochoria. A 
total of 567 species endemic to the Albertine 
Rift have been identified to date (Plumptre et 
al. 2003), some of which were discovered in the 
sites inventoried for the present study (Poulsen 
& Lock 1997; Poulsen & Nordal 1999; Poulsen 
et al. 1999; Verdcourt 1998). Due to pressure 
from high human population densities in their 
proximity, several forests in the Albertine Rift 
are listed as containing many highly endan
gered species (Plumptre et al. 2003).

In Central Africa, two main centres of 
species richness and endemism have been 

identified. Present day patterns in species dis
tribution have been interpreted to reflect the 
climatic history and effect of the most recent 
ice age and in Africa led to proposals of forest 
refugia: one in Cameroon and Gabon and a 
second near Ruwenzori-Kivu (Kingdon 1971) 
called the Central Refuge, which is adjacent to 
the Albertine Rift. This has been generally sup
ported using present-day distribution patterns 
of plants {e.g., Robbrecht 1996), primates 
(Colyn et al. 1991) or birds (Diamond & Hamil
ton 1980). In Uganda, Hamilton (1974) specu
lated that forest has persisted in the very south
west and near the Ruwenzori and expanded 
from there to colonize the forested areas of 
today. However, more recent investigations on 
palaeoecological evidence (Jolly et al. 1997) 
rejects that a forest refuge extended to the east
ern flanks of the Albertine Rift, that is in 
Uganda, but do not rule out the possibility that 
a major refuge could have existed in E Congo. 
This would have acted as a source for the 
replacement of grassland and scrub in Uganda 
with medium altitude forest. However, Jolly et 
al. (1997) dispute that intact vegetation belts 
simply shifted along altitudinal gradients; the 
pollen data suggests a more complex response 
possibly strongly influenced by local differ
ences in edaphic conditions and distance to 
potential dispersers, and that species which 
presently occur separated along altitudinal gra
dients could have been mixed in the past. 
Moore (1998) suggested that forests survived 
in patches rather than as a major block.

In this paper we first investigate if floristic 
patterns and species richness can be explained 
by factors of the present-day environment 
alone and we speculate if Pleistocene refugia 
may also have played a possible role. We test 
some simple hypothesis of species richness 
decreasing with distance from postulated 
refugium but simple and realistic models are 
not easily made. The main aim of this paper is 
subsequently to test if patterns of species com-
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Table 1. Estimated altitude, estimated annual rainfall, and forest type (after Howard 1991 and Makana et al. 1998) for the 
16 plots in Uganda and Congo near the Albertine Rift.

Country Uganda Congo (Ituri)

Forest site Bwindi Kasyoha Kibale Budongo Edoro Lenda

Plot code BW1 BW2 BW3 KK1 KK2 KK3 KI 1 KI2 KI3 BUI BU2 BU3 EDI ED2 LEI LE2

Rainfall (mm) 1750 1750 1875 1375 1375 1375 1500 1500 1375 1470 1470 1270 1672 1672 1672 1672

Altitude (m) 1347 1315 15 18 1325 1309 1399 1445 1379 1241 1043 1030 1011 800 800 770 770

Forest type Mixed Parinari Mixed Parinari Mixed Parinari or 
Cynometra- 
dominant

Mixed Khaya or 
Cynometra- 
dominant

Mixed Gilbertioden- 
dron 

dominant 
(Mbau)

position of different plant groups inventoried 
in forest plots at different sites in the Albertine 
Rift area reveal the same floristic pattern.

Study sites and methods
The fieldwork was conducted 1994-99 in semi
evergreen, low to mid altitude forest with 
annual rainfall less than 2000 mm (Tab. 1) and 
two annual dry seasons: most distinct in Janu
ary-February; less so in July-August. Human 
disturbance has a long history in this region 
(Howard 1991; Jolly et al. 1997). A total of 16 1- 
ha plots of 20 X 500 m were established; 12 
plots at four sites (Bwindi, Kasyoha, Kibale and 
Budongo) in Uganda and four plots at Edoro 
and Lenda) in the Ituri Forest, Democratic 
Republic of Congo (Fig. 1). The Ugandan 
plots were established in relatively intact forest, 
avoiding extensive gaps and recent distur
bance, and deliberately orientated so that they 
crossed the steepest gradient from valley bot
tom to ridge top. Detailed maps of the posi
tions of most of the Ugandan plots can be seen 
in Poulsen (1997). In Congo, the plots were 
placed in the centres of existing permanent 
plots of 200 X 500 m established by Hart et al. 
(Makana et al. 1998) with the objective to study 
the difference between mixed (at Edoro) and 
monodominant (at Lenda) forest types. The 

most distant plots of the 16 plots were 386 km 
apart, whereas the closest were 1 km apart (dis
tances measured between centres of plots). 
Forest dominance by Cynometra alexandri 
C.H.Wright was included in one site at Kibale 
and one site at Budongo; monodominance by

Fig- 1- The position of the study sites along the Albertine 
Rift, which extends south from Lake Albert via the string of 
lakes to Lake Tanganyika. Existing or presumed once 
forested areas (after Howard 1991) are shown in green 
shade. The Ruwenzori Mts. are in the centre of the map.
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Gilbertiodendron dewevrei (De Wild.) /.Leonard - 
the mbau forest - was pronounced in the two 
Lenda plots.

Rainfall was estimated comparing the site 
location to the nearest isohytes in precipitation 
maps from the Biomass Divison of the Uganda 
Forest Department, Uganda. A Thommen 
Altimeter calibrated at the nearest location of 
known altitude was used to read that of the 
plot. Slope was determined using the Suunto 
Clinometer. Latitude and longitude were 
inferred from maps.

In the Ugandan plots, a soil sample was col
lected in every 10 m sub-unit along each tran
sect and five sequential samples were pooled 
resulting in ten samples for each transect. The 
five samples were collected from 15 cm deep 
pits and the sampling was done diagonally 
starting at alternate corners of each 20 m x 50 
m sub plots in order to control for local varia
tions within the transects. Air-dried samples 
were thoroughly mixed and passed through a 
2-mm sieve and composite samples of 500 g 
taken for analyses in the soil science labora
tory, Faculty of Agriculture, Makerere Univer
sity, Kampala based on Okalebo et al. (1993). 
Soil pH was measured in water (2:2.5 H2O) 
using a pH meter. Exchangeable Ca, Mg, Na 
and K were extracted in an excess of 1 M 
ammonium acetate and concentrations of Na 
and K determined by a flame photometer, and 
Ca and Mg by atomic absorption spectropho
tometry. Total N was determined by the Kjel
dahl method in which the soil was digested in 
concentrated H2SO4 and mixed catalyst. The 
digest was then distilled and titrated against 
standard hydrochloric acid (HC1). To deter
mine total P, the soil was digested using a diges
tion mixture (cone. H2SO4, H2O2, LiSO4 and 
Selinium catalyst). From the digest, total P was 
determined using a colorimeter. Available 
phosphorus (P) was determined according to 
Bray and Kurtz (1945). Soil particle size (physi
cal properties) was determined by the Bouy- 

oucos method (1962) using a hydrometer. Per
centage loss on ignition (LOI) was determined 
by slowly igniting 10 g of oven dried soil sam
ples in a muffle furnace at 550°C for 3 hours.

All individuals of ground herbs were in all 16 
transects inventoried only in a 5 m x 500 m 
band (inside the 20 m x 500 m plots used for 
the other plant groups). Ground herbs are 
defined as plants with no secondary lignifica
tion and the leaf-bearing shoots rooted at 
ground level (as discussed in Poulsen & Balslev 
1991; Poulsen 1996a, b). Ground herbs were 
divided into terrestrial pteridophytes and 
angiosperms, which were analysed separately.

In the Ugandan transects, trees, climbers 
and epiphytes were all inventoried in the com
plete 20 m wide band, but from the database of 
the big plots in Congo we extracted data for 
trees in 20 m x 500 m areas that overlapped 
with the 5 m x 500 m ground herb inventories. 
All trees larger than 10 cm diameter at breast 
height (DBH), all climbers (woody and herba
ceous) larger than 1 cm diameter measured 1.3 
m from the base, and all epiphytes on the trees 
>10 cm DBH in the plots were enumerated 
and vouchered. The canopy was accessed using 
rope techniques. Vouchers for the Ugandan 
plots are deposited at the university herbaria of 
Makerere (MHU) and Copenhagen (C) 
except for the tree vouchers from Congo, 
which are at the herbaria in Brussels (BR) and 
Missouri (MO). Tree vouchers from Congo 
plots were not matches with those from 
Uganda and the combined list relied on the 
two teams reaching consistent identification. 
Only about 10 taxa were not identified to 
species level. Most of the ground herb and tree 
species are included in Poulsen (1997) and 
Hart et al. (in press). A list of the species of 
climbers is found in Eilu (1999).

Numerical analyses were based on similarity 
and distance matrices. The Jaccard index (the 
proportion of shared species of the total num
ber of species found at two sites) was used as a 
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measure of floristic similarity between plots. 
Similarity matrices were computed separately 
for trees, terrestrial pteridophytes, angiosperm 
ground herbs, climbers and epiphytes (the lat
ter two only for the 12 Ugandan plots). A 
matrix of log-transformed geographic dis
tances was computed as this better reflects the 
rapid decline of similarity at short distances 
between plots than a linear relationship (Con
dit et al. 2002). Nutrient concentrations were 
log-transformed because a given difference in 
concentration is likely to be ecologically more 
important at low values than at high. All envi
ronmental characteristics were standardised 
before distance matrices were computed. For 
each of the environmental or soil factors (or a 
combination of these) Euclidian distance was 
used when matrices were computed.

To relate the species richness numbers of 
plots to distance from postulated refugia in SW 
Uganda, the distances were rooted in our 
southernmost plot at Bwindi positioned in the 
postulated refugia, and the other distances cal
culated from that zero point. Linear correla
tions and regression were made in the statisti
cal package JMP.

Ordinations of transects were done using 
Principal Coordinate Analyses (PCoA, 
Legendre & Legendre 1998) on the similarity 
matrices converted to distances by D = 1-S 
(where D is the distance and S the similarity 
value). Correlations between pairs of similarity 
matrices were computed using the Mantel test 
(Mantel 1967). The standardized form of the 
Mantel test was used, which computes the Pear
son correlation coefficient r between the cell 
values of two resemblance matrices. The statis
tical significance of each correlation was deter
mined by a Monte Carlo permutation test to 
avoid problems related to autocorrelation and 
non-normal distributions of the measured vari
ables. In all cases, 999 permutations were used, 
which allows testing of the statistical signifi
cance at the pcO.OOl level for each individual 

correlation. Where both can be calculated on 
the same data, the Mantel test gives lower val
ues of r than the corresponding linear Pear
son’s correlations in univariate cases, but the 
two methods generally agree on whether the 
correlation is statistically significant (Legendre 
2000). Partial Mantel tests were performed 
with a third matrix of log-transformed geo
graphical distances to assess the effect of spa
tial distribution of the plots (Smouse et al. 
1986). Matrix calculation, PCoA and Mantel 
tests were conducted using the R-package 
(http://www.fas.umontreal.ca/BIOL/Legen- 
dre/indexEnglish.html).

Results

All 16 plots
The inventories of all 16 of the 0.25-ha plots 
included 204 species of ground herbs (35-74 
per plot) with 110,851 individuals (5,178-9,696 
per plot). Of these, the terrestrial pterido
phytes comprised 63 (31%) species (6-27 per 
plot) and 40,363 individuals (233-7180 per 
plot) and the angiosperm ground herbs 141 
(69%) species (22-60 per plot) and 70,488 indi
viduals (868-7974 per plot). The 16 1-ha tran
sect plots contained 326 species of trees in total 
(ranging 29-81 per plot) and 7372 individuals 
(328-557). The highest numbers of trees were 
found in the mixed forest plots at Edoro.

In the 16 plots, species richness of trees and 
ground herbs were negatively correlated with 
altitude (r= -0.58, P< 0.05); r= -0.81, P< 0.001) 
whereas the species richness of terrestrial pteri
dophytes were positively correlated with alti
tude (r = 0.71, P<0.01).

The ordination of all 16 plots produced by 
the PCoA analysis, based on matrices involving 
Jaccard similarities between plots, showed that 
a similar pattern appeared whether using ter
restrial pteridohytes, angiosperm ground 
herbs or trees (Fig. 2). The ordinations all had 
the typical arch-shape with the Congo plots in 
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the left ‘leg’ of the arch, followed in sequence 
from north to south by the plots of, Budongo, 
Kibale, Kasyoha, and Bwindi, the latter two 
forming the right ‘leg’. Even if the Congo plots 
appear in the diagram to have equal distance 
to the Bwindi-Kasyoha and the Budongo plots, 
the average percentage of shared species was 
twice as high (12.5%) with the latter, and thus, 
Budongo is floristically more similar to Ituri 
forest. The first axis of tree ordination was cor
related with altitude (r= 0.96, P< 0.001) but 
not with rainfall.

The Mantel test produced high correlation 
between the floristic similarity matrices of the 
three plant groups (r= 0.84-0.90, P< 0.001). If 
a partial Mantel test is conducted controlling 
for the effect of geographical distances 
between the plots, the r-values decrease (0.50- 
0.70, P< 0.001).

The 12 Ugandan Plots
Soils in the Ugandan plots ranged in pH 
between 3.58 and 6.19 (Tab. 2), the southern 
samples being the most acidic. LOI ranged 

from 4.15 to 11.78%, phosphorous contents 
from 0.09 to 0.16%, and available P from 4-30 
mg/kg. The concentration of exchangeable 
bases (sum of Ca, K, Mg, Na) varied from 1.44 
meq/100g to 26.13 meq/100g, and was mainly 
determined by calcium, which accounted for 
44 to 72% (mean 59%) of the total base con
tent. The sand fraction dominated across tex
ture classes, ranging from 40 to 60% of soil 
weight in all transects, and averaged about 
50% (Tab. 2). Many soil properties were inter
correlated: Pearson correlation coefficients 
among soil properties showed that pH was 
strongly positively correlated with the concen
tration of cations (r= 0.91) and negatively cor
related with altitude (-0.61), LOI (-0.60), N 
(-0.47), rainfall (-0.35), and silt (-0.34).

The Ugandan plots combined contained 162 
ground herb species (89,662 individuals) of 
which 31% were species of terrestrial pterido
phytes (43% of the individuals). There were 
211 species of trees (ranging 29-66 per plot) 
and 5747 individuals (344-557), 181 species of 
climbers (35-62 per plot) and 5484 individuals

Table 2. Averages of pH, Loss-on-Ignition, nitrogen, phosphorous, available phosphorous, cation concentrations, and tex
ture measured in soils from twelve plots in Uganda (averages of 10 samples per plot).

BW1
Bwindi 

BW2 BW3
Kasyoha

KI1
Kibale

KI2 KI3
Budongo

KK1 KK2 KK3 BUI BU2 BUS

PH 3.80 4.63 3.67 3.58 3.60 3.79 5.70 5.83 6.19 5.87 6.06 6.11
LOI 7.48 4.88 9.55 10.16 11.78 10.90 5.40 7.18 10.14 4.15 6.61 5.89
N (%) 0.33 0.26 0.39 0.46 0.44 0.49 0.31 0.36 0.48 0.16 0.32 0.27
1’ (%) 0.10 0.09 0.12 0.09 0.10 0.11 0.16 0.11 0.14 0.09 0.09 0.10
avail. P (mg/kg) 6.49 5.09 21.13 18.13 15.47 9.24 13.55 4.05 30.01 11.90 6.82 8.05
Ca (me/100g) 0.65 2.09 0.73 0.64 0.87 1.37 8.26 11.65 18.69 6.98 10.27 10.48
K (me/100g) 0.24 0.27 0.25 0.37 0.33 0.31 0.39 0.58 0.52 0.37 0.44 0.30
Mg (me/100g) 0.39 1.08 0.38 0.28 0.52 0.64 3.74 4.59 6.66 3.07 4.06 4.33
Na (me/100g) 0.15 0.15 0.12 0.17 0.15 0.18 0.15 0.17 0.26 0.21 0.21 0.20
clay (%) 18.20 32.10 18.10 16.80 18.20 2 1.50 28.00 25.10 19.10 24.40 28.40 21.60
silt (%) 2 1.80 25.50 27.80 28.70 27.20 30.70 31.30 26.50 20.80 26.70 22.00 28.80
sand (%) 57.00 43.40 54.50 54.50 54.60 44.80 40.50 49.60 59.60 48.90 50.00 49.60
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Fig- 2. Ordination diagrams (principal coordinates analysis) of 16 transects in forests in the Albertine Rift area, Africa. The 
Uganda sites included Bwindi (plot BW1-3), Kasyoha (plot KK1-3), Kibale (plot KU-3), and Budongo (plot BUI-3). The 
sites in Ituri forest, Congo included Edoro (EDI-2) and Lenda (LEI-2). Similarity matrices are based on species composi
tion of terrestrial pteridophytes, angiosperm ground herbs or trees. Similarities were calculated with the Jaccard index 
(species presence-absence data).

(155-896 per plot), and 254 species of epi
phytes (46-101) and 189,027 individuals (503- 
88,931 per plot). These results do not exclude 

the possibility of a species appearing in more 
than one life form category (especially 
between ground herbs and epiphytes) and
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Table 3. Correlations obtained from Mantel Tests between similarity matrices calculated separately for five different plant 
groups in the 12 Ugandan plots. Significance levels are based on 999 permutations (*** P <0.001, ** P<0.01). The corre
lations between floristic similarity and environmental factors were repeated in a partial Mantel Test using the log-trans
formed geographical distance matrix to control the effect of the spatial distribution of the plots.

Trees 
Climbers 

Terrestrial pteridophytes 
Angiosperm ground herbs

Climbers Terrestrial 
pteridophytes

Angiosperm ground 
herbs

Epiphytes

0.86 *** q gy *** 
q 7g ***

0.69 ***
0.75 ***
0.82 ***

0.83 ***
0.83 ***
0.86***
0 70 ***

PARTIAL LOG GEODIST
Trees 0.62 *** 0.65 *** 0.38 ** 0.57 **

Climbers
Terrestrial pteridophytes 

Angiosperm ground herbs

0.42 ** 0.49 **
0.65 ***

0.56 ***
0.63 ***
0.38 **
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Fig. 3. Ordination diagrams (principal coordinates analysis) of 12 transects in Ugandan forests including Bwindi (plot 
BW1-3), Kasyoha (plot KK1-3), Kibale (plot KU-3), and Budongo (plot BUI-3). Similarity matrices based on species com
position of five plant groups: terrestrial pteridophytes, angiosperm ground herbs, trees, climbers, and epiphytes. Similari
ties were calculated with the Jaccard index (species presence-absence data).
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Table 4. Correlations (measured with the Mantel test) between floristic similarity matrices produced separately for five dif
ferent plant groups and matrices on the basis of geographical distance between plots and several individual or combined 
environmental factors (using Euclidean distance). The correlations between floristic similarity and environmental factors 
were repeated in a partial Mantel Test using the log-transformed distance matrix to exclude the effect of the spatial posi
tion of the plots. Significance levels are based on 999 permutations (*** p<0.001, ** p<0.01, * p<0.05). The proportion of 
statistically significant correlations expected at random at the p<0.05 level is one out of 20 tests, clearly lower than found 
here. Since the null hypothesis of the Mantel Test is one-tailed, negative correlations are replaced by dashes in the table.

Terrestrial 
pteridophytes

Angiosperm 
ground herbs

Trees Climbers Epiphytes

Geographical distance Q 79 *** 0.74 *** 0.76 *** 0.75 *** 0.75 ***
Log geographical distance 0.80 *** 0.66 *** g 7p *** g yp *** Q 78 ***

ENVIRONMENTAL FACTORS: 
Altitude 0.59 ** 0.65 *** 0.66 *** 0 62 *** 0.49 **

Annual Rainfall 0.09 * 0.22 0.10 0.32 * 0.20
PH 0 72 *** 0.57 *** 0.65 ** 0.52 *** 0.66*

LOI 0.14 0.08 0.09 0.092 0.15
N 0.14 0.05 0.13 0.17 0.25
P 0.05 - 0.25 - -

avail. P - - 0.002 0.00 0.05
Cations 0.61 *** 0.37 ** 0.69 *** 0.56 *** 0.67 ***
Texture 0.04 - - - -

Partial test excluding effect of log 
geographical distance: 

Altitude 0.27 * 0.45 « 0.42 ** 0.34* 0.11
Annual Rainfall - - - 0.01 -

PH 0.59 ** 0.34 ** 0.44 ** 0.20 0.46 **
LOI 0.02 - - - 0.04

N — - — - 0.11
P — - 0.28 - -

avail. P - - 0.11 0.11 0.18
Cations 0.40 ** 0.06 0.54 *** 0.31 * 0.50 ***
Texture 0.20 - 0.12 - -

adding these numbers would be a slight overes
timate of the combined species richness.

Regressions between species richness of the 
five plant groups in Uganda and 11 of the envi
ronmental factors were significant (P<0.05) in 
more than one out of 20 cases. As in the 16 
plots, angiosperm ground herbs were nega
tively and terrestrial pteridophytes positively 
correlated with altitude. Epiphyte richness 
showed a correlation with annual rainfall (r = 
0.78) and cation concentration (r= -0.70). The 
species richness of climbers were positively cor
related with clay-content r- 0.67). Regressions 

between species numbers and distances to the 
SW corner of Uganda (on the assumption that 
this area acted as a refugium and there would 
be a negative relationship between species 
richness and distance) was significantly nega
tively correlated for terrestrial pteridophytes (r 
= -0.75, P<0.01), epiphytes (-0.67, P<0.05) but 
also with annual rainfall (r=-0.61, P<0.05), but 
positively correlated with angiosperm ground 
herbs (r= 0.61, P<0.05).

The ordination including only the 12 Ugan
dan plots (which shortens the altitudinal gradi
ent by removing the plots of the lowest alti- 
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tude) but include five different life form 
groups (Fig. 3) gave a similar pattern to that 
including all 16; the plots from Bwindi and 
Kasyoha in the south tended to mix, while the 
transects from Kibale and Budongo formed 
two separate clusters. The Budongo plots 
shared consistently more species with the geo
graphically closer Kibale plots than with the 
plots further to the south. The first axis of tree 
ordination was again correlated with altitude (r 
- 0.84, P< 0.001) and not surprisingly also with 
pH (r= -0.81, P< 0.01) and cation concentra
tion (r= -0.63, P< 0.05).

The Mantel tests of pair-wise correlations 
between the five plant groups were strong and 
significant (Tab. 3) even when controlling for 
the effect of geographical distance. The high
est correlations were between trees and terres
trial pteridophytes (0.65, P < 0.001) and the 
lowest between ground herbs and trees or epi
phytes (0.38, P< 0.01). The species composi
tion matrices of all plant groups were all highly 
correlated with the matrix of geographical dis
tances between the plots (Tab. 4) as well as to 
some of the environmental factors, especially 
altitude, pH, and cation concentration. The 
partial Mantel test conducted to exclude the 
geographical effect reduced the correlations 
and their probabilities but all three factors still 
remained correlated and significant at least for 
four of the total five plant groups.

Discussion
Species richness
Our species richness results compared to other 
inventories underline the known fact that 
Africa’s forest ecosystems are relatively poor in 
plant species compared to other continents 
(Richards 1973; e.g., for pteridophytes see Kor
nas 1993); the pooled number of tree species 
in all 16 1-ha transects up to 400 km apart 
(326) is only slightly higher than what was 

found in a square plot of one hectare in low
land Ecuador (Valencia et al. 1994) but the 
richness maximum in our plots of 81 species in 
Congo is comparable to previous results in 
Africa (Whitmore 1975). Species richness of 
climbers in 20 m x 50 m was about twice as 
high in some lowland African and Neotropical 
forests (Gentry 1991) and more liana species 
were found in one hectare on Barro Colorado 
Island, Panama, Putz (1984) than in our study 
(65 vs. our average of 51 including all 
climbers). Species numbers of terrestrial pteri
dophytes in an Amazonian lowland rainforest 
using exactly the same methodology 
(Tuomisto et al. 2002) were about twice as high 
(mean = 35, 12-46) as the present study (mean 
= 16, 6-26) even when the density was about 
half in the Neotropical study (mean = 1251, 
360-2521 vs. mean = 2533, 233-7180).

As our study sites are situated in climatic 
conditions at the margin of what is necessary 
for the persistence of rain forests, it is not sur
prising that our species richness results are rel
atively low, but within the sites species richness 
was generally not correlated with the annual 
rainfall, the only exception being epiphytes. 
This may be due to the possibility that the 
available information on rainfall and seasonal 
variation were inaccurate, or that a longer 
rainfall gradient than in the present dataset is 
necessary to revel such relationships. Lwanga 
et al. (1998), including three of our sites in 
their analyses of 12, found that species rich
ness of terrestrial pteridophytes in Uganda was 
correlated with rainfall. They also included 
sites in drier areas of Uganda and thus sam
pled a longer rainfall gradient and placed 
emphasis on the mean number of rainy days 
in the wettest part of the forest, which they 
propose is a more sensitive indicator of aver
age soil moisture content than total rainfall 
(that we used). Lwanga et al. (1998) also 
found a positive correlation with soil C/N 
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ratios; our results do not support that species 
richness of pteridophytes were correlated with 
any soil variable.

Species richness and the possible existence of 
Pleistocene refugia
Lwanga et al. (1998) found a weak tendency for 
relative species richness of ferns to decline with 
increasing distance from nearest (by Hamilton 
1974) postulated Pleistocene refugium, more 
specifically, the south-western corner of 
Uganda (which includes the Bwindi N.P.). This 
model is an oversimplification, as Hamilton 
(1974, illustrated with a map in 1982) also 
speculated that trees migrated E-W from Sem- 
liki (Fig. 1, centre, just N of Ruwenzori Mts.) 
and continuous forest may have persisted also 
at the base of Ruwenzori. In any case, our 
regression between the plot distances based on 
the assumption of the simplified model had 
rather contrasting relationships in which ter
restrial pteridophytes and epiphytes conform 
by having a negative correlation; angiosperm 
ground herbs showed the complete opposite 
pattern. It is in the first place perhaps not 
appropriate to use terrestrial pteridophytes as 
indicators of forest refugia since their spores 
are very well dispersed (Smith 1972; Conant 
1978). The negative correlations by richness of 
epiphytes or terrestrial pteridophytes with dis
tance from postulated refugium could equally 
well be explained by rainfall. On the other 
hand, it is not surprising if present-day rainfall 
distribution would be correlated to those of 
proposed forest refugia since present-day 
topograhic patterns, which are to a large 
extent determining rainfall patterns, probably 
also contributed to those of the past (Hamilton 
1992). The decreasing fern richness in plots 
further north it is also associated with decreas
ing elevation, which also conforms with the 
general pattern that pteridophyte species rich
ness in lower in the lowlands than at higher 
altitude (Moran 1995).

Based on more recent evidence (Jolly et al. 
1997) it is highly unlikely that the Bwindi area 
acted as the source of species to colonize the 
lower altitudes in Uganda (including Budon- 
go) but species could have dispersed from the 
western flank of the Albertine Rift to Bwindi 
and then followed the proposed route. The 
species richness decline of angiosperm ground 
herbs and trees from the Congo to the Budon- 
go plots clearly suggest there may have been a 
dispersal that way as thought by Hamilton 
(1974, 1982), and floristic similarities clearly 
show that the plots from Budongo share more 
species with the Congo plots than any plots in 
Uganda. Budongo is essentiallyjust an outlier at 
the rim of the Guineo-Congolean rain forest 
(White 1983). If one must speculate on refugia, 
it is thus probable that there were both a high
land and a lowland source involved and that the 
process was more complex than a simple inva
sion. In the mapping of bird distributions in the 
area, Bibby et al. (1992) recognizes the East 
Congo Lowland and the Albertine Rift Mts as 
two distinct centres of bird endemism. Thus, if 
any forest recolonization took place in Uganda 
it is more likely it had two sources - even if plant 
distribution along altitudinal gradients 10 000 
years ago may have been rather different or 
much more compressed than at present (Jolly et 
al. 1997). We do not interpret our data to sup
port the existence of two distinct refugia but 
rather that there are floristic differences that 
depend at least on altitude. Poulsen and Lock 
(1999) have already discussed this, based on the 
distribution of just 16 species of gingers in 13 of 
our present plots, and the much larger dataset 
included in the present paper corroborates 
this. This conclusion conforms with the early 
thoughts of Hamilton (1974).

Floristic composition
Previous studies in the species rich rain forests 
of Peruvian Amazon by Tuomisto et al. (1995, 
2003), Ruokolainen et al. (1997), Ruokolainen 
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andTuomisto (1998) demonstrated that differ
ent plant groups inventoried in a series of plots 
can produce similar floristic patterns. This was 
shown by running pair-wise Mantel tests 
between the species composition of pterido- 
hytes, members of the family Melastomataceae 
and trees in plots at the same regional scale as 
the present study.

The positive and significant correlations 
between the species composition of the five dif
ferent plant groups indicate that it is possible 
to get insight to the general pattern in the 
floristic variation based on a subset of species. 
In this case, it would be easier to study plants 
that do not involve tedious or potentially dan
gerous climbing, like terrestrial pteridophytes 
(as suggested by Ruokolainen et al. 1997). As 
mentioned above, one attempt has already 
been made to study forests in Uganda based on 
rapid assessment of ferns (Lwanga 1998) 
though no correlations with other plant 
groups were made.

Further subdivison of the angiosperm 
ground herbs may be a promising next step in 
order to identify if one particularly easily iden
tifiable family may serve as a potential indica
tor of the overall pattern. This becomes even 
more crucial for gaining an understanding of 
the complex biogeography in the endemic-rich 
Albertine Rift forests, which are under increas
ing pressure from humans.

Our species composition data are clearly 
highly correlated with geographical distance 
mainly because the plots follow a S-N gradient 
that is also closely related with altitude. Hamil
ton (1974) noted that there is a clear relation
ship between altitude and distribution of the 
dominant tree species in Uganda, so that Pari- 
nari forest is above 1400 m (which we have as a 
dominant component of our plots at Bwindi 
and Kasyoha) and Cynometra-Celtis (700-1200 
m). Cynometra alexandri was especially abun
dant in one plot in Kibale, one in Budongo, 
and the Edoro plots (Tab.l). Our data cer

tainly conform to the tree dominance observa
tions by Hamilton (1974) even though, in our 
ordination diagrams, plots dominated by 
Cynometra alexandri still tended to stay in their 
site group rather than clustering with other 
plots with dominance by the same tree species.

Floristic composition and environmental 
factors
When the effect of geographical difference 
between plots is excluded, some environmen
tal characteristics remain positively and signifi
cantly correlated which implies that a large 
part of the variation in our data can still be 
explained by factors of the present-day envi
ronment. Hamilton (1974) observed also that 
species typical of the Parinari Zone occurred 
only at lower altitude in the highest rainfall 
area, but even if there is a tendency for our 
rainfall estimates to correlate with altitude, 
they were not significant. Possibly our rainfall 
estimates are not sufficiently accurate. It is 
worth bearing in mind that the rainfall pattern 
in Uganda is very patchy and the length of the 
dry period has a major effect on the vegetation 
(Hamilton 1984).

The Neotropical studies (Tuomisto et al. 
1995, 2003; Ruokolainen et al. 1997; Ruoko
lainen & Tuomisto 1998) also demonstrated 
that floristic patterns reflected edaphic condi
tions. Vormisto et al. (2000), at the local scale 
of one transect of 20 m x 500 m, showed that 
the floristic composition of four plant groups 
were correlated with each other and with 
edaphic characteristics. Thus, result of the pre
sent African study does not come as a surprise, 
and that the matrix of cation concentrations is 
significantly correlated with most of the species 
composition matrices, is in accordance with 
the Neotropical studies, where, similar to our 
result, pH was also found to be important in 
one case (Ruokolainen et al. 1997). For the pio
neer study by Hall & Swaine (1976) on trees in 
Ghana, the concentration of cations (which 
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was correlated with rainfall and pH) was also 
mentioned to correlate best with the first axis 
of their ordination. In contrast with the 
Neotropical studies, we did not find evidence 
supporting that texture is an important factor. 
The correlation values of our Mantel tests are 
comparable to those found in the Neotropical 
studies but somewhat lower than found at the 
same regional scale most likely due to the 
mosaic structure of the Amazonian environ
ment, as opposed to our plots which followed a 
strong gradient.

Conclusion
Any of the five studied plant groups of ground 
herbs (divided into pteridophyte and 
angiosperms), trees, climbers or epiphytes can 
be used as a rough indicator of more general 
floristic patterns. This is demonstrated here for 
the first time on data from the Old World 
Tropics and for the first time when including 
angiosperm ground herbs, climbers and epi
phytes. The floristic patterns were correlated 
with altitude, pH and cation concentrations 
and these results suggest that deterministic 
processes of the present-day environment to a 
large extend can explain the distribution of 
species in forests of the Albertine Rift even if 
historical factors cannot be ruled out. The 
practical implication of our results is that it 
may be possible to gain understanding of the 
overall pattern in the floristic variation based 
on a small sub-sample including conveniently 
only those plants, which are easy to study. 
Species richness patterns for some plant 
groups correlated with altitude and species 
composition has two components which are 
related to altitude: an Albertine submontane 
and a Congolean lowland and there is a grad
ual transition in species composition along the 
gradient covered.
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A distinctive floristic assemblage is centered in the Guayana region of northern South America, 
part of an ancient crystalline shield that covers around 1,000,000 km2 in southern Venezuela, 
southeastern Colombia, northern Brazil, and the Guianas. This combined area includes as many 
as 15,000 species of vascular plants, with at least a third of the species endemic to the region. The 
diversity and endemism is not evenly distributed, however. The Pantepui Province comprises the 
roughly 50 mountain summits that lie between 1500 m and 3015 m elevation. This province cov
ers a total area of just 5000 km2, or less than half of one percent of the Shield area, yet 2450 vas
cular plant species (17% of the Shield’s total) are found there. Of these, 1500 (60%) are endemic 
to the Guayana Shield, and 1035 (42%) are found nowhere else but in Pantepui. A full 25% of 
the species in Pantepui are both endemic there and known only from a single mountain. Of the 
2450 Pantepui vascular plant species, 10% are orchids, followed by Melastomataceae, Asteraceae, 
Rubiaceae, and Bromeliaceae, each of which includes between 5% and 6% of the Pantepui flora. 
Of the major Pantepui groups, the orchids and the sedges have the lowest levels of endemism on 
Pantepui (22-25% of the species), whereas many families have over 60% of their species endemic 
there. Unlike the more recently uplifted Andes, only 4% of the 626 genera occurring in Pantepui 
have temperate-zone affinities, and 5% are considered cosmopolitan. Eighty Pantepui genera are 
endemic to the Guayana Shield, and 23 are only found in Pantepui. The largest phytogeographic 
element is the Neotropical one, which includes 70% of the genera. Smaller but significant ele
ments include tropical African, Malesian, and Pantropical genera. Recent molecular-based phy
logenies of Guayana plant taxa suggest a diverse array of evolutionary histories that should be 
expected from an ancient cratonic area like the Guayana Shield.
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Introduction
The Guayana Region in northeastern South 
America covers most of southern Venezuela, 
the three Guianas (Guyana, Suriname, and 

French Guiana), and adjacent areas of Colom
bia and Brazil (Fig. 1 ). It largely coincides with 
the underlying Precambrian basement of the 
Guayana Shield (Gibbs & Barron 1993; Huber 
1994; Berry et al. 1995), which covers about
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Fig. 1. Map of northern South America showing the approximate limits of the Guayana Region and adjacent phytogeo
graphic regions (modified after Huber 1994).

1,000,000 km2 (Berry et al. 1995). It is charac
terized by a very diverse landscape, including 
forested lowlands and savannas, upland 
plateaus and the characteristic tabletop moun
tains (tepuis) that often emerge as high-eleva
tion ‘islands’ in the overall landscape. After 
more than 250 years of botanical explorations 
in this region, particularly with the exploration 
of the tepuis carried out in the past 100 years, 
the area has come to be recognized as a center 
of plant diversity and endemism (Maguire 
1970; Steyermark 1979, 1986; Takhtajan 1986;

Huber 1988, 1995a; Berry et al. 1995; Givnish et 
al. 2000).

Much of the focus on plant endemism in the 
Guayana Shield has centered on the higher- 
elevation tepuis known as Pantepui, which 
includes areas mostly above 1500 m elevation 
(Huber 1987). This area of tepui summits cov
ers a small proportion of the area of the 
Guayana Region, roughly 5000 km2 (Huber 
1995b), or about 0.5% of the region. Consider
ing this small area, the plant richness and 
endemism of the tepuis are considerably 
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higher than those of the uplands and lowlands 
of the Guayana Region (Berry et al. 1995).

The lower elevations of the Guayana Shield 
share some of the same taxa as the tepuis, but 
also show additional patterns of endemism and 
phytogeographical relationships. Since the 
introductory volume of the Flora of the Venezue
lan Guayana (Steyermark et al. 1995) was pub
lished in 1995, seven additional volumes with 
floristic accounts have been published (Berry 
et al. 1995, 1997, 1998, 1999, 2001, 2003, in 
press). This information, plus access to manu
scripts for families in the final volume, has pro
vided a stronger floristic basis on which to 
make a phytogeographic réévaluation of the 
region. Since the Flora basically follows I he 
Cronquist system of family classification, we 
will follow the same system here, except in 
cases where more recent evidence strongly sup
ports the recognition of different families, 
such as Bonnetiaceae as distinct from the 
Theaceae (APG II 2003) or Pakaraimea in the 
Dipterocarpaceae rather than in the Mono- 
taceae (Morton et al. 1999).

This paper will focus initially on the flora of 
Pantepui, because it has been the subject of a 
recent phytogeographical analysis by Riina 
(2003). Then it will examine what recent mole
cular studies are beginning to show about the 
phylogenetic history of Guayana Shield taxa 
that have been studied to date.

Patterns of diversity and endemism of 
the vascular flora of Pantepui
The phytogeographic province of Pantepui 
includes high mountain ecosystems of the 
Guayana Highlands, which extend in altitude 
mainly between 1500 m and 3000 m (Huber 
1994; Berry et al. 1995). It has a discontinuous 
distribution and is part of the phytogeographic 
region of Guayana located in northeastern 
South America (Fig. 2). The tepuis are table 
mountains that often have sheer vertical walls 

and mostly flat summits, and most are sur
rounded by a matrix of generally forested low
lands. Other tepui-like areas located in Guyana 
(Pakaraima), Suriname (Tafelberg), northern 
Brazil (Serra Aracâ and Serra Tepequem), and 
southeastern Colombia (Cerro Chiribiquete, 
Cerro Isibukuri, and Cerro Yapobodâ), as well 
as tepuis in Venezuela such as Cerro Moriche 
and Cerro Yapacana, have their summits well 
below 1500 m elevation (except Ayanganna, 
Kamakusa, Karanang/Morabiakru, and Woko- 
mung in Guyana), so they do not technically 
belong to the Pantepui Province. Most of these 
areas correspond to what Huber (1995b) classi
fies as upland (500-1500 m) or lowland (0-500 
m) areas of the Guayana region.

Based on a database of the vascular plants of 
Pantepui Province that was compiled from cur
rent and pending volumes of the Flora of the 
Venezuelan Guayana, the flora of Pantepui com
prises 2447 species of angiosperms, gym
nosperms, and ferns and fern allies. Of these, 
42% are restricted or endemic to Pantepui, 
and 25% correspond to single-tepui endemics. 
There are no longer any families considered 
entirely endemic to Pantepui ( Saccifolium in 
the former monotypic Saccifoliaceae is now 
recognized as part of the Gentianaceae - 
Struwe et al. 2002; and Hymenophyllopsi- 
daceae extends down to 700 m on some tepui 
slopes), but there are 23 genera endemic to 
Pantepui (Table 1). Our database includes 
floristic data from 45 tepuis, of which 38 are 
considered adequately explored botanically 
and with a reliable or published floristic record 
available.

The most recent previous estimate of the 
Pantepui flora (Berry et al. 1995) indicated a 
total of 2322 species, with 33% endemism. 
Results of the current study show a slight 
increase in species richness (2447 species) and 
a more marked increase in the proportion of 
endemic species (42%). The estimates of Berry 
et al. (1995) were based on preliminary check-
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Fig. 2. Map of part of the Guayana Shield in northeastern South America showing the discontinuous distribution of the 
Pantepui Province (modified after Givnish et al. 2000 and Huber & Berry 1995).

lists and manuscripts of family treatments that 
had been submitted to the editors of the Flora. 
These figures will undoubtedly continue to 
grow with further taxonomic work and explo
rations after the Flora of the Venezuelan Guayana 
is complete, but we do not anticipate a substan
tial increase. More significant additions to the 

Pantepui flora will most likely come from the 
incorporation of floristic data from the 
Guyanan tepuis Ayanganna, Kamakusa, and 
Karanang/Morabiakru (not included here), 
and with future botanical exploration from the 
less well known tepuis of Venezuela. If we com
pare our results with the numbers for the
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Table 1. Number of Pan tepui taxa (occurring above 1500 m in the Guayana Region) and their endemicity at different 
scales.

Number of taxa 
in Pantepui

Taxa endemic to the 
Guayana Shield*

Taxa endemic 
to Pantepui (%)

Taxa endemic to 
a single tepui (%)

Families 156 2 0 0

Genera 626 80 23 (3.7) 13 (2)
Species 2447 1517 1034 (42) 617 (25)

* Updated from Berry et al. 1995.

entire area of the Flora of the Venezuelan 
Guayana, where most of the tepuis are located, 
the Pantepui flora accounts for 25% of all 
species occurring in the flora area (9411 
species, Berry et al. 1995, Table 2). This implies 
that a quarter of the total species occurring in 
the flora area is present in about 1% (ca. 5000 
km2) of the total area covered by the flora (ca. 
450,000 km2). This high concentration of 
species on the tepuis can be explained in part 
by the high proportion of Pantepui endemic 
species. A similar pattern showing high con
centrations of endemic species in small areas 
has been observed in other areas, particularly 
tropical mountain tops and islands (c.g., Gen
try 1986; Ceballos & Brown 1995; Gröger 8c 
Barthlott 1996; Crisp et al. 2001). Isolation may 
contribute greatly to the degree of endemism 
in an area, hence isolated islands and moun
tains are often rich in endemics (Cox & Moore 
2000). The isolation factor applies to the Pan
tepui case, and the region has been tectoni
cally stable during most of the Tertiary. A pale- 
oecological study of Holocene peat deposits on 
three tepui summits indicated that the tepuis 
underwent alternating arid or semi-arid phases 
with wetter phases during glacial fluctuations, 
indicating that this area was probably under a 
climatically variable environment in recent 
times (Rull 1991). A more recent study (Rull 
2004) shows that there was vertical displace
ment of vegetation zones downwards during 

glacial periods as well, similar to what has been 
amply demonstrated in the northern Andes 
during the Quaternary.

Steyermark (1986) proposed that the high 
floristic richness and endemism in Pantepui 
are the result of a combination of factors such 
as long geological history and isolation of 
tepuis into virtual islands, the combination of 
particular environmental conditions peculiar 
to Pantepui (low pH, high rainfall, high wind, 
and high ultraviolet radiation, wide tempera
ture variation, and oligotrophic soils), and 
both recent connections with floristic elements 
derived from areas outside the Guayana Shield 
as well as ancient relationships with western 
Gondwana or Malesian-Australasian floral ele
ments. The impact of the long geological isola
tion of the Pantepui flora has been questioned 
by Huber (1988) and Kubitzki (1990), who 
argued that plant diversification in the area 
took place from both the upper regions down
wards and from the lowland regions upward.

Table 2. Number of taxa for the major taxonomic groups 
in Pantepui.

Families Genera Species

Angiosperms 130 561 2108

Gymnosperms 2 2 12

Ferns and fern allies 24 63 327
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Table 3. The 25 largest vascular plant families of Pan tepui and their numerical importance. The corresponding figures for 
the entire Venezuelan Guayana are also shown for the same families for comparative purposes and to provide a broader 
floristic context that includes the upland and lowland areas surrounding the tepuis.

Family Number of species 
in Pantepui

% of the total 
Pantepui flora

Number of species 
in the Venezuelan 

Guayana

% of the Pantepui species 
out of the total number in 
the Venezuelan Guayana

Orchidaceae 258 10.5 732 35

Melastomataceae 147 6.0 427 34

Asteraceae 140 5.7 258 54

Rubiaceae 133 5.4 515 25

Bromeliaceae 117 4.8 284 41

Cyperaceae 68 2.8 308 22

Poaceae 67 2.7 409 16

Ericaceae 59 2.4 69 86

Xyridaceae 56 2.3 95 59

Hymenophyllaceae 49 2.0 73 67

Clusiaceae 48 2.0 143 34

Eriocaulaceae 47 2.0 88 53

Araliaceae 46 1.9 64 72

Myrtaceae 46 1.9 183 25

Dryopteridaceae 45 1.8 115 39

Gentianaceae 44 1.8 83 53

Grammitidaceae 43 1.8 55 79

Rapateaceae 40 1.6 70 57

Ochnaceae 39 1.6 120 33

Piperaceae 37 1.5 124 30

Malpighiaceae 36 1.5 153 24

Aquifoliaceae 34 1.4 69 49

Lauraceae 33 1.3 142 23

Euphorbiaceae 30 1.2 239 23

Myrsinaceae 29 1.2 55 53

Taxonomic patterns in the vascular plant flora 
The families with the highest number of 
species (>100) in the Pantepui area are Orchi- 
daceae, Melastomataceae, Asteraceae, Rubi- 
aceae, and Bromeliaceae (Table 3). These five 
families account for almost 33% of the vascular 

plant Hora of this area. The next 20 families 
shown in Table 3 account for 37% of the Pan
tepui flora, ranging in richness from 68 species 
to 29 species.

The remaining 131 families represent the 
other 30% of the species occurring in Pan-
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Table 4. The 25 largest genera of Pantepui vascular plants, 
arranged by decreasing size of the genera. This represents 
4% of the genera in Pantepui and 29% of the species.

Genus Family Species

Psychotria Rubiaceae 45
Schefflera Araliaceae 45
Xyris Xyridaceae 44
Clusia Clusiaceae 34
Ilex Aquifoliaceae 34
Navia Bromeliaceae 33
Lindmania Bromeliaceae 32
Elaphoglossum Dryopteridaceae 29
Stegolepis Rapateaceae 29
Epidendrum Orchidaceae 28
Bonnelia Bonnetiaceae 26
Grammitis Grammitidaceae 26
Miconia Melastomataceae 26
Myrcia Myrtaceae 26
Paepalanthus Eriocaulaceae 26
Trichomanes Hymenophyllaceae 26
Pleurothallis Orchidaceae 25
Selaginella Selaginellaceae 25
Hymenophyllum Hymenophyllaceae 23
Maxillaria Orchidaceae 23
Peperomia Piperaceae 23
Rhynchospora Cyperaceae 22
Calea Asteraceae 21
Cybianthus Myrsinaceae 21
Utricularia Lentibulariaceae 21

25 713

tepui. Families with high levels of richness in 
the Hora area (i.e., >100 spp.) but poorly repre
sented in Pantepui include: Fabaceae sensu 
stricto, Caesalpiniaceae, Araceae, Mimosaceae, 
Apocynaceae, Bignoniaceae, Chrysobal- 
anaceae, and Annonaceae. These families are 
more diverse at medium and low elevations in 
the Guayana Region, where they are important 
elements of the forest vegetation. The last col
umn of Table 3 shows the proportion of species 
in a given family out of its total in the Venezue
lan Guayana, showing that families with high 
percentages (>60%) are better represented in 
Pantepui than in the surrounding lowlands 
and uplands. Families strongly exhibiting this 

pattern are Ericaceae (85%), Hymenophyl- 
laceae (67%), Araliaceae (72%), and Grammi- 
tidaceae (78%). Numerous smaller families 
also show the same pattern.

The 25 largest plant genera in Pantepui 
account for almost 30% of the total number of 
species and are shown in Table 4. Psychotria 
(Rubiaceae), Schefflern (Araliaceae), and Xyris 
(Xyridaceae) are the most species-rich genera, 
followed by Clusia (Clusiaceae), Ilex (Aquifoli- 
aceae), Navia, and Lindmania (Bromeliaceae).

Table 5 shows the families with highest levels 
of endemism, with the percentage of endemic 
species in relation to the total number of 
species for each family in Pantepui. The top 
five families in numbers of endemic species are 
the same as the top five families in number of 
Pantepui species (Table 3). However, a num
ber of smaller families in Pantepui have a high 
proportion of their species endemic to Pan
tepui, such as Araliaceae (85% endemism), 
Eriocaulaceae (68%), Aquifoliaceae (71%), 
Asclepiadaceae (74%), Hymenophyllopsi- 
daceae (88%), Rhamnaceae (85%), Sarraceni- 
aceae (75%), and Bonnetiaceae (74%).

Distribution patterns
Many of the species in Pantepui are very 
restricted in their geographical ranges (Fig. 3). 
For example, 37% of the Pantepui species are 
known only from a single tepui, and 28% more 
occur on just two or three tepuis. Few species 
are widespread across tepuis (Fig. 3), with 167 
(7% of the species) occurring on more than 15 
tepuis. We do not have accurate enough 
records to determine if any species actually 
occur on all the tepuis, but the more wide
spread species include: Cochlidium serrulatum 
and C. tepuiensis (Grammitidaceae); Hymeno- 
phyllum polyanthos (Hymenophyllaceae); 
Lycopodiella caroliniana (Lycopodiaceae) ; 
Schizaea elegans (Schizaeaceae); Digomphia densi- 
coma (Bignoniaceae); Brocchinia acuminata, B. 
hechtioides, B. tatei, Racinaea spiculosa, Vriesea
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Table 5. Vascular plant families with most endemic species 
in Pantepui.

Family Endemic 
species

Total 
number of 

species

% endemics 
/ total

Asteraceae 84 140 60
Bromeliaceae 75 117 64
Rubiaceae 75 133 56
Melastomataceae 72 147 49
Orchidaceae 58 258 25
Araliaceae 39 46 85
Ericaceae 33 59 56
Xyridaceae 33 56 59
Eriocaulaceae 32 47 68
Poaceae 28 67 42
Gentianaceae 26 44 59
Ochnaceae 26 39 67
Aquifoliaceae 24 34 71
Rapateaceae 24 40 60
Bonnetiaceae 20 27 74
Clusiaceae 20 48 42
Myrtaceae 20 46 44
Malpighiaceae 19 36 53
Myrsinaceae 19 29 66
Asclepiadaceae 18 24 75
Lauraceae 17 33 52
Cyperaceae 15 68 22
Piperaceae 15 37 41
Euphorbiaceae 14 30 47
Selaginellaceae 13 25 52
Rutaceae 12 18 67

species range from the lowlands (0-600 m) to 
the highlands (1500-3000 m). Species ranging 
from the uplands (600-1500 m) to the high
lands account for 35% of the total (Fig. 4).

The elevational spectrum of the Pantepui
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Geographical range size (number of tepuis)
Fig. 3. The geographic range size distribution of Pantepui 
plant species (number of tepuis where species are found). 

duidae, and Tillandsia turneri (Bromeliaceae); 
Cyrilla racemiflora (Cyrillaceae), Bejaria sprucei, 
Thibaudia formosa, and T. nutans (Ericaceae); 
Myrica sylvatica (Myricaceae) ; Xyris guianensis 
and Orecthanthe sceptrum (Xyridaceae) ; Panicum 
chnoodes (Poaceae); Epidendrum durum, E. secun
dum, E. ulei, Restrepiopsis tubulosa, Sobralia 
infundi buligera, and Trichosalpinx roraimensis 
(Orchidaceae).

The elevational pattern of species distribu
tion is shown in Fig. 4. Arotind 40% of the Pan
tepui flora is only found at elevations above 
1500 m (the lower elevation limit of the Pan
tepui Province), whereas 15% of the Pantepui

Fig. 4. T he lower elevational distributions of the 2447 
species occurring in the Pantepui Province.
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flora (Fig. 4) supports the view of Huber 
(1988), who contested the older characteriza
tion of isolated tepuis summits as ‘islands in 
the sky,’ which was exaggerated by the tower
like appearance of the most conspicuous 
tepuis of the Guayana region, with steep verti
cal walls and cliffs contributing to create the 
impression of strong spatial and perhaps tem
poral isolation. Even though the spatial isola
tion is not an impediment for the upward and 
downward migration of some species, it is 
nonetheless notable that 40% of the Pantepui 
flora is distributed exclusively above 1500 m, 
and another 17% of the species only occur 
above 1000 m (Fig. 4). This is likely related to 
intrinsic characteristics of the species, such as 
limited dispersal capabilities and adaptations 
to cool, montane environments. Once a popu
lation becomes adapted to the tepui summit 
environment, it is more likely to colonize other 
areas with similar environmental conditions, so 
it would need to disperse between tepui sum
mits to expand its geographical range.

Table 6 shows the distribution of the total 
number of species and the number of endemic 
species across tepuis ordered by their species 
richness. The total number of species per tepui 
ranges from 857 (Chimanta) to 102 (Camani), 
with an average of 287 species per tepui. Fifty 
percent or more of the species of the Pantepui 
flora are present on the three richest tepuis: 
Chimanta (857), Neblina (690), and Auyân 
(602), followed by Roraima (541), Marahuaka 
(504), Ptari (446), Duida (434) andjaua (393). 
Not surprisingly, the tepuis with the highest 
species diversity are the ones with most 
endemic species. Chimanta, with the highest 
diversity and endemism, is a huge and very 
fragmented massif. It probably contains the 
widest variety of shrubby life forms and vegeta
tion types in the Pantepui province (Huber 
1995c). It initially would seem incongruous 
that a relatively bare-topped tepui like Ptari- 
tepui appears among the most diverse tepuis, 

but there are many taxa that were collected on 
the talus slopes of the mountain, still above 
1500 m and therefore included here as part of 
the Pantepui flora. In the future, the biogeo
graphical concept of Pantepui may need to be 
further modified to exclude such species that 
more likely represent upper altitudinal ele
ments of the upland flora.

The phytogeographical spectrum of the 626 
genera occurring in Pantepui is shown in Fig. 
5. Appendix 1 provides a complete list of gen-

Neotropical (70%)

Fig. 5. Phytogeographic affinities of the plant genera 
occurring in the Pantepui Province.



154 BS 55

Table 6. Single tepui endemics, Pan tepui endemics, and total numbers of vascular plant species found above 1500 m ele
vation for each major tepui of the Guayana Region. Arranged by decreasing total number of species.

Tepui Species endemic 
to this tepui only

Species endemic 
to Pantepui

Species extending 
beyond Pantepui

Total number of 
species

Chimantâ 102 258 497 857
Neblina 132 140 416 690
Auyân 32 192 378 602
Roraima 17 146 378 541
Marahuaka 36 149 319 504
Ptari 10 127 309 446
Duida 47 137 250 434
Jana 38 115 240 393
Sipapo 40 103 184 327
Ilû/Tramén 7 105 213 325
Yutajé 17 83 223 323
Guaiquinima 12 65 242 319
Aracamuni-Avispa 15 71 197 283
Huachamacari 7 72 191 270
Parû 28 76 156 260
Sororopân 8 45 206 259
Sarisarinama 5 63 173 241
Kukenån 4 71 165 240
Corocoro 5 47 178 230
Kamarkawarai 1 70 158 229
Uaipân 1 39 180 220
Aparaman 0 54 164 218
Murisipân 2 56 159 217
Maigualida 28 43 139 210
Aprada 2 47 153 202
Tereke-yurén 0 41 158 199
Uei 1 43 151 195
Carrao 0 39 137 176
Marutani 0 31 140 171
Guanay 6 47 116 169
Karaurin 0 31 134 165
Aracâ 0 18 140 158
Yavi 4 30 111 145
Autana 0 31 108 139
Cuao 1 36 102 139
Yapacana 7 11 117 135
Arati tiyope 0 9 118 127
Camani 3 12 87 102
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era for each of the selected phytogeographic 
elements. The tropical component comprises 
92% of the genera and is the best represented 
in the Pantepui flora. About 52% of the flora 
consists of genera distributed in the Neotropics 
outside of the Guayana Shield (324), of which 
18 (3%) genera are centered in lowland South 
America or Amazonia, 8 genera (1.3%) are 
more diverse in the Brazilian Shield, and 26 
(4%) have their center of distribution in the 
Andes (see Appendix 1). The Guayanan ele
ment accounts for 18% (110) of the genera. 
Genera belonging to the Guayanan element 
include Brocchinia, Celiantha, Celianella, Chi- 
mantaea, Connellia, Duidaea, Duidania, Euphro- 
nia, Gongylolepis, Kunhardtia, Ledothamnus, Lind- 
mania, Navia, Notopora, Orectanthe, Pterozonium, 
Raveniopsis, Saccifolium, Stegolepis, Stenopadus, 
Tepuia, and Tyleria. Several Guayanan genera 
such as Stenopadus and Pterozonium have out
liers, usually a single species, in the Andes or 
other parts of the Neotropics (see section 
below).

The Pantropical element is represented by 
16% (100) of the genera. Of the other two 
tropical elements, the Asian-American element 
represents 2.6% (16) of the genera and the 
African-American 3.4% (21). Only 3% of the 
flora includes elements of temperate affinity, 
whereas the cosmopolitan element accounts 
for 5% (31) of the genera, including a large 
proportion of pteridophytes (15) and other 
genera such as Cladium, Drosera, Eleocharis, 
Gnaphalium, Juncus, Eiparis, Rhynchospora, and 
Utricularia.

Steyermark (1986) suggested that there are 
recent connections of the Guayana (and Pan
tepui) flora with elements derived from areas 
outside of the Guayana Shield, as well as 
ancient relationships with western Gondwana 
or Malesian-Australasian floral elements, and 
these contribute to the area’s floristic richness 
and endemism. This idea is supported by the 
phytogeographic spectrum of the Pantepui 

flora at the generic level (Fig. 5). The Pantepui 
flora is predominantly composed of Neotropi
cal elements shared with different areas (Cen
tral America, Andes, Brazilian Shield, and 
Amazonia), but there are also elements from 
more distant tropical regions (Fig. 5) that may 
represent relicts derived from Gondwanan 
times. It is not informative enough, however, to 
merely point out a particular distribution pat
tern, such as the Andean-Guayanan one, and it 
is also necessary to consider the broader 
Guayana Shield flora in addition to the more 
restricted Pantepui flora. The taxa need to be 
examined individually to determine possible 
directionality in disjunction patterns or else 
use phylogenetic tools to try to decipher the 
past history of a group. The next three sections 
illustrate variations of Guayanan distribution 
patterns, and the last six sections emphasize 
the usefulness of phylogenetic studies to eluci
date historical patterns in different plant 
groups from the Guayana Shield.

Guayanan-based groups disjunct to the Andes 
There are numerous phytogeographical con
nections linking the Andes and the Guayana 
Shield (see Appendix 1). Some, such as the 
high elevation composite Oritrophium marahua- 
cense, are known from a single mountain in the 
Guayana and are evidently outliers of Andean 
lineages, but there is an expanding list of taxa 
that are Guayanan-centered, with one or a few 
outliers that occur in the Andes. This section 
focuses on a typically Guayanan suite of An
dean/ Guayanan taxa, that is, the bulk of their 
species are endemic to the Guayana Shield, 
and they are restricted in the Andes to sand
stone outcrops or their sandy erosion products.

Recent plant explorations in southern 
Ecuador (the Cordillera del Condor region) 
and in northern and central Peru have tar
geted isolated mountains within the Andes that 
have variable extensions of sandstone out
crops. A number of species have been found
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there that are either close relatives of 
Guayanan groups or in some cases, identical 
species. For example, Stenopadus andicola 
Pruski is a new species and the first Andean 
record of an otherwise Guayanan mutisioid 
genus of 15 species (Pruski 1998). It was 
described from sandstone outcrops in the 
Cordillera del Condor near the Peruvian bor
der in southern Ecuador, and subsequently in 
two sandstone outcrops in Peru, including the 
Serrama Azul, an isolated massif in Loreto 
Department (Pruski 2003). Gongyloplepis colom- 
biana Maguire is an Andean species of another 
otherwise entirely Guayana group of mutisioid 
composites, occurring on sandstone in 
Venezuela’s Tâchira State and adjacent areas 
across the Colombian border.

A remarkable Anclean-Guayanan disjunction 
is the finding in northern Peru of Aratitiyopea 
lopezii (L.B. Sm.) Steyerm. & P.E. Berry, a 
monotypic Xyridaceae genus that was previ
ously known from just a few localities in the 
Guayana region of Colombia, Venezuela, and 
Brazil. Other cases of the same taxa occurring 
in the Guayana Shield and in the Andes 
include: Digomphia densicoma (Mart, ex DC.) 
Pilg. (Bignoniaceae, with two other species 
endemic to the Shield); Euceraea nitida Mart. 
(Flacourtiaceae/Salicaceae, with two other 
species endemic to the Shield); Bonnetia panic- 
ulata Spruce ex Benth. (Bonnetiaceae, with 25 
other species endemic to the Guayana Shield, 
one more in Cuba and one in coastal Brazil); 
Everardia montana Ridl. ex Thurn (Cyperaceae, 
with 12 other species endemic to the Shield); 
Pterozonium brevi frons (A.C. Sm.) Lellinger 
(Pteridaceae, also present in Costa Rica), and 
Pterozonium reniforme (Mart.) Fée, with 12 other 
species endemic to the Shield; Podocarpus 
tepuiensis J. Buchholz & N.E. Gray 
(Podocarpaceae, a widespread Guayana Shield 
species); and Paepalanthus dichotomus Klotzsch 
ex Körn. (Eriocaulaceae, a widespread 
Guayana Shield species).

There is also an undescribed species in 
southern Ecuador of Phainantha (Melastomat- 
aceae, with four other species endemic to the 
Guayana Shield), the same as with Eissocarpa 
(Lissocarpaceae/Ebenaceae, a genus with one 
other Andean species and several endemic 
Guayanan ones). Lastly, Perissocarpa ondox B. 
Walin. (Ochnaceae) was recently described 
from a montane area of Huanuco, Peru (Wall- 
nöfer 1998); the other two species in the genus 
are endemic to the Guayana Shield as well as 
parts of the Venezuelan Andes and coastal 
cordilleras.

In addition to these clear disjunctions, there 
are more widespread genera that are most 
diverse in sandy substrates of the Guayana 
Shield, but occur in similar substrates in east
ern Brazil; Amazonian Brazil and Pertt, and 
occasionally into the montane sandstone areas 
of northern Peru. These include Rubiaceae 
taxa such as Pagamea guianensis Aubl., Retini- 
phyllum fuchsioides K. Krause, and Retiniphyllum 
martianum Muell. Arg.

Recent Guay ana-western Africa disjuncts
There are many examples of genera and even 
species that are disjunct between tropical South 
American and tropical Africa (Goldblatt 1993), 
but there is a recurring pattern in which a sin
gle species of an otherwise entirely Neotropical 
clade is found in tropical West Africa. In most 
cases, this pattern has been shown to be the re
sult of long-distance dispersal events from 
America to Africa. This is the case for Maschalo- 
cephalus dinklagei, in the Rapateaceae, which is 
part of a lowland Guayanan lineage that ap
pears to have diverged from its South American 
relatives about 6 million years ago (Givnish et al. 
2004). Similarly, Pitcarinia feliciana, in the 
Bromeliaceae, appears to have diverged from 
South American ancestors about 8 million years 
ago (Givnish et al. 2004). In Vochysiaceae, 
which has two genera occurring in western 
Africa (Erismadelphus and Korupodendrori), Syts- 
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ma et al. (2004) estimated that Erismadelphus 
diverged from its closest American ancestor 
around 41 million years ago, too late for this to 
be the result of a Gondwanan vicariant event.

Other groups with a similar trans-Atlantic 
distribution with a sole outlier in western 
Africa include Mayaca (Mayacaceae), Sacoglottis 
(Humiriaceae), Rhipsalis (Cactaceae), and Voyr
ia and Schultesia (Gentianaceae). So far the 
African taxa in these groups have not been in
cluded in molecular-based cladistic studies, but 
Albert and Struwe (1997) performed a mor
phologically based cladistic analysis of Voyria, a 
saprophytic genus with 18 species centered in 
the Guayana Shield region and one species dis
junct to tropical West Africa (V primuloides). 
The African species was nested well within the 
American taxa, in the same pattern found in 
Rapateaceae and Bromeliaceae, but instead of 
invoking long-distance dispersal, Albert and 
Struwe hypothesized a boreotropical distribu
tion. In Schultesia, a similar pattern occurs, with 
S. stenophylla native to western Africa, yet in this 
case Struwe et al. (2002) invoked recent long
distance dispersal to account for the disjunc
tion. In the case of Voyria, which has dust-like 
seeds dispersed by wind or by rain wash (Albert 
& Struwe 1997), and for which there is no fossil 
record from North America, it appears more 
likely it is simply another case of long-distance 
dispersal from South America to Africa.

Guayana-Malesian disjuncts
Several genera that are endemic or most 
diverse in the Guayana Region have their clos
est relatives in the Malesian region, generally 
without extant representatives elsewhere. In 
the Ericales, the monotypic Pentamerista neotrop- 
ica is a tree known only from edges of sandy 
savannas along the Venezuelan-Colombian 
border, and it is sister to Tetramerista, a genus of 
three Malesian species in the Tetrameristaceae 
(J. Schonenberg unpubl. data). These in turn 
are sister to Pelliciera rhizophorae, a monotypic 

mangrove genus occurring on either side of 
the Isthmus of Panama. Before its close rela
tionship to Tetramerista was recognized, Pel
liciera was treated as the sole member of the 
Pellicieraceae, but it has since been merged 
into the Tetrameristaceae (Bremer et al. 2002).

Tepuianthus is a shrubby genus of six species 
endemic to sandy savannas and tepui summits 
of the Guayana Shield. When first described, it 
was placed in its own family, Tepuianthaceae 
(Maguire & Steyermark 1981) and allied to 
either the Celastrales or Theales. After 
sequencing three gene regions, Wurdack and 
Horn (2001) placed it instead in the Malvales, 
sister to Thymelaeaceae. They propose placing 
Tepuianthus in a new subfamily of 
Thymelaeaceae, with the Malesian Gonystylus as 
its closest relative.

The Bonnetiaceae, as currently circum
scribed (APG II 2003), contains three genera, 
the Malesian Ploiarium (3 species), the Guayana 
Shield endemic Archytaea (2 species), and Bon- 
netia (28 species), the latter confined to the 
Guayana Shield except for B. cubensis (Cuba, 
Puerto Rico), B. stricta (eastern Brazil), and B. 
paniculata (Andes of Venezuela, Colombia, 
Ecuador, and Peru, as well as the Guayana 
Shield). Only Bonnetia roraimae has been reli
ably sequenced to date (APG II 2003), yet this 
group is richer in genera and species than the 
other families discussed above, and future mol
ecular studies should address the relationships 
of the extra-Guayanan species of Bonnetia to the 
more numerous and diverse Guayana Shield 
taxa, as well as the relationships among the 
three genera in the family. On morphological 
grounds, it appears that Ploiarium and Archytaea 
are more closely related to each other than ei
ther is to Bonnetia (A. Weitzman pers. com.).

Commelinid monocots
The commelinid monocot families {sensu APG 
II 2003) are particularly diverse in the Guayana 
Region, including groups that have much of 
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their diversity there, such as Bromeliaceae, Eri- 
ocaulaceae, Mayacaceae, Rapateaceae, Thttrni- 
aceae, and Xyridaceae. Two of these families, 
Bromeliaceae and Rapateaceae, have been the 
subject of molecular phylogenetic studies by 
Givnish et al. (1997, 2000, 2004, in press). Broc- 
chinia, a genus of 20 species entirely endemic 
to the Guayana Shield, has been shown by 
analyses of the chloroplast ndhF molecular 
region to be the basalmost lineage within the 
Bromeliaceae, constituting a new subfamily 
Brocchinioideae. Lindmania, another genus 
endemic to the Guayana Region with about 20 
species, is the next diverging lineage and may 
represent an additional subfamily. Besides this, 
there is a “cratonic clade” that is endemic to 
the Guayana and secondarily the Brazilian 
Shields, comprising the genera Navia, Brew- 
caria, Connellia, and Cottendorfia. A preliminary 
molecular clock analysis dates the diversifica
tion of the extant lineages of Bromeliaceae at 
ca. 17 million years ago, suggesting that the 
family as a whole has undergone a relatively 
recent radiation (Givnish et al. in press). The 
basal positions of Brocchinia and Lindmania 
indicate that the family originated in the 
Guayana Shield area, possibly spreading west
wards from there into the Andes and south and 
east into Brazil for some of the other major lin
eages. The sole Old World member of the fam
ily, Pitcairnia feliciana from western tropical 
Africa, is a basal member of the Pitcairnioideae 
sensu stricto and most likely arrived there via 
long-distance transatlantic dispersal, around 8 
million years ago according to initial molecular 
clock calibrations.

The exclusively Guayanan Bromeliaceae 
genus Brocchinia was examined in detail by 
Givnish et al. (1997), and several evolutionary 
trends are apparent. The earliest diverging 
species in the genus occur in the sandy low
lands, and the genus apparently invaded 
upland and highland habitats at the same time 
that certain lineages developed a diverse array 

of adaptations such as epiphytism, tank forma
tion, myrmecophily, and carnivory. A morpho
logically distinctive species formerly known as 
Ayensua uaipenensis has also been shown to 
belong to Brocchinia (Givnish et al. in press).

The Rapateaceae comprise 17 genera and 
about 100 species, with all genera but one pre
sent or endemic to the Guayana Shield 
(Maschalocephalus dinklagei is endemic to sand 
plains in west tropical Africa). An ndhFanalysis 
of the family shows an analogous situation to 
Brocchinia, with the basal lineages all lowland in 
distribution, and the more advanced Stegolepis 
alliance restricted to uplands and highlands 
(Givnish et al. 2000). A possible secondary 
occupation of lowland sand-savannas is evi
denced by Guacamaya and Schoenocephalium 
(tribe Schoenocephalieae). Within the pre
dominantly high-elevation subfamily Saxofrid- 
ericioideae, tribe Saxofridericieae is now 
restricted to the genus Saxofridericia, which no 
longer groups with Stegolepis but rather is the 
sister group to the three hummingbird-polli
nated genera that comprise the Schoeno
cephalieae (Berry 2004). The validity of some 
of the genera in the new tribe Stegolepideae is 
also in doubt, particularly the monotypic high 
elevation genera Amphiphyllum, Phelpsiella, and 
Marahuacaea.

A molecular clock analysis of the family sug
gests a recent, long-distance dispersal event to 
Africa, between 5 and 6 million years ago, to 
account for the presence of Maschalocephalus 
there (Givnish et al. 2004). According to the 
same analysis, one of the earliest diverging 
genera in the family, the lowland genus 
Spathanthus, split from the rest of the family 
around 29 million years ago. Without a doubt, 
the most interesting and controversial implica
tion of the molecular clock analysis is that the 
mostly high-montane genus Stegolepis, which is 
now the most diverse genus in the family (with 
ca. 36 species) and a typical inhabitant of most 
tepui summits, only began to diversify as little 
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as 6 million years ago. This young age needs to 
be further tested with other gene regions and 
more rigorous molecular clock analyses, but if 
it is corroborated, then Stegolepis and its imme
diate ancestors should not be perceived as 
ancient inhabitants of the original highland 
tepui surface. Just how Stegolepis could have 
come to inhabit virtually all of the tepui sum
mits in this time span is problematical, espe
cially considering the low dispersability of its 
seeds, but there is currently an opportunity for 
migration between tepuis across intermediate 
elevations such as the Gran Sabana in south
eastern Venezuela (see Fig. 2). Furthermore, 
Rull (1994, 2004) demonstrated significant 
lowering of tepui vegetation zones on the sum
mit of the Chimanta massif during cooler peri
ods of the Holocene, which would have further 
facilitated migrations among the eastern 
tepuis. However, it does little to explain how 
Stegolepis could have reached the summits of 
more isolated mountains in the western sector 
of Pantepui, such as Neblina and Marahuaka, 
which are separated from other tepui summits 
by hundreds of kilometers of lowland forest 
habitats.

Mutisioid Asteraceae
The Guayanan mutisioid genera of the Aster
aceae are some of the most characteristic mem
bers of the endemic Guayana flora, but only 
Duidaea has been sequenced and was included 
in a preliminary molecular analysis of the tribe 
by Kim et al. (2002). In the latest phylogenetic 
réévaluation of the subfamilies of the Aster
aceae (Panero & Funk 2002), the Guayana 
mutisioid genera are included as part of the 
“Stifftia group” of the Mutisieae tribe. 
Although the predominantly southern Andean 
tribe Barnadesieae is the earliest diverging lin
eage in the Asteraceae, the Guayanan muti- 
sioids are part of the next diverging clade 
within the family and comprise a significant 
early radiation of the family in the Guayana 

Shield region. Most of the Guayanan genera 
are restricted to either the Pantepui Province 
or the adjacent upland portions of the shield. 
Many of the bilabiate-flowered genera are 
endemic to the western part of Pantepui, such 
as Duidaea, Eurydochus, Glossarion, and Nebli- 
naea. Gongylolepis occurs throughout Pantepui, 
as well as some lowland white-sand areas, with 
one species disjunct to the Andes of Venezuela 
and adjacent Colombia. The actinomorphic- 
flowered Guayanan Mutisiae include Chiman- 
taea, Quelchia, Stenopadus, and Stomatochaeta, 
which are mostly confined to the eastern part 
of Pantepui, although Stenopadus includes one 
species that is endemic to sandstone moun
tains in the Andes of southern Ecuador and 
north-central Peru (Pruski 1998). A better 
molecular sampling of the Guayanan genera is 
a high priority if we wish to understand the 
relationships among the mutisioids in general 
and among the bilabiate and actinomorphic- 
flowered genera endemic to the Guayana 
region, which are an important early diverging 
lineage within the family.

Sarraceniaceae
The Sarraceniaceae include three genera of 
carnivorous New World pitcher plants. 
Heliamphora is a genus of about nine species 
endemic to high elevations of the Guayana 
Shield. Sarracenia includes nine species wide
spread in boggy areas of North America, par
ticularly in the southeastern United States. Dar- 
lingtonia has one species endemic to boggy 
areas on serpentine outcroups in Oregon and 
Washington states. Morphologically based 
studies grouped Darlingtonia and Sarracenia as 
sister taxa, with Heliamphora supposedly having 
more plesiomorphic characters (Maguire 
1970, 1978). Thus it was assumed that the fam
ily had originated in South America and 
spread from there to North America (Maguire 
1970; Juniper et al. 1989). Albert et al. (1992) 
performed the first phylogenetic study across 
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groups of carnivorous plants, and they 
included members of the three genera of Sar- 
raceniaceae. Their results, which were con
firmed by Bayer et al. (1996) with both chloro
plast and nuclear gene regions, showed that 
Darlingtonia is the earlier-diverging lineage, 
and that Heliamphora and Sarracenia are sister 
taxa. The South African carnivorous Rondula 
(Roridulaeae) was the closest sister group to 
Sarraceniaceae, raising interesting biogeo
graphic scenarios for the evolution of the three 
New World pitcher plant genera. Parsimo
niously, the family would be more likely to have 
had a North American origin, with vicariance 
or dispersal to South America. Although there 
is no fossil record for members of the Sarrace
niaceae, their current distribution and the 
presence of fossil seeds of the related Actinidia 
from the Eocene of Oregon (Manchester 
1994) suggests a boreotropical distribution 
(Lavin & Luckow 1993). Within Heliamphora, in 
which three species were sampled by Bayer et 
al. (1996), the western tepui species H. tateiwas 
embedded in an eastern tepui lineage, which 
suggests for this group that the genus evolved 
from the east to the west. This also agrees with 
the higher diversity of the genus in the eastern 
tepuis. Similar hypotheses should be explored 
with other groups occurring on a wide geo
graphical range of tepuis.

Gentianaceae
This is a key family, with many endemic genera 
in the Guayana Shield. Thiv et al. (1999) used 
molecular results from several gene regions to 
show that Saccifolium bandeirae, which was for
merly placed as the sole member of the Sacci- 
foliaceae, belongs in a basal clade of the Gen
tianaceae together with Curtia, the saprophytic 
Voyriella, and presumably Hockinia and Tapeinos- 
temon (the latter two not sampled in their mol
ecular study). Saccifolium is perhaps the finest 
example of a restricted Guayanan endemic - 
with a single population known only from the 

upper slopes of the highest peak of the 
Guayana Shield, Pico de Neblina, which 
reaches 3014 m elevation. It has alternate, sac
cate leaves and imbricate corolla aestivation, 
both unusual characters for the Gentianaceae. 
Biogeographically, all five members of the 
early-diverging tribe Saccifolieae are Neotropi
cal and centered on the Guayana and Brazilian 
Shields, which may be the area where the fam
ily originated (Struwe et al. 2002).

The Helieae is an entirely Neotropical tribe 
of about 23 genera that contains several 
Guayanan endemic genera ( Celiantha, Cho- 
risepalum, Irlbachia, Neblinantha, and Sipapoan- 
tha') and additional endemic species in genera 
such as Chelonanthus, Macrocarpaea, Rogersonan- 
thus, Symbolanthus, and Wurdackanthus. There 
appear to be several biogeographic patterns of 
different ages in this tribe, but the hypothesis 
that Pantepui and the Guayana Shield are an 
ancient area of diversification and speciation 
for part of the tribe is supported by the early- 
diverging position of Chorisepalum. Andean- 
dominated lineages such as Macrocarpaea and 
Symbolanthus may represent a more recent 
diversification with subsequent dispersal to the 
tepui region for the taxa that are endemic 
there now (Struwe el al. 2002).

Tribe Potalieae comprises 13 diverse tropi
cal genera grouped into three subtribes 
(Struwe et al. 2002). Subtribe Potaliinae was 
formerly assigned to Loganiaceae and 
includes the Neotropical genus Potalia (9 
species), as well as the African-Malagasy Antho- 
cleista (14 species) and the Australasian-Pacific 
Fagraea (70 species). Within this subtribe, the 
three genera form a grade, with Fagraea sister 
to Potalia and Anthocleista. Molecular clock 
analysis has not been performed yet in this 
group, but this kind of distribution could 
reflect either a more ancient Gondwanan vic
ariance pattern or a mid-Tertiary boreotropi
cal pattern, if the distribution is due primarily 
to vicariance events.
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Dipterocarpaceae
The Dipterocarpaceae was considered an 
exclusively Old World family until 1977, when 
Pakaraimaea dipterocarpacea was described from 
the Guayana Shield in Guyana and Venezuela 
and assigned to its own subfamily (Maguire et 
al. 1977). The familial placement of this genus 
was later disputed, and a new family Mono- 
taceae was described by Kostermans (1989) to 
differentiate it and other African genera from 
the more numerous Asian dipterocarps (it was 
treated as Monotaceae in Vol. 6 of the Flora of 
the Venezuelan Guayana). Subsequently, a sec
ond South American genus (Pseudomonotes 
tropenbosii) was described from the western end 
of the Guayana Shield (Londono et al. 1995). 
On morphological criteria, Pseudomonotes is 
more closely related to African and Malagasy 
genera than it is to Pakaraimaea. Molecular 
studies were conducted on slightly different 
subsets of the dipterocarp alliance by Morton et 
al. (1999) and Dayanandan et al. (1999). These 
results showed Pseudomonotes to be strongly sup
ported as the sister clade to African Monotes, 
and these were sister to a moderately sup
ported clade composed of Pakaraimaea plus the 
rest of the family, namely the diverse Asian sub
family Dipterocarpoideae. Contrary to what 
one would expect from the present-day diver
sity of the family in Asia, these studies suggest 
that Dipterocarpaceae is west Gondwanan in 
origin and confirm that the two South Ameri
can genera belong to separate lineages within 
the family.

Lecythidaceae
Asteranthos brasiliensis Desf. is the only member 
of a genus endemic to the upper Rio Negro 
basin in the Guayana Shield, and it is part of a 
clade with five tropical west Af rican genera that 
formerly composed the Scytopctalaceae. Based 
on molecular and morphological cladistic 
analyses, these six genera are now treated as 
the subfamily Scytopetaloideae in the Lecythi

daceae (Morton et al. 1998). This is an early- 
diverging clade within the family, along with 
the subfamily Napoleonaeoideae, which has 
two genera that are also restricted to tropical 
west Africa.

Since the Guayana Shield is a remote, tropi
cal region where it is arduous to make even tra
ditional herbarium collections, it is not surpris
ing that so few molecular-based phylogenetic 
studies have been carried out on plants from 
this region. Because there are many interesting 
phytogeographic and ecogeographic relation
ships that could be elucidated with robust phy
logenies in different groups, it is an extremely 
apt area to use modern molecular tools. The 
previous sections show some of the promise 
that molecular studies have for understanding 
the evolution and biogeography of plant 
groups that are restricted to this ancient geo
logical shield.

Conclusions
The Guayana Shield and its tepuis have long 
been considered a major center of diversity 
and endemism in the Neotropics. A database 
of the vascular plant species present in the 
Pan tepui Province (above 1500 m elevation) 
has relined the figures for endemism since the 
publishing of the introductory volume of the 
Flora of the Venezuelan Guayana in 1995. It is now 
possible to compare the species composition 
for each of the 38 tepuis for which we have reli
able data and to show which tepuis have the 
most diverse flora and highest degrees of 
endemism. The Pantepui flora has a strong 
endemic component, with 42% of its 2447 
species endemic there, and 25% of all species 
occurring there are both endemic and known 
so far from a single tepui. At the genus level, 
70% of the Pantepui genera are restricted to 
the Neotropics, which includes 18% of the gen
era endemic to Pantepui Province. This paper 
discriminates certain patterns into clearly
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Guayana-based disjunctions, such as disjuncts 
between Guayana and Africa, and Guayana and 
the Andes. Some patterns, such as Malesian- 
Guayanan groups, are more noticeable at the 
level of the Guayana Shield, rather than Pan- 
tepui alone. Phylogenetic studies based on 
molecular analyses have begun to present evo
lutionary scenarios for different groups of 
Guayanan taxa, and the results to date show a 
diverse array of patterns that appear specific to 
each particular group. A number of plant fam
ilies appear to have their basalmost lineages 
present in, or restricted to, the Guayana 
Region, which suggests an important role of 
the region in the early evolution of those fami
lies. It is still too early to date the evolution of 
many tepui lineages, but initial data on families 
such as Bromeliaceae and Rapateaceae sug
gests that some groups that are now speciose 
and endemic in Pantepui may represent sec
ondary radiations, with the earliest diverging 
extant members of the groups occurring now 
in lowland areas of the Shield.
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Appendix 1. List of genera (total = 626) for each of the phytogeographic elements present in Pan tepui (see Fig. 5).

NEOTROPICAL (434)
Andean (26)
Asteraceae: Ageratina, Baccharis, Oritrophium, Pentacalia-, 
Bromeliaceae: Puya-, Brunelliaceae: Brunelliœ, Campanu- 
laceae: Burmeistern, Centropogon, Siphocampylus-, Ericaceae: 
Cavendishia, Disterigma, Orthaea-, Gentianaceae: Macro- 
carpaea, Symbolanthus-, Liliaceae: Eccremis-, Magnoliaceae: 
Dugandiodendron-, Marcgraviaceae: Sarcopera-, Melastomat- 
aceae: Chaetolepis, Monochaetum, Orchidaceae: Gomphichis, 
Pterichis; Poaceae: Chusquea, Neurolepis-, Polygalaceae: Mon- 
nina; Pteridaceae: Eriosorus; Rosaceae: Hesperomeles.

Brazilian Shield (8)
Eriocaulaceae: Ldothrix:, Melastomataceae: Bertolonia, 
Marcetia, MicroIida, Tibouchina', Scrophulariaceae: 
Vellosiella-, Velloziaceae: Barbacenia, Vellozia.

Guayanan Endemics (110)
Apocynaceae: Salpinctes', Asteraceae: Achnopogon, Chiman- 
taea, Duidaea, Glossarion, Gongylolepis (1 sp. in the N Andes), 
Guayania, Huberopappus, Imeria, Neblinaea, Quelchia, 
Stenopadus (1 sp. in central Andes), Stomatochaeta, Tyleropap- 
pus; Bignoniaceae: Digomphia ( 1 sp. in central Andes) ; Bon- 
netiaceae: Archytaea, Bonnetia (1 sp. in Greater Antilles, a 
second sp. in the Brazilian Shield, a third one in the 
Andes); Bromeliaceae: Ayensua, Brewcaria, Brocchinia, Con- 
nellia, Lindmania, Navia, Steyerbromelia-, Caesalpiniaceae: 
Dicymbe, Clusiaceae: Moronobea (1 sp. in lowland Peru), Neo- 
tatea\ Cyclanthaceae: Stelestylis-, Cyperaceae: Cephalocarpus, 
Didymiandrum, Everardia (1 sp. in central Andes), Rhyn- 
chocladium, Trilepis-, Ericaceae: Ledothamnus, My cerinus, Noto- 
pora, Tepuia, Eriocaulaceae: Rondonanthus', Euphorbiaceae: 
Celianella, Dendrothrix, Senefelderopsis-, Euphroniaceae: 
Euphronia-, Fabaceae: Aldincr, Flacourtiaceae: Euceraea (1 sp. 
in central Andes) ; Gentianaceae: Celiantha, Chelonanthus (1 
sp. widespread in the Neotropics), Chorisepalum, Irlbachia, 
Neblinantha, Rogersonanthus, Saccifolium, Sipapoantha, Wur- 
dackanthus (1 sp. in the Lesser Antilles); Gesneriaceae: 
Rhoogeton-, Haemodoraceae: Pyrrorhiza-, Humiriaceae: 
Humiria-, Hymenophyllopsidaceae: Hymenophyllopsis-, Lili
aceae: Nietneria-, Malpighiaceae: Blepharandra, Diacidia', 
Melastomataceae: Acanthella, Comoliopsis, Macairea, Macro
centrum, Mallophyton, Neblinanthera, Tateanthus, Phainantha 
(1 sp. in Ecuador); Ochnaceae: Adenanthe, Adenarake, Phi- 
lavra, Poecilandra, Tyleria-, Orchidaceae: Aracamunia, Duck- 
eella, Guanchezia, Helonoma-, Poaceae: Myriocladus-, 
Podostemaceae: Jenmaniellcr, Pteridaceae: Pterozonium (2 
spp. in central Andes, 1 in Costa Rica); Rapateaceae: 
Amphiphyllum, Kunhardtia, Marahuacaea, Phelpsiella, Rapatea 
(mostly lowlands), Saxofridericia, Stegolepis-, Rubiaceae: 
Aphanocarpus, Cephalodendron, Chalepophyllum, Coccochondra,

Coryphothamnus, Duidania, Maguireocharis, Maguireotham- 
nus, Merumea, Neblinathamnus, Pagameopsis, Platy carpum (1 
sp. in lowland Peru), Retiniphyllum, Sipanea-, Rutaceae: 
Decagonocarpus, Raveniopsis, Rutaneblina", Sarraceniaceae: 
Heliamphora-, Tepuianthaceae: Tepuianthus-, Xyridaceae: 
Abolboda, Achlyphila, Aratitiyopea (also in Peruvian Andes), 
Orectanthe.

Lowland Amazonian South America (18)
Apocynaceae: Galaclophora, Macropharynx:, Bombacaceae: 
Calostemma-, Burmanniaceae: Hexapterella', Caesalpiniaceae: 
Dimorphandra', Clusiaceae: Caraipa, Mahurea\ Fabaceae: 
Alexa, Diplotropis-, Hugoniaceae: Roucheria-, Icacinaceae: 
Emmotum; Melastomataceae: Ernestia, Salpinga-, Olacaceae: 
Dulacia-, Ochnaceae: Elvasia, Rubiaceae: Emmeorhiza, Gleaso- 
nia; Vochysiaceae: Ruizterania.

Wide Neotropical (273)
Annonaceae: Guatteria, Duguetia; Apocynaceae: Aspi- 
dosperma, Couma, MandeviUa, Araceae: Anthurium, Dieffen- 
bachia, Philodendron, Stenospermation-, Araliaceae: Oreopanax:, 
Arecaceae: Badris, Dictyocaryum, Euterpe, Geonoma, Maripa, 
Prestoen-, Asclepiadaceae: Blepharodon, Ditassa, Macroditassa, 
Matelea, Nephradenia-, Asteraceae: Agératum, Ayapana, Galea, 
Chionolaena, Chromolaena, Erechtites, Fleischmannia, 
Gamochaeta, Koanophyllon, Lepidaploa, Oyedaea, Piptocarpha, 
Piptocoma, Praxelis, Verbesina-, Balanophoraceae: Helosis-, 
Bignoniaceae: Distictella, Tabebuia-, Bombacaceae: Matisia; 
Bromeliaceae: Aechmea, Guzmania, Mezobromelia, Pitcairnia 
( 1 sp. in W Africa), Racinaea, Tillandsia, Vriesea', Burmanni
aceae: Dictyostega; Caesalpiniaceae: Macrolobium-, Cary- 
ocaraceae: Anthodiscus, Caryocar, Cecropiaceae: Cecropia, 
Coussapoa, Pourouma-, Clusiaceae: Tovomita, Vismia; Combre- 
taceae: Buchenavia-, Commelinaceae: Tradescantia-, Cucur- 
bitaceae: Gurania-, Cyclanthaceae: Asplundia,
Dicranopygium, Sphaeradenia, Cyperaceae: Calyptrocarya, 
Lagenocarpus, Pleurostachys-, Cyrillaceae: Cyrilla, Purdiaea; 
Chrysobalanaceae: Couepia-, Dennstaedtiaceae: Ormoloma-, 
Dicksoniaceae: Culcita-, Dilleniaceae: Doliocarpus-, Dry- 
opteridaceae: Cyclodium, Stigmatopteris-, Eremolepidaceae: 
Antidaphne, Eubrachion-, Ericaceae: Bejaria, Gaylussacia, 
Psammisia, Satyria, Sphyrospermum, Thibaudia\ Euphor
biaceae: Conceveiba (1 sp. in Africa), Hyeronima, Mabea, 
Richeria-, Fabaceae: Swartzia, Taralea-, Gentianaceae: Curtia, 
Schultesia (1 sp. in W Africa), Tachia, Tapeinostemon, 
Tetrapollinia, Voyria (1 sp. in Africa); Gesneriaceae: Alloplec- 
tus, Besleria, Columnea, Corytoplectus, Diastema, Drymonia, 
Episda, Nautilocalyx:, Grammitidaceae: Ceradenia, Cochlid- 
ium; Haemodoraceae: Xiphidium; Hippocrateaceae: Cheilo- 
clinium, Peritassa-, Icacinaceae: Discophorcr, Iridaceae: 
Trimezia-, Lamiaceae: Hyptis-, Lauraceae: Aniba, Endlicheria,
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Licaria, Nectandra, Rhodostemonodaphne, Sextonia; Liliaceae: 
Isidrogalvia; Lissocarpaceae: Lissocarpa; Loasaceae: Klapro- 
thia; Loranthaceae: Byrsonima, Cladocolea, Gaiadendron, 
Phthirusa, Psittacanthus, Struthanthus, Tripodanthus-, 
Malpighiaceae: Banisteriopsis, Eriopsis, Hiraea, Pterandra, 
Tetrapterys; Maran taceae: Ischnosiphoir, Marattiaceae: 
Danaea; Marcgraviaceae: Marcgravia; Mayacaceae: Mayaca 
(1 sp. in W Africa); Melastomataceae: Aciotis, Adelobotrys, 
Centronia, Clidemia, Comolia, Conostegia, Graffenrieda, Henriet- 
tella, Leandra, Maieta, Meriania, Miconia, Tococa, Topobea, 
Siphanthera; Metaxyaceae: Metaxya; Mimosaceae: Abarema, 
Calliandra, Inga-, Monimiaceae: Mollinedia-, Myristicaceae: 
Virola; Myrsinaceae: Cybianthus-, Myrtaceae: Blepharocalyx, 
Calycolpus, Calyptranthes, Marlierea, Myrcianthes, Siphoneu- 
gena; Nyctaginaceae: Neea; Ochnaceae: Perissocarpa-, Orchi- 
daceae: Acineta, Baskervilla, Bletia, Brachionidium, Catasetum, 
Cattleya, Cleistes, Comparettia, Goryanthes, Cryptocentrum, Cyr- 
topodium, Dichaea, Dryadella, Elleanthus, Encyclia, Epiden- 
drum, Epistephium, Galeottia, Gongora, Hexisea, Houlletia, 
Jacquiniella, Lepanthes, Lepanthopsis, Lockhartia, Lueddeman- 
nia, Lycaste, Masdevallia, Myoxanthus, Octomeria, Oncidium, 
Ophidion, Otoglossum, Otostylis, Peristeria, Phragmipedium, 
Pinelianthe, Pleurothallis, Polycycnis, Ponthieva, Prescottia, Pros- 
thechea, Psilochilus, Restrepiopsis, Scaphosepalum, Scaphyglottis, 
Scelochilus, Selenipedium, Sievekingia, Sobralia, Stanhopea, 
Stelis, Trichosalpinx, Vargasiella, Xylobium, Zygosepalum; 
Poaceae: Aegopogon, Arthrostylidium, Aulonemia, Axonopus (1 
sp. in Africa), Ichnanthus, Merostachys, Parodiolyra, Thrasya-, 
Polygonaceae: Coccoloba-, Polypodiaceae: Campyloneurum, 
Pecluma-, Proteaceae: Euplassa-, Panopsis; Roupala; Qui- 
inaceae: Froesia, Quiina; Rhizophoraceae: Sterigmapetalum-, 
Rubiaceae: Coccocypselum, Chiococca, Duroia, Elaeagia, 
Faramea, Hillia, Kotchubaea, Ladenbergia, Malanea, Palicourea, 
Pagamea, Perama, Remijia, Rudgea; Rutaceae: Spathelia; 
Sapindaceae: Cupania, Matayba-, Sapotaceae: Ecclinusa, Elae- 
oluma, Micropholis, Pradosia-, Scrophulariaceae: Achetaria, 
Escobedia-, Simaroubaceae: Picramnia-, Solanaceae: Cestrum, 
Markea, Solandra; Theaceae: Freziera; Thymelaeaceae: 
Daphnopsis-, Verbenaceae: Aegiphila, Amasonia, Duranta-, Vis- 
caceae: Dendrophthora, Phoradendron-, Vochysiaceae: Qualea, 
Vochysia.

AFRICAN-AMERICAN (21) (some genera with single 
species in Africa are included in the Guayanan or wide 
Neotropical elements)
Asteraceae: Achyrocline, Chrysobalanaceae: Hirtella; Clusi- 
aceae: Symphonia-, Dennstaedtiaceae: Blotiella; Dryopteri- 
daceae: Megalastrum-, Eriocaulaceae: Syngonanthus; Euphor- 
biaceae: Amanoa; Grammitidaceae: Enterosora, Zygophlebia-, 
Lentibulariaceae: Genlisea; Malpighiaceae: Heteropterys;

Meliaceae: Guarea, Trichilia; Poaceae: Echinolaena, Lasiacis, 
Olyra; Pteridaceae: Pityrogramma-, Rubiaceae: Sabicea-, Turn- 
eraceae: Turnera; Verbenaceae: Lippia; Zingiberaceae: 
Renealmia.

ASIAN-AMERICAN (16)
Asteraceae: Austroeupatorium; Chloranthaceae: Hedyosmum; 
Clethraceae: Clethra-, Cyperaceae: Uncinia; Dennstaedti
aceae: Paesia-, Fabaceae: Desmodium, Ormosia; Gleicheni- 
aceae: Diplopterygium; Heliconiaceae: Heliconia-, Lauraceae: 
Persea-, Orchidaceae: Erythrodes; Plagiogyriaceae: Plagiogyria-, 
Rubiaceae: Schradern-, Sabiaceae: Meliosma-, Symplocaceae: 
Symplocos-, Theaceae: Gordonia.

PANTROPICAL (100)
Apocynaceae: Rauvolfia, Tabernaemontana-, Aquifoliaceae: 
Ilex-, Araliaceae: Schefflern-, Aristolochiaceae: Aristolochia-, As- 
clepiadaceae: Cynanchum; Asteraceae: Conyza, Mikania-, Bal- 
anophoraceae: Langsdorffia; Begoniaceae: Begonia-, Bomba- 
caceae: Pachira; Boraginaceae: Cordia-, Burmanniaceae: Bur- 
mannia; Burseraceae: Dacryodes, Protium-, Caesalpiniaceae: 
Chamaecrista-, Celastraceae: Maytenus; Chrysobalanaceae: Li- 
cania; Clusiaceae: Clusia-, Combretaceae: Terminalia-, Con- 
naraceae: Rourea; Cyatheaceae: ALsophila, Cyathea-, Cyper
aceae: Hypolytrum, Mapania, Scleria-, Davalliaceae: 
Nephrolepis-, Dennstaedtiaceae: Dennstaedtia, Histiopteris, Hy- 
polepis, Lindsaea, Saccoloma-, Dioscoreaceae: Dioscorea-, Dry- 
opteridaceae: Arachniodes, Diplazium, Elaphoglossum, Lastre- 
opsis, Oleandra, Tectaria-, Ebenaceae: Diospyros-, Elaeo- 
carpaceae: Sloanea-, Eriocaulaceae: Paepalanthus-, Erythroxy- 
laceae: Erythroxylunr, Euphorbiaceae: Croton, Dalechampia, 
Phyllanthus; Fabaceae: Dioclea-, Flacourtiaceae: Casearia-, Gle- 
icheniaceae: Dicranopteris, Sticherus; Gnetaceae: Gnetum-, 
Grammitidaceae: Grammitis-, Haloragaceae: Laurembergia-, 
Hymenophyllaceae: Hymenophyllum, Trichomanes-, Lau
raceae: Ocotea; Lythraceae: Cuphea; Malvaceae: Sida; 
Moraceae: Ficus-, Myrsinaceae: Myrsine, Myrtaceae: Eugenia; 
Ochnaceae: Ouratea, Sauvagesia; Olacaceae: Schoepfia; Or
chidaceae: Bulbophyllum, Eulophia, Habenaria, Maxillaria; 
Oxalidaceae: Biophytum; Passifloraceae: Passiflora; Phytolac- 
caceae: Phytolacca; Piperaceae: Peperomia, Piper, Poaceae: An- 
dropogon, Eriochrysis, Isachne, Oplismenus, Pennisetum, Saccha- 
rum, Paspalum; Polygalaceae: Securidaca; Polypodiaceae: 
Pleopeltis; Pteridaceae: Doryopteris; Rubiaceae: Borreria, Psy- 
chotria; Rutaceae: Zanthoxylum; Santalaceae: Thesium; 
Sapotaceae: Chrysophyllum, Pouteria; Schizaeaceae: Anemia; 
Selaginellaceae: Selaginella; Simaroubaceae: Simarouba; Smi- 
lacaceae: Smilax, Theaceae: Ternstroemia; Thelypteridaceae: 
Thelypteris; Urticaceae: Pilea; Vitaceae: Cissus; Vittariaceae: 
Antrophyum; Vittariaceae: Vittaria; Xyridaceae: Xyris.
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AUSTRAL-ANTARCTIC (11)
Cyperaceae: Oreobolus; Cunoniaceae: Weinmannia; Dry- 
opteridaceae: Rumohra; Ericaceae: Gaultheria, Pernettya; 
Myrtaceae: Myrteola, Ugni; Poaceae: Cortaderia;
Podocarpaceae: Podocarpus', Rubiaceae: Nertera; Winter- 
aceae: Drimys.

HOLARCTIC (6)
Caprifoliaceae: Viburnum', Ericaceae: Vaccinium', Myri- 
caceae: Myrica; Scrophulariaceae: Castilleja; Rosaceae: 
Prunus; Rhamnaceae: Rhamnus.

WIDE TEMPERATE (6)
Cyperaceae: Carex; Hypericaceae: Hypericum; Myrtaceae: 
Myrcia; Rosaceae: Rubus, Rubiaceae: Galium; Valerianaceae: 
Valeriana.

COSMOPOLITAN (31)
Acanthaceae: Justicia; Aspleniaceae: Asplénium; Asteraceae: 
Gnaphalium; Blechnaceae: Blechnum; Cyperaceae: Cladium, 
Eleocharis, Rhynchospora; Dennstaedtiaceae: Pteridium; 
Droseraceae: Drosera; Dryopteridaceae: Polystichum; Erio- 
caulaceae: Eriocaulon; Isoetaceae: Isoëtes, Juncaceae: Juncus, 
Lentibulariaceae: Utricularia; Lycopodiaceae: Huperzia, 
Lycopodiella, Lycopodium; Ophioglossaceae: Ophioglossum; 
Orchidaceae: Liparis, Malaxis; Osmundaceae: Osmunda; 
Poaceae: Panicum; Polygalaceae: Polygala; Polypodiaceae: 
Polypodium; Pteridaceae: Adiantum, Cheilanthes, Pteris, 
Ranunculaceae: Clematis, Schizaeaceae: Schizaea;
Solanaceae: Solanum; Styracaceae: Styrax.
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Diversity of vegetation types in the Guayana 
Region: An overview

Otto Huber

Huber, O. 2005. Diversity of vegetation types in the Guayana Region: An overview. Biol. Skr. 55: 
169-188. ISSN 0366-3612. ISBN 87-7304-304-4.

As a result of more than 200 years of botanical explorations in the area of the Guayana Shield in 
northeastern South America, the floristic knowledge about this still relatively remote and inac
cessible land is rapidly increasing. Based on the presence of numerous families and genera with 
high levels of endemicity and unusual patterns of plant distribution especially on the peculiar 
tabular mountains (“tepuis”), a separate phytogeographical Guayana Region has been recog
nized for a long time. This was confirmed recently through the evidence of more complete and 
accurate data on its flora and other geographic characteristics. In this paper an attempt is made 
to provide further evidence for an autochthonous origin and evolution of plant life in the 
Guayana Region analyzing the nature and geographical distribution of the most important vege
tation types and some of their characteristic plant communities. Using a series of ecological tran
sects along different Guayanan mountain systems, as well as descriptions of local plant communi
ties adapted to typically Guayanan ecological site conditions (such as oligotrophy or nature of 
substrate), it is shown that the diversity of vegetation types of the Guayana Region is very pro
nounced and remarkably different compared to that of the adjacent phytogeographic regions. 
The reasons for such a high concentration of floristic and vegetational properties in this relatively 
small portion of the Neotropics are strongly related to its long geologic stability allowing uninter
rupted speciation processes since late Gondwanic times, the continuously increasing diversifica
tion of landscapes and site conditions, and a progressive increase of oligotrophic site conditions 
leading to more effective ecological adaptation processes at local scales. At the same time, such a 
stable land mass as the Guayana Shield must also be seen as an important refuge area for immi
gration and subsequent differentiation processes from the surrounding areas which were much 
more exposed to drastic changes in their life conditions during the process of their geologic evo
lution.

Otto Huber, CoroLab Humboldt, CIET/IVIC, Apartado 21.827 Caracas 1020-A, Venezuela. Email: 
ohuber@.ivic.ve — Via Tele]erica 4, 1-39012 Merano, Italy. E-mail: free8705@dnet.it

Introduction
Since the publication of “ Versuch einer Flora und 
Fauna von Britisch Guiana" (Essay of a Flora and 
Fauna of British Guiana) by Schomburgk 
(1848), the scientific world became aware that 
the land between the Amazonas and the 
Orinoco rivers with its strange, flat topped 

mountains was home to a rare and curious 
assemblage of plants and animals. During 
these last 150 years a large amount of biologi
cal collections and other scientific activities has 
been made in the area of the Guayana Shield, 
yielding an increasingly more detailed know
ledge on the main characteristics of this rich 
and unique biota. Although some biogeo-
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graphie classifications of the Neotropics recog
nize the Guayana region as a distinct phyto-, 
zoo- or biogeographic unit (but under several 
different names and even more different geo
graphic locations), other publications consider 
this region still to be nothing other than a 
northward extension of the Amazonian region 
(e.g. Cabrera & Willink 1973).

In this paper an attempt will be made to pre
sent a more comprehensive overview of the 
main characteristics of the varied Guayanan 
biota, in order to demonstrate its autochtho
nous character derived from a unique evolu
tionary history and documented today not 
only by a high alpha (taxonomic) diversity, but 
also by a similarly and no less interesting diver
sity of plant communities and landscape types. 
For this purpose, the results of an interdiscipli
nary workshop on Guayanan biota held at 
Paramaribo (Suriname) in April 2002 (Huber 
& Foster 2003), as well as the author’s personal 
field experience accumulated over approxi
mately 30 years mainly in the Venezuelan 
Guayana will be taken into account. Since 
southern Venezuelan has the most numerous 
and most diverse of the Guayanan montane 
environments, a bias towards this area is 
unavoidable. However, it must also be men
tioned that the Venezuela Guayana region is 
presently one of the ecologically and biologi
cally better known sections of the biogeo

graphic region of Guayana, which extends 
more or less widely in six neotropical equator
ial countries (Guyana, Suriname, French 
Guiana, northern Brazil, southeastern Colom
bia, and southern Venezuela).

Some of the following geological and geo
morphological considerations referring to the 
Guayanan landscape evolution since late Meso
zoic times (approx. 150 million years ago to 
present), are based on Gibbs and Barron 
(1993), Mendoza (1977), Gosh (1985), and 
Sidder and Mendoza (1999); furthermore, 
many on-site discussions during numerous 
field trips with colleagues of Earth Sciences, 
such as Alfred Zinck, Carlos Schubert(f), 
Henry Briceno and Franco Urbani have also 
contributed to obtain valuable insights into 
Guayanan geological history. For detailed and 
updated floristic and phytogeographic data on 
the Guayana Region, and especially of its high
lands (Pantepuï), the reader is also referred to 
the paper of Berry and Riina (this volume).

Short overview of the Guayana Region 
and its main vegetation types 
Geographical characteristics
The Guayana Region in its widest sense occu
pies roughly an area of 2-2.5 million km2 (Hu
ber & Foster 2003), corresponding to the con
solidated basement area of the Guayana Shield 

Fig- 2. Altitudinal zonation in the Guayana Region (from Huber 1995a).
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and its surrounding forelands (Fig. 1). The 
Guayana Shield, together with a few other simi
lar nuclei located in various parts of the Earth, 
is considered to be one of the oldest cratons 
that had initially solidified in the Earth’s man
tle, approx. 3-4,000 million years ago. This huge 
Proterozoic landmass was later subject to inter
mittent phases of intensive sedimentation 
processes, which eventually buried wide parts of 
it under a cover several thousand meters thick 
and formed by innumerable layers of sandy and 
quartzitic material of predominantly siliceous 
geochemical composition, classified today as 
the Precambrian quartzites and sandstones of 
the Roraima Group (Mendoza 1977). A series 
of large tectonic events, which included repeat
ed Palaeo- and Mesozoic volcanic intrusions of 
ultramafic lava flows among the strata, and suc
cessive intense and prolonged periods of ero
sional processes have subsequently substantially 
modified the originally undulating highland 
plateau of this western section of the ancient 
Gondwana supercontinent.

Since no convincing fossil records have so 
far been found from the entire Guayana Shield 
area, the Palaeo- and Mesozoic history of its 
geological and biological evolution is still 
unknown. However, there are no reasons to 
assume that such an ancient, permanently 
emerged landmass located mostly at tropical 
latitudes at least since Mesozoic times and com
posed of a variety of geological substrates, 
should not have been colonized by plants like 
in the rest of the world. The widespread pres
ence of so called Gondwanan families (c.g. 
Annonaceae, Bombacaceae, Chrysobal- 
anaceae, Ebenaceae, Sapotaceae, etc.) in the 
modern flora of the Guayana Region strongly 
suggests that it was covered by a succession of 
archaic, Gondwana related proto-floras. Their 
members aggregated into continuously evolv
ing and differentiating series of vegetation 
types which were forced permanently to adapt 
to the progressively expanding oligotrophic 

site conditions produced by the intense weath
ering processes of the predominantly quartzitic 
substrate.

But especially after the breakup of the Gond
wana continent during the Cretaceous Period 
(starting approx. 145 million years ago), the 
erosional and weathering processes acting 
upon the landscapes of its western segment, of 
which the Guayana Shield made part, must 
have suffered important changes in intensity 
and direction. The appearance of a steadily 
expanding oceanic watermass along the east
ern border of that new continent during the 
Tertiary, surely created entirely different 
regional climatic cycles in that area. It is proba
ble that since that time the Guayanan biota 
must have been heavily conditioned by a mon
soon-type of climatic regime with its character
istically alternating wet and dry phases during 
the year.

As a consequence, the relatively uniform 
topography of the original Precambrian 
Roraima sandstone cover was soon interrupted 
by the formation of numerous creeks and val
leys eroding downwards along the intricate pat
tern of fault lines, diaclases, and contact zones 
extending between the differential rock types. 
These intensive erosion processes were proba
bly reinforced by vertical tectonic movements 
of the Shield induced by the Andean orogene
sis which since the middle of the Tertiary 
(approx. 30 million years ago) was operating in 
the adjacent western periphery of the Guayana 
Shield. As a result, the once continuous strata 
of the Roraima Group broke up creating an 
increasing number of progressively isolated 
mountain blocks; at the same time, the charac
teristic Guayanan step-like landscape origi
nated, with its alternating horizontal levels and 
steep slopes, testifying to the sequence of dif
ferent erosion cycles which had succeeded one 
another during the various geological epochs 
of the Tertiary and Quaternary (Briceno & 
Schubert 1990, 1992).
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While this long lasting erosional process of 
the Roraima quartzite and sandstones is still 
ongoing, an altitudinal zonation of life zones 
can easily be recognized in most Guayanan 
mountain systems ranging from near sea level 
up to average elevations between 2000 and 
3000 m a.s.l. This zonation (see Huber 1995a) 
consists of a loioland zone, usually between 0 and 
500 m a.s.l. with an equatorial macrothermic 
temperature regime, followed upwards by the 
upland zone or belt, usually between 500 and 
1500 m a.s.l. with a cooler submeso- to 
mesothermic temperature regime, which in 
turn is topped in most cases by a highland zone, 
between 1500 and 3000 m a.s.l. and subject to a 
cool or cold meso- to submicrothermic temper
ature regime (Fig. 2). The climatic, geologic, 
edaphic and écologie parameters prevailing in 
each of these altitudinal sections have been 
described elsewhere (e.g., in Huber 1995a).

The recognition of these altitudinal belts in 
the Guayana mountains is a basic tool for the 
better understanding of the present distribu
tion of plants and vegetation types in the 
Guayana Shield region. For the same purpose, 
it is useful to summarize the following land
scape characteristics, which distinguish the 
Guayana region markedly from the surround
ing Amazonian and Andean landscapes:

(1) an unparalleled long, uninterrupted 
continental geologic and evolutionary history 
since Precambrian times;

(2) the upper orographic levels (highlands) 
are geomorphologically older than the more 
recently formed lower upland and lowland lev
els;

(3) the landscape possesses an essentially 
horizontal structure alternating with slopes or 
vertical walls; therefore, the totality of these 
microlevels at each orographic level (low-, up- 
and highland) offers a wider spectrum of local 
ecosystems and niches than would be possible 
on a continuously ascending mountain slope;

(4) the principal erosional processes govern

ing the Guayana Shield are chemical and phys
ical weathering, erosion and outwash in the 
highlands, transient accumulation, erosion 
and outwash in the uplands, and accumulation 
and erosion in the lowlands; therefore, soil 
forming processes attain minimum rates in the 
highlands and maximal rates in the lowlands, 
where extensive volumes of sediments deriving 
from the surrounding uplands and highlands 
are accumulated in the form of wide glacis 
(slightly inclined piedmont slopes);

(5) both the underlying igneous-metamor
phic as well as the sedimentary rock types of 
the Guayana Shield are extremely poor in min
erals and their decomposition yields generally 
extremely nutrient poor soils with acidic quartz 
as its main mineral component; therefore, in 
the Guayana Shield and its peripheral fore
lands oligotrophic soil conditions predomi
nate.

All these mainly physical circumstances have 
contributed to the outstanding characteristics 
of the biota developed in and around the 
Guayana Shield, and which are particularity 
evident in its plant life, both in the floristic and 
in the écologie, vegetational aspect. The pre
sent-day rich and diverse flora of the Guayana 
Region contains a number of elements at the 
family and genus level, which point strongly 
towards the recognition of an autochthonous 
plant evolution center (speciation center?) in 
this area since early geological times, in spite of 
the absence of concrete fossil records. Such 
Guayana centered taxa like Rapateaceae, Bon- 
netiaceae, Tepuianthus, Saccifolium, Euphronia, 
tribe Mutisieae of the Asteraceae, Ochnaceae, 
Bromeliaceae, and Rubiaceae, as well as nearly 
150 endemic genera and more than 4000 
endemic species (Berry et al. 1995) give suffi
cient evidence of the existence of an authentic 
Guayana-rooted biota. This can be observed 
not only through their taxonomic position, but 
especially through their consistently noticeable 
ecological and physiognomical structures and 
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processes, developed in response to the partic
ular Guayanan environmental conditions. Par
ticularity the latter, however, can only be seen 
in the field and requires, therefore, consider
able field work and direct knowledge of the 
plants themselves, as well as the plant commu
nities in which they occur. Ironically, it is 
becoming increasingly more difficult to accu
mulate this kind of field knowledge due to 
logistical and permit concerns.

Main vegetation types
An examination of recent vegetation maps of 
the Guayana region (c.g. Eva et al. 1999, 2002) 
reveals that the equatorial and tropical forest 
zonobiome {sensu Walter & Breckle 1984) is by 
far the most widespread, covering probably 
more than 80% of the entire area. A still largely 
undetermined diversity of forest types covers 
the extensive lowlands, as well as most of the 
intermediate upland plateaus and lower and 
mid elevation slopes of the many mountain sys
tems up to approximately 1000-1500 m a.s.l. 
Ter Steege (2000) has presented a good 
overview of the presently known forest types 
studied in numerous sites located in the 
Guianas, and is preparing a wider paper on this 
subject to include southern Venezuela, north
ern Brazil and southeastern Colombia.

The array of forest types found in the 
Guayanan lowlands includes Mora and Green
heart {Chlorocardium) forests, Eperua forests, 
Lecythidaceae forests, Hevea forests, Erisma 
forests, Clathrotropis forests, Micrandra forests, 
Dipteryx forests, to mention just a few well 
known examples from current literature (see 
ter Steege 2000). A short flight at low elevation 
above any forested lowland in the upper 
Orinoco drainage of Venezuela, or in the Esse- 
quibo basin of Guyana, or in the Rio Negro 
watershed of Brazil gives evidence of the exis
tence of a highly diversified mosaic of numer
ous forest communities on the ground. On the 
other hand, the submontane and montane 

slope forests of the tepuis as well as of the other 
larger mountain ranges and upland plateaus 
(such as Pakaraima, Parima, Sierra de 
Unturân) are still largely unknown in both 
their latitudinal extension and their altitudinal 
zonation; only a few point studies have been 
published so far, such as the ones made on the 
upper slopes of Ptari-tepui, where interesting 
montane forests with Platy carpum and 
Moronobea were described (Steyermark 1966), 
or in the Duida-Marahuaka massif with its 
extensive Dimorphandra and Perissocarpa forests 
(Dezzeo & Huber 1995). Perhaps one of the 
best studied forest ecosystems of the higher 
Guayana region are the little forest islands 
growing on the flat topped summits of many 
tepuis, where these ecosystems occupy low 
depressions or creeks (Vareschi 1992a). Invari
ably, the dominant tree above 1500-1800 m 
belongs to the genus Bonnetia of the Bonneti- 
aceae (formerly included in the Theaceae), 
but at the species level significant variations are 
found not only at the different altitudinal lev
els, but also from mountain to mountain. The 
only exception to this Bonnetia predominance 
has been found in the summit forests of the 
granitic Sierra Maigualida, where the most fre
quent tree species are Cyrilla racemiflora, Clusia 
spp., Ecclinusa ulei (Sapotaceae), Weinmannia 
spp. (Cunoniaceae) and Schefflern sp. (Arali- 
aceae) (see Huber et al. 1997).

In general, one can notice in the Guayana 
mountains a steep decline in both alpha and 
beta-diversity of forest ecosystems along a low- 
land-upland-highland gradient. Unfortunately, 
there are insufficient quantitative data to allow 
statistically significant comparisons, but aver
age numbers of tree species per hectare with 
DBH >10 cm range between 150-280 in 
neotropical lowland forests (Phillips et al. 
1994) and probably less than 10 in the tepui 
highland forests (personal estimation). Also 
the physiognomic diversity of the forest types 
tends to become much more uniform with 
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increasing elevation, a phenomenon already 
observed in the Andes and other tropical 
American mountains (Vareschi 1992a; 1992b).

In spite of their relatively small extension, 
the shrublands and the herbaceous vegetation types 
of the Guayana region show an enormous 
degree of diversity, to the extent that one 
might consider them to be the true characteris
tic and, at the same time, differential vegeta
tional features of this phytogeographic region. 
In most cases these two formations belong to 
the class pedo-biomes in the sense of Walter 
and Breckle (1984), since they are invariably 
associated with particular edaphic conditions. 
They include litho-biomes, psammo-biomes, 
histo-biomes, and peino-biomes and are easily 
recognized in the field as characteristic 
Guayanan vegetation types by their floristic 
and physiognomic properties.

The shrubland ecosystems found at the various 
altitudinal levels of the Venezuelan Guayana 
were presented in a comprehensive overview 
by Huber (1989, 1995b, 1995c). Previously, 
Heyligers (1963) in Suriname, Cooper (1979) 
in Guyana, Anderson (1981) and Prance and 
Schubart (1978) in northern Brazil described 
some of these peculiar ecosystems growing 
principally on lowland white sands. Again the 
scanty published data on the Guayana shrub
lands do not allow a more detailed analysis of 
their floristic composition and physiognomic 
variability; however, it seems as if the scrub 
types growing at intermediate elevational levels 
(uplands, between 800 and 1500 m a.s.l.) show 
the highest rates of alpha- and beta diversity, 
although in the high tepui shrublands (on 
summits above 1800 m a.s.l.) some of the most 
unusual habits have developed including the 
caulirosulate growth form, predominant else
where only in the high Andean paramos and 
the upper vegetation belts of some African vol
canoes.

The herbaceous formation is well represented 
in many landscapes of the Guayana region; 

tropical, grass-dominated savannas are found 
predominantly in the central-eastern Guayana 
lowlands and uplands, ranging from the 
Guianas in the east to the Rio Branco savannas 
in northern Brazil, the Gran Sabana in south
eastern Venezuela and some transitional savan
nas in the southwestern border area of the 
Orinoco Llanos with the Guayana region. 
Almost all of these grass savannas belong to the 
large phytosociological Class Trachypogone- 
talia (van Donselaar 1968), in which Trachy- 
pogon spicatus is the dominant and at the same 
time ecologically characteristic grass element.

The numerous savanna ecosystems scattered 
over the Guayana Shield area and ranging 
there from near sea level in the coastal savan
nas of the Guianas to approx. 1400-1600 m 
a.s.l. in the Venezuelan Gran Sabana region, 
are therefore true members of the neotropical 
savanna biome, a zono-biome (sensu Walter & 
Breckle 1984) which is widespread from cen
tral-southern Brazil and northern Paraguay to 
southern Mexico. This formation, probably of 
ancient (Gondwanic?) origin (Trachypogon is 
also an important grass component of the 
African paleotropical savannas), includes a 
large number of more or less species-rich 
ecosystems and plant communities with their 
highest diversification in the central Brazilian 
uplands, where they form a wide array of phys- 
iognomically distinct and floristically diverse 
communities grouped under the term “cer- 
rado”. The ancient, rolling open landscape type 
of the cerrado, characteristic of the Planalto 
Brasileiro and its numerous peripheral moun
tain systems, have originated on the Brazilian 
or Guaporé Shield, considered to be the sister
shield of the Guayana Shield, from which it is 
separated today by the valley of the Amazon 
River. Most likely, ancestral savanna communi
ties initially spread from the Brazilian core area 
to the adjacent continental uplands located to 
the north and west. During later expansion 
phases, concurrent with the climatic oscilla- 
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tions which occurred during the late Tertiary 
and Quaternary, some of these grass communi
ties began to occupy the large basins created 
after the Andean uplift around the continental 
masses of the Guayana and Brazilian Shield, 
such as the Orinoco Llanos in Colombia and 
Venezuela and the Beni plains in northeastern 
Bolivia. Interestingly, in spite of an evident and 
well marked floristic differentiation in all 
major regional savanna fragments of the 
neotropics, a common “basic floristic matrix” 
of grasses and accompanying shrubs can still 
be found today throughout the entire area (see 
Huber 1987).

In contrast to these tropical grasslands 
(savannas), the Guayana Shield harbors 
another herbaceous biome, which is restricted 
exclusively to that biogeographic region: it 
consists of mainly broadleaved herbaceous 
meadows, whose dominant species and genera 
belong to highly specialized, but non-grami- 
neous families, such as the Rapateaceae, 
Bromeliaceae, Xyridaceae, Eriocaulaceae and 
Cyperaceae. A few genera of Rapateaceae, like 
Stegolepis, Marahuacaea and Kunhardtia in the 
uplands and highlands, as well as Schoenocephal- 
ium, Monotrema and Cephalostemon in the low
lands, form extensive communities and may 
well be considered as the true “flagship 
species” of Guayanan herbaceous biota (see 
Huber 1988). Although sometimes they may 
resemble each other superficially, these 
Guayanan broadleaved meadows have little in 
common with a traditional neotropical 
savanna, either from the physiognomic or the 
floristic points of view. For that reason, and 
because of their distribution strictly limited to 
the Guayana region, they should be regarded 
as a separate herbaceous pedo-biome 
(psammo-biome in the lowlands, histo-biome 
in the uplands and highlands).

Guayanan broadleaved meadows grow in the 
uplands and highlands from 800 to 2500 m 
a.s.l., usually on water-saturated organic soils 

(histosols or peat), or rarely on open sand
stone surfaces, where they compete with other, 
nongramineous herbaceous communities 
formed mainly by terrestrial bromeliads of the 
genera Brocchinia, Lindmania and Navia. In the 
lowlands (below 500 m a.s.l.), they are found 
characteristically on alternating dry/wet, allu
vial white-sand soils, which represent extremely 
acidic and oligotrophic habitats (peino-psam- 
mobiome sensu Walter & Breckle 1984). As will 
be seen in the following chapter, it is mainly 
this biome of the Guayana region, that shows a 
marked differentiation in both the vertical 
(altitudinal) sense as well as in the horizontal 
(geographical) sense. Furthermore, these 
herbaceous communities also contain a great 
variety of peculiar growth forms (c.g., dense 
rosettes in Eriocaulaceae or Cyperaceae, sig
moid leaf arrangement in Rapateaceae, tubu
lar leaf arrangement in Bromeliaceae), as is 
the case with the shrublands.

Finally, the last large habitat type present in 
the Guayana region is represented by the rock 
surfaces, which are very extensive in the 
Guayana mountains, especially along their 
upper walls and cliffs, as well as on their mostly 
flat-topped summit plateaus. The saxicolous 
plants and plant communities adapted to grow 
in this harsh biome extending from near sea 
level to the summit of the highest mountain 
peak of Cerro de la Neblina on the southern
most Brazilian/Venezuela frontier at 3014 m 
a.s.l., belong to epilithic cyanobacteria, algae 
and lichens, or to Bromeliaceae, Cyperaceae 
and Xyridaceae, and to a characteristic and 
highly endemic assemblage of herbaceous 
and/or woody species belonging to various 
families. Each of these plant associations can 
also be interpreted as a particular serai phase 
in the process of colonization proceeding from 
the open, exposed rock to shallow depressions, 
cracks and crevices, and finally into more 
extended depressions with low arborescent 
vegetation.
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Beta-diversity in the Guayana Region

Although a large part of the Guayana Region 
still lacks detailed inventories of its alpha- and 
beta-diversity (see Huber & Foster 2003), an 
attempt will be made here to illustrate the 
diversity of habitats already found in places 
which have been visited during ecological 
explorations in the past 50 years. For this pur
pose, three different approaches will be used: 
altitudinal transects, horizontal wide-scale 
comparisons within the four recognised 
provinces of the Guayana Region, and geo-eco- 
logical parameters.

Vertical (altitudinal) differentiation:
Figure 3 shows the altitudinal sequence of the 
main vegetation types observed by the author 
from the basal lowlands to the summits of five 
important mountain systems selected in the 
Venezuelan Guayana (see Fig. 1 for location of 
transects a-e).

(a) . Transect Cuyuni River-Gran Sabana-Mt. 
Roraima. - This NW-SE oriented transect is 
located along the border of eastern Estado 
Bolivar in Venezuela and the Pakaraima region 
in Guyana, stretching approx, over 125 km and 
2600 m of elevation. It starts in the north with 
dense evergreen lowland forests in the Cuyuni 
river basin, ascending quickly through lush 
submontane and cloud forests along the north
ern slopes of Sierra de Lerna up to 1400 m a.s.l. 
and then enters the Gran Sabana uplands, 
which are covered mostly by treeless Trachy- 
pogon and Axonopus dominated grass savannas. 
In this wide, gently rolling landscape large 
areas of the broadleaved Stegolepis meadows 
with an interesting shrubby flora are present in 
the upper section, whereas in the lower south
ern section (between 900 and 1200 m a.s.l. 
approx.) extensive Mauritia flexuosa palm 
savannas, on partly flooded terrain, are pre
dominant. These are the highest Mauritia palm 
savannas known in Venezuela. The base of Mt.

Roraima is located in the southeastern corner 
of the Gran Sabana at approx. 1300 m a.s.l. and 
is covered in its western and northern base by 
dense submontane forest; this forest soon 
changes into a lower montane Bonnetia tepuien- 
sis forest, which covers the upper part of the 
talus slope up to the base of the wall at approx. 
2000 m a.s.l. Once the summit is reached at 
approx. 2700 m a.s.l., the predominant vegeta
tion is open rock pioneer vegetation formed by 
cyanobacteria, algae and lichens, alternating 
with small pools containing herbaceous or low 
shrubby high-tepui vegetation dominated by 
Rapateaceae, Xyridaceae, Eriocaulaceae 
among the herbs and Rubiaceae, Clusiaceae, 
Bonnetiaceae, and Araliaceae among the low 
shrubs. In larger depressions almost monospe
cific low forest islands formed by Bonnetia 
roraimae are found scattered over the wide, flat, 
wind swept rocky plateau.

(b) . Transect Kamarata-Guayaraca-Auyântepui. 
- Less than hundred kilometers to the west of 
the former transect, this short, but steep tran
sect starts at 400 m a.s.l. in the alluvial plains of 
the valley of Kamarata, where dense Humiria 
balsamifera and Platycarpum rhododactylum shrub
lands on white sands alternate with neotropical 
Trachypogon grass savannas, surrounded by ever
green lowland forests. On the next altitudinal 
step, the Guayaraca plateau at approx. 1000 m 
a.s.l., Clusia, Euphronia and Dicymbe shrublands 
with a dense grass cover of Trachypogon and Ax
onopus give way to other types of dense, still 
largely unexplored submontane forests on the 
slopes leading to the following plateau at 1500 
m elevation; there, part of the original forest 
cover has been destroyed by fire, but above 
1600 m a dense, although lower montane forest 
can be recognized, followed by a narrow belt of 
Bonnetia steyermarkii forests at the base of the 
walls (approx. 1900 m a.s.l.) of the southern 
Auyan tepui massif. After traversing the upper 
walls, the southernmost and at the same time 
highest elevation of Auyantepui (2450 m a.s.l.) 
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is reached. Typical high-tepui scrub dominated 
by Chimantaea similis, Tepuianthus auyantepuien- 
sis, Clusia sp. and Blepharandra hypoleuca covers 
large extensions of the otherwise almost bare 
sandstone surface, where a few saxicolous plant 
communities of the bromeliads Ayensua uaipa- 
nensis or of the showy Connellia varadarajanii 
can be found. The huge summit plateau of 
Auyântepui is covered mostly by a great variety 
of vegetation types, including dense Bonnetia ro- 
raimae forests, species rich shrublands and ex
tensive, swampy meadows.

(c) . Transect Rio Aro-Rio Trueno-Guaiquinima 
S-N. - This transect starts in the northeastern 
piedmont slopes of the large but relatively low 
tepui Guaiquinima massif in the Paragua River 
drainage, where interesting tree savannas of 
Caraipa and Bonyunia growing with Bulbostylis 
lanata and Mesosetum rottboellioides in the herba
ceous layer form a unique mosaic with tall 
semideciduous and evergreen lowland forests. 
From this approx. 100 m level one climbs to 
the following level at approx. 400 m a.s.l., con
sisting of wide, concentrically inclined rocky 
slopes covered by extraordinarily rich and 
diversified shrublands dominated by Platy- 
carpum rhododactylum, Terminalia spp., Euphro- 
nia guianensis, and Pakaraimaea dip tero carp acea, 
to mention just a few outstanding members. 
The following step of the transect brings us to 
the southeastern rim of Cerro Guaiquinima, at 
approx. 750-850 m a.s.l., covered by low, sub
montane forest alternating with open scrub 
with Clusia spp., Marlierea pudica and many 
melastomes on open sandstone layers. Only 
above 1200 m a.s.l. and mostly in the northern 
summit plateau, large herbaceous meadows 
appear on peat, dominated by the endemic 
rapateaceous Stegolepis squarrosa mixed with low 
sprawling shrubs of Blepharandra fimbriata and 
Bonnetia lanceifolia. This unique, open low- 
tepui vegetation extends up to the northern 
summit of Guaiquinima-tepui at 1600 m a.s.l.

(d) . Transect Lower Cano Iguana-Upper Cano 

Iguana-Cerro Yudi. — Contrary to the former 
transects, this one runs along the continuous 
southwest-facing slopes of Sierra Maigualida, 
the largest igneous-metamorphic, granitic 
mountain system in the Guayana Shield; it cov
ers a length of approx. 80 km, whereas the dif
ference in altitude is 2300 m, from 100 to more 
than 2400 m a.s.l. According to Zent & Lopez 
(pers, comm.) the forests of the lower Cano 
Iguana are tall lowland forests dominated by 
Lauraceae, Sapotaceae and legumes, some of 
them semideciduous. These lowland forests 
give way to even taller and apparently diversi
fied submontane forests around 600 m a.s.l. 
until elevations of approx. 1500 m a.s.l.; unfor
tunately, no studies are yet available from this 
belt. Higher up, between 1600 and 1800/2000 
m a.s.l., montane forests with typically dense 
and flattened crowns are common; one forest 
type visited by us in this belt seemed to be dom
inated by almost pure stands of the genus Peris- 
socarpa (Ochnaceae) and the ground cover was 
formed by dense fern communities, mixed 
with numerous terrestrial aroid colonies. 
Towards the summit of Cerro Yudi, between 
2100 and 2400 m a.s.l., low high-tepui forest 
dominated by Cyrilla racemiflora (the same 
species dominating elfin forests in Puerto 
Rico!) mixed with Magnolia sp., Clusia sp. and 
Gongylolepis jauaensis grows in protected 
depressions (Huber et al. 1997), whereas the 
mostly flat valley bottoms are filled with deep, 
water saturated peat covered by dense mead
ows of Kunhardtia rhodantha, Orectanthe sceptrum 
and a still undescribed species of a densely 
pubescent Axonopus. On the numerous granitic 
rock outcrops strange open shrublands 
formed by mostly endemic taxa of Spathelia 
(Rutaceae), Coccochondra (Rubiaceae), Hu- 
beropappus (Asteraceae), Cuphea (Lythraceae) 
and Phyllanthus (Euphorbiaceae) characterize 
this outstanding high mountain landscape of 
Sierra Maigualida that was explored for the 
first time less than two decades ago.
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(e) . Transect La Esmeralda-Cerro Duida Plateau- 
Cerro Marahuaka. — The last transect treated 
here is also the highest, spanning from 150 m 
to 2800 m a.s.l., but it includes two mountains 
which, although close to each other, are 
remarkably different in their physiographic 
and vegetational aspects. The transect starts at 
the southern tip of Cerro Duida, in the 
savanna of La Esmeralda stretching along the 
northern shore of the upper Orinoco River 
(150 m a.s.l.). This typical dense Trachypogon 
grass savanna including palm swamps of Mauri- 
tia flexuosa is considered by Eden (1974) to be a 
relictual savanna from Pleistocenic climatic 
oscillations. The Esmeralda savannas are 
embedded in a mosaic of evergreen lowland 
forests, ranging from typical tall terra firme 
forests with Ceiba, Goupia, Moraceae, etc. to 
lower and more open caatinga forests domi
nated by Eperua obtusata (Coomes 8c Grubb 
1996). The next belt is formed by submontane 
forests which cover the lower slopes of Cerro 
Duida up to the base of the cliffs at approx. 
1000 m a.s.l.; the southern summit of Duida is 
reached at almost 2400 m a.s.l., where a wide 
variety of tepui meadows dominated by 
Amphiphyllum rigidum and Stegolepis pungens 
alternate with diverse shrublands of Rubi- 
aceae, Melastomataceae and especially 
Ochnaceae of the genus Tyleria. The huge 
plateau of Cerro Duida (>1000 km2!) slowly 
descends northwards to about 800 m a.s.l. 
Below approx. 1500 m a.s.l., the mosaic of 
tepui meadows and shrublands is replaced by 
dense submontane forests mostly dominated 
by Dimorphandra, which extend to the steep 
base of the majestic Cerro Marahuaka rising 
abruptly from the northeastern border of the 
Duida plateau up to 2800 m a.s.l., making this 
the second highest mountain of the Guayana 
Shield. On its slopes, a series of altitudinally 
distinct forest types can readily be recognized, 
but they have not yet been ecologically charac
terized. Interestingly, the two summits of 

Marahuaka, although only separated from 
each other by a shallow valley, have very differ
ent biota, the northern one covered by dense 
meadows on peat dominated by Stegolepis terra- 
maris, Brew caria and Steyerbromelia, whereas on 
the slightly lower southern summit mainly 
shrublands and small forests grow on the 
extensive rocky plateau, and the northern Ste
golepis is almost exclusively replaced by the 
endemic Rapateaceae genus and species 
Marahuacaea schomburgkii (Steyermark 8c 
Maguire 1984).

Even from such a short description of five 
altitudinal transects made on just a few of the 
more than 50 tepuis and mountains recog
nized in the central Guayana Shield, the fol
lowing conclusions can be drawn:

( 1 ). There exists a general altitudinal zona
tion in the distribution of vegetation types 
which corresponds roughly to the climatic 
belts of macrothermic lowlands (0-500 m a.s.l., 
mean annual temperature >242 C), submesother- 
mic uplands (500-1500 m a.s.l., mean annual 
temperature 18-249 C), and meso- and submi- 
crothermic highlands (1500-3000 m a.s.l., mean 
annual temperature 8-18° C), regardless of the 
geology and of the principal orographic fea
tures of the mountains (e.g.: steplike vs. contin
uous slopes).

(2) . The extent and course of each altitudi
nal zone may vary from one mountain to 
another, depending on the mountain’s size or 
mass (“Massenerhebungseffekf') and its overall 
elevation, as well as of the local (meso) climatic 
exposure of the slopes considered; further
more, local edaphic, geomorphologic or phys
iographic features may also influence the 
nature and extension of the vegetational belt. 
Therefore, the above mentioned numeric alti
tudinal values are only indicative and must be 
corroborated in the field on each single moun
tain and on each exposure.

(3) . Thus far, no two equal transects have 
been reported from any Guayanan tepui or 
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mountain in any of the three altitudinal belts, 
showing significant differences either in the 
physiognomic, or the floristic components, or 
both of the vegetation types analyzed. This 
indicates that the long emphasized floristic 
(alpha) diversity found on each tepui summit 
is actually also well represented through a simi
larity highly diversified assemblage of vegeta
tion types (beta diversity) progressing from the 
base to the summit of these mountains. It 
seems unlikely that the factor “isolation”, usu
ally invoked for explanation of the high specia
tion rates on the tepui summits, could also be 
responsible for the high beta diversity found 
on the slopes and in the stirrounding lowlands. 
It must be admitted, however, that at this 
moment the available amount of comparable 
and verifiable field data is still too scanty and 
does not allow definite conclusions on this sub
ject.

Horizontal (geographical) differentiation
Examining the large area occupied by the geo
logic Guayana Shield on an elevational physio
graphic map (see Fig. 1), one notices that it 
includes a central, rather concentrated moun
tainous area, surrounded by more or less wide 
forelands in all four directions; it is further
more bounded by two large valleys, one in the 
north (Orinoco) and the other in the south 
(Amazonas), whereas in the east it is limited by 
the Atlantic Ocean and in the west by the 
Andean piedmont slopes (glacis).

As mentioned before, the age of formation 
of the various erosion surfaces of the sedimen
tary mountain systems of the Guayana Shield 
decreases from top to bottom (i.e., from Pre
cambrian to Quaternary), contrary to what 
may happen in other mountain systems of 
mainly tectonical orogenesis (c.g., the Andes), 
where the uppermost zones have often origi
nated most recently. The enormous, slightly 
inclined piedmont slopes (glacis) surrounding 
the core Guayanan mountains in the east, 

south and west were mainly built up of acidic 
quartzitic sand grains originally washed down 
from the tepui summits, then deposited at 
their base and then relocated at progressively 
increasing distances according to their 
decreasing particle weight. This cyclic crosion- 
sedimentation-erosion process, has taken place 
at the base of the Guayana mountains for many 
millions of years (e.g., in the Casiquiare and the 
Rio Negro peneplains). The product consists 
of a peculiar environment, characterized by 
thick layers of relatively homogeneous sandy 
substrate with two well pronounced features: 
an extremely low content of mineral nutrients 
(edaphic oligotrophy) and a very low water 
and cation retention capacity. Elsewhere such 
permeable soils (psamments, or, in this specific 
case: quartzipsamments), paired with critical 
rainfall amounts, are considered to be among 
the most adverse substrates for a vigorous plant 
life and in many places on earth they only allow 
the growth of simple plant communities con
sisting of a few rachitic, though often highly 
endemic plant species (“peinobiomes” of Wal
ter & Breckle 1984).

Surprisingly, however, the entire Guayana 
lowlands, including most of these white sand 
ecosystems, exhibit an extraordinary richness 
of vegetation types resulting from the establish
ment there of a very diversified mosaic of plant 
communities obviously well adapted to the pre
vailing adverse edaphic and hydrologic condi
tions. Also the floristic richness is not neglige- 
able, although far from other tropical 
“hotspot” values (see, for example, Clark et al. 
2000). One main reason for such a successful 
colonization must certainty be a sufficient and 
relatively continuous rainfall supply over 
longer evolutionary periods (at least during 
the Tertiary), providing not only the edaphic 
water resources necessary for plant growth, but 
also the sustained input of significant amounts 
of nutrients over the region in form of sus
pended dust particles (aerosols).



182 BS 55

Although white sand soils are widespread in 
the Tropics, some examples of Guayanan 
ecosystems on such a substrate in the lowlands 
give evidence of interesting geographical dif
ferentiation processes. It should be noted here 
that such psammic ecosystems are virtually 
absent from the upland and highland levels of 
the Guayana Shield, where the prevailing sub
strate consists either of peat or of open sand
stone or quartzite surfaces.

Eperua forests in NE Guyana and in SW 
Venezuela. - The small (15 spp.) caesalpinioid 
genus Eperua shows a remarkable differentia
tion in the Guayana region: large areas of the 
lowlands of Guyana including white sand soils 
are covered by peculiar forests dominated by 
Eperua falcata and E. jenmanii (“wallaba” 
forests) (Ejb’on Fig. 1); at the opposite corner 
of the Guayana Shield, i.e. in the upper Rio 
Negro basin, other Eperua forests, but there 
dominated by E. purpurea and E. leucantha, 
characterize the “caatinga” landscape with 
their showy purple crowns (Ep” on Fig. 1). In 
addition, the Guyanese nucleus of Eperua also 
shows a discrete altitudinal differentiation into 
the Pakaraima uplands, where E. jenmanii 
subsp. sandwithii and E. schomburgkiana form 
open forests from the lowlands up to 1200 m 
a.s.l.

Bonnetia shrublands along the southwestern 
Guayana Shield. - The genus Bonnetia of the 
Theaceae represents one of the key floristic 
elements of most Guayanan mountain biota. In 
the lowlands, however, it is found in only two 
species, B. martiana and B. crassa', of these, the 
former is the main component of extensive 
and very dense shrublands on water logged 
white sands stretching in a wide arc from the 
western Rio Branco Basin in northern Brazil to 
the middle Caquetâ river (near Araracuara) in 
southern Colombia {Bo on Fig. 1). Bonnetia 
crassa instead barely descends from its pre
ferred habitat, the rocky uplands and high
lands of the tepuis in the Venezuelan state of 

Amazonas, to a few open shrublands in the 
Casiquiare and Atabapo drainages, always asso
ciated with white sand soil. In this case we 
observe that only one species (B. martiana), 
out of 30+ species otherwise widely distributed 
over virtually all mountains of the Guayana 
Shield, has succeeded in establishing such a 
wide and apparently continuous population 
along the southwestern Guayanan lowland 
piedmont slopes (glacis).

Schoenocephalium meadows in the Guayana 
loiolands. - Herbaceous ecosystems are cer
tainly not rare in and around the Guayana 
Shield: extensive grass savannas with or without 
woody elements grow abundantly in the low
lands and uplands {e.g., the Colombian- 
Venezuelan Llanos savannas, the Venezuelan- 
Guyanese Gran Sabana, the Brazilian- 
Guyanese Rio Branco/Rupununi savannas, to 
mention a few); herbaceous coastal swamps 
with Typha, Montrichardia and Cyperaceae are 
common along the entire Atlantic Coast; and 
the typical Guayanan broadleaved meadows of 
the rapateaceous genera Stegolepis or Kunhard- 
tia are well known examples of autochthonous 
ecosystems of the tepui up- and highlands. 
There is, however, one small genus of that 
remarkable family Rapateaceae, which illus
trates, like Bonnetia among the shrubs, a pecu
liar evolutionary pattern linked to the white 
sand habitat of the peripheral Guayana low
lands. This is the genus Schoenocephalium, origi
nally discovered by Martius along the Caquetâ 
river in Colombia (S. martianum), but later 
found much more abundantly in the upper 
Rio Negro and Orinoco drainages {Sch on Fig. 
1), with two additional species presently recog
nized (S. cucullatum and S. teretifolium)', a 
fourth, but doubtfid species (S. schultesii) has 
been described from Cerro Isibukuri near 
Araracuara in Colombia. Of these, according 
to Steyermark (1988) and Berry (pers, 
comm.), the first two (S. martianum and S. 
cucullatum) are hardly distinguishable from 
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each other taxonomically, whereas the remain
ing species (S. terelifolium) is morphologically 
well distinct due to its needle-like, long leaves 
and more delicate flower heads. This genus 
then represents another case of ongoing geo
graphical and probably ecological differentia
tion within a huge, roughly triangular area of 
distribution whose vertices are the middle Ven- 
tuari basin in the northern state of Amazonas 
in Venezuela, Sierra de Chiribiquete in Colom
bia and the lower Demini river in the Brazilian 
Rio Negro basin.

Again, these three examples only serve to 
show that the beta diversity found on the 
ground even in the contiguous Guayana low
land areas is more pronounced than could be 
expected by a mere extrapolation from general 
environmental or even floristic data. Of course, 
more examples could be cited here, but this 
argument will be treated with more detail in a 
forthcoming publication. Again, it must be 
repeated that large areas of this fascinating 
phytogeographic region are still unexplored 
and the final degree of diversity may well result 
in being considerably higher than assumed 
today.

Geo-ecological differentiation
In addition to the large-scale differentiation 
patterns described above, it is also important to 
consider more locally acting processes, such as 
geo-ecological factors. For example, oligotro
phy is an extremely powerful cause of stress on 
virtually any living communitiy, but the 
response to this limiting factor can be (and 
almost invariably is) very different, depending 
on a wide array of mostly unpredictable spatial 
and temporal site conditions.

Examples of such geo-ecological differentia
tions within Guayanan vegetation types can be 
seen in the following situations:

Quartzite and sandstone habitats (acidic). - 
There exists a set of epilithic life communities 
including cyanobacteria, algae, and lichens 

that are found on virtually any rocky substrate 
in the Guayana mountains, from the lowlands 
to the highlands. In addition to this “basic 
epilithic colonization matrix”, one also finds 
many different, post-colonizing higher plant 
communities growing on various rock types, 
exposure and altitude. Such diversification, 
particularity abundant in certain terrestrial 
genera of the bromeliad family (e.g., Navia, 
Brocchinia, Steyerbromelia, and Lindmannia), is 
more pronounced towards the saxicolous high
land biota (above 1500 m a.s.l.) and could only 
be explained tentatively by invoking historical 
(vicariance) distribution processes and micro- 
ecological adaptation processes.

Granite and gneissic habitats (acidic). - In gen
eral, a “basic epilithic colonization matrix” can 
also be recognized which is perhaps largely 
identical to the one found on sandstone or 
quartzite. The post-colonizing plant communi
ties, however, differ considerably from the ones 
seen in the former group, although many 
belong to the same family, Bromeliaceae. The 
granitic outcrop flora and vegetation of the 
lowlands has recently been studied intensively 
by de Granville in French Guiana (Granville & 
Sastre 1973) and Gröger (2000) in Venezuela, 
which have demonstrated several interesting 
systematic, chorologic and écologie conver
gence phenomena. In the highlands, the dif
ferences with the sandstone substrate are more 
evident: apparently, Bonnetia, present on all 
typical sandstone tepuis with numerous 
endemic species, is absent from granitic sub
strate, where it may locally be replaced by the 
widespread neotropical Cyrilla racemiflora. On 
the other hand, in the herbaceous meadows 
growing on granitic substrate, the otherwise 
ubiquitous tepui herb Stegolepis is almost 
entirety substituted by Kunhardtia rhodantha, 
another genus of Rapateaceae. This intensely 
red flowered, broadleaved herb, hovewer, 
grows on all the tepuis in northern Amazonas 
state (i.e., from Au tana and Cuao-Sipapo in the 
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west to Sierra Maigualida and Sierra Uasadi in 
the east at approx. 1000 to 2300 m a.s.l.), form
ing large and dense communities on peat, but 
independently of their sandstone or granitic 
geology.

Diabase intrusions (mafic and ultra-mafic). - 
Soils derived from Paleozoic volcanic intru
sions in the earlier sandstone layers, are usually 
richer in mineral nutrients and also have bet
ter cation exchange capacities than soils 
derived from sandstone substrate, where clay 
particles are largely absent. Therefore, such 
diabase intrusions are usually recognizable by 
two characteristics: first, through their gener
ally more rounded terrain forms, contrasting 
with the more angular, steplike terrain forms 
of the surrounding sedimentary landscape; 
and secondly, by a generally much denser vege
tation cover, consisting often of forests in the 
middle of a wide, open savanna landscape (e.g., 
in the Gran Sabana uplands, see Dezzeo 
(1994) and Hernandez (1999)) or in a mostly 
rocky, open high-tepui landscape (see Huber 
1992). Although no plant species seem to be 
exclusively associated with mafic or ultra-mafic 
substrate, differences in species composition 
(e.g., higher species diversity) and in the phys
iognomy of the corresponding vegetation types 
are always recognizable (e.g, taller tree 
growth).

Peat habitats (acidic and sulphurous). - Organic 
substrates (histosols) occur in the Guayana 
region in two opposite landscape types: either 
in coastal swampy areas influenced to some 
degree by marine water and often with sul
phuric components, or on mountain summits 
above 1200 m a.s.l., but mostly between 1500 
and 2500 m a.s.l. The vegetation associated 
with this substrate consists in both cases of 
open, either herbaceous or mixed 
shrubby/herbaceous plant communities. In 
the case of the coastal swamps, dominant gen
era are Typha, Montrichardia, Cyperaceae, and 
some floating grasses; this relatively poor and 

monotonous vegetation type is widely distrib
uted along most tropical and subtropical 
coasts, but is particularily widespread in the 
Orinoco delta floodplains. The montane bogs, 
on the other hand, are very common on the 
flat or little inclined plateaus of the Guayanan 
tepuis, occurring occasionally as low as 800- 
1000 m a.s.l., but generally above 1500/1800 m 
a.s.l. on any tepui, regardless of its geologic 
constitution. These peat layers are up to 2 m 
thick and often several square kilometers wide. 
They harbor a wide variety of plant communi
ties and contain much of the endemic vascular 
Pantepui flora; bryophytes, however, are not 
conspicuous and only represented by a few 
species (Ahti 1992). By far the predominant 
vegetation types are broadleaved herbaceous 
meadows dominated by one or a few of the 
more than 30 species of Stegolepis known so far 
from these mountains; but these meadows can 
also consist of large colonies of terrestrial 
bromeliads (especially Brocchinia, Navia, etc.), 
Cyperaceae, Heliamphora, Xyridaceae, Erio- 
caulaceae, together with a variable degree of 
shrubby or low woody elements. Many of these 
bogs are also covered by dense shrublands, the 
most outstanding of which is the paramoid 
scrub formed by various species of Chimantaea. 
This remarkable genus, consisting of 8 or 9, 
mostly caulirosulate species in the Chimanta 
massif, represents the only case in the Guayana 
Highlands of convergent high-mountain 
growth form with the characteristic Andean 
counterpart Espeletia s.l. from the paramo land
scape. Recent research on the palynology and 
paleoecology of some tepui bogs seems to indi
cate that these communities were subject to 
more or less pronounced climatic oscillations 
in the Quaternary, similar to the Andean high 
mountain ecosystems (Rull 1996).

Psammic (white-sand) habitats (acidic, dry- 
flooded). — Due to the wide regional distribution 
of this habitat type, some aspects of the vegeta
tional diversity associated with this substrate 
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have already been indicated above. Kubitzki 
(1990) dealt with the floristic aspects of these 
ecosystems. Nevertheless, it may be interesting 
to add here, that in the area around Cerro 
Yapacana, near the confluence of the Orinoco 
and Ventuari rivers in central Amazonas state 
of Venezuela, a unusually high concentration 
of plant communities with endemic species or 
genera has been found. In relatively small but 
numerous patches of white sand fields, charac
terized by a most peculiar superficial 
labyrinthic drainage pattern and surrounded 
either by terra firme or by gallery forests, a sur
prising diversity of herbaceous and shrubby 
plant communities occurs, which still has to be 
described in greater detail (Huber 1982). This 
particular region has received considerable 
attention since the first explorations of Bassett 
Maguire and collaborators in the early 1950s 
and may be considered as botanically (though 
not ecologically) relatively well explored; but 
also the wide glacis (piedmont slopes) made 
up mainly of white sands, which stretch almost 
continuously across the northern part of the 
State of Amazonas of Brazil from the Rio 
Negro in the west to the Rio Branco in the east, 
may be shown to harbor a similarly high diver
sity of plant communities, once it is better 
explored ecologically.

Discussion and conclusion
From the above descriptions it is evident that 
the phytogeographical Guayana Region, for
mally established by Maguire (1970, 1979) and 
recently redefined by Huber (1994) and Berry 
et al. (1995) contains a well known, significant 
set of floristic qualities (eg., an estimated num
ber of 15,000 -20,000 vascular plant species, 
high degree of endemicity at the generic and 
specific level), and also a remarkable and 
highly autochthonous beta-diversity (plant 
communities) and, very likely, a similar pro
nounced gamma-diversity at the landscape 

level. Unfortunately, more than half of the 
entire area of the geological Guayana Shield 
area is essentially unexplored (Huber & Foster 
2003): although this finding should not be 
applied equally to all parts and landscapes of 
the region, any attempt to produce definitive 
conclusions under such circumstances should 
be made with caution.

However, the existing knowledge allows us to 
begin verifying the set of criteria proposed by 
Huber (1994) for the establishment of more 
scientifically sound and corroborated phyto
geographic categories. As a result we can start 
to define the main intrinsic characteristics of 
the so-called Guayanan Biota Complex, together 
with the parameters which differentiate it from 
the adjacent phytogeographic entities.

(l) .The Guayanan Biota Complex (GBC) 
consists of a core area occupied by essentially 
montane biota with a clearly recognizable alti
tudinal floristic and ecological differentiation.

(2) . The montane core area of the GBC is 
surrounded by forelands in all four directions, 
consisting mainly of well developed piedmont 
slopes (glacis) which originated principally 
from the core area (through erosion and 
downslope sedimentation) or from in situ 
weathering processes (through bedrock alter
ation).

(3) . According to all available results of past 
and present research in the area, there is no 
evidence suggesting that the continental area 
of the GBC has suffered, at least since Paleo
zoic times, marine transgressions with the con
sequent temporal elimination of all its terres
trial biomes.

(4) . On the contrary, due to the extraordi
nary age of the Guayana Shield and its relative 
geological stability, at least the montane core 
area must be assumed to have offered continu
ous and uninterrupted opportunities for the 
evolution of terrestrial biota at least since Pale
ozoic (Gondwanic) times.

(5) . Such a stable landmass as the Guayana 
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Shield, however, must also be seen as an impor
tant target destination for immigration and 
subsequent differentiation processes from the 
surrounding areas which reportedly were 
much more exposed to drastic changes in their 
life conditions during their geologic evolution 
processes.

Such past and present geologic and physio
graphic conditions are unique in northern 
South America and justify a clear historic and 
evolutionary differentiation of the Guayana 
Region from all adjacent (bio-) phytogeo
graphic entities, which are:

(1) . The Amazon Region to the south and 
southwest, an essentially lowland region con
sisting of the large Amazonas/Solimôes valley 
up to approx. 500 m a.s.l., mainly filled up with 
recent sediments from the adjacent mountain 
systems.

(2) . The Andean Region to the west, an 
essentially montane region with entirely differ
ent historical dimensions and orogenetic 
processes (rapid tectonic uplifting, pro
nounced volcanism);

(3) . The Llanos Province with the adjacent 
Coastal Cordillera to the north and northwest, 
both belonging to the Caribbean Region; the 
Llanos depression consisting of a large geosyn
cline extending between the Guayana Shield to 
the south and the Coastal Cordillera to the 
north, and which only recently has been filled 
up with sediments from the surrounding 
mountain systems, but mainly from the Ancles.

Together with the forthcoming conclusion 
of the Flora of the Guianas (Görts-van Rijn 1985-), 
the Flora of the Venezuelan Guayana (Steyermark 
et al. 1995-), and the publication of an increas
ing number of local floras and checklists (such 
as Boggan et al. 1997; Mori et al. 1997, 2002; 
Clark et al. 2000), our floristic knowledge of 
the region is becoming more and more 
detailed, although still far from being com
plete. The same cannot be said about the 
Guayanan plant communities and vegetation 

types, the study of which is still in a very initial 
stage. Despite several earlier, more or less suc
cessful attempts in Brazil (Projeto RADAM), 
Colombia (ProRADAR) and Venezuela 
(CODESUR, PIRNRG), a realistic description 
and cartography of the natural vegetation pat
tern of this region is still very difficult to 
obtain. This is due not only to the complex and 
largely unaccessible topography, but also to the 
use of incompatible classification schemes in 
the various countries of the region; hopefully, 
these problems can be resolved with the aid of 
the modern remote sensing techniques.

For this reason, it is my belief that the pro
duction of scientifically sound and reliable 
data on the vegetation of the Guayana Region 
requires, probably more than any other area of 
the Neotropics, a high proportion of solid field 
work, during which the scientists are enabled 
to acquire the taxonomic, écologie and geo
graphic expertise needed for such a difficult 
but extremely stimulating task. This could be 
achieved by carrying out concurrent medium 
term research programmes (c.g., 5-10 years), in 
each country possessing Guayanan biota. 
These should consist of:

(1) numerous, short term but wide range 
explorations for vegetation analysis (including 
[phytosociological] relevés, collection of 
botanical specimens and of information on rel
evant environmental parameters (geology, 
soils, climate, hydrology, etc.);

(2) longer, in-depth studies at selected local
ities;

(3) staff of professionals for the coordinated 
elaboration of the products (i.e. a classification 
of vegetation types, their physiognomic and 
floristic description and their cartographic rep
resentation in GIS format).

This is the only way to produce a coherent 
and reliable inventory of the Guayanan beta- 
and gamma- (phyto) diversity in due time, in 
order to provide every country with a serious 
basis for the rational and hopefully successful 
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management of such an extraordinary concen
tration of natural treasures and biological 
diversity.
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The flora ofVietnam has an estimated 12,000 vascular plant species, of which 10,000 have already 
been identified and cataloged. The proportion of endemics has been variously reported between 
30% nationwide to as high as 50% in northern Vietnam. The centers of plant diversity are the 
Hoang Lien Son Range, the Truong Son Range (Annamites), and the Tay Nguyen Plateaus (Cen
tral Highlands). The high level of biodiversity can be attributed to a high degree of environmen
tal heterogeneity for climate, soil, landscape and topography. Great progress in botanical explo
rations and scientific investigations in Vietnam during the past few years have brought new 
insights into the diversity and patterns of complexity of the flora ofVietnam. After the sweeping 
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nam’s flora, which has resulted in numerous and exciting plant discoveries. In the past decade 
alone (1993-2003), more than 200 new taxa, including 13 genera, of vascular plants have been 
described. At least 100 records of plants new to Vietnam have been similarly documented. These 
findings accounted for a remarkable 3% increase in the known flora. Significant increases in 
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Introduction

Vietnam is considered as one of the most bio
logically diverse countries in the world and it is 
widely recognized that the country has a glob
ally significant proportion of rare and endemic 
species of plants and animals. In the past 
decade, Vietnam stunned the world with the 
discovery of three previously unknown large 
mammals: the small dark muntjac {Muntiacus 
truongsonensis), giant muntjac {Megamuntiacus 
vuquangensis) and saola {Pseudoryx nghetinhen- 
sis). A number of preliminary estimates (Tol
machev 1974; Nguyen Tien Hiep 1997; Phan 
Ke Loc 1998) offer figures of about 9600 
indigenous species of vascular plants in Viet
nam. In addition, about 750 naturalized, intro
duced and cultivated species occur in Vietnam. 
An estimated 2400 additional species are 
expected to be discovered and added to the 
flora. The total number of species of vascular 
plants known in Vietnam for the time being is 
about 10,350 species in 2,256 genera and 305 
families (Phan Ke Loc 1998). This is a remark

ably diverse flora for a relatively small country 
like Vietnam. The ten largest families in this 
flora are Orchidaceae (897 species), Fabaceae 
(557 species), Poaceae (467 species), Euphor- 
biaceae (416 species), Rubiaceae (395 species), 
Cyperaceae (304 species), Asteraceae (291 
species), Lauraceae (245 species), Fagaceae 
(211 species) and Acanthaceae (177 species).

The flora of Vietnam is not only large, but 
also rich in endemic species, adding to its sig
nificance. The proportion of endemics has 
been variously recorded, ranging from 20% 
(Poes 1965) to as high as 50% (Thai Van Trung 
2000). A more conservative estimate (Vo Quy 
1995) suggests that about 10% of species and 
3% of genera are endemic to Vietnam. Among 
305 vascular plant families reported for Viet
nam, the highest levels of endemism are 
observed in the Acanthaceae, Anacardiaceae, 
Annonaceae, Apocynaceae, Araceae, Are- 
caceae, Asclepiadaceae, Celastraceae, Eri
caceae, Etiphorbiaceae, Fagaceae, Myrsi- 
naceae, Rubiaceae, Sapindaceae, Sapotaceae, 
Theaceae and Zingiberaceae (Schmid 1974;

2002.Year
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Table 1. New genera for Vietnam described from 1993-2003.

Family Genus Place of Publication
Orchidaceae Zeuxinella Aver. Averyanov & Averyanova, Updated Checklist of the 

Orchids of Vietnam, p. 96 (2003)

Orchidaceae Vietorchis Aver. & Averyanova Averyanov & Averyanova, Updated Checklist of the 
Orchids of Vietnam, p. 92 (2003)

Polypodiaceae Caobangia A.R. Sm. & X.C. Zhang Smith & Zhang, Novon 12: 546-550 (2002)

Cupressaceae Xanthocyparis A. Farjon & T.H. Nguyen Farjon et al., Novon 12: 179-189 (2002)

Araliaceae Metapanax]. Wen & D.G. Frodin Wen & Frodin, Brittonia 53: 117 (2001)

Rubiaceae Rubovietnamia D.D. Tirvengadum Tirvengadum, Biogeographica 74: 166 (1998)

Rubiaceae Vidalasia D.D. Tirvengadum Tirvengadum, Biogeographica 74: 164 (1998)

Rubiaceae Fosbergia D.D. Tirvengadum & C. Sastre Tirvengadum 8c Sastre, Biogeographica 73: 88 
(1997)

Zingiberaceae Distichochlamys M.F. Newman Newman, Edinburgh J. Bot. 52: 65 (1995)

Araliaceae Grushvitzkya N.T. Skvortsova & L.V. Averyanov Skvortsova & Averyanov, Bot. Zhurn. (Moscow & 
Leningrad) 79(7): 108 (1994)

Asclepiadaceae Vietnamia P.T. Li Li, Journal of South China Agricultural University 
15(4): 72 (1994)

Poaceae Vietnamochloa J.F. Veldkamp & R. Nowack Veldkamp & Nowack, Bull. Mus. Natl. Hist. Nat., B, 
Adansonia 16(2-4): 214 (1995)

Orchidaceae ChristensoniaJ.R. Haager Haager, Orchid Digest 57: 40 (1993)

Takhtajan 1986; Rundel 1999). A recent inven
tory of the orchid species in Vietnam showed 
that endemicity of the family is 20% 
(Averyanov & Averyanova 2003).

Causal factors of plant diversity
Geography. Vietnam is situated on the eastern 
seaboard of Southeast Asia, bordered by China 
in the north, Laos and Cambodia in the west, 
the Gulf of Thailand in the south, and the 
South China Sea in the east. The country has 
an area of 329,566 km2, its territory spreads 
more than 2,000 km from north to south, 
between latitudes 8°30’N and 23°25’N. The 
country has an elongated S-shapc with broad 
deltas of the Song Hong (Red) River in the 
north and the Mekong River in the south, 
linked by a narrow central section. The coun

try is predominantly mountainous. Three 
quarters of the country consists of hills, 
plateaus and mountains that extend up to 
3,000 m above sea level. The Truong Son 
(Annamite) mountain ranges form the natural 
boundary with Laos and Cambodia. The 
mountains in the northern border with China 
are extensions of the mountain systems of 
southeast Yunnan and Guangxi (Averyanov 
1990; Rundel 1999).

Topography. The mountain areas fall super
ficially into three distinct regions: 1 ) the moun
tains of northeastern Vietnam, 2) the Hoang 
Lien Son Range of northwestern Vietnam, 
which represents a southern extension of the 
Himalayas, and 3) the long Truong Son (Anna
mite) Range which forms the backbone of 
Southeast Asia along the western border of 
Vietnam (Schzeglova 1957; Rundel 1999). In 
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the northwest of the country are the largest 
mountain formations of the Indochina penin
sula with the highest peaks in the region - Fan 
Si Pan (3143 m), Ta Giang Pinh (3096 m), Si 
Lung (3076 m), Luong (2985 m), Phuong 
Chang (2825 m), Lang Kung (2817 m) and a 
number of others. The central mountain chain 
is dissected by relatively level plateaus, where 
average elevations are mostly from 500 to 1500 
m above sea level. The Dak Lak and Plei Ku 
Plateaus, along with the Lam Vien (Dalat) 
Plateau, are sometimes collectively referred to 
as the Tay Nguyen Plateau (Central High
lands). The UNEP World Conservation Moni
toring Centre (United Kingdom) considers the 
Hoang Lien Son Range, the Truong Son 
Range (Annamites) and the Tay Nguyen 
Plateau (Central Highlands) as the centers of 
plant diversity in Vietnam.

Other distinctive geomorphologic areas of 
the country are coastal plains and wide alluvial 
valleys of the Mekong and Red Rivers. Irregu
lar coastal flat plains with minimal elevations 
above sea level connect the fertile river valleys 
of northern and southern Vietnam by a narrow 
belt coming along the coast line. The two 
largest rivers of Southeast Asia, namely the 
Song Hong (Red) and Mekong Rivers, create 
wide alluvial delta regions in Vietnam. Both 
these regions represent large flat delta plains 
covered by alluvial deposits of Quaternary age. 
The Song Hong River delta has an area of 
more than 15,000 km2 while that of the 
Mekong extends over 40,500 km2 covering 
much of the lowlands of southern Vietnam. 
Rich alluvial soils in each of the delta regions 
have enabled these areas to evolve as major 
population centres based on their agricultural 
productivity. More than 80% of the population 
live in territories of coastal and delta plains, 
while the mountain regions still have a very 
sparse human population.

Climate. North and northeast winds domi
nate in the region from October to March, due 

to high pressure regularly occurring during 
winter in the centre of Asia over the plains of 
Mongolia. Basically these winds are cold and 
dry. Precipitation is low during this period. 
Monsoon winds from the south and southwest 
dominate in Southeast Asia from April to Sep
tember. These winds come from the Indian 
and Pacific oceans where high pressure areas 
are formed during summer. Basically monsoon 
winds are warm and wet. They bring to the con
tinent hot and rainy weather (Schzeglova 1957; 
Fridland 1961; Phan Ngoc Toan & Phan Tat 
Dac 1993). At the same time the complicated 
orography and specific configuration of the 
coast line of Vietnam locally shift direction of 
monsoon winds, change times of dry and rainy 
seasons and influence the amount of precipita
tion. This results in incredibly diverse climatic 
patterns in the country.

Six main basic types of climate are defined for 
Vietnam in recent climatologie studies (Nguyen 
Khanh Van et al. 2000). These types are classi
fied as: 1. Monsoon tropical climate with cold 
winter, summer rains; 2. Monsoon tropical cli
mate with cool winter, summer-autumn-winter 
rains; 3. Monsoon tropical climate with summer 
rains; 4. Monsoon tropical climate with autumn
winter rains; 5. Monsoon sub-equatorial climate 
with summer rains; and 6. Monsoon tropical cli
mate associated with mountains.

Geology. Generally mountain systems in 
Vietnam are composed of silicate rocks, mainly 
granite, gneiss, rhyolite or quartzite, which 
were formed by extensive magmatic intrusions 
in the late Paleozoic and Mesozoic (Dovzikiv et 
al. 1965a, b). Tertiary tectonic movements 
uplifted these mountain terrains to current 
elevations and subsequent erosions formed 
modern characteristic rocky landscape (Schze
glova 1957; Rundel 1999). Ancient highly 
metamorphosed limestone from which devel
oped karst is typical and widely distributed in 
the northern part of the country. To the east 
the mountains gradually give way to vast allu
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vial plains. For excellent reviews of the geologi
cal history of Vietnam and the Indochina 
region, refer to the following literature: Schze- 
glova (1957), Fridland (1961), Dovzikiv et al. 
(1965b) and Rundel (1999).

Historical Biogeography. The uplifting of 
the Himalayas over the last 10MY formed an 
effective barrier to the exchange of species 
between Palaearctic and Indo-Malayan realms. 
This barrier, reinforced by increased climatic 
cooling after the Miocene, isolated Indo
Malaya and created conditions for species 
divergence. Recent relatively stable equatorial 
conditions combined with dynamic geological 
changes allowed isolated populations to 
diverge further, thus contributing to the enor
mous species richness and high levels of 
endemism that now characterize the region 
(MacKinnon & MacKinnon 1986).

Vietnam lies on the crossroad of interchange 
between the floristic elements of the south
eastern Himalayas and Indo-Malaysia. The 
Hoang Lien Son mountains in the northwest of 
the country form an extension of the Henduan 
mountains of China and are floristically related 
to southwest China. The mountains to the east 
of the Red River are connected to the lime
stone ranges of Guangxi and show close affini
ties to the flora of southern China (Nguyen 
Nghia Thin & Harder 1996). In the west, the 
Truong Son Range forms a partial barrier 
between the moist uplands of Vietnam and the 
drier monsoon forests of Laos, and it traverses 
the transition zone between the tropical mon
soon climate with cool winters in the north and 
the tropical Indo-Malayan south.

Vegetation
Tropical monsoon forests are the most com
mon kind of vegetation in Vietnam. Wet closed 
evergreen broad-leaved, mixed or coniferous 
forests are found in mountain regions. At the 
same time in some hilly lowland and valley 

areas with more arid conditions these forests 
give way to open, semi-deciduous and decidu
ous broad-leaved savanna-like woodlands. 
Along semi-desert coastal plains and on arid 
sea slopes of southern Vietnam woodlands 
develop their shrubby derivatives, which often 
appear as a more or less dense sclerophyll 
scrub. Swampy grass-sedge communities and 
mangrove thickets are common on flat coastal 
plains especially in deltas of large rivers. All 
types of native primary vegetation have been 
destroyed in many parts of the country. Sec
ondary forests, shrubs and grasslands, bamboo 
thickets, tree plantations, pastures, crop and 
vegetable fields, and different weed communi
ties have replaced most native vegetation in 
Vietnam.

The eight main types of plant cover are: 1. 
Evergreen broad-leaved forests on alkaline 
soils; 2. Evergreen and semi-deciduous broad
leaved, mixed and coniferous limestone moun
tain forests; 3. Evergreen lowland forests on sil
icate rocks at 0 - 1000 m elevation; 4. Ever
green montane and highland forests on silicate 
rocks at 1000 - 3000 m elevation; 5. Semi- 
deciduous dry lowland forests; 6. Deciduous 
dry lowland forests and savanna-like wood
lands; 7. Coastal vegetation, lowland wetlands 
and mangrove thickets; 8. Secondary, weed 
and agricultural plant communities, wood and 
industrial plantations (Averyanov et al. 2003).

Phytogeographic units
Up until recently, available data on geology, cli
mate, flora and vegetation of Vietnam were 
rather poor for even preliminary phytogeo
graphic generalizations in the eastern part of 
Indochina. As a result, only highly schematic 
and abstract floristic divisions of the area were 
proposed in consideration of modern phyto
geography of mainland Southeast Asia (Good 
1964; Takhtajan 1978, 1986; Wu & Wu 1998). 
Recent botanical explorations in Vietnam dur- 
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ing the last ten years have revealed consider
able new knowledge on this area. The analysis 
of modern literature and recent data on geol
ogy, geomorphology, climate, flora and vegeta
tion give possible preliminary delineation of 
main phytogeographic units in the eastern part 
of Indochina.

Six floristic units may be outlined on the ter
ritory of Vietnam and adjacent areas of the 
eastern part of Indochina. Some preliminary 
borders of these areas as floristic province were 
outlined in the general floristic division of 
Takhtajan (1978, 1986). The six defined floris
tic provinces with more or less defined borders 
are: 1. Sikang-Yunnan Province; 2. South Chi
nese Province; 3. North Indochinese Province; 
4. Central Annamese Province; 5. South 
Annamese Province; 6. South Indochinese 
Province (Averyanov et al. 2003).

Studies on the Flora of Vietnam
Our understanding of the flora of Vietnam, 
albeit incomplete, is attributed to several fun
damental taxonomic publications, such as Flora 
Cochinchinensis (Loureiro 1790, 1793), Flore 
Générale de V Indo-Chine (Lecomte & Humbert 
1907-1951), Flore du Cambodge, du Laos et du Viêt- 
Nam (Aubréville et al. 1960-2001), An illustrated 
flora of Vietnam (Pham Hoang Ho 1991-1993), 
Vascular plant synopsis of Vietnamese flora 
(Averyanov et al. 1990, 1996) and a number of 
large recent floristic and taxonomic studies. 
Analyses of the systematic structure of the Hora 
have been done by Phan Ke Loc (1998) and Le 
Tran Chan (1999).

The flora of Vietnam is being written, in 
French, as part of the regional flora Flore du 
Cambodge, du Laos et du Viet Nam, but the 
progress has been slow. From 1960-2001, 74 
families have been published, which comprise 
only 26% of the total number of families in 
Vietnam. Most major groups have not been 
revised, including Acanthaceae, Asteraceae, 

Cyperaceae, Euphorbiacae, Ericaceae, 
Fagaceae, Lamiaceae, Lauraceae, Moraceae, 
Orchidaceae, Poaceae, Pteridophyta, Rubi- 
aceae, Urticaceae, and Zingiberaceae. Recently 
Vietnamese botanists have started writing the 
Flora of Vietnam in their own language. The first 
four volumes: Annonaceae (Nguyen Tien Ban 
2000), Lamiaceae (Vu Xuan Phuong 2000), 
Cyperaceae (Nguyen Khae Khoi 2002), and 
Myrsinaceae (Tran Thi Kim Lien 2002) have 
already been published.

Our incomplete understanding of the flora 
of Vietnam is based on older, unverifiable data 
and a paucity of research collections support
ing adequate biogeographic and taxonomic 
studies. A large number of forest inventories 
and checklists have been produced based on 
field observations and literature alone. This 
methodology typically overlooks many species, 
especially in taxonomically difficult or unpub
lished groups, and as a result there are no reli
able estimates of the numbers of threatened 
species or total number of species in the coun
try. All credible botanical inventories must rely 
on high-quality, fully documented vouchers of 
all vascular and non-vascular plants.

Perhaps Loureiro gathered the first collec
tions of herbarium specimens in Vietnam 
before 1790. Mostly French collectors, such as 
Balansa, Chevalier, Eberhardt, Harmand, 
Pételot, Pierre, Schmid, Thorel, Vidal, and 
especially Poilane, collected a majority of the 
extant specimens during the first four decades 
of the past century. Estimates of the number of 
collections made by these botanists is around 
75,000 with a majority of the specimens 
deposited in the herbarium at the Laboratoire 
de Phanérogamie, Muséum National d’His- 
toire Naturelle in Paris (P) and several thou
sands duplicates kept in the Herbaria of the 
Institute of Tropical Biology in Ho Chi Minh 
City (HM) and the Department of Botany of 
Vietnam National University in Hanoi (HNU). 
After 1945, Vietnam was racked by warfare for 
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many years, with little botanical exploration in 
the country since French colonial times. After 
the sweeping economic reforms in the 1990s 
that ended Vietnam’s isolation from the world 
since 1975, Vietnamese botanists have sought 
foreign technical assistance and have actively 
collaborated with their colleagues abroad in 
the study of Vietnam’s flora. International 
cooperative agreements were made with the 
following institutions: Missouri Botanical Gar
den (U.S.A.), Komarov Botanical Institute 
(Russia), Royal Botanic Gardens, Kew (U.K.), 
National Herbarium of New South Wales (Aus
tralia), Singapore Botanic Gardens (Singa
pore), Kunming Botanical Institute (China), 
and with international conservation organiza
tions working in Vietnam, namely, world Con
servation Union (IUCN), World Wildlife Fund 
(WWF), and Fauna and Flora International 
(FFI). These research initiatives have resulted 
in additional specimens using modern collec
tion methods and have contributed signifi
cantly to our knowledge of the rich flora of 
Vietnam. Over the past ten years, international 
botanical teams have conducted surveys in 22 
provinces. More than 15,700 collection num
bers with 78,500 duplicate specimens were col
lected. Duplicates were distributed to AAU, K, 
L, MO and P.

records for the flora of Vietnam. These discov
eries added 306 species to the flora of Vietnam, 
contributing to a 3% increase in the known 
flora (Table 2). Significant gains in numbers of 
new taxa were made in the Orchidaceae (63 
species), Myrsinaceae (34 species), Araceae 
(27 species) and Euphorbiaceae (15 species).

The most spectacular findings are the new 
genera and species of a cupressoid conifer, 
Xanthocyparis vietnamensis (Farjon et al. 2002) 
and the polypodiaceous fern, Caobangia squa
mata (Smith & Zhang 2002). The Vietnam 
Golden Cypress {Xanthocyparis vietnamensis) is 
the fourth new conifer described since 1948, 
after Metasequoia, Cathaya and Wollemia. The 
unusual species bears both juvenile needles 
and mature scale leaves on the same branches 
of mature trees. This species closely resembles 
the Nootka Cypress {Chamaecyparis nootkatensis 
= Xanthocyparis nootkatensis) of western North 
America, reflecting ancient links between east
ern Asia and western North America. On the 
other hand, Caobangia is one of two fern gen
era recently described. The discovery of a new 
genus of ferns based on new collections is an 
uncommon event. In 2001 a new fern genus 
was described from Korea but previous to that, 
the last such new genera were described in the 
late 1960’s.

Recent discoveries
A survey of the botanical literature, using the 
online version of the Kew Records of Taxo
nomic Literature (http://www.rbgkew.org.uk/ 
kr/KRHomeExt.html), showed a dramatic 
increase in the number of publications on the 
Vietnam flora in mid-1990’s when the interna
tional cooperative activities were initiated (Fig
ure 1 ). These collaborative efforts have 
resulted in numerous and exciting plant dis
coveries. Thirteen new genera (Table 1) and 
229 new species and infraspecific taxa were 
described from 1993-2003, including 77 new

Table 2. Summary of discoveries for Vietnam flora from 
1993-2003.

Plant Groups New species & 
infraspecific taxa

New species 
records

Ferns 1 10

Cycads 10 8

Conifers 5 5

Dicots 106 12

Monocots 107 42

Total: 229 77
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The Malay Archipelago is one of the three areas in the world with a rich tropical rainforest (esti
mated 42,000 spp.). It is a natural phytogeographic area (70% of the plants endemic), compris
ing the Sunda Shelf, Wallacea and the Sahul Shelf as subunits, which include nine island groups: 
Malay Peninsula, Sumatra, Borneo, Java, Philippines, Celebes, Lesser Sunda Islands, Moluccas, 
and New Guinea. The flora richness of each island group correlates significantly with the size of 
the areas. The nine areas all possess many endemic species, but the Philippines, Borneo, and 
especially New Guinea comprise significantly more endemic species than the mean number for 
every island. Three major distribution patterns in Malesia are treated: Indian-Malesian distribu
tions, circumpacific distributions, and Wallace’s line (the division between a west and east Male- 
sian flora). The central part of Malesia, Wallacea, is a transition zone between the Sunda and the 
Sahul flora. It also forms a barrier (known as Wallace’s line) for four reasons: a. The east Malesian 
elements only rafted during the last 50Ma as plate fragments towards Southeast Asia, where the 
west Malesian elements were already in place; b. Most stepping stones for dispersal only emerged 
during the last 10 Ma, especially in Wallacea; c. Wallacea has a dry monsoon climate, while the 
Sunda and Sahul Shelf have an everwet climate; d. No major land bridges were present in Wal
lacea during glacial periods. It is shown here that India did not only act as a raft, bringing Gond- 
wanan floral elements to Southeast Asia, but it also received floral elements from mainly Borneo. 
Most circumpacific distributions can be explained by two land bridge systems due to warm arctic 
conditions. During the late Cretaceous (Gondwana still breaking up) South America was still con
nected to Australia via Antarctica (examples: Sapindaceae, Nothofagus, Proteaceae). A northern 
route existed till at least the Eocene between Europe and North America via a continental con
nection over the arctic (examples: Magnoliaceae, Sabiaceae).
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Introduction

One of the richest tropical rainforests is the 
Malay Archipelago, also known as Malesia (Fig. 
1). It reaches from the southern tip of Thai
land, throughout Malaysia and Indonesia to 
the Philippines and Papua New Guinea. The 
Malesian Hora comprises an estimated 42,000 
species (Roos 1993). Most species are still 
poorly known and only about 15% has been 
revised during the last 50 years. This hampers 
the delimitation of distribution patterns seri
ously, like it was the case with establishing the 
borders of Malesia.

During his stay in, then still Dutch, Indone
sia van Steenis developed the idea to produce a 
Flora of Indonesia. He did not mean to pro
duce a national flora, but he wanted to 
describe the flora of a phytogeographical 
region, an area with many elements of its own 
(many endemic species). He used genera with 
a shared geographical boundary, because most 
plant species were still badly known. Thus he 
could identify three sharp boundaries (Fig. 1), 
all of them outside Indonesia. The most west
ern boundary is slightly to the north of the 
Thai-Malaysian border, where 200 genera 
reach their southern limit and 375 genera have 
their northern limit. This border does not 
coincide with the Isthmus of Kra (the narrow
est part of the Thai Peninsula) as is often 
stated, but occurs more to the south. The most 
northern border of Malesia is between the 
Philippines and Taiwan (265 genera to the 
north and 421 genera to the south of it). The 
southern boundary is between New Guinea 
and Australia (644 genera present north of it, 
340 genera south of it) (van Steenis 1950a). 
New Guinea is arbritarily taken as the eastern 
border, because in the nineteenforties not 
enough data were available on the west Pacific 
Island chains. The natural boundary in the 
Pacific is in fact to the east of the west Pacific 
Island chains (van Balgooy et al. 1996; Fig. 1).

The genera slowly decrease over these island 
chains. The whole region is presently known as 
Malesia and the llora project is Flora Male- 
siana.

The definition of Malesia was based on dis
tribution patterns. We like to continue this 
lead and zoom in on the different distribution 
patterns that exist in Malesia. Likewise, we will 
only use reliable data and as sample we 
selected the taxa published in Flora Malesiana 
so far. These data will first be used to show 
some of the floristic traits of Malesia and then 
we will treat three interesting distribution pat
terns, whereby our sample is mainly used for 
the first and major question:

- Are there two major provinces in Malesia 
separated by Wallace’s line, like it is shown 
for zoological data? And if so, how can 
Wallace’s line be explained?

The two other questions are:
- Indian-Malesian distributions, are they all 

of Indian/Gondwanan origin and 
brought by India to Southeast Asia?

- What is or are the best explanations for 
circum-Pacific distributions.

The three research questions will not only be 
discussed with regards to present day distribu
tions, but also in comparison with recent phy
logenetic information and the geological his
tory of the area. The latter is extremely compli
cated and will be briefly considered first.

Plate tectonics
Malesia, like the Caribbean, is a mosaic of col
liding major and smaller plates, with many 
small tectonic fragments acting as ball-bear
ings. In Malesia several sea and continental 
plates meet. The Eurasian plate is slowly mov
ing east (due to the opening of he Atlantic 
Ocean), the Pacific plate is moving west and 
disappears below the Eurasian plate and the 
northward moving New Guinean-Australian 
plate. The Indian Ocean plate is moving east
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Fig. 1. Demarcation lines of the Flora Malesiana Region. Three borders are defined by numbers of genera that are only 
present north or south of it (after van Steenis 1950a). The eastern border is placed arbitrarily at New Guinea, but this bor
der is not sharp as indicated by the thin lines between most west Pacific island groups. The thickness of the lines indicates 
the dissimilarity in floras between the different island groups (thin lines: high similarity in floras, thick lines: high dissimi
larity; after van Balgooy et al. 1996).

and also subducting below the Malesian island 
belt (Sumatra up to the Lesser Sunda Islands). 
The Indian plate is still moving northward and 
increasing the altitude of the Himalayas. 
Finally, the Philippine plate has almost disap
peared; only some continental debris is left.

During its northward movement many small 
tectonic slivers broke off from the New 
Guinean-Australian plate. Audley-Charles 
(1987) provides a simple overview. The slivers 
broke off in two waves. The first wave com
prised areas, which now form a large part of 
Southeast Asia mainland (Tibet, Burma, etc.) 
and which presently constitute west Malesia 
(Malaysia, Sumatra, Borneo, Java, part of 
Celebes). This wave broke off at least during 
the Late Jurassic (c. 160 Ma), but it may have 
been earlier. Important is that these areas 
already formed Southeast Asia when the pre
sent day flora and fauna developed.

The second wave broke off much later, c. 50 
Ma, and now forms east Malesia (part of 
Celebes, Moluccas, part of Lesser Sunda 

Islands, New Guinea). Thus, with this second 
wave the final stepping stones between South
east Asia mainland and Australia got into posi
tion.

The Philippines are a slightly different story. 
Only parts of Luzon are continental debris left 
from the original Philippine plate. Palawan 
and Mintoro are slivers, which broke off from 
Southeast Asia mainland, and the rest of the 
Philippines arrived with the second wave of tec
tonic slivers from the New Guinean-Australian 
plate. Some parts of Borneo, like Palawan, are 
possibly also of Southeast Asian origin 
(Sarawak; Michaux 1991).

New Guinea also has a complicated history 
(Pigram & Davies 1987). Originally, it only con
sisted of the southern part (termed Craton). 
The rest of New Guinea consists of more than 
30 tectonic slivers of different origin (island 
arcs, pieces of sea floor, continental frag
ments), which collided with New Guinea and 
now form the Bird’s head in the west, the 
Peninsula in the east and the northern coast. 
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The collisions of the different fragments 
resulted in orogenesis and thus the more or 
less continuous east-west mountain ranges 
were formed over the whole of New Guinea.

A nicely animated overview of plate tectonic 
movements during circa the last 50 Ma is 
shown by Hall:
http://www.gl. rhbnc.ac.uk/seasia/Research/ 
Plate_Tect/plate_tect.html.

Material and methods
The sample of plant distributions was taken 
from all species published in Flora Malesiana 
series 1 (Angiosperms and Gymnosperms) and 
the Malesian Orchidaceae as published in 
Orchid Monographs (formerly the official 
medium for the Malesian orchids). The distrib
utions were noted per country and per island 
group (for their definition see under Floris
tics) . Most descriptions of the distributions did 
not allow for a finer scale. A dBase IV database 
was built with the various data.

All taxa were noted as either occurring natu
rally in Malesia, being introduced/cultivated, 
or being tentatively recorded as expected. All 
taxa from genus down to infrageneric taxa 
were recorded. However, only the naturally 
occurring species were used in the various 
floristic analyses.

The data are analysed with specially written 
dBase IV programs for distribution patterns, 
numbers of species per area, etc. SPSS version 
11.5 was used for regression analyses; the Mul
tivariate Statistical Package (Kovach 2003) for 
the Principle Component Analysis (PCA), and 
Exel 2000 for figures. The data set proved too 
large for the PCA (memory limitation), there
fore, a representative, random sample of 1000 
specimens was selected to perform the analysis. 
The mean numbers of endemic species per 
island group are based on the distribution of 
the total numbers of species per island group. 
Mean number of endemic species for an island 
group = number of species on the island group 
X 3,559 (all endemic species of all islands) / 
14,309 (total of all species on all islands) (see 
table 1 for numbers).

Floristics
In total 175 plant families are treated in Flora 
Malesiana, 12 of these were introduced. The 
families comprise 981 genera (142 intro
duced), and 1418 infraspecific taxa (449 sub
species, 902 varieties, 4 subvarieties and 63 for
mae). The total number of endigenous species 
in Malesia is 6616, which includes 8 hybrids 
(the latter are included because hybridisation 
is a well-known speciation mechanism in

Fig. 2. Numbers of differently sized genera. On the x-axis the size of the genera, varying from 1 to 284 species in Malesia; 
on the y-axis the numbers of the different size classes.
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Fig. 3. The island sizes 
are significantly corre
lated with the total num
bers of species (black dia
monds) and the numbers 
of endemic species (open 
squares).

of (endemic) species > Island size in km2

plants). Excluded are 477 introduced/culti
vated species and 7 microspecies (though the 3 
aggregate species are included).

Out of the 6616 sampled species, 4599 are 
endemic to Malesia, 70% of the flora. This 
high percentage confirms the phytogeographi-

cal status of Malesia. Fig. 2 shows the frequency 
of the different genus sizes. About a third of 
the genera (330 genera) is only represented by 
a single species in Malesia. All classes above 10 
species only comprise 1-3 genera. Rhododendron 
is the most speciose genus revised up to now, 

a.

Country Total Endemic Non-end.

Brunei 1234 6 1228

Indonesia 4322 1084 3238

Malaysia 3059 622 2437

Papua New Guinea 2118 661 1457

Philippines 1651 454 1197

Singapore 1066 3 1063

b.

Table 1. The total number of species, the number of endemic species, and the number of non-endemic species per: a. 
country; b. phytogeographical area (also added, the mean or expected number of endemics: total number of species per 
island X 3558/14309).

Country Total Endemic Non-end. Exp. end.

Sumatra 1854 203 1651 461

Malay Peninsula 1895 261 1634 466

Borneo 2436 908 1528 606

Java 1196 56 1140 297

Philippines 1651 454 1197 411

Celebes 1065 144 921 265

Lesser Sunda
Islands

815 42 773 203

Moluccas 804 71 733 200

New Guinea 2613 1419 1194 650

Total 14309 3558
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284 species, the majority of which are narrow 
endemics restricted to a single mountain in 
Borneo and especially in New Guinea.

Biogeographers are not interested in the 
numbers of species and endemic species in 
areas defined by political boundaries. How
ever, politicians might find them interesting. 
The botanical biodiversity per country is shown 
in Table la. It is surprising that two small coun
tries like Brunei, and especially Singapore, still 
comprise endemic species (6 and 3 endemics, 
respectively). A more detailed look at Singa
pore shows that Sabia erratica Water (Sabi- 
aceae) is nowadays also found in Malaysia and 
Brackenridgea elegantissima (Wall.) Kanis 
(Ochnaceae) is based on a sterile specimen of 
very doubtful identification. This leaves one 
real endemic species for Singapore: Strychnos 
ridleyi King & Gamble (Loganiaceae). Of the 
six endemic species of Brunei one is presently 
also found in Sarawak (Vaccinium tenerellum 
Sleumer, Ericaceae); all others are still 
endemic to Brunei: Bauhinia campanulata 
S.S.Larsen (Caesalpiniaceae), Coelogyne 
bruneiensis de Vogel (Orchidaceae), Xanthophyl- 
lum petiolatum Mei']den (Polygalaceae), Horsfiel- 
dia disticha WJ.de Wilde and Knema minima 
W.J.de Wilde (Myristicaceae).

It is more interesting to look at the numbers 
of species and endemic species within the phy
togeographic subareas of Malesia. These are 
defined by van Steenis (1950a; see also Fig. 7) 
and are the major island groups: Malay Penin
sula (the only non-island), Sumatra, Borneo, 
Java, Philippines, Celebes, Lesser Sunda 
Islands, Moluccas, and New Guinea. Every area 
has plenty of endemic species, in New Guinea 
even more than the non-endemic species 
(Table lb). The presence of relatively abun
dant numbers of endemic species is a prerequi
site to regard the island groups as phytogeo
graphic units.

The Island theory of MacArthur and Wilson 
(1967) predicts that there is a positive correla

tion between the size of the islands and the 
number of species. They used several islands in 
the Malay Archipelago to state their case. 
Therefore, it is not surprising that a re-analysis 
showed a significantly positive regression 
between island size and numbers of species 
and numbers of endemic species (Fig. 3). In 
fact, the analysis is somewhat flawed, because 
the island groups had to be taken as single 
units, as single islands (surfaces according to 
van Steenis 1950b). Still, the correlation is 
beautiful. The Malay Peninsula is not a real 
island, it is connected to Asia main land, and 
this is perhaps the reason why it possesses rela
tively more species than the other areas.

With nine phytogeographical areas 511 dif
ferent distribution patterns are possible, rang
ing from species present on a single island 
group to species present in all nine areas. Out 
of the possible 511 patterns 299 are present. 
The larger majority is only represented by a few 
species, 97 patterns are shown by a single 
species and 157 patterns by 2-10 species. The 
twenty most common patterns are shown in 
Fig. 4. It is apparent that the nine island groups 
are among the most common patterns 
(marked SI in Fig. 4). This confirms their sta
tus as phytogeographical areas (many endemic 
species). Quite a few species, 244, are wide
spread and found allover Malesia (AI in Fig. 4). 
Of the remaining patterns, one pertains to east 
Malesia (marked EM in Fig. 4), all others are 
west Malesian patterns (WM in Fig. 4). The 
west Malesian patterns mainly involve the ever
wet areas of the Sunda Shelf (see also chapter 
Wallace’s Line), i.e., the Malay Peninsula, 
Sumatra, and Borneo. Sometimes this extends 
to Java (WMJ in Fig. 4) or the Philippines 
(WM-P in Fig. 4). Reasons for this are the pres
ence of an everwet climate in west Java and the 
flora of Palawan (Philippines), which resem
bles that of Borneo more closely than that of 
the other Philippine islands.

If the distributions of the endemic species 
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are compared with those of all species on the 
various island groups (Fig. 5), then it is appar
ent that especially New Guinea, but also Bor
neo, possess relatively many endemic species 
(Fig. 5: the pie surface of the endemic species 
of New Guinea and Borneo, right, is much 
larger than of the species, left). The expected 
or mean number of endemic species is shown 
in Fig. 6. In a G-test and a /--test the mean 
number of endemic species deviates signifi
cantly from the numbers of endemic species. 
This means that New Guinea, Borneo and the 
Philippines have significantly more endemic 
species than the mean number; all other island 
groups have far less. It was difficult to explain 
this difference, but it appears that there is a 
correlation between the geological activities in 
a region, especially orogenesis, and the num
ber of endemic species. North New Guinea has 
a rather turbulent geological history and pos
sesses far more endemic species than the 
southern part (van Welzen 1997). The same 
holds true for Borneo, here most endemic 
species are found in the geologically more 
active areas of Sarawak and North Borneo 
(especially Mount Kinabalu and the Crocker 
Range). In the Philippines most endemic 
species are found on Palawan and especially on 
Luzon, also areas with more geological activity 
(van Welzen 1992b, 1997). Other areas in 
Malesia also have much geological activity, like 
Celebes, but these areas were often submerged 
and only emerged during the last few million 
years (Morley & Flenley 1987). The same 
applies for Sumatra and Java, in Morley and 
Flenley’s reconstruction only small parts of 
Sumatra and Java were already emerged, the 
major part was still under water (see Fig. 13).

Wallace’s line
Alfred Russell Wallace was one of the first to 
draw worldwide attention to the dramatic 
change in especially the fauna of central Male

sia between a Southeast Asian and an New 
Guinean-Australian fauna. He did so in various 
letters and publications (George 1981). Wal
lace, in the tradition of that time, looked for a 
sharp boundary between the Asian fauna and 
Australian fauna, this became the famous Wal
lace’s line, running east of the Philippines, 
between Borneo and Celebes and then finally 
between Bali and Lombok (between Java and 
Bali in Fig. 7). Later on he changed the line to 
the east of Celebes, including Celebes with 
west Malesia. Later authors moved the line to 
the east (Weber, Lydekker; Fig. 7) or the west 
(Huxley, similar to Merrill-Dickerson; Fig. 7) 
(van Steenis 1950a; George 1981). Van Steenis 
(1950a) concluded that Wallace’s line was not 
a too sharp demarcation for plants, therefore, 
it was mainly used to establish faunal provinces. 
Table 2 shows the numbers of plant species 
west and east of the various lines and the num
bers of species passing a line. It is apparent 
from Table 2 that whatever line is used, they 
are all good boundaries, on both sides of the 
lines usually at least twice as many species stop 
than cross the line. It is also apparent that mov
ing from west to east, the demarcation line 
becomes stronger: The lowest amount of 
species is passing Lydekker’s line, which sepa
rates New Guinea from the rest. Van Steenis 
conclusion is definitely not justified, Wallace’s 
line certainly applies to plants as well.

Lydekker’s line illustrates the very different 
nature of the New Guinean flora. This is also 
nicely shown in the Principle Component 
Analysis (Fig. 8). New Guinea is completely 
separated from all areas on Axis 1. Note that 
the areas that are enclosed by the various 
demarcation lines (except for Java) are all 
below Axis 1 and the more western areas above 
Axis 1. W7ith the exception of Java (should be 
above the first axis) the Merrill-Dickerson or 
Huxley line is also present (Fig. 8).

van Balgooy (1987a, b) tried to find a more 
precise location for Wallace’s line with the aid
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Fig. 4. Twenty most common distribution patterns in Malesia as indicated by the number of species present (bottom right 
corner of each map). AI = All islands, EM = east Malesia, SI = Single island group, WM = west Malesia, WM-J = west Malesia 
including Java, WM-P = west Malesia including the Philippines.

of Audley-Charles’s reconstruction of the 
Malay tectonic history (1987). He, with the aid 
of de Koning and Sosef, tried to see if the line 
could be drawn through Celebes, because dur
ing its geological history Celebes consisted of 
at least two parts (Audley-Charles 1987), one 
moving west with the first wave, the other with 
the second wave. However, their analyses 
mainly showed the flora of Celebes to be rather 
homogeneous and (phonetically) most similar

to areas in central Malesia (those encompassed 
between the Merrill-Dickerson/Huxley line 
and the Lydekker line), as well on the species 
as on the generic level. The reason they failed 
to trace Wallace’s line through Celebes is 
twofold. First of all, Celebes is an amalgama
tion of more than two areas (see the recon
struction by Hall). And, secondly, most areas, 
when still microplates, moved submerged, only 
to emerge after they collided with each other
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Numbers of species Numbers of endemic species

Fig. 5. Distribution of numbers of species (left) and endemic species (right) over the island groups (Table lb).

Fig. 6. Numbers of 
species, expected num
bers of endemic species, 
and endemic species per 
island group (Table lb); 
see formula in paragraph 
Material and Methods 
for expected numbers of 
endemic species.
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Fig. 7. The phytogeographical subareas (island groups) and Wallace’s line and other derived border lines.

Fig. 8. Principle Compo
nent Analysis of the floras 
of the island groups. New 
Guinea is clearly separated 
from the other island 
groups (Lydekker’s line, 
Fig. 7). Also, Celebes, Java, 
Lesser Sunda Islands, and 
the Philippines form a 
group, almost equal to the 
Merrill-Dickerson / Hux
ley line (Java excepted; Fig. 
7). The groups of islands 
that constitute the Sunda 
Shelf, Wallacea, and the 
Sahul Shelf are clearly sep
arated.
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Table 2- Numbers of species west and east of various 
demarcation lines in central Malesia (Fig. 7), and numbers 
of species crossing a line. The lines are ordered west to 
east.

Line West 
border

East 
border

Crossing

Merrill-Dickerson / 
Huxley

2497 2778 1341

Wallace 3247 2132 1237

Zollinger 3451 2020 1145

Weber 3805 1827 984

Lydekker 4003 1664 949

(Morley & Flenley 1987, their plate 5.4). Which 
means that Celebes only emerged during per
haps the last 10-15 Ma. After that, it could act 
as stepping stone for dispersing species, but it 
never acted as a raft for New Guinean/Aus- 
tralian species. In Morley and Flenley’s recon
struction (1987) of the Early Miocene (c. 25 
Ma) especially all parts in central Malesia were 
submerged.

van Balgooy’s analyses (1987a, b) also show 
another reason for the existence of Wallace’s 
line. There is also a climatic difference 
between west Malesia, central Malesia, and east 
Malesia. West Malesia (also known as the 
Sunda Shelf) has an everwet climate, it com
prises the Malay Peninsula, Sumatra, Borneo, 
and west Java. During part of the year central 
Malesia (Wallacea) has a dry monsoon 
(though there are everwet areas). Wallacea 
comprises the remaining part of Java, the 
Philippines, Celebes, the Lesser Sunda Islands, 
and the Moluccas. East Malesia (Sahul Shelf) is 
also everwet and only contains New Guinea. In 
fact, the PCA in Fig. 8 shows the three areas 
also. [N.B. Due to the way most distributions 
were noted in Flora Malesiana it was impossible 
to separate between everwet west Java, and the 
more drier remaining part. Therefore, in some 
analyses Java groups with the rest of the Sunda 

Shelf (patterns marked WM-J in Fig. 4), while 
in other analyses it groups with the drier areas 
in Wallacea (PCA in Fig. 8).| Fig. 9 shows the 
numbers of species and numbers of endemic 
species in the three areas: the Sunda Shelf 
comprises c. 50% endemic species (1813 spp.), 
Wallacea has 31% endemic species (844 spp.), 
and the Sahul Shelf contains 54% endemic 
species (1419 spp.).

Various phylogenetic analyses of Malesian 
plant taxa show a splitting sequence of often 
repeating distributions on the Sunda Shelf 
(two examples in the Papilionoideae, Legumi- 
nosae: Fordia Hemsl. and Imbralyx Geesink, 
Schot 1991; Spatholobus Hassk., Ridder-Numan 
1996; one in the Euphorbiaceae: Baccaurea 
Lour., Haegens 2000). This means that species 
dispersed back and forth over the various 
island groups on the Sunda Shelf. This is 
indicative of changes in the size of the island 
groups and the connections between the island 
groups. Species could easily disperse at one 
time and became restricted in their distribu
tion during other times (often became dis
junct, which resulted in speciation). At first 
sight completely unrelated to this is the oppo
site distribution, species absent from the ever
wet Sunda Shelf and often having a disjunct 
distribution between Southeast Asia mainland 
and the areas in Wallacea (van Steenis 1979). 
The grass genus Arthraxon Beauv. (van Welzen 
1981) shows some very nice examples (Fig. 
10). Arthraxon castratus is disjunct between 
Southeast Asia mainland and Java (absent in 
west Java). Arthraxon lancifolius is much wider 
dispersed, ranging from Africa to New Guinea, 
but absent from the Sunda Shelf. Finally, the 
most widespread species is A. hispidus with a 
worldwide distribution, but absent from the 
Sunda Shelf except for some areas on Sumatra, 
van Steenis (1979) shows these distributions to 
correlate with the need for a dry climate dur
ing part of the year. The occurrence of 
Arthraxon on the everwet Sumatra (A. hispidus) 
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and New Guinea (A. lancifolius) coincides with 
dry pockets on these islands (mainly areas in 
the rain shade of mountains and, therefore, 
possessing a much drier climate). The two 
types of distributions (the ever wet Sunda Shelf, 
or the drier areas around it) are both the result 
of the alternation between glacial and inter
glacial periods during the Quaternary. During 
glacial maxima the Sunda Shelf and Sahul 
Shelf formed two vast areas of mainland due to 
sea level drops (Fig. 11; after Morley & Flenley 
1987). Thus, everwet species could easily dis
perse to other areas on the Sunda Shelf, being 
restricted in their distribution again during 
interglacial periods, thus becoming disjunct 
and speciating. During glacial periods the 
southern part of the Sunda Shelf was much 
drier, giving opportunity for drought resistant 
species to disperse. During glacial periods 
these species had a continuous distribution 
between Southeast Asia and parts of Malesia, 
but became disjunct during interglacials like in 
the present one. Many of the drought-loving 
species are good dispersers and invaders. They 
easily dispersed to Wallacea and, because of 
the drier climate, the flora of Wallacea resem
bles that of west Malesia and Southeast Asia 
more than that of Sahul.

Also apparent from Fig. 11 is the absence of 
extensive land bridges in the Wallacea area. 
The islands on the Sunda and Sahul Shelves 
form continuous landmasses with Southeast 
Asia and Australia, respectively, but not so in 
Wallacea. There always was a sea strait between 
Borneo and Celebes and between the Moluc
cas and New Guinea. This means that many 
species could disperse over the continuous 
Sunda or Sahul Shelf, but still met a barrier in 
Wallacea that they could not bridge. Only the 
species with longer dispersal ranges could use 
the different islands in Wallacea as stepping 
stones to move west or east.

Morley and Flenley (1987) show two land 
bridge systems over the Philippines (Fig. 11), 

one from north Borneo over Palawan, the 
other from northeast Borneo to Mindanao to 
Luzon to Mindoro. The two systems provided 
good opportunities for dispersal. Guioa pleu- 
ropteris (Blume) Radik, shows geological clines 
along both land bridges, the shape, indumen
tum and domatia of the leaves change (Fig. 11, 
right part; van Welzen 1989). Two other Sapin- 
daceae also show geological clines along the 
eastern, longer land bridge system (N.E. Bor
neo to Mindoro): Gloeocarpus patentivalvis 
(Radik.) Radik, (van Welzen 1991) and Lepi- 
dopetalum perrottetii (Cambess.) Blume (van 
Welzen 1992a). A possible reason for the 
change in leaf appearance might be that the 
Philippines have a different, more drier cli
mate than Borneo.

In conclusion, four reasons are presented 
why Wallace’s line is so distinct:

- The two waves of microplates, whereby 
stepping stones between east and west 
only appeared during the last 10 Ma.

- The continental parts on most 
microplates were still submersed during 
their northward movement, only to 
appear above water after collisions.

- Different climatic conditions are present, 
Wallacea being the drier part between two 
ever wet areas.

- Glacial periods did not result in extensive 
land bridges in Wallacea.

Another conclusion can be drawn regarding 
Wallacea. It is better not to seek for a sharp 
boundary between west and east Malesia, the 
line found will always depend on the taxa used 
for the analysis. It is better to treat Wallacea as 
a transition zone between the Sunda and Sahul 
Shelves.

The role of India in taxon distributions
The Indian plate was part of the Gondwanan 
conglomerate. It detached itself from Africa in 
the Early Cretaceous (135 Ma), and drifted
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Sunda Shelf
[□ Endemic^ Non-endemic

Sahul Shelf

1194

Fig. 9 . Total numbers and percentages of endemic and non-endemic species on the Sunda Shelf, Wallacea, and the Sahul 
Shelf.

Fig. 10. Distributions of several species of Arthraxon (Poaceae - grasses), all evading the everwet Sunda Shelf (Malay Penin
sula, Sumatra, Borneo, west Java) except for a few occurrences in drought pockets. A. A. castratus (Griff.) Narayanaswami 
ex Bor (disjunct); B. A. lancifolius (Trin.) Höchst.; C. A. hispidus (Thunb.) Makino; D. spikelet of A. castratus.



212 BS 55

Fig. 11. Glacial periods. A. Maximum land surface (grey) during glacial periods; thick horizontal line indicating possible 
zone between an everwet core and a savannah corridor; the vertical dotted lines indicating the biogeographic/climatic 
areas: the everwet Sunda and Sahul Shelfs and Wallacea with its dry monsoon period (after Morley & Flenley 1987) ; B. Dis
tribution of Guioa pleuropleris (Blume) Radik. (Sapindaceae) with two geographical clines (indicated by the arrows, two dis
tinct changes in leaflet shape, size and indumentum) following the Bornean-Philippine land bridges as shown by Morley 
and Flenley; C. Petal and fruit of Guioa pleuropteris (B & C: van Welzen 1979).

towards Southeast Asia, at first with Madagas
car attached to it (c.g., Cox 8c Moore 1993). 
After rafting in a rather wide eastern arc India 
finally collided with Southeast Asia in the Late 
Oligocène (c. 26 Ma). Doubts about this sce
nario exist (see already the question marks in 
Fig. 7.5 ofCox 8c Moore 1993). Briggs (1989) 
even suggests a more northern route along the 
African coast (in fact a more western arc), his 
argument is mainly the lack of peculiar biota 
on India that should have developed during 
the long isolation of India, but which are 
mainly lacking. Briggs suggests a more or less 
continuous exchange of floral and faunal ele
ments with Africa. He also suggest that geolog
ical traces indicate this more western route of 
India.

Did India acted as a raft for floral elements, 
bringing Gondwanan elements to Southeast 
Asia? According to Cox and Moore (1993) the 
role of India in this respect was unimportant, 

because India became isolated before most of 
the modern plants and especially animals 
developed. This is contrary to the view of 
Briggs (1989, see above) and Morley (2001). 
Morley sees a very active role for India in the 
dispersal of Gondwanan plants to Southeast 
Asia. One of his examples is fossil pollen of 
Mischocarpus Blume (Sapindaceae; this proba
bly corresponds to what van der Ham 1990, 
calls Cupanieidites pollen). Like Morley, van der 
Ham also shows India as a raft for Cupanieidites 
Cookson 8c K.M.Pike ex R.Potonié, with a sec
ond ‘invasion’ via Australia (see next chapter). 
The general view is that India brought new, 
Gondwanan elements to Lauraceous Southeast 
Asia.

Spatholobus Hassk. (Ridder-Numan 1996) 
and its sister taxa (Leguminosae) may be an 
example of a taxon, which rafted to Southeast 
Asia on India, and then widely dispersed over 
west Malesia. The basal lineage (S. parviflorus 
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(Roxb. ex DC.) Kuntze and the outgroups 
(Butea Roxb. ex Willd. and Meizotropis Voigt) 
are present in India (Fig. 12a). However, in the 
upper part of the cladogram (Fig. 12a) >S. albus 
Wiriadinata & Ridder-Numan, S. crassifolius 
Benth., and S'. purpureus Ben th. ex Prain are 
(mainly) Indian or present close to India (S. 
merguensis Prain in Myanmar). In between, 
Spatholobus only shows taxa present in west 
Malesia. Similar dispersal patterns can be 
observed in Baccaurea Lour. (Euphorbiaceae; 
Fig. 12b; Haegens 2000) and Bromheadia Lindl. 
(Orchidaceae; Fig. 12c; Repetur et al. 1997). 
The two latter genera are Malesian, with the 
basal taxa mainly from Borneo. In both taxa 
there are two sister (group) species (in an oth
erwise Malesian clade) of which one is from 
South India or Sri Lanka (Baccaurea courtallen- 
sis (Wight) Mtill.Arg. and Bromheadia srilanken- 
sis Kruizinga & de Vogel) and the other from 
Borneo (Baccaurea odoratissima Elmer, and in 
Bromheadia a polytomy with B. coomansii J.].Sm. 
ex Kruizinga & de Vogel, B. devogelii Kruizinga, 
and B. gracilis Kruizinga & de Vogel). Because 
the origin of the two genera is in Malesia (basal 
taxa) India could not have acted as a raft for 
these taxa. How did these two genera reach 
India?

The Indian plate, before it collided with 
Southeast Asia, was much larger than present
day India. The northern part was still flat and 
large before it became part of the Himalayas. 
This is usually referred to as Larger India (Fig. 
13, after Morley 2001). Due to the large north
ern part it was relatively close to west Malesia. 
Audley-Charles (1987) even states that India 
perhaps passed over the place where we find 
Sumatra nowadays. This means that the dis
tance between Malesia and India could be tra
versed by plants and that an early exchange of 
the flora took place. It was probably not neces
sary that India first collided with Southeast 
Asia (after which plants could have dispersed 
to Malesia via Southeast Asia main land). The 

cladograms always show sister taxa present in 
India/Sri Lanka and Borneo. This is logical if 
one notices that most of Sumatra and Java was 
submerged in the reconstruction of Morley 
and Flenley (1987; Fig. 13), only Borneo was 
above sea level. The general notion that India 
brought plants to Malesia is not complete, 
there was an exchange between Malesia and 
India, and Malesian plants did disperse to 
India (c.g., later ancestral species in 
Spatholobus, species of Baccaurea and Bromhea- 
did). After collision with Southeast Asia more 
taxa could have dispersed from (and to) India 
and via Southeast Asia mainland to Malesia.

The early exchange of floral elements 
between India and Malesia cannot be used to 
decide between the classic theory of India fol
lowing a more eastern arc and Briggs (1989) 
with a more western India. In both scenarios 
India would be in place to exchange floral 
(and probably faunal) elements with Southeast 
Asia and Malesia.

Circum-Pacific distributions
Many genera have a circum-Pacific distribu
tion, they are found at both sides of the Pacific 
in Malesia/Australia and the Americas, van 
Steenis (1962) provides a nice overview, only a 
few examples will be mentioned here: Magnoli- 
aceae (Heywood 1978; Azuma et al. 1999), Pro- 
teaceae (Weston & Crisp 1987, 1994), Fagaceae 
(van Steenis 1971; Humphries 1981), Sabi- 
aceae (van Beusekom 1971), and Sapindaceae 
(Adema 1991). The map of the Magnoliaceae 
(Heywood 1978) shows a distribution in South
east Asia, Malesia, and India (another of these 
Malesian-Indian exchanges!) and in the Amer
icas. Azuma et al. (1999) show that in the Mag
nolia L. s.l. and the Liriodendron L. clade the dis
persal/vicariance to/with America/Asia 
occurred two times, once by a single species, 
and two times (vicariance?) in parallel by Mag
nolia and Liriodendron at the base of their
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cecieliae 
coomansii

S. acuminatus
S. albus
S. crassifolius
S. purpureus
S. merguensis

India, SE Asia, Malay Pen. 
Borneo
India, SE Asia, Malay Pen. 
India
Myanmar (Burma)

--------- rest
r- --------- angulata

S. rest mainly Sunda Shelf

S. parviflorus
■B. monosperma
B. superba

■M. buteiformis
■M. pellita

India, SE Asia 
India, SE Asia 
India, SE Asia 
India, SE Asia 
India B

i—lanceolata 
'—purpurea 
j—courtaliensis S. India 
i—odoratissima Borneo
i—papuana 
*—carinata
—tetrandra 
—javanica

----- gracilis
------srilankensis 

r— brevifolia 
I—scirpoidea

~------grandiflora
------tenuis 

robusta 
lohaniense

Malay Pen., Borneo
Borneo
Borneo
Sri Lanka

aporoides 
ensifolia 
graminea 
latifolia

Fig. 12 . Partial phylogenies of several taxa and some of the distributions between India and Borneo: A. Spatholobus Hassk., 
ButeaRoxb. ex Willd., and MeizotropisVoigt (Leguminosae; Ridder-Numan 1996); B. BaccaureaLour. (Euphorbiaceae; Hae- 
gens 2000); C. Bromheadia Lindl. sect. Aporodes Schltr. (Repetur et al. 1997).

clades. A similar situation is present in the Pro- 
teaceae (Weston & Crisp 1987, 1994), the 
Embothriinae and Lomatia R.Br. show a paral
lel vicariance between the Americas and 
NewGuinea/Australia at the base of their 
cladograms. A third similar example is for 
Nothofagus (Humphries 1981), again a basal 
vicariance between America and Asia/Aus
tralia. The situation in the Sapindaceae is 
slightly different. Cupaniopsis Radik, has been

Fig. 13. Greater India reaching Southeast Asia in the Early 
Miocene (combination of Morley 2001, and Morley & Flen- 
ley 1987). Sumatra and Java are mainly submerged with 
only a few parts above sea level.

described for Asia, Australia and the Pacific 
(Adema 1991), while Cupania L. occurs in 
America. However, no real morphological dif
ference between both genera occurs other 
than a geographic disjunction. In fact, both 
genera should be united into a circum-Pacific 
genus. Fossil Sabiaceae are known from 
Europe and central Asia (van Beusekom 1971), 
therefore van Beusekom postulated dispersal 
via the Bering Street to (or from) North Amer
ica.

Explaining the circum-Pacific distributions 
was always difficult. Authors always referred to 
a Gondwanan distribution, but then one would 
expect the taxa to be present in Africa too, 
because South America and Australia were at 
both opposite sides of Gondwana and more or 
less splitting from it at simultaneous times dur
ing the Cretaceous. Presence in Africa is and 
has certainly never been the case with Magnoli- 
aceae (Heywood 1978) and Nothofagus Blume 
(Fagaceae; van Steenis 1971), of the latter only 
circum-Pacific fossils are known. Various expla
nations were given for the circum-Pacific distri
butions, but only two seem realistic: dispersal 
over landbridges via Arctica or Antarctica (e.g., 
Cox & Moore 1993).
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Late Cretaceous and early Tertiary (c. 65 
Ma) climatic conditions in Arctica and Antarc
tica were moist, warm and equable (Askin 
1989), so that both areas may have played a 
crucial role in the history of many Gondwanan 
plant groups (Drinnan 8c Crane 1989). The 
major reason for the warm climate is, what is 
referred to as the earth’s belch: due to an in
crease in global tempertures (massive volcanic 
eruptions) enormous amounts of methane gas 
could escape from melting ice crystals in the 
arctic seas and a rapidly increased hothouse ef
fect was the result (c.g., Kennett 8c Stott 1991). 
The present day view (e.g., Barlow 1981) is that 
South America, Antarctica and Australia 
formed part of a continuous landmass up until 
early Tertiary times (e.g., Cox 8c Moore 1993). 
Subtropical to temperate forests linked Aus
tralia with South America through Antarctica, 
which at that stage did not possess an ice-cap 
(Weston 8c Crisp 1987). A similar situation ex
isted in the Arctic regions (Cox 8c Moore 1993, 
their Fig. 8.9), continuous land masses still ex
isted between North America and Europe. Two 
routes were available via Greenland, the de 
Geer route (North America - north Green
land-Spitsbergen-Scandinavia) and the 
Thulean route (North America - south Green
land-England-Europe) . It is quite likely that the 
Sabiaceae and Magnoliaceae used the north
ern route, because of these groups fossils are 
found in Europe and Asia (Sabiaceae: van 
Beusekom 1971; Magnoliaceae: Muller 1981; 
Mai 1995; Crane 1998). The other groups 
(Nothofagus, Proteaceae, and Sapindaceae) 
probably used the Antarctic land bridge as 
their fossils are unknown for Europe. The al
ternative hypothesis, the Bering Street, as put 
forward by van Beusekom (1971) for the Sabi
aceae, seems quite unlikely. This landbridge 
appeared in a much later period in glacial 
times when the climatic conditions were dry 
and very cold, unsuitable for (sub) tropical 
taxa.

Conclusions

Malesia is a phytogeographic area except for its 
eastern boundary, which should have been in 
the west Pacific. It comprises two levels of phy
togeographic subareas, with on the first sub
level the Sunda Shelf, Wallacea, and the Sahul 
Shelf. The Sunda Shelf comprises the phyto- 
geographical subunits Malay Peninsula, Suma
tra, and Borneo; Wallacea comprises Java, the 
Philippines, Celebes, the Lesser Sunda Islands, 
and the Moluccas; while the Sahul Shelf only 
consists of New Guinea. Within Malesia, New 
Guinea, Borneo, and the Philippines comprise 
more endemic species than expected, which 
seems to correlate with their longer record of 
emergence and the (continuing) geological 
history.

Wallace’s line, which separates awestern and 
eastern Malesian flora, is in fact an area of tran
sition, now better known as Wallacea. Wallacea 
forms a boundary for four reasons. 1. West and 
east Malesia consist of small fragments broken 
off from Australia, but west Malesia was already 
much longer in its more or less present posi
tion than east Malesia. 2. Most fragments were 
submerged for a long time, even after arrival at 
their present position, this is especially the case 
in Wallacea, they did not act as rafts for terres
trial biodiversity. 3. Wallacea has a dry mon
soon climate, while the Sunda and Sahul Shelf 
have an everwet climate. 4. During glacial peri
ods Wallacea did not contain major land 
bridges, all sea lanes were still present.

India probably acted as a raft, bringing bio
diversity to Southeast Asia and Malesia. How
ever, before it collided with Southeast Asia it 
was already close enough to Malesia (especially 
the emerged parts of Borneo) for an early 
exchange of floral elements. Not only did 
Indian elements disperse to Malesia, but also 
Malesian taxa moved to India.

The circum-Pacific patterns may be 
explained by two land bridge systems. A south- 
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ern Antarctic landbridge existed, linking 
South America to Ausralia and a northern Arc
tic landbridge connected North America to 
Europe. At the end of the Tertiary the climate 
was warm enough for subtropical taxa to pass 
these landbridges.
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A revised classification, based on molecular and morphological data, has recently been proposed. 
The new classification divides the family into four subfamilies. 1: The Tamijioideae including the 
recently discovered monotypic genus Tamijia from N Borneo. 2: The Siphonochiloideae includ
ing the genus Siphonochilus (15) restricted to tropical Africa. The remaining c. 50 genera, with c. 
1300 species are classified in two subfamilies: 3: The Alpinioideae, the most widespread, is repre
sented by Renealmia (100) in the Neotropics and Africa, Aframomum (50) and Aulotandra (5) in 
Africa while the remaining c. 20 genera with some 700 species are all from the Asian tropics. 4: 
The Zingiberoideae, a far more diverse group with c. 30 genera comprising c. 600 species. They 
are only represented in Asia. The main centre of distribution for the two large subfamilies is SE 
Asia. The biogeography of all genera from this region is presented and it is shown that the Alpin
ioideae have their main centre of diversity in the Malesian region while the Zingiberoideae are 
centred in the northern monsoon region with Indochina having the highest diversity. In the light 
of the many recent discoveries of new genera and species it is also stressed that, besides continued 
studies on the molecular based phylogeny, basic field-work is still highly needed.
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Introduction

In 1904 Schumann published his monograph 
on the Zingiberaceae. The system presented 
here was, with some refinements, mainly by 
Loesener (1930), Holttum (1950), and Burtt 
and Smith (1972), accepted throughout a cen
tury. A revised classification, based on molecu
lar and morphological data, was proposed by 
Kress et al. (2002) (Fig. 1).

The new classification divides the family into 
four subfamilies.

- Subfamily Tamijioideae. This subfamily 
comprises only one genus, the recently 
discovered, monotypic Tamijia restricted 
to N Borneo (Sakai & Nagamasu 2000).

- Subfamily Siphonochiloideae. Schuman 
treated the genus Siphonochilus (15), re
stricted to tropical Africa, as Kaempferia. 
Surprisingly, molecular studies have re
vealed it as a very distinct and basic group.

- Subfamily Alpinioideae (Fig. 2A,B). About 
20 genera with c. 700 species are the most 
widespread, represented by Renealmia 
(100) in the neotropics and Africa, 
Aframomum (50) and Aulotandra (5) in 
Africa while the remaining genera are all 
restricted to Asia.

- Subfamily Zingiberoideae (Fig. 2C-F). The 
most diverse group with c. 30 genera com
prising c. 600 species, are only repre
sented in Asia.
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The author has studied the family in SE Asia 
for over 30 years and is organizer of and con
tributor to the treatment of the family for the 
Flora of Thailand and the Flora Malesiana. Sev
eral years ago, I established a team of a dozen 
botanists, Thai and foreign, to treat the family 
in Thailand. Among these are six Ph D stu
dents from Thailand who have now for 2-4 
years collected throughout the country. This 
has increased our knowledge of the diversity of 
the family in this large country immensely. In 
the last published checklist of Thai Zingiber- 
aceae (Larsen 1996), 200 species were 
included; today close to 300 species have been 
documented. Three new genera have been dis
covered and described as well as numerous 
new species, and we are aware of several unde
scribed taxa.

Subfamily Alpinioideae
The Alpinioideae consists of c. 20 genera after 
Nanochilus, Rhynchanthus and Pommereschea, 
three small genera from the northern mon
soon area, have been transferred to the Zin- 
giberoideae based on molecular studies. This 
makes the subfamily more uniform morpho
logically, consisting of large herbs with a main 
distribution in the lowland forests of the Male- 
sian region. The distichy of the leaves are trans
verse to the rhizome and the lateral staminodes 
are reduced to small teeth at the base of the 
labellum. To illustrate the distribution patterns 
in the Alpinioideae, the genera are presented 
here in groups corresponding to the results of 
the molecular analysis in which two tribes, the 
Alpinieae and the Riedelieae, are recognized. 
The first one is by far the largest.

Tribe Alpinieae
Alpinia - This is the largest genus in the Zin- 
giberaceae with over 200 species (Fig. 2A). The 
plants are tall herbs up to 8 (-12) m with a 

robust rhizome and a terminal inflorescence. 
Several attemps have been made to split the 
genus into smaller genera, the latest by Holt- 
turn (1950), but none of these have been satis
factory. Smith (1990) joined the segregate gen
era and gave a framework for an infrageneric 
classification. The molecular analysis, however, 
has shown that Alpinia is polyphyletic consist
ing of at least four groups not really corre
sponding with those of Smith. There is no 
recent revision of the genus, but the overall dis
tributional pattern is representative for the 
subfamily. The largest number of species 
occurs in Malesia with about 60 species in 
China (Wu & Larsen 2000) and the Indochi
nese region. Thus clearly two diversity centres 
exist: one in central Malesia and one in the 
northern monsoon region where the species 
are mostly found in montane evergreen 
forests. Several undescribed species are 
expected.

Amomum - The situation in Amomum, with 
some 150 species, is similar to some extent to 
Alpinia. This genus also seems to be poly
phyletic even if only few species have been sam
pled in the analysis. Again no recent revision 
exists, and much field-work is needed as many 
new species have been described in recent 
years mainly from northern Borneo. It is 
remarkable that there are far fewer collections 
of Amomum than of Alpinia in the large 
herbaria. This may be due to the less eye-catch
ing, basal inflorescences and shorter flowering 
period. There are two diversity centres: one, 
with the majority of species, in Borneo and one 
in China-Indochina with about one third of the 
species.

Etlingera - This, the third largest genus with 
about 80 species of large forest herbs was, in its 
present circumscription, established by Burtt & 
Smith (1986) who joined Achasma, Geanthus 
and Nicolaia. This genus may also be poly
phyletic. Again we find the same overall pat
tern with a distribution from the southern
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Alpinioideae

Zingiberoideae

Tamijioideae 
Siphonochiloideae

Fig. 1. Cladogram showing the system of the Zingiberaceae as proposed by Kress et al. (2002). Reproduced with permission 
from Amer. J. Bot. 89. 2002.
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Fig. 2. Representative species of SE Asian Zingiberaceae. The species represent the two subfamilies Alpinioideae (A-B) and 
Zingiberoideae (C-F) and the tribes Alpinieae (A: Alpinia malaccensis), Riedelieae (B: Burbidgea nitidd), Globbeae (C: Gag- 
nepainia godefroyï) and Zingibereae (D: Zingiber puberulum, E: Curcuma sp. nov., F: Laosanthus graminifolius).

Himalayas throughout SE Asia to N Queens
land with the main diversity centre in Malesia, 
particularly Borneo. There are only few species 
in Indochina and two species in China, one 
endemic, E. yunnanensis, and one, E. littoralis, a 
very widespread species. Also in this genus 
much field-work is needed.

Hornstedtia - This genus follows the same 

pattern as described for the preceeding genera 
with c. 50 species in Malesia and NE Australia. 
There are a few Malaysian species, some of 
which also occur in S Thailand. Further north, 
one species is endemic to N Vietnam, and two 
to China (Hainan and Tibet).

Plagiostachys - About 25 species of this taxo
nomically poorly studied genus are mainly 
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found in the Malcsian region. One species has 
recently been collected in S. Thailand, one 
undescribed species is found in central Thai
land while one, P austrosinensis, is endemic to S 
China. A problem with the genus is that in 
most species the inflorescence dissolves after 
anthesis in a muscilagenous substance, causing 
most old herbarium material to be of little use. 
Kress et al. (2002) included only two species in 
their molecular analysis. The genus follow the 
same pattern of distribution as the genera 
above with the majority of the species in Male- 
sia and a narrow “tail” of endemic species in 
the continental monsoon region.

Geostachys - This genus was not included in 
the molecular analysis by Kress et al. (2002). It 
seems to be related to Amomum but is recogniz
able by the leaves in a radical tuft on the rhi
zome raised above the ground by stilt-roots and 
a basal inflorescence with sterile bracts at base 
and tubular bracteoles enclosing the cincinni. 
Holttum (1950) was the first to study Geostachys 
from Peninsular Malaysia, where he found that 
it had its centre of diversity in contrast to the 
other genera in the Alpinioideae. It is also 
characteristic that all species are found as 
endemics occurring in montane forests at alti
tudes above 800 m. I have for several years stud
ied the genus and described new species from 
Thailand, all mountain endemics (Larsen 
1962, 2001). Schumann (1904) enumerated 5 
species, Holttum (1950) recognized 14 species, 
today at least 24 species are known, including 
10 endemic to Thailand, Cambodia, Vietnam, 
Sumatra, Borneo.

Small genera - Besides the larger genera 
treated above, some smaller genera with one or 
few species belong to this tribe. Not all of these 
have been available for the molecular analysis. 
These taxa include Cyphostigma (1), in Sri 
Lanka, Elettaria (7), in Malesia, Elettariopsis 
(10), in Malesia, Geocharis (7), in eastern Male
sia, Leptosolena (1), in the Philippines, and 
Vanoverbergla (2), from China (Taiwan) to the 

Philippines. The place of the monotypic genus 
Paramomum, endemic to China, treated by 
Larsen et al. (1998) as Amomum, was found by 
Kress et al. (2002) to be close to Elettariopsis, a 
genus with uncertain circumscription.

Tribe Riedelieae
The tribe Riedelieae consists of 4 or 5 genera 
with long capsules opening longitudinally and 
extraderai nectaries on the leaves.

Burbidgea, Riedelia, Pleuranthodium and Sia
manthus - Burbidgea (8; Fig. 2B) is endemic to 
Borneo whereas Riedelia (60) and Pleuran
thodium (25) are both distributed in Estern 
Malesia to N. Australia. Finally Siamanthus (1) 
as described by Larsen and Mood (1998), is 
one of the strangest endemisms from S Thai
land possessing a bilabiate floral structure 
quite different from what is known elsewhere 
in the Zingiberaceae.The tribe Riedelieae 
again appears to have the same distribution 
pattern as the Alpinioideae, but here it is even 
more pronounced, with some 100 species dis
tributed throughout the East Malesian area 
and only one, Siamanthus, in Thailand.

Siliquamomum - Finally, Siliquamomum is a 
monotypic genus from N Vietnam and adja
cent S China. It seems difficult to place at pre
sent and Kress et al. (2002) included it as incerta 
sedis. It may be related to Siamanthus even if the 
floral morphology is very different.

Subfamily Zingiberoideae
The Zingiberoideae consists of c 30 genera. 
Only Zingiber matches in size the largest genera 
in the Alpinioideae. The species are generally 
smaller herbs mostly with a pronounced sea
sonal dormancy period adapted to the mon
soon climate. In many genera we find species 
that produce inflorescences at the end of the 
dry season and leafy shoots in the rainy season. 
The distichy of the leaves are parallel to the rhi- 
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zome. The lateral staminodes are well devel
oped, either free from the labellum or 
attached to it as in Zingiber. The Zin- 
giberoideae includes the three tribes Zin- 
gibereae, Hedychieae, and Globbeae in Schu
mann’s (1904) classification. Kress et al. (2002) 
recognize two tribes, the Zingibereae and the 
Globbeae. Finally the genus Caulokaempferia, 
established by Larsen (1964), is placed as 
incerta sedis. The largest tribe is the Zingibereae 
with some 25 genera.

Tribe Zingibereae
Zingiber -The Zingiber-ciade comprises Zingiber, 
Kaempferia, Scaphochlamys, Haniffia, Disti
chochlamys, Boesenbergia, Haplochorema and Cor- 
nukaempferia. Zingiber deviates in many ways 
from the other genera. It is a large genus with 
between 100-150 species (Fig. 2D), widespread 
from subtropical Japan through Malesia to 
Indochina, China, and India. Most species are 
evergreen, medium-sized herbs belonging to 
the lowland forests. The flowers are character
istic in possessing a long produced connective. 
The uncertain number of species is due to our 
lack of knowledge of the diversity in the main 
centres, Borneo and Indochina. This situation 
is best illustrated by Thailand. A few years ago 
Larsen (1996) estimated the number of species 
native to Thailand to 25. Then Theilade 
(1999) subsequently described 8 new species 
and 2 new records. Most recently, collecting all 
over the country has increased the number of 
species to about 50, with 5 new species and sev
eral new records (Triboun in prep.). We are 
also aware of several new species from Viet
nam. A similar situation could be reported 
from other parts of SE Asia (see also Theilade 
& Mood 1997 and Mood & Theilade 2002). In 
spite of these drastic changes it is clear that 
there are two diversity centres: an eastern cen
tre in Borneo and a western one in the 
Indochinese region.

Kaempferia — The genus Kaempferia consists 
of small herbs with a pronounced dormancy 
period. Intensive collecting activities in Thai
land and neighbouring countries have 
revealed an extraordinary diversity in lime
stone regions. At present about 10 new species 
from Thailand and Laos are being prepared 
for publication (Jenjittikul, pers. comm.). This 
genus is widespread in tropical Asia, but with 
most of the species in the Indochinese region. 
Kaempferia is a well-defined genus according to 
Kress et al. (2002), still I suggest that K. scaposa 
from India should be excluded due to its devi
ating morphology. The small genus Haplo
chorema, endemic to Borneo, is very similar to 
Kaempferia. It has not been included in the mol
ecular studies.

Scaphochlamys-The genus Scaphochlamys was 
studied in depth by Holttum (1950) in connec
tion with his treatment of the Peninsular 
Malaysian Zingiberaceae. It is a group of small 
herbs with tufted leaves, spirally arranged 
bracts, glandular floral parts and patent sta
minodes; nearly all species are restricted to the 
lowland forest of the Malay Peninsula.

Haniffia - The genus Haniffia was described 
by Holttum (1950) and is morphologically 
close to Scaphochlamys in its floral characters 
with e.g. the glandular hairs and patent stamin
odes; vegetatively, however, it looks like a small 
Zingiber on account of the elongated pseu
dostem. Besides the type species, H. cyanescens, 
a second species was recently described in S 
Thailand, H. albiflora (Larsen & Mood 2000). 
The genus is restricted to the lowland ever
green forests of the Malay Peninsula.

Distichochlamys - Newman (1995) described 
the genus Distichochlamys from a limestone 
region in central Vietnam. In floral characters 
it matches Scaphochlamys and Haniffia, but the 
bracts are distichous. Geographically, as well as 
ecologically, it is distinctly separated from 
Scaphochlamys. A second species was described 
by Larsen and Newman (2002), and a third 
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species by Rhese and Kress (2003). All three 
species are from the same limestone region in 
central Vietnam.

Boesenbergia - This is a genus that I have 
studied for several years. The molecular analy
sis suggests that it is polyphyletic. The genus, as 
generally recognized today, is widely distrib
uted, but with two very distinct centres: N Bor
neo and monsoon Asia. Almost every expedi
tion to Brunei, Sarawak and Sabah has brought 
back undescribed species of Boesenbergia and 
we strongly suspect that there are still more to 
be discovered. Also from Thailand, Myanmar 
and adjacent regions of India intensive collect
ing activities in recent years have revealed sev
eral new species. Morphologically 3 or 4 rather 
distinct groups can be identified: 1. The group 
including the generic type, B. pulcherrima, with 
apical flowering. 2. the Curcumorpha group, 
based on B. longiflora, which flowers from the 
base. 3. An intermediate group (c.g., B. tenuispi- 
cata), which has not been studied in the molec
ular analysis. In all three groups the bracts are 
distichous, not spirally arranged as described 
by Rao and Verma (1971) for Curcumorpha (see 
Larsen 1997). 4. Finally the very polymorphic 
species B. curtisii, with a morphologically dis
tinct floral structure may not belong here. It 
has not yet been included in the molecular 
analysis. Thus, there is still a long way to go 
before the phylogeny of the genus (or generic 
complex) has been elucidated and under
stood.

Cornukaempferia - This, the last genus in the 
Zmgifør-clade, has an interesting history. The 
genus has been known for more than two 
decades and sold through American nurseries 
under various fancy names until Mood and 
Larsen (1997) described it. The characteristic 
flower has a superficial resemblance with Zin
giber while the vegetative parts are similar to 
Kaempferia. It was described as a monotypic 
genus from central northern Thailand with the 
species C. aurantiflora. Soon, however, a second 

species, C. longipetiolata, was collected close to 
the border of Laos (Mood & Larsen 1999).

Curcuma - The Cure« wzz-c lade consists of the 
large genus Curcuma (Fig. 2E) centred in mon
soon Asia and with a tail of small closely related 
genera in the northern part of the region. Cur
cuma is, as several of the other genera in the 
Zingiberoideae, subject to intense collecting 
through the major part of its distribution area, 
and important new knowledge of the diversity 
is accumulating. Almost all species have a dis
tinct dormancy period and several develop the 
inflorescence before the leafy shoot. From 
Thailand new species have recently been 
described by Mood and Larsen (2001). In 
Larsen et al. (1998) the number of species in 
the genus was estimated to 50. With our pre
sent knowledge it will probably be closer to 80.

Hitchenia and Stahlianthus - Two small gen
era, Hitchenia (3) distributed from western 
India to Myanmar and Stahlianthus (4) from 
Myanmar to Thailand are closely related to 
Curcuma.

Smithatris - The genus Smithatris has a simi
lar exciting history as Cornukaempferia. A plant 
was in 1998 presented at a horticultural exhibi
tion in Singapore and here observed by Kress. 
At the same time I had seen other collections 
in Thailand. The Maranthaceae-like leaves and 
small flowers with a long corolla tube, which 
recoils after anthesis, are very characteristic. 
Kress and Larsen (2001) described the mater
ial as a species et genus nova with the species .S'. 
supraneanae. Even if it was new to science, the 
species has been known by the local people just 
outside Bangkok for years and used to embell
ish the temples during the Buddhist lent. 
Recently Kress and Htun (2002) described a 
second species from Myanmar.

Laosanthus - This genus was described by 
Larsen and Jenjittikul (2001) as a monotypic 
genus from Laos, has a strongly reduced ver
sion of the Curcuma flower, without lateral sta
minodes and anther appendages combined 
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with free inflorescence bracts and long, narrow 
grass-like leaves (Fig. 2F). It has not yet been 
included in the molecular analysis.

Roscoea, Cautleya, Pommereschea and Rhyn- 
canthus - One group, consisting of the genera 
Roscoea (20), Cautleya (2), Pommereschea (2) and 
Rhyncanthus (6), belongs to the Himalayan ele
ment in the SE Asian floras and have the most 
northwestern distribution of the Asian Zingib- 
eraceae. The two latter genera formerly were 
treated as members of the Alpinioideae but fol
lowing the molecular analysis were transferred 
to the Zingiberoideae. It should be mentioned 
also that earlier authors (e.g., Burtt & Smith 
1972) had suggested that they might be better 
placed here.

Pyrgophyllum and Camptandra - The genus 
Pyrgophyllum is a monotypic genus endemic to 
S China. Schumann (1904) treated it as part of 
Camptandra. Gagnepain (1908) referred it to 
Kaempferia (where it clearly does not belong). 
Larsen and Smith (1972) included it in 
Caulokaempferia. Schumann’s placement comes 
closest to the results of the molecular analysis. 
Camptandra (3) shares the one large spatha- 
ceous bract with Pyrgophyllum. Biogeographi
cally Camptandra belongs to the lowland Male- 
sian element found in the evergreen forests in 
the Malay Peninsula and Borneo.

Hedychium - This is a very natural mono
phyletic genus. It possesses a number of 
unique characters, the dense inflorescesences 
with imbricate bracts, the long exerted stamen, 
the development of several flowers at the same 
time, and the seeds embedded in the more or 
less merged arils. The main distribution centre 
for the c 80 species is clearly monsoon Asia to S 
China and the Himalayan region; a few species 
do occur in the Malesian region, particular in 
Borneo. About half of the species occur in the 
Indochinese region (Sirirugsa & Larsen 1995). 
A recently finished monograph is anticipated 
(T. Wood in prep.). Ongoing studies on the 
genus in Thailand by P. Sirirugsa and the 

author have revealed four new species (unpub
lished).

Caulokaempferia - The genus Caulokaempferia 
may or may not belong in the Zingibereae. 
Kress et al. (2002) keeps it as incerta sedis. This 
genus deserves attention. Larsen (1964) sepa
rated it from Kaempferiawhexe it clearly did not 
belong. At that time seven species were known 
ranging from N India, Yunnan, N Vietnam to 
Thailand, i.e. the Himalayan element in conti
nental SE Asia. All the species are from high 
altitudes, with yellow flowers, unilocular cap
sule opening by one large window and minute, 
exarillate seeds. In 1972, Larsen and Smith 
described, C. alba with white flowers and a 
trilocular, fleshy capsule dehiscing by three 
valves releasing a few, large seeds with a well 
developed aril. Some related species with violet 
flowers were later described from other 
plateau mountains (Larsen 2003). The type of 
the genus has yellow flowers and unilocular 
capsule and may be related to Globba. The 
group with white-violet flowers has not yet been 
included in molecular studies, but I strongly 
suspect that it is not related to Caulokaempferia 
and should be treated as a separate genus, 
Larsen (2003). The author is working on a 
monograph on this group.

Nanochilus, Paracautleya, Parakaempferia and 
Stadiochilus - Four monotypic genera of very 
restricted occurrence are poorly known and 
have not been treated in the phylogenetic 
analysis: Nanochilus (1) from Sumatra, Para
cautleya (1) India, Kanara, Parakaempferia (1) 
India, Assam and Stadiochilus (1) Myanmar.

Tribe Globbeae
Globba, Mantisia, Gagnepainia and Hemiorchis - 
All previous systematists have recognized this 
tribe as a distinct group consisting of 4 genera, 
Globba (90), Mantisia (2), Gagnepainia (3; Fig. 
2C) and Hemiorchis (3), of which at least the 
first three are closely related. The largest genus 
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Globba has its diversity centre in the Indochi
nese monsoon region, but with offshoots to the 
Malay Peninsula, Sumatra and Borneo. M. 
Newman is now revising the genus for Thai
land, and a monograph by K. Williams is in the 
pipeline. Mantisia belongs to the Himalayan 
element and may be included in Globba. Gagne- 
painia (3) is restricted to Thailand and adja
cent regions of Laos and Cambodia. From the 
molecular analysis is appears, surprisingly, 
closer to Hemiorchis (3), distributed from India 
to western Thailand. I have always found that 
this genus was not belonging naturally to the 
Globbeae.

Conclusion
The intense study of the Zingiberaceae during 
the last decade has not been equalled since the 
days of Gagnepain (1908), Ridley (1899) and 
Schumann (1904) published their valuable 
contribution to the knowledge of the family a 
century ago. We are now exploring the last 
undercollected regions of SE Asia and have 
found a hitherto unknown richness of diversity 
and gained a much more precise picture of the 
diversity centres. Through the very recent mol
ecular studies, we have got a new phylogenetic 
system. This will undoubtedly be adjusted and 
refined in the future as more taxa are 
included.

The overall picture of the two large subfami
lies is, however, clear. The Alpinioideae is wide
spread throughout the tropics but, as for the 
family, is mainly found in the Asian tropics. It is 
most diverse in the Malesian region and here 
again Borneo is clearly the main centre on the 
Sunda shelf, while a second less explored cen
tre is placed further East. A third centre, with 
about one third of the species, is in continental 
monsoon Asia. Some of the genera seem to be 
so closely related morphologically that some 
species may change their position in the future 
or genera may be combined.

The other large subfamily, the Zin- 
giberoideae, is far more complex. There are 
some well-defined clades with one large genus, 
for example Curcuma and a tail of smaller, 
closely related genera found in special environ
ments such as isolated limestone areas, sand
stone table mountains and evergreen forests of 
the Malay Peninsula. The overall picture is that 
of a subfamily centred in continental SE Asia 
and particularly in the northern monsoon 
region. Two of the largest genera, Zingiber and 
Boesenbergia, however, have a distribution pat
tern like the majority of the Alpinioideae, with 
two main centres, one in continental monsoon 
Asia, the other on Borneo.

Some areas of SE Asia are rather well col
lected, e.g. Peninsular Malaysia, Thailand and 
N Borneo. With so many new taxa of Zingiber
aceae found in the last few years in Thailand 
and Sabah, due to intense collecting activities, 
there is no doubt that the far less well-known 
regions, such as Myanmar, Vietnam, and partic
ularly Laos and Kalimantan, will in the future, 
bring many new discoveries.

In the coming years, molecular studies, 
clearly, should have high priority as certain 
genera cannot yet be placed at present, and 
many have been found to be polyphyletic. As 
yet we cannot with any certainty answer the 
question: “How many species of Zingiberaceae 
are there?” Therefore we must also support 
basic field-work in the last remaining wilder
ness in SE Asia.
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Introduction

“If the distributions of all species are used as 
a basis for the subdivision of a Region, no 
clear picture will emerge or it will be consid
erably obscured, since the distinctive pat
terns of any particular ecological element 
will be masked by those of other ecological 
elements or swamped in the mass of statistics 
produced by such a crude approach.” 
(White 1965, p. 652).

In a remarkable series of papers from 1965 to 
1993 Frank White produced an integrated phy
tochorological classification of Africa. This 
classification, which has become very widely 
used (his “The vegetation of Africa” has been 
cited at least 600 times to date, according to 
the Web of Science citation index, February 
2003), is remarkable in that it is based on 
clearly formulated theoretical principles, a 
broad empirical knowledge of the distribution 
patterns in the African flora, and access to vast 
field knowledge. The classification synthesized 
the knowledge accumulated in the post Sec
ond World War botanical exploration of Africa, 
and exchanged at the regular meetings of 
AETFAT.

Phytochoria may be defined as large areas 
(c. 10,000 km2 or more) with largely homoge
nous plant species composition, which is differ
ent from that of other phytochoria. The distri
bution of species in sub-Saharan Africa is deter
mined by modern climates and soils, as well as 
past climates. This is manifested by three con
cepts:

1) The phytochoria should reflect the zonal 
flora, the flora found in the general area, and 
the zonal vegetation type.

2) Each phytochorion has many ecological 
habitats, occupied by an azonal flora (azonal 
vegetation types).

3) Relicts of previous climates which show 
disjunct distributions are labelled as tracks.

However, because a rigorous definition of 
these concepts seems not to be possible, we are 
left with almost arbitrary decisions as to 
whether a particular distribution pattern is a 
phytochorion, vegetation type or historical 
track. White did not attempt to distinguish 
between historical and ecological causes of the 
distribution patterns, and elaborated a set of 
principles as rules by which to delimit his phy
tochoria (White 1965, 1971, 1983, 1993). 
These can be summarized as follows:

1) The classification should not be hierarchi
cal. Instead of Kingdoms, Regions and 
Provinces, areas are not ranked, but encom
pass “centres of endemism”. Since they are geo
graphically delimited, he referred to them as 
“regions”.

2) The delimitation of the choria is based 
only on species distributions. White often 
referred to these distributions as the “facts”. 
Thus neither the vegetation types, nor higher 
taxonomic groups like genera, were taken into 
account.

3) Three types of regions are recognised. 
Regional Centres of Endemism (RCE) contain 
at least 1000 endemic or near-endemic species, 
and at least 50% of its phanerogam flora 
should be endemic. Between centres are broad 
Regional Transition Zones (RTZ), which 
always have fewer than 1000 endemic species, 
and these make up less than 50% of the flora. 
Regional Mosaics (RM) constitute a mosaic of 
vegetation types, and an intermingling of oth
erwise distinct floras. White (1979) discussed 
the concept of a RCE in detail. Although 
semantically a centre has no dimensions, he 
used the concept in a territorial sense, to 
describe a region with a high concentration of 
species, which are largely endemic to this 
region. The other two concepts describe the 
transitions between these RCE.

4) Although in theory all species should be 
taken into account, the delimitation is based 
largely on the dominant species or groups (the 
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zonal flora), which can be studied in detail 
(White 1971). In effect this means largely the 
trees.

The phytochorological system provides an 
efficient framework within which to summarize 
information about the flora and vegetation of 
Africa. As such it is a ready source of informa
tion on species richness, endemism, as well as 
peculiar features of the flora, vegetation or 
biota of all the parts of Africa.

White’s phytochorological classification of 
Africa forms a coherent system, which cannot 
be evaluated critically in part only. Continuing 
with his research methodology, mapping 
species or groups of species over the phytocho- 
ria, constitutes no test of the system: at most 
there will be no support for it. This is illus
trated by White’s (1990) analysis of a number 
of disjunct species. A more interesting 
approach would be to employ precisely the 
methods White argued against (see the citation 
above), using a large, ad hoc selected set of 
species, and objective numerical methods, to 
evaluate the support for African phytochoria. 
Here we use the largest body of sub-Saharan 
plant distribution data assembled to date, and 
subject it to cluster analysis as well as ordina
tion, to establish (1) whether a numerical clus
ter analysis of the present data delimits phyto
choria similar to those of White, (2) whether 
the transition zones recognised by White can 
be identified from cluster analysis and ordina
tions, and (3) whether our dataset and meth
ods of analysis are sufficient to detect 
“unusual” phytochoria such as archipelago-like 
regional centres and regional mosaics.

Material and Methods
The plant dataset
The plant dataset analysed in this study com
prises 79,648 data points for 5438 taxa, c 13% 
of the total sub-Saharan African flora (species 
as well as infra-specific taxa). Distribution data 

were obtained from numerous datasources, 
including the Distributiones Plantarum Africa
narum, published by Jardin Botanique 
National de Belgique (Anonymous 1969-), the 
Flora of Jebel Marra (Wickens 1976), the Pro
tea Atlas Project (Rebelo 1991), the arid flora 
of North Africa (Frankenberg & Klaus 1980), 
the SIG Ivoire project (Chatelain et al. 2001), 
South African arid plant distribution data (Jür
gens 1997), and numerous taxonomic revi
sions (e.g., Linder 2001a; Linder & Ellis 1990; 
Linder & Kurzweil 1999; Polhill 1982, pers, 
com.). Raw data in the form of maps were digi
tized with a digitizing tableau (see also La Ferla 
et al. 2002 for futher method descriptions). 
Further datasets (Protea Atlas data, distribu
tion data of southern African Orchidaceae, 
Restionaceae and the grass genus Pentaschistis') 
were obtained as one quarter degree resolu
tion presence / absence data for each species. 
The data were integrated into Microsoft 
ACCESS databases and analysed with the help 
of the programmes ArcView GIS 3.2 and 
WorldMap 4:20:17 (Williams 2002). Based on 
original data the resolution of which varies 
between exact coordinates of the plant record 
localities and nearest one degree square, all 
data were rescaled to a one degree gridded res
olution. This resolution is a compromise 
between the loss of biogeographical detail on 
the one hand and the sampling inadequacy of 
finer resolution as well as the standard software 
capacities on the other hand. It also guarantees 
comparability to current zoological analyses 
(Brooks et al. 2001; Burgess et al. in prep.) and 
former studies on African plant diversity 
(Denys 1980; Linder 1998, 2001c; Lovett et al. 
2000), as well as animal distribution data (c.g., 
de Klerk et al. 2002). The geographical cover
age of the dataset is limited to the African con
tinent south of 20° N and comprises 1918 one- 
degree grid squares.

Parts of the data are presented at the follow
ing addresses:
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www.york.ac.uk/res/celp/webpages/projects/ 
worldmap/worldmap.htm (York)

www.nbi.ac.za/protea (Cape Town)
www.botanik.uni-bonn.de/system/biomaps/biota/ 

floristicdatabases.html (Bonn)

The current continental database is adminis
trated and regularly updated as part of the Bio
geographical Information System on African 
Plant Diversity (URL see above), which is estab
lished by the Biomaps Working Group, Bonn, 
as part of the BIOTA Africa Project (www.biota- 
africa.de).

Multivariate Analyses
The data were assembled into a square table of 
grid-cells (1918) and taxa (5438), and the simi
larity between every pair of grid-cells calcu
lated using the Jaccard Coefficient of similarity 
(Jaccard 1901). The Jaccard Coefficient is par
ticular suitable for large phytogeographical 
analyses because it does not take shared 
absences into account (Jardine 1972).

The cells were clustered using the UPGMA 
algorithm. The cluster analysis found at least 
one tie, consequently a set of 50 dendrograms 
was calculated. However, it was not possible to 
build a consensus tree, since there were more 
items than the consensus-building program 
could accommodate. Instead several trees were 
visually inspected to establish whether there 
were major differences between them. Clusters 
were not recognised at a consistent level of sim
ilarity (the “phenon-line” approach), but we 
rather searched for large groups of cells that 
clustered together, and investigated the sub
clustering within these clusters.

Cluster analysis assumes a hierarchical struc
ture in the data, and consequently may “force” 
clustering, thus distorting the true distances 
between the cells (Sneath & Sokal 1973). Non
metric multidimensional scaling (NMDS) was 
used to present these distances, as it maintains 
the same order of similarity as indicated in the 
data. It was not technically feasible to ordinate 

the entire dataset. Besides, it would be 
extremely difficult to label the almost 2000 
points on one ordination. Consequently, we 
used NMDS to explore regional patterns: the 
transition between the rainforest and the 
desert in West Africa, and the phytogeographi
cal patterns in east Africa and southern Africa.

A Principal Coordinates Analysis (PCOA) 
was first performed, by extracting the eigenval
ues from the double-centered Jaccard similar
ity matrix. The results from the PCOA were 
then used as starting configuration for the 
NMDS, done for three dimensions with the 
double-centered Jaccard similarity matrix. As a 
test of fit, the stress was calculated. Each ordi
nation was presented as a three-dimensional 
plot, and the cells labelled with the phytocho- 
ria assigned on the basis of the cluster analysis. 
All analyses were done using NTSYS-pc (Rohlf 
1998).

Calculation of regional richness and 
endemism
The species richness and endemism for each of 
the delimited phytochoria were calculated 
from the underlying dataset in ACCESS. We 
used both the phytochoria as delimited by 
White, as well as those determined from the 
present cluster analysis. For the initial analysis 
cells, which could not be placed, were ignored 
(not counted for species richness, nor used in 
the determination of endemism). Because 
most phytochoria are not geographically 
coherent (e.g., include geographically isolated 
cells), a second analysis with “simplified” phy
tochoria was performed. Here the phytochoro
logical assignment of the cells was changed 
according to the following rules. Unassigned 
cells that had at least seven of the eight neigh
bouring cells belong to one phytochorion were 
assigned to that phytochorion. Cells assigned 
to one phytochorion but embedded within 
another phytochorion (all eight neighbouring 
cells belonging to the same, other phyto
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chorion) had their assignation changed. Cells 
assigned to a phytochorion, but not in contact 
with any other cells of that phytochorion, but 
bordering on cells assigned to more than one 
phytochorion, were changed to “unassigned.” 
In a small number of cases, almost all involving 
outliers of the Somalian phytochorion in the 
Kalahari and the Sahelian phytochoria, the 
rules were interpreted in a more relaxed fash
ion to allow clusters of outliers to be trans
ferred to the host phytochorion. This resulted 
in a geographically more coherent set of phyto
choria.

The question whether the level of endemism 
reported here for the phytochoria is higher 
than random could not be addressed, since 
there is a dramatic variation in the proportion 
of range-restricted species in sub-Saharan 
Africa (Kier 8c Barthlott 2001; Linder 1998, 
2001c). Consequently the variance around any 
statistic of the continent-wide average ranges of 
the species would be enormous and difficult to 
interpret.

Results
Cluster Analysis
The dendrogram for the whole sub-Saharan 
Africa shows the major groupings only at a very 
low level of similarity. At the broadest level, six 
groups were delimited, as well as a number of 
cells that were not clustered, but linked more 
or less directly to the stem of the dendrogram. 
This lack of clustering may be the result of a 
low number of species recorded for some cells 
(236 cells with less than 5 species). Cells with 
few species are often unplaced, probably due 
to sensitivity to sampling stochasticity. These 
unplaced cells were not mapped to any phyto
chorion, but shown as blank cells (with those 
cells for which no data were available) on the 
phytochorological map (Fig. 1). Five of the six 
groups showed clear internal subgroups (as 
well as a number of cells that were assigned to 

this group, but not resolved to one of the sub
groups) . Recognising these subgroups, as well 
as the clusters of unplaced cells, resulted in 19 
groups or phytochoria (Fig. 1). These phyto
choria were labelled with names somewhat dif
ferent from the phytochoria names used by 
White, in order to keep the two sets of concepts 
distinct. The cells placed to a major group, but 
not to one of the subgroups, are labelled as 
“undifferentiated”.

Richness and endemism of phytochoria
The species richness and endemism for the 
phytochoria as delimited by White (1983), and 
calculated from our dataset, are presented in 
Table 1. We sampled an average of 24.3% 
(between 12% (Guineo-Congolian RCE) and 
48% (Sahel RTZ)) of the species richness of 
each phytochorion. We seemed to have less 
success in sampling the endemic species, 
retrieving an average of 18% of the endemic 
species as predicted by White (between 0.6% 
(Sudanian RCE) and 68% (Sahara RTZ)).

There is enormous variation in the species 
richness and endemism of the phytochoria 
delimited in the present study (Table 2). For 
the broad phytochoria richness ranges from 
410 species (Somalian) to 2612 species (south
ern Africa), and endemism from 1% (Sudan
ian) to 85% (Southern African). For the nar
row phytochoria (excluding the transitions, 
which did not form groups) the range is from 
168 species in the Sahara, to 1822 species in 
the Cape. Endemism ranges from 0% for the 
Sudanian-north to 77% for the Cape. There is 
no obvious relationship between area and 
endemism.

The calculated results for the “simplified” 
phytochoria (Table 3) show clear trends: the 
species richness of the areas is more or less the 
same as for the unmodified phytochoria, but 
the endemism is generally higher. For the 
Sudanian, Somalian and Angolan phytochoria 
the richness is substantially reduced, and for
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Fig. 1. The mapped results of the cluster analysis. Country boundaries are indicated in black, the boundaries of the White 
Regions are indicated in white, and the phytochoria retrieved in our analysis are colour coded.

the Ethiopian - Kenyan part of the Zambezian 
phytochorion the richness increases substan
tially. The only reduction in endemism is seen 
for the Congolian part of the Guineo-Congo- 
lian phytochorion.

Ordinations
The NMDS ordinations (Fig. 2) show that the 
clusters overlap to a greater or lesser extent, 

but that they are largely recognisable. How
ever, it is evident that the data are not readily 
shoe-horned into three dimensions, as indi
cated by the final stress values of 0.64241 for 
East Africa, 0.57490 for West African and 
0.62141 for southern African. Values more 
than 0.40 are regarded as a poor fit (Rohlf 
1998).
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Fig. 2. NMDS ordination of (a) West Africa, (b) East Africa and (c) southern Africa. The circles are labelled with the phy- 
tochoria they represent, but not all cells are always included in the circles. The area codes used for all the ordinations are: 
A = Sudanian undifferentiated; B = Sudanian-north; C = Sudanian-south; D = Congolian undifferentiated; E = Upper 
Guinean; F = Congolian; G = Congolian transitions; H = Zambezian-Angolan; I = Zambezian-central; J = Zambezian- 
Ethiopian-Kenyan; K = Cape; L = Eastern Karoo; M = Natal; N = Namib Karoo; O = Kalahari; P = Sahelian; R = Saharan; S = 
Somalian; T = undifferentiated southern African; X = unplaced.
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Table 1. Species richness and endemism of the phytochoria as delimited by White (1983), comparing his estimates of the 
species richness and endemism with that obtained from our data.

White’s estimates Our data Proportion sampled

Phytochorion name

Species richness

N
um

ber 
endem

ic species

% endem
ic 

species

Species richness

N
um

ber 
endem

ic species

% endem
ic 

species

species

Endem
ic species

Guineo-Congolian RCE 12000 6400 53 1375 399 29 11.5 6.2
Cape RCE 8600 5870 68 1599 838 52 18.6 14.3
Zambezian RCE 8500 4590 54 1725 377 22 20.3 8.2
Karoo-Namib RCE 7000 3500 50 1036 201 19 14.8 5.7

Afromontane RCE 4000 3000 75 1564 78 5 39.1 2.6

Somali-Masai RCE 4000 1250 31 931 103 11 23.3 8.2
Kalahari/Highveld RTZ 3000 50 2 583 10 2 19.4 20.0

Lake Victoria RM 3000 50 2 504 3 1 16.8 6.0
Tongaland-Pondoland RM 3000 1200 40 813 84 10 27.1 7.0

Zanzibar-Inhambane RM 3000 450 15 576 48 8 19.2 10.7
Sudan ian RCE 2750 960 35 684 6 1 24.9 0.6
Guinea-Congolia/Sudania RTZ 2000 50 3 711 5 1 35.6 10.0
Guinea-Congolia/Zambezia RTZ 2000 50 3 571 28 5 28.6 56.0

Sahara RTZ 1620 50 3 289 34 12 17.8 68.0
Sahel RTZ 1200 50 4 579 23 4 48.3 46.0

Discussion
Phytochoria
Guineo-Congolian
The Guineo-Congolian Regional Centre of 
Endemism (RCE) was retrieved with minor 
variations in the delimitation from the sur
rounding phytochoria. These involve the tran
sition zones to the north (Guinea- 
Congolia/Sudania Regional Transition Zone 
(RTZ)), the east (Lake Victoria Regional 
Mosaic (RM)) and the south (Guinea-Congo- 
lia/Zambezia RTZ). No East African coastal 
outliers of the Guineo-Congolian RCE were 
identified, thus corroborating White’s inter

pretation. While White recorded 53% 
endemism for his region, our data indicate that 
only 29% of the species in our sample are 
restricted (endemic) to this Centre (Table 1).

The Upper Guinean phytochorion is delim
ited to the east by the Cross River, immediately 
west of Mt Cameroun, with the lower Niger and 
its delta clearly included in Upper Guinea. The 
Cross River boundary was suggested by 
Léonard (1965) and Clayton and Hepper 
( 1974), but White could not recognize it from 
his data. The major deviation from White’s 
delimitation is the inclusion of the Fouta Djal- 
lon in the Upper Guinean phytochorion, while 
White placed it in his Guinea-Congolia/Suda-
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Table 2. Species richness and endemism in the phytochoria as delimited by our analysis, based on the data used in this 
paper.

Broad 
phytochoria

Species richness

N
um

ber 
endem

ic species

% endem
ic 

species

N
arrow

 
phytochoria,

Species richness

N
um

ber 
endem

ic species

% endem
ic 

species

Sudanian 729 8 1% Sudanian undifferentiated 452 1 0%

Sudanian-north 307 0 0%

Sudanian-south 494 3 1%

Guineo-Congolian 1708 739 43% Congolian undifferentiated 750 14 2%

Congolian 1046 200 19%

Congolian + Congolian undifferentiated 1177 460 39%

Upper Guinean 578 61 11%

Congolian transitions 1059 99 9%

Zambezian 1886 766 11'7 Zambezian - Ethiopian-Kenyan 506 42 8%

Zambezian-central 1472 497 34%

Zambezian-Angolan 810 90 11%

Southern African 2612 2223 85% Karoo transition 46 0 0%

Cape 1822 1396 77%

Eastern Karoo 320 4 1%

Natal 882 295 33%

Namib-Karoo 339 65 19%

Kalahari 294 17 6%

Sahara-Sahelian 474 182 38% Sahara 168 1 1%

Sahel 420 173 41%

Somalian 410 47 11% Somalian 410 47 11%

nia RTZ. The Upper Guinean phytochorion is 
rather species poor (564 species, compared to 
the 1137 for the Congolian phytochorion) and 
with a lower level of endemism (13% com
pared to 30%; Table 3). Note that the species 
numbers, and percentages of endemism, 
referred to here and in the rest of the paper 
are based on our sample, and are not estimates 
of the actual species richness of these phyto
choria.

The Congolian phytochorion includes both 
Lower Guinea and the Congo basin. We 
included in the phytochorion both the “Con
golian” and “Congolian-undifferentiated” 
cells. The cells of the “Congolian undifferenti
ated” group generally have fewer species than 
the “Congolian”, and this might reflect collect
ing intensity (Küper unpublished), rather than 
actual low species richness. Consequently, in 
the discussions we combine these two clusters.
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Table 3. Species richness and endemism in the simplified phytochoria delimited in this paper, based on the data used in 
this paper.

Broad 
phytochoria

Species richness

N
um

ber 
endem

ic species

% endem
ic 

species

N
arrow

 
phytochoria,

Species richness

N
um

ber 
endem

ic species

% endem
ic 

species

Sudanian 637 53 8%

Guineo-Congolian 1700 799 47% Congolian 1137 346 30%
Upper Guinean 564 71 13%
CongolianTransition 1060 102 10%

Zambezian 1893 850 45% Zambezian - Ethiopian-Kenyan 804 104 13%
Zambezian-central 1477 541 37%
Zambezian-Angolan 479 55 11%

Southern African 2615 2268 87% Eastern Karoo 320 1 0%
Cape 1822 1409 77%

Kalahari 298 20 7%
Natal 881 297 34%
Namib-Karoo 339 69 20%

Sahara 467 199 43%

Somalian 344 53 15%

The Congolian phytochorion is both species 
rich and high in endemism, with the greatest 
species richness located in Lower Guinea, from 
Mt Cameroun to the mouth of the Congo 
River. In tropical Africa, this is the most 
species-rich area with also the highest concen
tration of endemics (Barthlott et al. 1996; 
Cheek et al. 2001; La Ferla et al. 2002; Linder 
1998, 2001c; Mutke et al. 2001). The distribu
tion of endemics through the region was not 
investigated, but the cells assigned to “Congo
lian undifferentiated” have only 2% endemism 
(restricted to the cells assigned to this cluster) 
even though 750 species are included in our 
database for these areas. Adding these to the 
cluster of species rich cells adds only 131 
species to the cluster, but increases the 

endemism from 19% to 39% (Table 2). Thus 
the unplaced cells can have a major impact on 
the calculation of the endemism levels. How
ever, if outlier cells are “simplified” into the 
surrounding phytochoria, the endemism is 
again reduced to 30% (Table 3), but without 
loss of species richness.

The areas along the borders of the Congo
lian phytochorion were assigned to the “Con
golian transitions”. Three regions can more or 
less be distinguished in the Jaccard clustering: 
Bamenda - Adamaoua (part of White’s 
Guinea-Congolia/Sudania RTZ), Kivu and 
Uganda (partially the Lake Victoria RM) and 
the areas around Kananga and Mbuji-Maji 
(largely the Guinea-Congolia/Zambezia RTZ). 
It is not clear what combines these three areas, 
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since they abutt onto different floras. The 
largest extension beyond White’s boundaries is 
found in the southern Sudan, where the Ima- 
tong Mountains are included in our Congolian 
transition, while White assigned them to the 
Sudanian RCE. According to Friis (1994) the 
foothills of these mountains are clothed in 
Guineo-Congolian forest, and this could con
tain the species on which the groupings pro
posed here are based. Surprisingly, this transi
tional phytochorion has a 10% level of 
endemism (Table 3).

It is surprising that such consistent group
ings were obtained for the Guineo-Congolian 
RCE, since it is the most poorly sampled phyto
chorion, with only 12% of the species repre
sented in our analysis (Table 1). However, all 
previous phytochorological studies have delim
ited this centre (e.g., Lebrun 1947; Monod 
1957; Wickens 1976), indicating that it is dis
tinct from the other phytochoria.

Sudanian
Our data clearly separate the Sudanian RCE 
and the Zambezian RCE, thus corroborating 
the results of the careful analysis of White 
(1965), which upset the previous assumption 
(Lebrun 1947, Monod 1957) of a horse-shoe 
shaped phytochorion that partially surrounded 
the equatorial rainforests of Congo and 
Guinea with its own flora. The similarity in 
savanna vegetation structure is not matched by 
a similarity in floristics. There is as yet no sim
ple explanation for this dissimilarity - whether 
it is the effect of differences in the modern cli
mates and topography, the consequence of a 
long period of isolation either side of an 
Atlantic to Indian Ocean rainforest, or the 
result of two independent derivations from 
rainforest.

Our analyses retrieved a Sudanian phyto
chorion broadly similar to that of White. The 
cluster analysis retrieves two subgroups. The 
first (Sudanian-north) contains a mix of cells 

attributed to the Sahel RTZ and the Sudanian 
RCE by White (1983). The second (Sudanian- 
south) has a mix of Sudanian RCE and the 
Guinea-Congolia/Sudania RTZ (Fig. 1). The 
NMDS ordination (Fig. 2a) reveals that there 
are no distinct clusters of cells in West Africa. 
This suggests that although there is a large 
change in the flora from the coastal rainforests 
to the Sahara, there are no sharp floristic, geo
graphical, boundaries. Thus it appears as if 
there may be no large set of species in West 
Africa which have co-incident limits to their 
distributions. This is consistent with the distrib
ution of forest types (van Rompaey 1996) as 
well as individual tree species (Bongers et al. 
1999) in West Africa, which are strongly deter
mined by the steep rainfall gradients from 
coast to desert.

It may be possible that our results are due to 
sampling artifacts. Although almost 25% of the 
Sudanian species have been included in the 
study (Table 1 ), more than twice as large a pro
portion as for the Guineo-Congolian RCE, it is 
possible that our sampling has missed many of 
the “typical” Sudanian species. The low level 
endemism indicated by our data (1%, com
pared to the 35% suggested by White) suggests 
such a pattern of undersampling. Further
more, the large proportion of cells with few 
species may also indicate undersampling, in 
addition to distorting the results of the analy
sis. Simplifying our Sudanian phytochorion by 
removing the cells that clustered with the 
Somalian phytochorion, including the cells 
that were not placed, and removing isolated 
outlier cells of neighbouring phytochoria 
resulted in an increase in the endemism levels 
to 8% (Table 3).

Our data indicate that a geographically 
coherent, clearly delimited Sudanian phyto
chorion might not exist. This should be tested 
in more detail by focussed investigations, par
ticularly using ordinations, of the distribution 
patterns of a much larger sample of West 
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African plant species. Indeed, our concerns 
about the Sudanian phytochorion were already 
voiced by White in 1993.

Sahara-Sahelian
The Sahara-Sahelian regions continue the pat
tern implied by the NMDS ordination for the 
Sudanian phytochorion, and it would have 
been satisfying if they grouped together. How
ever, on the cluster analyses the two sets ofclus
ters are widely separated. Curiously, the Sahel 
RTZ is the only region or transition zone for 
which the endemism suggested by White (4%) 
is matched by our data. For the Sahara our 
level of endemism is four times more than sug
gested by White, which is explained by our only 
partial inclusion of the Sahara. Thus the 
Saharo-Sindian elements (Lebrun 1947; White 
& Léonard 1994) may be represented in our 
dataset by only a part of their distribution 
ranges, while the vast majority of the remain
ing species have their full distribution ranges 
included. Quézel (1978) demonstrated that 
the endemism in the Sahara is only 12%, but 
that a further 23% of the species could be 
regarded as “Saharo-Arabian”, further support
ing the substantial contribution of the Saharo- 
Sindian element. This leads to the spuriously 
high endemism figure for this small part of the 
Saharo-Sindian region. In addition, some of 
our data are artificially truncated at 17.52N, 
thus enhancing the floristic dissimilarity 
between Saharan and Sudanian regions, and 
increasing the endemism of the Saharan flora.

The Sudanian - Saharan boundary is 1-2 
degrees north of the boundary between 
White’s Sudanian RCE and his Sahel RTZ, 
about halfway across his Sahel RTZ, but 
aligned more or less parallel to the White 
boundary.

The distinctiveness of the Saharan flora from 
that of the Sudanian woodlands is also sup
ported by the ordinations. This suggests that 
the Saharo-Sindian flora could be distinctive, 

much more so than the Sahelian flora. Under 
these circumstances it might make sense to 
think in terms of a Saharo-Sindian RCE, albeit 
with less than 2000 species (Quézel 1978).

Somalian
The Horn of Africa, according to White (1983) 
forms part of the Somali-Masai RCE, which 
includes most of Kenya, and reaches south 
through Tanzania into the valley of the Great 
Ruaha. However, our analysis, similar to the 
earlier analysis (Linder 1998), extracts a region 
limited to Somalia, the Ogaden region of 
Ethiopia and the North Eastern Province of 
Kenya.

Mapping the White phytochoria onto our 
cluster analysis indicates that there are paired 
clusters assigned to the Somali-Masai RCE and 
the Afromontane RCE, which in our analysis 
are embedded in the Zambezian phyto
chorion. This overlap is also very evident from 
the ordination (Fig. 2b), which shows a portion 
of the Somalian centre, while another portion 
overlaps with the Kenyan-Ethiopian upland 
part of the Zambezian centre.

Possibly this area was undersampled - our 
data record 410 taxa and 11% endemism. Sim
plifying the Somalian phytochorion by remov
ing the outliers in the Sahelian and Kalahari 
phytochoria results in a reduction in species 
richness to 344 taxa and an increase in 
endemism to 15% (Table 3), indicating that 
the narrower definition makes more phyto
chorological sense. If all the cells that fall 
within MTiite’s circumscription of the Somali- 
Masai RCE are included the richness increases 
to 931 species, but the endemism stays at 11% 
(Table 1). This sampled figure is slightly over 
23% of the flora suggested by White, indicating 
that the area is actually quite well sampled. 
However, it is possible that our figures are 
inflated by the inclusion of Afromontane 
patches included in the cells assigned to the 
Somali-Masai RCE. Thulin (1994) estimated 
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the endemism of the flora of Somalia at 20%, 
thus substantially more than our figure, which 
is for a somewhat larger area. The explanation 
for this could be that in the central portions of 
Kenya and Tanzania the elements of this flora 
are found in the rift valley bottoms, while the 
ridges and mountains which rise to 5000 m 
contain an Afromontane flora. Consequently 
many cells contain at least some Afromontane 
elements, as well as some Somali elements.

There are outliers of the Somalian phyto
chorion in the central Kalahari of Botswana, as 
well as along the Sahel to Senegal. These 
reflect the “arid corridor”, a set of disjunct dis
tributions across the arid parts of Africa. 
Although the arid corridor has been well docu
mented (Balinsky 1962; de Winter 1966, 1971; 
Ihlenfeldt 1994; Jürgens 1997; Thulin 1994; 
Thulin & Johansson 1996; Verdcourt 1969), 
there have been no phylogeographical analyses 
of any plant species that are part of the corri
dor, we still lack a reasonable estimation of the 
date (or dates) of the establishment of this dis
tribution pattern.

Zambezian
The Zambezian phytochorion, as delimited by 
our analysis, is huge. It covers the whole of 
south-central Africa, from the Atlantic 
seaboard of Angola to the whole of Mozam
bique, Tanzania, and the uplands of Kenya and 
Ethiopia. As such it includes White’s Zambez
ian RCE, most of the Afromontane RCE, and 
the Zanzibar-Inhambane RM, as well as the 
Masai parts of the Somali-Masai RCE. This area 
includes 1886 species, with 41% endemism 
(Table 2), or 1700 species and 47% endemism 
if the phytochorion is simplified (Table 3). It 
cannot be directly compared with any of 
Whites centres of endemism, but although the 
cells falling within the limits of White’s Zam
bezian RCE have 1725 species (thus not much 
less than our much wider definition), the 
endemism stands at only 22% (Table 1).

This huge area was not retrieved in an ear
lier analysis of 794 species (Linder 1998), and 
instead three separate regions were located: 
(1) Malawi, Tanzanian, Kenyan and Ethiopia; 
(2) Mozambique, Zimbabwe and south-eastern 
Zambia, and (3) the rest of Zambia, Angola 
and Shaba. Our much larger analysis also 
located three subdivisions, but they are some
what different: (1) Angola and Barotseland 
(“Zambezian-Angolan”), (2) the rest of South- 
central Africa to Mt Kilimanjaro, inclusive of 
Shaba and Malawi (“Zambezian-central”), and 
(3) the Kenyan and Ethiopian uplands (“Zam
bezian - Ethiopian-Kenyan”). Of these three 
areas only the Zambezian-central is species
rich, with a high level of endemism. This may 
not be surprising, since this area includes sev
eral local centres of richness and endemism: 
the Zambezi-Congo watershed (Linder 2001c), 
Nyika Plateau (Willis et al. 2001), the Southern 
Highlands of Tanzania, and the eastern arc 
mountains of Tanzania (Lovett 1993). The 
Angolan area is at least partially undercol
lected, and includes only one centre of 
endemism, on the Huilla Plateau (Linder 
2001c).

The grouping of the uplands of Ethiopia, 
Sudan and East Africa into the Zambezian - 
Ethiopia-Kenya phytochorion is consistent with 
the distributions of woody and herbaceous 
Ethiopian Afromontane species, where the 
most common distribution pattern is of species 
restricted to Ethiopia and the mountains of 
East Africa, and the second most common dis
tribution pattern is of species widespread in 
the Zambezian woodlands (Friis 1994). More 
curious, though, is the inclusion of those cells 
with predominantly Somalian species in these 
clusters. Also puzzling is the low species rich
ness of the uplands (Zambezian - Ethiopian- 
Kenyan phytochorion), and their low 
endemism. The low endemism could partially 
result from the inclusion of species from the 
Somalian centre that penetrate along the low
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lands and rift valleys of eastern Africa. The low 
species richness suggests rather that the flora 
has been undersampled, but many of these 
cells belong to the Afromontane RCE, which at 
39% is the best sampled phytochorion. Thus 
the results remain somewhat puzzling. The 
analysis grouped Jebel Marra with the other 
upland areas, and this might be the result of 
including the distributions of all species of 
Jebel Marra, as documented by Wickens 
(1976) in the dataset.

The east and central African NMDS (Fig. 2b) 
shows the relationships in this area very clearly. 
The cells assigned to the Congolian transitions 
lie between the Congolian and the Zambezian 
cells. An overlap of a different nature is seen 
between the Somalian and Zambezian cells, 
this is made up of the cells assigned to the 
Kenyan-Ethiopian uplands. Possibly this 
region, with its complex arrangements of 
mountains capped with Afromontane flora and 
valleys with a Somalian flora, should be 
regarded as a Regional Mosaic.

The remaining two areas are a reasonable 
match for White’s Zambezian RCE. The east 
coast Zanzibar - Inhambane RM will be dis
cussed below. Again the Afromontane cells are 
included within their “matrix” flora, this will 
also be discussed below. The distinction 
between the Angolan and central portions of 
the Zambezian phytochorion are more diffi
cult to determine. It could be that the Angolan 
phytochorion reflects the dominance of 
miombo woodland species, while the central 
phytochorion contains a rich mixture of 
Afromontane species, and few miombo wood
land elements.

Southern African
The southern African regions were all 
retrieved as one group (Fig. 1), with the north
ern border along the political borders: the 
Cunene River in the west and the Limpopo in 
the east. White suggested that the Zambezian 

RCE included northern Namibia, northern 
Botswana and northern South Africa. This shift 
in the boundary might be the result of orchid 
distributions being truncated along the politi
cal border, but it does seem remarkable that 
some 50 truncated distribution ranges could 
have such an effect.

Southern Africa has a high species richness 
(2615 species) and endemism (87%; Table 3). 
According to Arnold and de Wet (1993) the 
region includes c 21,087 species, while sub- 
Saharan tropical Africa (the rest of Africa 
excluding the Maghreb, Libya and Egypt) con
tains 26,274 species (Lebrun & Stork 1997). If 
we accept 80% endemism to southern Africa 
(Goldblatt 1978), then 48% of the sub-Saharan 
flora is found in southern Africa.

Not surprisingly, the Cape Floristic Region, 
as delimited by Goldblatt (1978), is clearly 
retrieved (called here “Cape”), both in the 
cluster analysis and in the ordination. Our 
analysis included 1822 of the c 9000 species 
(Goldblatt & Manning 2002) attributed to the 
flora, and the endemism of 77% (Table 3) is 
somewhat higher than the just below 70% cal
culated by Goldblatt and Manning (2002). 
This higher endemism could be the result of 
including the Grahamstown fynbos outlier in 
our Cape phytochorion.

The rest of southern Africa can be sum
marised as two trends. The first ranges from 
the wet eastern coastline (“Natal”). West of this 
zone is the semi-arid “Eastern Karoo”, which 
includes the grassland of the Eastern Cape 
interior and the plateau of the Free State and 
the Northern Cape. Along the Atlantic coast
line, but also including the drier western mar
gins of the Great Karoo, is the Namib-Karoo 
phytochorion. The north-south trend is indi
cated by the distinction of the Kalahari from 
both the Eastern Karoo and the Namib-Karoo, 
although it is evident from the NMDS analysis 
that there is no clear boundary between these 
three groupings (Figure 2c). These groupings 



BS 55 243

are unusual, and do not readily fit the previous 
phytochorological classifications proposed for 
southern Africa, as summarised by Werger 
(1978).

The Namib-Karoo phytochorion is similar to 
that suggested by White, except that the coastal 
strip following the Namib desert into southern 
Angola was not detected. This is most likely a 
sampling artifact, since this coastal strip is 
species poor and very narrow compared to grid 
size, and in total only 339 species from the 
whole phytochorion were included (Table 2, 
3). The distinction between the Succulent 
Karoo and Nama Karoo, described by Ruther
ford and Westfall (1986) was not detected, 
which could be due to both undersampling of 
Succulent Karoo elements and the coarse reso
lution of our sampling. Although there have 
been suggestions that the Succulent Karoo 
region should be included in the Cape flora, 
and separated from the Nama Karoo region 
(Bayer 1984; Jürgens 1991), our data show that 
the Cape and Nama regions are widely sepa
rated in the ordination, and that the similari
ties of the Cape region lie rather with the more 
mesic Natal region. This could of course be dri
ven by the shared Afromontane elements, as 
well as the coastal thicket floras, which have 
more in common between the Cape and the 
mesic east coast, than the arid west coast. A fur
ther element is that the taxa that link the Cape 
and Succulent Karoo floras (Crassulaceae, 
Aizoaceae, Oxalis, Iridaceae, etc.) were not 
included in the analysis. The exact delimita
tion between the western margin of the Cape 
flora, and the subtropical flora of southern 
Africa, will need to be investigated in a more 
detailed study (Linder 2003).

The mesic east coast was included in the 
Natal phytochorion, which encompasses the 
whole of the Pondoland-Tongoland RM, as 
well as the more tropical portions of the north
ern parts of South Africa. White’s Kalahari- 
Highveld RTZ is divided between the Eastern 

Karoo phytochorion in the south, and the Kala
hari phytochorion to the north. White esti
mated his RTZ to include some 3000 species, 
most marginal transgressors, with a very low 
level of endemism. Our data support this: 
while the Namib-Karoo phytochorion has 20% 
endemism, and the Natal phytochorion 34%, 
the combined Eastern Karoo and Kalaharia 
phytochoria muster 7% endemism (Table 3). 
Curiously, the uplands of Lesotho with their 
subalpine vegetation are also included in this 
semi-arid phytochorion.

East Coast phytochoria
White recognised two phytochorological enti
ties along the African east coast (White 1983; 
White & Moll 1978). North of Inhambane he 
delimited the Zanzibar-Inhambane RM, whilst 
south of the Limpopo River, to East London, 
the Pondoland-Tongaland RM. Neither of 
these were retrieved as groups equivalent to 
the other large groups by our analysis. These 
two phytochoria do not form geographically 
coherent entities (hence the term “regional 
mosaics”). The description of the vegetation of 
these regions (Moll & White 1978) indicates 
that they are mosaics of very different floristic 
elements - forests with species with Guineo- 
Congolian (Faden 1974), or Afromontane 
affinities (White 1981), elements endemic to 
the more humid eastern coast (Burgess et al. 
1998), Zambezian elements in disturbed or 
somewhat drier areas (Lovett 1993), and Soma
lian elements in the rain-shadows behind the 
coastal mountains (Lovett 8c Friis 1996). Such a 
mixture is not likely to be resolved by the analy
sis of data aggregated into 1° grids, but would 
need a more flexible matrix.

Nonetheless, the cells ascribed to the Zanz
ibar-Inhambane RM largely group together 
(with some additional cells) in a cluster 
embedded within the Zambezian-central phy
tochorion. The RM is species-rich (Clarke 
1998; Linder 1998, 2001c), and our data set 
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includes 19% of these species (Table 1). Clarke 
(1998), in a recent analysis, demonstrated that 
it includes 1356 endemic species, most of 
which are found in the northern part of the 
region (Somalia to the Tanzania-Mozambique 
border). On these grounds he suggests that 
this northern region should be separated as a 
Regional Centre of Endemism, as it includes 
more than 1000 endemic species. However, it 
might better be regarded as a local centre of 
endemism within the Zambezian-central phyto
chorion.

The cells associated with the Pondoland- 
Tongaland RM do not aggregate separate from 
the Natal phytochorion, and the Natal phyto
chorion could be regarded as an expanded ver
sion of the Pondoland-Tongaland RM. The 
main differences are that some inland areas, 
attributed to the Afromontane RCE by White, 
are included.

Afromontane
The recognition, or otherwise, of the 
Afromontane phytochorion remains con
tentious. It is, according to White, character
ized by a small, but consistent number of tree 
species (Chapman & White 1970; White 1978, 
1981). Because it does not form a geographi
cally contiguous area, White referred to it as an 
“Archipelago-like Regional Centre of 
Endemism”. From the species richness, 
endemism, and internal consistency of the 
flora he found the Afromontane RCE compa
rable to the other RCE’s. The richness of this 
flora decreases rapidly from East Africa to the 
Cape.

It is not clear to what extent the Afromon
tane flora can be distinguished from the sur
rounding lowland forest flora. Regional East 
African studies mostly fail to detect a sharp 
boundary to the Afromontane, and see a gradi
ent going up the mountains (Hamilton 1975; 
Hamilton & Perrott 1981; Lovett 1993, 1998a). 
Possibly there is a gradual transition from low

land to upland forest, but that would be no dif
ference from the transition zones between any 
other phytochoria. However, Friis (1992) was 
able to show that at c 1500 m there is a change 
in forest composition in Ethiopia, and sug
gested that this represented the transition 
from lowland to afromontane forest. For the 
forests of the Eastern Cape of South Africa, 
Cawe et al. (1994) were able to demonstrate a 
clear distinction between coastal subtropical 
forests and inland afromontane forests. How
ever, many species transgressed into the 
“other” forest type, and the frequency of the 
species in the two different forest types was an 
important factor to consider. Simple presence 
- absence data, as used in this study, would not 
detect the differences between these two types 
of forests.

The critical issue, though, is whether the 
affinities of the Afromontane flora on average 
lies with the lowlands surrounding the moun
tains, or with other mountains. Continent-wide 
numerical analyses, including the present one, 
fail to detect an Afromontane phytochorion. 
There could be a number of reasons for this. 
Firstly, the cell size is too large to obtain “pure” 
Afromontane flora. This could apply to por
tions of East Africa and South-Central Africa, 
and might account for the mixture of cells 
obvious from both the ordinations (Fig. 2b, c) 
and the cluster analysis. In East Africa, due to 
the steep topography, transitions between the 
Somali and Afromontane vegetation can be 
very abrupt, for example on Mt Kulal and Mt 
Marsabit. However, this does not apply to 
Ethiopia or southern Africa. In both these 
regions there are extensive areas of Afromon
tane forest and grassland.

Secondly, the most characteristic groups of 
plants may not have been included in the 
analysis. However, the Afromontane flora is the 
best sampled in this study, including 1564 of 
the estimated 4000 species (Table 1). Of the 12 
species listed by White (1983) as defining the 
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Afromontane region over its whole range, four 
(Ilex mitis, Nuxia floribunda, N. congesta and 
Rapanea melanophloes') are included in our 
analysis. In addition, the understory herbs 
Impatiens and Begonia were also included. It 
seems therefore unlikely that our dataset might 
be especially skewed against the Afromontane 
flora.

A third factor is the high level of species-level 
turnover between mountain blocks, especially 
for herbaceous species. Carbutt and Edwards 
(2002) estimated that 20% of the species of the 
southern African Drakensberg are endemic to 
the region, and Lovett (1993) showed 71% of 
the Eastern Arc forest species that extend to 
the south reach the Limpopo, but that only 
44% cross the river. Friis (1994) demonstrated 
that the affinities of the Ethiopian Afromon
tane species were largely with East Africa, with 
only 8.3% of the species described as Wide 
Afromontane taxa (reaching Cameroon and 
W. Africa), and a mere 3.3% of the taxa reach 
southern Africa. Similarly, 42% of a sample of 
331 vascular plants from the Kitulo Plateau are 
described as “Eastern Afromontane”, although 
it is not clear how widespread they are (Lovett 
et al. 1994). It is also evident from White’s 
(1983) account of the Afromontane phyto
chorion that there is extensive regionalism. His 
“Afromontane rainforest” ranges from 
Ethiopia to Malawi, and he lists a number of 
undifferentiated forest species found only in 
southern Africa. Many of the most characteris
tic species are regionally restricted: Podocarpus 
falcatus, Widdringtonia whytei, Ocotea usambaren- 
sis and Juniperus procera. The West African 
Afromontane flora contains very few species, 
and is generally nested in extensive disturbed 
grassland and forests of more Guineo-Congo- 
lian affinities (Thomas & Achoundong 1994), 
so it is not surprising that these were not 
related to the East African montane floras. 
Although there might be a small number of 
species (maybe several hundred) with a wide

spread Afromontane distribution, most species 
are endemic to one of three blocks - Kenyan- 
Ethiopian, Zimbabwian - southern Tanzanian, 
and southern African. Possibly if genera were 
used, then the whole track would be retrieved 
(as has been demonstrated for a number of 
taxa, such as the Disinae, Erica, Protea (Linder 
et al. 1992)), but using species only portions of 
this range appear. Further detailed resolution 
could be obtained if the Afromontane 
endemic species are sister taxa (e.g., Griswold 
1991). If, however, they are derived indepen
dently from the surrounding lowland flora, 
then the Afromontane is more equivalent to a 
vegetation type or perhaps as isolated indepen
dent phytochoria converging to a common 
structural flora.

Most likely the combination of undersam
pling the “typical” widespread Afromontane 
species, the high degree in species-level local 
endemism, and the interdigitation between 
Afromontane and the “matrix” phytochorion 
might have led to the “loss” of the Afromon
tane phytochorion in this analysis. Or maybe 
the Afromontane phytochorion really does not 
exist.

The Afroalpine Region, proposed by Hau- 
man (1955), was also not retrieved in this 
analysis. However, this could be expected, 
since this is a very small flora (Hedberg 1957), 
restricted to very small areas. It would certainly 
be interesting to attempt to delimit these areas, 
and record this flora, to investigate the geo
graphical patterns.

There seem to have been no complete 
floristic analyses of the phytogeographical 
affinities of any set of floras of isolated 
Afromontane areas, possibly because of the 
incomplete knowledge of these floras 
(Grimshaw 2001). Clearly, a new Africa-wide 
analysis of the Afromontane region is needed 
to determine whether the Afromontane is bet
ter regarded as a phytochorion delimited by 
the common possession of a significant num- 
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ber of species, or a biogeographical track char
acterised by a number of closely related but 
allopatric species.

Phytochoria, tracks and azonal vegetation
In tropical Africa the Guineo-Congolian, Zam- 
bezian, Somalian and Saharan phytochoria 
appear readily distinct. These occupy substan
tial integral areas, have distinctive genera, have 
“outliers” in the other areas, and are associated 
with very different climates. The Guineo-Con
golian penetrates into the Zambezian and 
Sudanian along rivers, and has outliers on the 
African east coast (White 1979, 1990). The 
Somalian phytochorion could be seen as the 
hub of the “arid track” with outliers in the 
Sahel and Kalahari (Thulin 1994). In historical 
terms, it suggests that the Horn of Africa would 
be a refuge area for the arid flora. The Zam
bezian penetrates into the Congolian along 
drier ridges, but otherwise seems to lack out
liers. Possibly the Saharan flora could also be 
recognised as a huge, almost empty, phyto
chorion (White & Léonard 1994).

In southern Africa three centres emerge. 
The Cape is remarkably species rich (21% of 
the sub-Saharan African flora!) and has out
liers north along the higher mountains (Car
butt & Edwards 2002; Weimarck 1933, 1936, 
1941). Along the West Coast is the Namib- 
Karoo phytochorion, with its unique leaf-suc
culent flora, and outliers along the east coast, 
in the Albany Centre (Hartmann 1991), as well 
as much further north in shallow-soil habitats 
over bedrock. The Natal phytochorion along 
the east coast has outliers along the south coast 
of the Cape phytochorion.

The transition zones are phytochorologically 
difficult. This applies to the south-north transi
tion from the rainforest on the Gulf of Guinea 
to the Sahara. A similar transition is found in 
southern Africa, but this runs in an east-west 
direction, from the rainforest on the Natal 
coast to the arid Kalahari. Cluster analysis does 

not illustrate these transitions, except as less 
robust clusters. They show up very clearly on 
the ordinations. The delimitation of geograph
ically coherent areas for transition zones is 
largely arbitrary, but field experience indicates 
that the zonal vegetation is more clearly delim
ited. Possibly the problem is caused by the 
zonal flora / vegetation of one region pene
trating as an azonal flora / vegetation into the 
neighbouring region (along rivers, or into well- 
drained habitats). Presence - absence data, at a 
1 ° gridscale, will simply show a gradual transi
tion.

Similarly, regional mosaics remain difficult 
to conceptualize. Typical is the African east 
coast, with its huge vegetational diversity, and 
high endemism mixed with outliers from 
diverse other areas. On endemism it would be 
possible to argue for a Regional Centre of 
Endemism (Clarke 1998), but there are two 
arguments against such a classification. The 
first is lack of geographical coherence (similar 
to the problem of the Afromontane Centre), 
the second is the absence of a typical vegeta
tion type associated with a distinct climate. 
This is similar to large areas of East Africa, with 
a mixture of Afromontane above 1000 m and 
Somalian floristic elements below this altitude.

Possibly one of the most difficult phytogeo- 
graphical elements to integrate into a phyto
chorological classification is the Afromontane. 
While almost everywhere distinct from the sur
rounding floras, it also has a large local 
endemism component. It seems to be a track 
without a regional centre on which it could be 
based.

Most phytochoria contain distinct local cen
tres of species richness (Lovett 1998b). These 
are separated by extensive areas low in range- 
restricted species, but where the widespread 
species are found over the whole area. Thus 
the Lower Guinea centre of endemism (from 
Mt Cameroun south to Gabon) has a high con
centration of range restricted species. The 
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remaining area of the Congolian phytochorion 
largely lacks range-restricted species, and the 
species found in this area are also found in the 
Lower Guinean centre. This centre is therefore 
interpreted as nested within the Congolian 
phytochorion. Similarly, in the Cape flora a 
number of species are widespread in the flora, 
but some parts have a high concentration of 
range restricted species (Linder 2001b). 
“Endemism” has become a confusing term: 
technically it means that the species are 
restricted to a defined area. Species with 
restricted ranges should rather be called 
“range-restricted species”, and centres of 
range-restricted species should not be con
fused with phytochoria. The latter are much 
broader, and include both diverse vegetation 
types, as one or several centres of range- 
restricted species.

Implications of data quality for 
phytochorological analyses 
Data representativity
There are 26,274 species in sub-Saharan tropi
cal Africa (Lebrun & Stork 1997) and 21,087 in 
southern Africa (Arnold & de Wet 1993). With 
80% endemism in southern Africa (Goldblatt 
1978), it indicates a total flora of 42,700 
species, consequently our sample includes 
some 13% of this flora. In an ideal case, the 
selected data should representatively reflect 
the geographical distribution of the entire 
flora as well as its taxonomic and écologie com
position. However, the availability of distribu
tion data restricted the selection of taxa. At the 
broadest level, the distribution of taxa seems 
balanced, with 11% from southern African, 
and 12% from tropical Africa, but several geo
graphical areas are still comparatively under- 
represented. This occurs at different spatial 
scales - be it the areas in intermediate distance 
to urban centres that are not as well collected 
as the areas adjacent to the metropols, or 
entire regions such as Angola or southern 

Mosambique, or locally within regions, such as 
within the Congo basin.

Curiously, the percentages do not simply add 
up. While some 13% of the flora has been sam
pled, if we compare our species from each of 
the White regions, the average sampling is 
closer to 20%. The simplest explanation for 
this discrepancy is that our sample was biased 
towards the more widespread species. The sec
ond explanation, that White underestimated 
the species richness and overestimated the 
endemism of his centres, seems more likely. 
This could be the result of his underestimating 
the distribution ranges of the species, conse
quently more species occur in neighbouring 
phytochoria (maybe present as azonal ele
ments), increasing the species richness, and 
decreasing the endemism.

Theoretically, the actual proportion of the 
flora included for phytochorological work is 
not critical, since the delimitation of phytocho
ria is based on the shared presence of species. 
However, in practice cells represented by few 
species tend not to join clusters, possibly 
because they lack the species that delimit those 
clusters. Undersampling is therefore not posi
tively misleading, in that it leads to incorrect 
clustering, but rather in that it leads to a lack of 
resolution. Undersampling will correctly assign 
cells for which endemics are present, but not if 
all species are widespread between clusters. 
The correct classification of species poor areas 
(as opposed to undersampled areas) will 
depend on whether endemics fall out faster 
than common species as richness declines, and 
this will usually be the case, except on special 
substrates. Consequently marginal areas will 
have a higher incidence of misclassification.

The calculations of species-richness and 
endemism are strongly affected by undersam
pling. This could have regional biases. For 
example, including all the Jebel Marra species 
in the data set means that all Jebel Marra 
endemics are included, but from the other 
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areas only the widespread species (that also 
occur on Jebel Marra) will be sampled. The 
data also contain an inherent taxonomic struc
ture, both at the level of their actual distribu
tion (the distribution of one species is most 
likely not independent of the distribution of its 
phylogenetic relatives, thus one finds genera of 
rainforest, savanna or Mediterranean climate 
species respectively), and at the level of sam
pling. Only data of taxa that have recently been 
taxonomically revised can be included, and 
such studies are mostly organised taxonomi
cally. Since most taxa contain a restricted range 
of growthforms, this also means that the 
growthform sampling is biased.

For phytochorological work it may be impor
tant to gradually include more taxa “typical” of 
the different vegetation types, or “ecologically 
important species”, as suggested by White 
(1968). Yet such arguments are dangerously 
circular, or can cryptically lead to the defini
tion of vegetation types, rather than phytocho- 
ria. It is obvious that all species are not phyto
chorologically identical, and this makes the 
sampling issue difficult.

Spatial resolution
The general implication of working with a one 
degree gridded dataset is a limitation of analyt
ical detail. Especially in areas with steep envi
ronmental gradients and a subsequent high 
floristic turnover, the one degree grids will 
pool species with very different biogeographi
cal affinities and therefore blur the analysis. 
This is a particular problem for the Afromon- 
tane region. A related problem may be with 
long, narrow phytochorological units, which 
contain a high proportion of cells with admix
tures of other phytochoria. This problem 
might have occurred in and the narrow coastal 
strip of the Namib desert, the two east coast 
Regional Mosaics, and the Sudanian and Sahe
lian phytochoria.

Data structure
Parts of the data are characterized by peculiari
ties: while the overall majority of the distribu
tion data cover the full continental areas of the 
species, this is not the case for the data from 
Frankenberg and Klaus (1980) and many of 
the exclusively south African plant distribu
tions {Pentaschistis, Restionaceae, Orchi- 
daceae). The distribution areas of 80% of the 
species from Frankenberg and Klaus (1980) 
are restricted to the area north of 17.5s N, 
which considerably reduces the floristic over
lap and artificially enlarges the “endemism” of 
the Saharan flora. This effect will be minor in 
the case of southern Africa case, were about 
80% of the species are endemic (including all 
Restionaceae, and all but one species of Pen- 
taschistis), but may still have shifted the bound
ary of the Zambezian phytochorion to the 
north.

Almost all of the maps have been established 
without a direct biogeographical context, e.g. 
by accompanying taxonomic revisions. But 206 
species were obtained from the Flora of Jebel 
Marra (Wickens 1976), so that this certain bio
geographical element is disproportionately 
represented in the dataset. This should not 
negatively impact on the phytochorological 
analysis, although it will have dramatic impacts 
on the patterns of species richness and 
endemism.

Conclusion
Numerical analysis based on 5438 species dis
tributions (13% of the total flora) was able to 
retrieve a set of credible phytochoria. These 
largely match the existing phytochorological 
classification (for the Guineo-Congolian RCE, 
Sudanian RCE, Zambezian RCE, Cape RCE, 
Karoo-Namib RCE, Pondolan-Tongaland RM), 
and so corroborate the most important ele
ments of the existing phytochorological classi
fication of Africa.
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However, there are a number of problems 
with the existing system. The Sudanian RCE 
may be arbitrarily delimited, as there seems to 
be no interval in the change in species compo
sition from the Guinean coast to the Sahara. 
The Afromontane RCE is not supported. 
There are a number of possible reasons; the 
most likely could be that it is not as coherent 
over the whole of Africa as thought previously. 
The Regional Mosaics could be dubious phyto
chorological entities, since it could be difficult 
to assign a geographically contiguous area to 
them. Possibly they should be regarded as 
areas of endemism nested within a broader 
phytochorion. The southern African phyto
chorological delimitation should be revisited, 
possible a re-interpretation of the limits of the 
areas would be useful.

However, the danger is still that the dataset is 
not yet adequate to refute White’s negative 
comments about using large datasets and 
numerical analyses. But contrary to the situa
tion a few years ago, it is now possible to make 
a number of concrete suggestions:

1) Afromontane and Afroalpine taxa should 
be targeted for inclusion in the dataset, to eval
uate the coherence of the Afromontane phyto
chorion. Possibly the most effective approach 
would be to incorporate as far as possible all 
species from a number of sample sites, similar 
to what was done for Jebel Marra. Sites should 
include the Drakensberg, Malawi or the South
ern Highlands of Tanzania, Ethiopia and Mt 
Cameroun.

2) A number of transects should be analysed 
for West Africa, to determine whether there 
are co-ordinated species distribution limits, 
thus testing for the existence of the Sudanian 
Phytochorion.

3) The geographical scale of the floristic - 
vegetational change in West and East Africa 
should be evaluated, to determine whether 
geographically coherent phytochoria can be 
delimited in the region.
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Introduction
Background
The diversity and phytogeography of the 
exceptionally rich vascular plant flora of south
ern Africa have been the subject of many stud

ies. Among the publications that had a signifi
cant influence on current views of the flora, 
vegetation and phytogeography of southern 
Africa are Acocks (1953), Goldblatt (1978), 
Werger (1978), White (1983), Rutherford and 
Westfall (1986), Cowling et al. (1989), Cowling 
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and Hilton-Taylor (1994, 1997), Irish (1994), 
Low and Rebelo (1996), Cowling et al. (1997), 
Jürgens (1997) and Barnard (1998).

Recently, van Wyk and Smith (2001) pub
lished a comprehensive treatise on regions and 
centers of floristic endemism in southern 
Africa - a publication that prompted the cur
rent series of analyses of the distribution pat
terns of genera endemic to the region. This 
publication covers the African subcontinent 
south of the Kunene, Okavango, and Zambezi 
Rivers (Fig. 1). Although the authors did not 
attempt a formal hierarchical classification of 
the areas of endemism in southern Africa, they 
did identify three larger ‘Regions of 
Endemism’ which would be of a higher rank 
than the 18 local ‘Centres of Endemism’ that 
they recognise (Fig. 1). These three regions are 
the Cape Floristic Region, a phytochorion that 
more-or-less coincides with the Cape Floristic 
Kingdom, the Succulent Karoo Region that 
includes the Gariep, Knersvlakte, Little Karoo, 
Worcester-Robertson Karoo, and Hamtam- 
Roggeveld Centres, and the Maputaland-Pon- 
doland Region that includes the Pondoland 
and Maputaland Centres of Endemism (Fig. 
1). In addition to the 18 centres of endemism 
that were formally recognised, mention was 
also made of several other possible centres of 
endemism such as the Tanqua Karoo, 
Steytlerville Karoo, Mt. Ngeli, Tugela River Val
ley, the Wakkerstroom area, the Nkandla For
est area, the Waterberg Mountains of the 
Limpopo Province, the middle Limpopo River 
Valley, the Barotse Centre on Kalahari sands 
and several others. The recognition and 
demarcation of centres of endemism in van 
Wyk and Smith (2001) were based mainly on a 
synthesis of published information, a critical 
assessment of observed and reported plant dis
tribution information, and the authors’ com
bined taxonomic and field experience in the 
region; no numerical techniques were 
employed. The only significant numerical 

study on phytochoria in southern Africa is that 
by van Rooy (2000) on the moss flora of the 
region. The present study is a first attempt 
towards a numerical, hierarchical classification 
of floristic regions in southern Africa based on 
binary presence-absence distribution data of 
the c. 600 seed plant genera endemic to the 
region.

Some readers may query our use of genera 
instead of species in this study, as surely, it is 
reasonable to expect to obtain more meaning
ful results by using more taxa (as represented 
by species instead of genera). There are two 
responses to this argument. Firstly, taxa of 
higher taxonomic rank have traditionally been 
used to delimit larger phytogeographical 
regions. Takhtajan (1986), has for example, 
used plant families and genera to divide the 
world up into floristic kingdoms and regions. 
As we were working at the regional and not 
local scale in this study, we thought it appropri
ate to rather use genera instead of species in 
the analysis. Secondly, we wanted to determine 
whether the use of genera in a numerical phy
togeographical study would result in informa
tive, interpretable biogeographical patterns.

Study Area
The study area (hereafter referred to as south
ern Africa or the Flora of Southern Africa (FSA)- 
region) occupies the southern tip of Africa 
south of the Kunene, Okavango and Limpopo 
Rivers (Fig. 2). It includes the countries of 
Botswana, Lesotho, Namibia, South Africa and 
Swaziland (Fig. 2) and covers an area of c. 2.7 
million km2 (Cowling et al. 1997). The nine 
provinces of South Africa referred to in the 
text are in the north: Limpopo and North- 
West; in the east: Mpumalanga, KwaZulu-Natal 
and Eastern Cape; centrally: Gauteng and the 
Free State, and in the west: Northern Cape and 
Western Cape (Fig. 2).

Geomorphologically, southern Africa is 
characterised by a high interior plateau,
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Fig. 1. Principle regions and centres of plant endemism in southern Africa. Note that this map indicates not only the FSA- 
region, but also the countries bordering it, namely Angola, Zambia, Zimbabwe and Mozambique. Names of the various 
regions and centres are supplied below. Extensions (arrows) of the Cape Floristic Region and the Maputaland-Pondoland 
Region into the Albany Centre have not been mapped. From: van Wyk & Smith (2001), Regions of floristic endemism in 
southern Africa: a review with emphasis on succulents.

1. Cape Floristic Region
1.1 Kamiesberg Centre

2. Succulent Karoo Region
2.1 Gariep Centre
2.2 Knersvlakte Centre
2.3 Little Karoo Centre
2.4 Worcester-Robertson Karoo Centre
2.5 Hantam-Roggeveld Centre

3. Maputaland-Pondoland Region
3.1 Maputaland Centre
3.2 Pondoland Centre

4. Albany Centre
5. Drakensberg-Alpine Centre
6. Barberton Centre
7. Wolkberg Centre
8. Sekhukhuneland Centre
9. Soutpansberg Centre

10. Chimanimani-Nyanga Centre
11. Great Dyke Centre
12. Kaokoveld Centre
13. Griqualand West Centre
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Fig. 2. Map of the study area indicating the following regions and geographical entities referred to in the text: the Kalahari, 
Karoo, and Namib regions, the Limpopo, Okavango, and Kunene Rivers, and the Great Escarpment. Numbers indicate the 
following countries and provinces:

1. Namibia
2. Botswana
3. Limpopo Province (South Africa)
4. North-West Province (South Africa)
5. Gauteng (South Africa)
6. Mpumalanga (South Africa)
7. Northern Cape (South Africa)

8. Free State (South Africa)
9. KwaZulu-Natal (South Africa)

10. Western Cape (South Africa)
11. Eastern Cape (South Africa)
12. Swaziland
13. Lesotho.

bounded on three sides by the Great Escarp
ment (Fig. 2). The escarpment comprises a 
number of distinct mountain ranges, and 

reaches its highest altitudes in KwaZulu-Natal 
and especially in Lesotho. In Namibia the es
carpment forms the natural boundary between 
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the Namib Desert and the interior plateau. 
The inland plateau characterises large parts of 
South Africa and Namibia, and all of Botswana. 
Below the escarpment lies the coastal plain, 50- 
200 km wide, in places deeply dissected by river 
gorges (Schulze 1965; Partridge & Maud 1987; 
Tyson 1987; Moon & Dardis 1988; Reader’s Di
gest 1994; Schulze 1997; Tyson & Preston- 
Whyte 2000). Most of the floristic diversity of 
the subcontinent is centered on and around 
the Great Escarpment, as well as on the coastal 
plains. The inland plateau is floristically rela
tively impoverished. Southern Africa, and espe
cially South Africa, also has a very diverse and 
complex geology that influences plant distribu
tion patterns in the region (Visser 1989; 
Viljoen & Reimold 1999).

Southern Africa can be classified as semi- 
arid, with less than 5% of the region receiving 
an annual rainfall of greater than 800 mm, and 
on average, more than 90% of rainfall return 
to the atmosphere through evaporation (Cowl
ing et al. 1997). Average runoff constitutes 
approximately 9% of the total rainfall (Schulze 
1997). The average mean rainfall for South 
Africa and Namibia is c. 500 mm and c. 250 
mm respectively (Schulze 1965; Tyson 1987; 
Reader’s Digest 1994; Barnard 1998; Tyson & 
Preston-Whyte 2000). There is a steep climatic 
gradient from the hyper-arid and foggy Namib 
Desert along the west coast, to the hot and 
humid east coast of South Africa. Most of the 
study area can be described as a summer-rain- 
fall area, with a winter-rainfall area occurring 
in the southwest corner, extending along the 
west coast to southern Namibia, and an all year 
rainfall area along the southern Cape coast. 
These climatic patterns are mostly a result of 
the temperate-tropical convergence zone, with 
the cold Benguela Current along the west coast 
and the warm Agulhas Current along the east 
coast, along with the varied topography 
described above (van Rooy 2000).

For a temperate, semi-arid region, southern 

Africa is exceptionally rich in vascular plants. It 
is estimated that more than 10% of all vascular 
plants, including 46% of all succulents, occur 
on this subcontinent south of the Kunene and 
Zambezi Rivers, an area covering less than 
2.5% of the world’s land surface area (van Wyk 
& Smith 2001). It is further estimated that at 
least 60% of the flora are strictly confined (en
demic) to this region (van Wyk 8c Smith 2001). 
These high levels of endemism do not arise 
only at the species and infraspecific taxonomic 
ranks, but also extends to genera, of which ap
proximately 20-30% have been estimated to be 
endemic to southern Africa. The southwestern 
Cape, Succulent Karoo, Maputaland-Pon- 
doland, and Afromontane regions are especial
ly rich in vascular plants (van Rooy 2000).

Southern Africa is divided into eight biomes 
based primarily on vegetation structure and 
certain climatic patterns (Rutherford 8c West
fall 1989; Low 8c Rebelo 1996; van Wyk 8c Smith 
2001). Covering the largest part of the study 
area, including most of the eastern parts of 
Namibia, almost all of Botswana, and the 
northernmost parts of South Africa is the 
Savanna Biome, structurally characterised by a 
tree and a grass layer. Covering the higher 
parts of the inland plateau (the Highveld) and 
the eastern escarpment is the Grassland 
Biome. The Nama-Karoo Biome, a low shrub
land, stretches along the western parts of 
Namibia, just east of the Namibian western 
escarpment, and spreads out on the arid, west
ern, lower plateau in South Africa. The Desert 
Biome is confined to the west coast of Namibia, 
while the Succulent Karoo, characterised by 
high numbers of succulent plants, stretches 
along the extreme southwestern coast of 
Namibia and west coast of South Africa. The 
Fynbos Biome, characterised by many taxa with 
fine, sclerophyllous leaves, occupies the south
ern most tip of Africa, and stretches along the 
southeast coast into the Eastern Cape. The 
Thicket Biome, a dense, almost impenetrable, 
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tall shrubland occurs particularly in most of 
the hot and dry river valleys along the east 
coast. The Forest Biome is characterised by a 
tall tree layer, epiphytes and lianas, and occurs 
in patches along the southern, eastern and 
northern coasts and escarpment of South 
Africa. In the study area, the geophytic life 
form is a significant component of the Fynbos, 
Succulent Karoo, and Grassland biomes.

Definitions of Concepts
It was deemed necessary to provide a short list 
of key definitions to ensure that our intent, 
understanding and application of some (some
times confusing or misapplied) phytogeo- 
graphical terms used in this paper are clear 
and unambiguous.

Centre of diversity: An area with a high con
centration of taxa within the total geographic 
distribution of a particular flora or element of 
a flora.

Centre of endemism: An area with a high con
centration of taxa with limited geographic dis
tributions (endemics).

Phytogeographic (floristic) region: A group of 
grid-areas of similar floristic composition. A 
phytogeographic region can also be described 
as a natural area with a characteristic flora 
(McLaughlin 1994). Phytogeographic or floris
tic regions can not overlap geographically but 
may share a number of taxa. Generally, when 
we use the term ‘region’ in isolation, in this 
paper, we refer to a phytogeographic region or 
phytochorion.

Phytogeographic (floristic) elements: A group of 
taxa with similar geographical distributions. 
The distributions of different phytogeographic 
elements may overlap, but a taxon at a specific 
taxonomic rank may only belong to one ele
ment. (To clarify: a particular species may 
belong to one phytogeographic (floristic) ele
ment, but when considered at the genus level - 
as part of a larger whole - it may belong to 
another phytogeographical element).

Phytochorion: A phytochorion is a phytogeo
graphic (floristic) region or area of any rank.

Region of endemism: A natural phytogeo
graphic (floristic) region determined by only 
the endemic component of the total flora. It is 
not necessarily distinguished by a high concen
tration of endemics as in the case of a centre of 
endemism. (In the present paper we attempt 
to demarcate regions of endemism based on 
the geographical distribution of genera 
endemic to the ESA-region.)

We use the terms ‘ phytochorion ’ and ‘region 
of endemism’ interchangeably in this paper, as 
a phytochorion is, in essence, a ‘region of 
endemism’, just at any rank in the hierarchy. 
We can say this because endemic taxa have tra
ditionally been one of the major diagnostic 
characters used to define and delimit phyto- 
choria (see for example Takhtajan 1986 and 
White 1983).

Aims and Objectives
The main aim of this study was to test whether 
a numerical analysis (in this case using 
TWINSPAN) of distribution data of plant gen
era endemic to the southern Africa region, 
obtained from the mega-database PRECIS, will 
result in interpretable and informative biogeo
graphical patterns. The second aim was to 
obtain a hierarchy of phytogeographical 
regions, but not a formal classification into 
ranks (for example Kingdom, Subkingdom, 
Region, Domain, Sector, and District), using 
the numerical analysis technique and distribu
tion data mentioned above. We have also 
included some statistics on the genera 
endemic to southern Africa.

Background on PRECIS
The compilation of the PRECIS database 
started in the 1970s with the computerisation 
of herbarium specimens of the National 
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Herbarium in Pretoria (PRE). Since then it has 
been extended to include records from the 
Compton Herbarium in Kirstenbosch (NBG) 
and the Natal Herbarium in Durban (NH). 
Since 1996, under the auspices of the Southern 
African Botanical Diversity Network 
(SABONET), computerisation of herbarium 
specimens, using the PRECIS mega-database, 
has also been started (and in one case com
pleted) in selected herbaria in Angola, 
Botswana, Lesotho, Malawi, Mozambique, 
Namibia, Swaziland, Zambia and Zimbabwe. 
These databases will be, and are in the process 
of being, incorporated into the main PRECIS 
server housed at PRE. PRECIS consists of a sev
eral components, the two main ones being the 
specimen and the taxon databases (Prentice & 
Arnold 1998). These two sub-databases, among 
them, can house a myriad of information on 
the nomenclature, biology, ecology, distribu
tion, and economic uses at any level of the tax
onomic hierarchy, and information about type 
status, site of collection, phenology, name of 
collector and other information usually 
included on a specimen label at the specimen 
level (Prentice & Arnold 1998). PRECIS is the 
single largest digital repository of botanical 
information in Africa. Currently only approved 
users have access to PRECIS, but the intention 
is for it to be available for anyone to use freely.

Material and Methods
Leistner (2000) was consulted to compile a list 
of seed plant genera endemic to the study area. 
Distribution records for these genera were 
obtained from the National Herbarium, Preto
ria (PRE) Computerised Information -System 
(PRECIS). A list of about 25 genera added to 
the PRECIS database after the publication of 
Leistner (2000) has also been obtained from 
the database. These genera were either newly 
described (e.g. Roodebergid) or reinstated (e.g. 
Lydenburgid). Though distribution records for 

these genera were sparse and incomplete, 13 
were judged endemic to southern Africa, and 
were included in the dataset used in the pre
sent study. Another c. 20 genera are possibly 
endemic to southern Africa, but were not 
included in the dataset due inadequate infor
mation on their distribution ranges. Thirty- 
four of the genera that were identified as being 
endemic to southern Africa had no distribu
tion record in PRECIS, even though their dis
tribution ranges are known in the literature, 
and has therefore been excluded from this first 
attempt at a numerical classification, but not 
from the larger dataset used for statistical cal
culations. We have also added a few genera that 
we know are near-endemic to the region, for 
example those that just enter into southern 
Mozambique and southern Angola, in order to 
reduce border effects in the classification.

The dataset obtained from Leistner (2000) 
and PRECIS were compiled into a binary pres
ence-absence data matrix and inputted, via 
Turboveg 1.97 (International Single User Ver
sion, Stephen Hennekens) and Megatab 2.2 
(Elsware) into the computer program 
TWINSPAN (two-way indicator species analy
sis) (Hill 1979) for a numerical classification. 
TWINSPAN is a divisive, hierarchical classifica
tion technique that detects overall patterns of 
differences in biological data (Moreno Saiz et 
al. 1998; Ojeda et al. 1998; van Rooy 2000; 
Lawesson & Skov 2002 and references 
therein). One of the key premises of 
TWINSPAN is that for each set of sample-grids 
(in this study quarter-degree grid squares), a 
dichotomy can be made with one set of sample
grids at the one side, and another on the other 
side (Kent & Coker 1994). TWINSPAN has 
been chosen for its proven combination of 
effectiveness, robustness, relative objectivity, 
availability and speed (Gauch & Whittaker 
1981; van Rooy 2000). TWINSPAN has also 
been judged the best general-purpose method, 
especially when a data set is ‘complex, noisy, 
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large or unfamiliar’ (Gauch & Whittaker 
1981), as in the case of the dataset used in this 
study.

Results of both the original TWINSPAN clas
sification, and of some subsequent classifica
tions that were carried out on selected subsets 
of the original classification are presented as a 
simplified dendrogram and plotted on maps. 
The dendrogram showing the hierarchy of 
phytochoria in the study area has been drawn 
manually after TWINSPAN has been run on 
the dataset. Using the results from the 
TWINSPAN analysis, point files (*.pnt) of the 
different phytochoria, containing the quarter
degree grids that fall under any given phyto
chorion, have then been compiled for use in 
the MAPPIT computer program for compiling 
the maps. Those sections of the dataset that 
was deemed very large and homogeneous were 
then subjected to further TWINSPAN analyses. 
The whole dataset was subjected to only one 
TWINSPAN run, while two larger subsets 
(called the Greater Afromontane and Greater 
Cape regions in the results and discussion) 
underwent two TWINSPAN analyses each. A 
single smaller subset from the Greater Cape 
subset mentioned above underwent a third 
TWINSPAN analysis. The dendrogram and 
maps presented were compiled from the hier
archy suggested by the results of the cumula
tive TWINSPAN analyses following a similar 
procedure as that described above for the first 
run of the TWINSPAN analyses.

The MS-DOS computer program MAPPIT 
2.0 (1996) (privately owned software devel
oped by the South African National Bidivesity 
Institute) was used for the translation of distri
bution records into a format useable by 
ArcView 3.1 (1992-1996) (Environmental Sys
tems Research Institute, Inc), while ArcView 
was used for the production of the maps. MAP
PIT has been developed specifically to run in 
conjunction with PRECIS. A map depicting 
centres of diversity was produced using 

ArcView. Only phytogeographic (floristic) 
regions, and not phytogeographic (floristic) 
elements, were identified and arranged into a 
hierarchy.

The FSA region was selected as study area as 
PRECIS distribution records are the most com
plete for this part of the subcontinent. Three 
sample-grid sizes were contemplated, full
degree grid squares, half-degree grid squares, 
and quarter-degree grid squares. Half-degree 
grid squares were considered the most appro
priate for a study at this scale. However, as 
quarter-degree grid squares is the standard for
mat in which distribution data is captured into 
PRECIS, this smaller sample-grid size was used 
instead, even though it might result in more 
‘noise’ in the dataset and on the map (van 
Rooy 2000). Full-degree grid squares were con
sidered inappropriate as boundaries between 
phytochoria might be obscured when this sam
ple-grid size is used (van Rooy 2000).

Results
The dataset indicate that 586 seed plant gen
era, belonging to 80 families are endemic to 
the FSA region. This figure may obviously vary, 
depending on the particular classification sys
tems adopted for the various groups. Another

Table 1. Ten largest genera endemic to southern Africa, 
the families they belong to, and their number of species.

Genus Family No. of 
species

Aspalathus Fabaceae 278
Ruschia Mesembryanthemaceae 224
Lampranthus Mesembryanthemaceae 220
Agathosma Rutaceae 140
Drosanthemum Mesembryanthemaceae 120
Lachenalia Hyacinthaceae 110
Antimima Mesembryanthemaceae 99
Conophytum Mesembryanthemaceae 88
Geissorhiza Iridaceae 84
Leucadendron Proteaceae 83
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Table 2. Ten plant families with the largest number of genera endemic to southern Africa, the number of species in these 
genera, the largest endemic genus in each family and its number of species.

Family No. of endemic 
genera

Total no. of species 
in family belonging 
to endemic genera

Largest endemic 
genus in family

No. of species in 
largest genus

Mesembryanthemaceae 114 1444 Ruschia 224
Asteraceae 96 480 Metalasia 52
Scrophulariaceae 31 235 Diascia 60
Asclepiadaceae 28 108 Quaqua 19
Fabaceae 20 527 Aspalathus 278
Iridaceae 18 278 Geissorhiza 84
Restionaceae 18 239 Ischyrolepis 49
Hyacinthaceae 16 170 Lachenalia 110
Poaceae 16 60 Merxmuellera 17
Apiaceae 16 47 Anginon 12

ca. 20 genera are possibly endemic to the 
region, but were not included in the dataset 
due to insufficient and uncertain distribution 
records. Approximately 3,049 indigenous and 
456 naturalised seed plant genera occur in the 
region. This means that 19.2% of the seed 
plant genera that naturally occur in southern 
Africa are endemic to the region. A combined 
total of 4,907 species are included in these 
endemic genera. The ten largest endemic gen
era, with their number of species and the fami
lies they belong to are listed in Table 1. The ten 
seed plant families with the largest number of 
endemic genera, the number of endemic gen
era they contain, each family’s largest endemic 
genus and the number of species the largest 
genus contains are listed in Table 2. The ten 
endemic genera that were recorded for the 
highest number of quarter-degree grid squares 
in PRECIS, and the number of quarter-degree 
grid squares in which they occur, are listed in 
Table 3. Note that these genera are not neces
sarily those with the geographically largest 
overall distribution ranges. Two hundred and 
five (34.9%) endemic genera are monotypic. A 
size distribution divided into 12 intervals is rep
resented in Fig. 3. Note that the last three 
intervals are much larger than the others due 

to the small number of genera that reach these 
sizes. Fig. 4 is a map depicting regions of high 
diversity for endemic genera in southern 
Africa. Fig. 5 shows collecting intensity in 
southern Africa, at the specimen level, accord
ing to PRECIS records.

The results of the TWINSPAN classification 
are presented as a simplified dendrogram in 
Fig. 6. The higher levels of the classification 
(phytogeographical regions 1-4) are illustrated 
as a map in Fig. 7. Lower level phytogeographi
cal regions (subgroups of regions 2 and 3) are

Table 3. The ten genera endemic to southern Africa that 
occur in the largest number of quarter-degree grids 
according to PRECIS.

Genera Number of quarter-degree 
grids in PRECIS

Heliophila 452
Eriocephalus 437
Haemanthus 388
Melolobium 373
Ruschia 341
Nerine 319
Aspalathus 318
Watsonia 304
Brunsvigia 289
Diascia 274
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illustrated as a map in Fig. 8. The TWINSPAN 
classification resulted in the identification of 
four main phytogeographical regions (Figs 6, 
7). First to split off from the rest was the 
Kaokoveld phytochorion (main group 4) in 
northern Namibia - a region that closely ap
proaches the Kaokoveld Centre of Endemism 
(Fig. 1) of van Wyk & Smith (2001). The sec
ond main phytogeographical region to split off 
from the main body was the Kalahari region 
(main group 1) (Figs 6, 7). The largest part of 
the region is then divided into the Greater 
Afromontane (main group 2) and Greater 
Cape (main group 3) regions. At the lower lev
els of the hierarchy (Figs 6, 8), the Greater Ma- 
putaland region (2.1), stretching from north
ern KwaZulu-Natal around the northern high
er mountains to the Highveld region, is the 
first region to split off from the rest of the 
Greater Afromontane phytochorion (2). The 
second region to split off is the Drakensberg 
Alpine region (2.2.1), leaving only the High
veld region (2.2.2.2) and the Core Afromon
tane region (2.2.2.1). The arid Northwestern 
Karoo phytochorion (3.2) is the first to split off 
from the Greater Cape region (3); followed by 
the Central Karoo (3.1.2.2) and Northern Suc
culent Karoo (3.1.2.1) regions. Next is the

Southern Succulent Karoo (3.1.1.2), followed 
by the Northwestern (3.1.1.1.2) and Southeast
ern (3.1.1.1.1) Fynbos regions.

Discussion
The intention in this study was mainly to 
observe patterns of phytochorion distribution 
in southern Africa as identified by a numerical 
classification, thereby judging the efficiency of 
such a technique, and not to identify the 
processes responsible for these observed pat
terns. A formal interpretation of the observed 
patterns is therefore not included in this dis
cussion. (See the discussions of the study area 
under the Introduction for some of the envi
ronmental and historical factors that may have 
influenced the observed patterns.) However, a 
few suggestions towards possible reasons for 
some of the observed patterns will be men
tioned.

The patterns of areas with high levels of 
endemism at the genus level, as depicted in 
Fig. 4, appear more-or-less as expected, with 
the highest numbers of endemic genera occur
ring in the greater Cape Floristic Region (the 
core CFR + the Succulent Karoo). Also visible 
in the northeast are areas possibly including

Fig. 3. Size distribution of genera endemic to southern Africa.
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Fig. 4. Areas of high diversity for genera endemic to southern Africa.

the Soutpansberg, Wolkberg, Sekhukhune- 
land, and Barberton Centres of Endemism 
(compare Fig. 1). Along the east coast the 
small but significant Pondoland Centre of 
Endemism can be observed right at the border 
between KwaZulu-Natal and Eastern Cape 
Province. Further south, the Albany Centre 
appears more-or-less continuous with the 
greater Cape Floristic Region. Indications of 
higher levels of diversity7 in the interior (darker 
green spots), e.g. around Windhoek 

(Namibia) and Pretoria (Gauteng), probably 
reflect artifacts of collecting intensity. Also see 
Fig. 5 for a map depicting PRECIS records of 
collecting intensity at the specimen level in 
southern Africa. Note the sparsely collected 
Karoo, Kalahari, and Namib regions - the high 
number of undercollected grids in these areas 
will have had an influence on the numerical 
classification discussed below, although this 
will not be significant due to the lack of local 
endemism in these extensive regions.
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Fig. 5. Collecting intensity at the specimen level in southern Africa according to PRECIS records, indicating areas that are 
less well represented in the dataset used, and that could potentially influence the results of the numerical analysis.

28

The size distribution of seed plant genera 
endemic to southern Africa illustrated in Fig. 3 
shows a clear bias towards smaller genera. This, 
together with the fact that 205 genera (34.9% 
of the total number of endemic genera) are 
monotypic, suggests that we are dealing with a 
relatively old and stable flora in southern 
Africa. The assumption is that most of the 
monotypic genera so prevalent in the southern 
Africa flora are palaeoendemics - relicts of 
ancient floras and taxa that covered the sub
continent - with no or few close extant rela
tives. However, even if most are not palaeoen
demics, but neoendemic offshoots from other 

taxa, one can still reason that it probably takes 
a long time for a taxon to develop to the point 
that it can be recognised as a separate genus, 
therefore still signifying an old flora. Both the 
high levels of floristic diversity and endemism, 
and the high numbers of monotypic genera in 
southern Africa, might be explained, at least 
partly, by the absence of any recent extensive 
glaciations in the region.

We suggest that the separation of the 
Kaokoveld phytochorion from the rest of the 
region at an early stage in the hierarchy (Figs 6, 
7) may be taken as evidence confirming the 
hypothesis that this region is an ancient arid
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Fig. 6. Simplified dendrogram of the TWINSPAN classification indicating a hierarchy of phytogeographic regions in south
ern Africa. Coloured rectangles in the background correlates with the colours used in Fig. 7, and indicate the higher level 
phytochoria of the hierarchy. Coloured ovals surrounding the numbers of the end-groups correlate with the colours used 
in Fig. 8, and indicate the lower level phytochoria of the hierarchy.

area, containing many relicts of earlier floras 
that has no or little connection to the other flo
ras represented in this study, and that we 
should seek its relationships elsewhere. The 
boreotropical hypothesis (Wolfe 1975; Lavin & 
Luckow 1993; Xiang & Soltis 2001; Davis et al. 
2002) may offer an explanation for this 
region’s uniqueness. This hypothesis suggests 
that northern high-latitude land bridges, e.g. 
the Beringian bridge during the Tertiary and 
the North Atlantic bridge during the Eocene, 
may have served as migration routes for cur
rently intercontinental!}’ disjunct plant groups 
(Davis et al. 2002). This hypothesis may well be 
implicated to explain some of the disjunct dis
tribution patterns between arid parts of south
western Africa (e.g. Namibia) and the Ameri

cas. Postulated ancient arid connections 
between the Horn of Africa and the Kaokoveld 
region (de Winter 1966, 1971; Verdcourt 1969; 
Thulin 1994; Jürgens 1997; van Wyk & Smith 
2001) may have provided a link with the 
boreotropical flora. It is also possible that the 
Kaokoveld flora represents relicts of an 
ancient, arid, pre-Gondwana-breakup, flora 
(van Wyk & Smith 2001). Whatever the floristic 
relationships of the Kaokoveld region, it is 
clearly not with the Cape flora from further 
south in southern Africa, nor with the rest of 
the palaeotropical flora of the FSA region.

We would like to suggest that the split off of 
the Kalahari region from the main body at the 
second level of the hierarchy (Figs 6, 7) indi
cates that, like the Kaokoveld, the main rela-
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Fig. 7. Map illustrating the higher level phytochoria identified by the TWINSPAN classification.

tionship of the Kalahari does not lie with the 
Cape flora. It is undeniable that the Kalahari 
region does share taxa with some of the south
ern regions, especially the Highveld grassland, 
but the fact that its endemic genus component 
distinguish it at an early stage from the south
ern phytochoria, suggest that its main relation
ship lies elsewhere. It is probable that this main 
relationship lies to the north, with tropical 
Africa, as the larger Kalahari region extends up 
to the Democratic Republic of the Congo. It is 

often assumed that the uniqueness of the 
southern Kalahari is to be explained by its arid
ity. However, we would like to suggest that this 
is not the case. It is not so much its aridity, but 
the substrate upon which it occurs that deter
mine the uniqueness. The Kalahari sand 
deposit, the largest deposit of windblown (aeo
lian) sand in the world, larger even than the 
Sahara Desert sand deposit, is probably a deter
mining factor. It has been noted that the Kala
hari sand deposits have a remarkable water
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Fig. 8. Map illustrating the mid-level phytochoria identified by the TWINSPAN classification.

infiltrating capacity, with very little runoff, a 
fact clearly reflected by the lack of drainage 
channels in the region. On the other hand, the 
clay soils of the Karoo lying just south of the 
Kalahari are characterised by poor water infil
trating capacity and high runoff. This would 
also explain the pattern we see in Fig. 7; that 
the Kalahari phytogeographical region extends 
into parts of the North-West, Limpopo and 
Mpumalanga Provinces of South Africa, where 
several outlier Kalahari sand deposits occur.

The second and third main groups of the 
hierarchy (Figs 6, 7) represent the Greater 
Afromontane and Greater Cape phytochoria 
respectively. It is noteworthy here that the line 
separating these two phytochoria runs more- 
or-less through the middle (north-to-south) of 
Lesotho. The Drakensberg Alpine region (van 
Wyk & Smith 2001) lies mostly on the higher 
eastern parts of the Lesotho mountains, and is, 
in our results (Fig. 7), clearly included in the 
Greater Afromontane region, and not the 
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Greater Cape region. This would seem to 
refute the suggestion made by previous authors 
(for example Linder 1990, 1994) that the 
Afroalpine (of which the Drakensberg Alpine 
forms part) region and the Cape region are 
closely related to each other, with the Cape 
region merely a regional specialisation within 
the larger Afromontane-Afroalpine region. 
Other hypotheses may explain the presence of 
Cape phytogeographic (floristic) elements on 
these high mountains. One explanation for the 
presence of the Drakensberg-Cape floristic link 
may be a result of the cyclic fluctuations of 
warmer and colder climates. During warmer 
times, the cold-adapted flora of the high Drak
ensberg Alpine region goes largely extinct, as 
there are no other high mountains nearby 
where it can take refuge. When the climate 
becomes more temperate again, there are, sim
ilarly, no nearby temperate refuges from where 
the Drakensberg Alpine’s flora can be replen
ished, except for the Cape Floristic Region in 
the south. The floristic link between the Cape 
and the Drakensberg Alpine Regions does 
therefore not mean that the Cape is merely an 
extension of the larger Afromontane- 
Afroalpine phytochorion of Africa, especially 
not when one considers that the floristic com
position of the far northern Afroalpine areas 
in Africa differs considerably from that of the 
southern Drakensberg Alpine region. The 
floristic link between the Cape and Drakens
berg Alpine grasslands is instead a secondary 
manifestation as a result of relatively recent cli
matic variations, and reflects the ecotonal sta
tus of the Drakensberg as an interface between 
the Cape and non-forest Afromontane flora.

The Greater Maputaland region (2.1) (Figs 
6, 8) is significantly smaller than the Maputa- 
land-Pondoland Region of van Wyk & Smith 
(2001) (Fig. 1). The reason for this discrep
ancy is that the Maputaland-Pondoland Region 
of van Wyk & Smith (2001) is a convenient, 
and not a natural, classification and demarca

tion. It includes not only the Maputaland and 
Pondoland Centres of Endemism (Fig. 1) but 
also the Afromontane region of the KwaZulu- 
Natal Midlands below 1,800 m a.s.l. The 
smaller area we identified in this study as the 
Greater Maputaland region is a more natural 
classification and demarcation. It is probably 
colder versus warmer climatic conditions that 
differentiate the Drakensberg Alpine (2.2.1) 
from the rest of the Afromontane region. The 
Highveld (2.2.2.2)-Core Afromontane 
(2.2.2.1) split distinguishes between the drier 
and colder (in winter) plateau on which the 
Highveld is located and the wetter and more 
humid escarpment and coastal areas in which 
the Core Afromontane occurs. What is notice
able is that at this level of the hierarchy, where 
the classification has been terminated, the 
Greater Pondoland region of southern 
KwaZulu-Natal and northeastern Eastern Cape 
Province, has not yet split off from the Core 
Afromontane region, even though it is known 
to be a strong centre of endemism (van Wyk & 
Smith 2001). This suggests a very strong rela
tionship between the Pondoland Afromontane 
area and the Escarpment (including KwaZulu- 
Natal Midlands) Afromontane - a link previ
ously indicated by van Wyk (1990). From this 
classification it appears that the Greater 
Maputaland region extends only as patches 
located in the larger, hotter river valleys (e.g. 
the Tugela River valley) into the Pondoland 
region. It is possible that the resolution we 
chose, namely quarter-degree grid squares, 
had an influence on this observed pattern.

It is noteworthy that in the further subdivi
sion of the Greater Cape phytochorion, it 
becomes clear that the Northern Succulent 
Karoo (3.1.2.1 - almost identical to the Gariep 
Centre of van Wyk & Smith (2001)) is appar
ently more closely related to the Central Karoo 
(3.1.2.2) than to the Southern Succulent 
Karoo (3.1.1.2), which, in turn, appears to be 
more closely related to the Fynbos (3.1.1.1).
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This might be an artifact of the fact that the 
resolution in this study are not truly fine 
enough to clearly distinguish between the Suc
culent Karoo and Fynbos areas within the strict 
Cape region. Especially in the Southeastern 
Fynbos, enclaves of Succulent Karoo, e.g. the 
Little Karoo and Worcester-Robertson Centres 
of van Wyk 8c Smith (2001), and Fynbos forms 
a mosaic at very small intervals. Enclaves of the 
Southern Succulent Karoo also appear in the 
southwestern high Karoo, southwest of 
Lesotho. The last subdivision between the 
Southeastern (3.1.1.1.1) and Northwestern 
(3.1.1.1.2) Fynbos regions can probably be 
explained by the orientation of the mountains 
in the area. In the Southeastern Fynbos, the 
mountains have a more-or-less east-west orien
tation (north-south aspect), while in the 
Northwestern Fynbos exactly the opposite 
occurs, with the mountains having a primarily 
north-south orientation (or east-west aspect). 
It is also colder and wetter in the Northwestern 
Fynbos region.

Conclusion
It can be concluded that numerical classifica
tion techniques, and specifically the computer 
program TWINSPAN, show considerable 
potential for use in broad scale phytogeo
graphic studies in southern Africa, and espe
cially for the production of a formal hierarchi
cal classification of the natural phytogeo
graphic (floristic) regions of the area. PRECIS, 
in view of its current limitations in terms of 
data reliability (there is no measure in place to 
estimate the accuracy of the data) and in terms 
of data sufficiency (large areas of the study 
area are still underrepresented in PRECIS), 
exceeds our expectations in providing the basis 
for such large-scale, numerical classification
based, phytogeographical studies. The classifi
cation and maps obtained in this study com

pare favourably with previously produced clas
sification and maps, but some intriguing pat
terns, and especially relationships among the 
various phytochoria, became evident in this 
study.

Future studies
A definitive future project would be the rerun 
of this study using species in stead of genera. It 
is our opinion that such an analysis would not 
alter the patterns obtained in this study signifi
cantly, but that it would rather refine and add 
definition to these patterns. Two other investi
gations that would seem imperative would be 
the use of all genera and all species in two sep
arate reruns of this study, so that one can com
pare the results from studies using all native 
taxa to those using endemic taxa.

We also foresee that the use of different sam
ple-grid sizes, for example half-degree grid 
squares instead of quarter-degree grid squares 
will also need testing, as the sample-grid size 
would affect the clarity and definition of the 
biogeographical patterns obtained.

Since the use of a divisive numerical method 
proved very useful and informative in produc
ing biogeographical interpretable results, it 
seems somewhat of a wasteful luxury to redo 
the study using an agglomerative method. 
However, it might prove informative to com
pare the results from such a study - using an 
agglomerative method - with the results 
obtained in this study.

Biogeographical and taxonomic studies 
designed to test the hypotheses we suggested in 
this paper, as possible explanations of the 
observed biogeographical patterns should also 
be carried out. Of special interest here is the 
suggestions we made with regard to the 
Kaokoveld and Kalahari regions that were 
identified in this study.
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The Cape Floristic Region (CFR) is a species-rich mediterranean-climate area with almost 9000 
species packed in only 90,000 km2, a remarkable 69% of the species being endemic. Most of the 
endemics however belong to relatively few lineages and generic-level diversity is moderate. The 
vast majority of these speciose groups typically grow in the dominant vegetation type (fynbos), 
comprising mainly low, non-sprouting (post-fire) shrubs with limited dispersal. However, re
sprouting geophytes are also very diverse, representing 17% of the total flora. While these pat
terns have long been recognized, gaps remain in the understanding of altitudinal and geo
graphic gradients in species richness. Thus, at the regional scale - the focus of this paper - the 
west is much richer than the east, and in the west, montane regions are more diverse than the 
lowlands. Topographic diversity can be invoked to explain the altitudinal gradient, but no single 
explanation is sufficient to explain the west-east geographical gradient. Here, we put forward 
three types of explanations that are likely to be responsible for this gradient, (a) Differences in 
the contemporary environment: of chief importance are rainfall seasonality and reliability (pre
cipitation being much more seasonal and reliable in the west), (b) Local diversity and turnover 
patterns: local diversity is invariant along the gradient but both beta and gamma diversity are 
higher in the west, (c) Differences in speciation and extinction histories: the west is likely to have 
had higher speciation and lower extinction rates, the former as a result of predictable seasonal 
rainfall (acting in conjunction with fire), and the latter owing to long-term climatic stability. In 
this context, the seasonal and more reliable climate in the west can also be linked to the higher 
geophyte diversity observed there. Recent molecular phylogenetic studies of a limited number of 
taxa largely suggest a mid-Miocene-Pliocene radiation age with a strong ecological component. 
However, in some groups, there is evidence of earlier (Oligocène) radiation events, involving 
geographic speciation. An even earlier diversification is reflected in the thicket and forest flora of 
the Cape, seldom referred to, yet comprising both ancient and speciose groups.
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Introduction

There is a long history of research on plant 
diversity in South Africa’s Cape Floristic 
Region (Goldblatt & Manning 2002). Owing to 
relatively intensive collecting and exploration 
since the late 1700s (Gunn & Codd 1981), it 
was possible, by the mid 1900s, for Weimarck 
(1941) and Levyns (1952) to describe coarse 
patterns of richness and endemism that have 
endured to this day. Analytical approaches 
were introduced in the 1970s, first by Kruger 
and Taylor’s (1979) pioneering work on 
species-area relations, followed by attempts to 
model local-scale (alpha) richness (Bond 1983; 
Cowling 1983a), and then assessments of com
positional turnover along habitat and geo
graphical gradients (beta and gamma diversity, 
respectively) (Cody 1986; Cowling 1990). Sub
sequently, most research has concentrated on 
explaining patterns of regional richness in 
relation to geographical and topographical 
gradients (Linder 1991; Cowling et al. 1992, 
1997a; Cowling & Lombard 2002). Research 
on the evolutionary aspects of diversity has 
emphasized models that focus on phyloge
netic, biological and ecological correlates of 
diversification, especially key biological traits 
(e.g. sexual reproduction, pollinator speci
ficity) that promote diversification (e.g. 
McDonald et al. 1995; Johnson 1996; Ojeda 
1998; Wisheu et al. 2000), as well as the role of 
ecological diversification via habitat specializa
tion (Linder & Vlok 1991; Cowling & Holmes 
1992). The evolutionary perspective has been 
greatly strengthened by the recent appearance 
of phylogenies that provide molecular clock 
estimates of diversification patterns (Bakker et 
al. 1999; Reeves 2001; Goldblatt et al. 2002; 
Caujapé-Castells et al. 2002; Linder 2003).

It is not possible to review the outcomes of 
all of this research in a short paper such as this. 
Instead we focus on patterns of regional scale 
richness (i.e. inventory data from areas 

between one and several thousands km2 in 
size), and seek to explain the evolution of 
these patterns in terms of ecological, biological 
and historical (past environments) phenom
ena. We conclude that patterns of regional 
scale diversity are likely to be largely the result 
of contemporary and Pleistocene climatic sta
bility on elevating speciation rates and depress
ing extinction rates.

Background
In this section we provide some background on 
the physiography and floristics of the CFR in 
order to place the diversity patterns in an 
appropriate ecological, biogeographic and his
torical context. Readers are referred to the fol
lowing reviews for additional information: veg
etation ecology (Cowling et al. 1997b), diversity 
patterns (Cowling et al. 1997a), floristics (Gold
blatt & Manning 2002), and evolution (Linder 
2003).

We follow Cowling et al. (1992) and Cowling 
and Lombard (2002) in dividing the CFR into 
two geographical (western and eastern) and 
two topographical (lowland and montane) sub
regions (Fig. 1). As we describe below, these 
categories are associated with distinct climates 
and topographies, respectively, although 
edaphic factors vary continuously along the 
west-east gradient (Campbell 1983).

Landscapes and soils
The landscapes are dominated by the Cape 
Folded Belt, comprising a series of parallel 
ranges of quartzitic sandstone (south-north 
trending in the west and west-east trending in 
the south) of moderate altitude (1000-2000m) 
but steep relief (Deacon et al. 1992). These 
areas we define as montane (Fig. 1). The 
coastal plain and intermontane basins - mostly 
situated at altitudes <300m - are underlain by 
softer sediments (principally shales), although 
the coastal margin is almost everywhere man-
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Fig. 1. The Cape Floristic Region showing the subregional classification used in this paper. Reproduced with permission 
from Cowling and Lombard (2002).

tied by calcareous marine sediments (aoelian 
sand and limestone). These areas we define as 
lowland.

While the sediments and orogeny associated 
with the Cape Folded Belt are very old (450- 
340 Myr and 280-215 Myr, respectively), the 
contemporary landscapes are much younger, 
and this has an important bearing on the evo
lution of plant diversity. Since Africa and South 
America began to separate about 140 Myr, 
there followed a period of relative tectonic sta
bility in southern Africa that persisted until the 
early Miocene (Partridge 1997). In the region 
that is now the CFR, this long (African) cycle of 
erosion resulted in extensive planation; land
scapes then were considerably less heteroge
neous edaphically and topographically, than 
those of today.

This stability was interrupted in the early 
Miocene (20 Myr) by an uplift that was greatest 
in the eastern part of southern Africa where it 
approached 300 m (Partridge 1997). A second 
and much greater event - concentrated in the 
south-east - was initiated during the Pliocene, 

probably between 3 Myr and 5 Myr. As a result 
of these tectonic events, the landscapes of the 
CFR were dissected as sediments were scoured 
from ancient the fault basins, hardpans of sil
crete and ferricrete, which covered the gently 
sloping plains, were consumed, and softer sedi
ments and deeply-weathered soils stripped 
from the mountains. However, owing to the 
eastern location of the epicentres of these two 
events, landscape dissection was greatest in the 
eastern CFR. Interestingly, there are no signifi
cant differences in topographical heterogene
ity - measured as the ratio of the three-dimen
sional surface area of digital terrain model 
(100 m resolution) to planimetric surface area 
- between eastern and western landscapes, be 
they lowland or montane (P.G. Desmet & R.M. 
Cowling unpublished data).

The soils of the CFR are mostly sandy, infer
tile lithosols on the upper slopes of the moun
tains, with somewhat more fertile and deeper 
soils of colluvial origin on the foothills (Dea
con et al. 1992). Lowland soils are mostly 
derived from shales and are moderately fertile 
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and relatively fine-grained. Sandy soils of 
marine origin, including those derived from 
Tertiary limestone, mantle the coastal margin. 
There is a gradient from west to east, of 
increasing soil fertility and texture across all 
sediment types in montane landscapes (Camp
bell 1983).

Climate
Most of the CFR receives an annual rainfall of 
between 300 mmyr* and 2000 mmyr1, although 
some montane sites in the west receive as much 
as 3000 mmyr1 (Deacon et al. 1992). In the 
west, rainfall, which is associated with cold 
fronts budded off from the circumpolar west
erly system, is concentrated in the winter 
months (z.c. mediterranean-type conditions 
prevail). In the east, rainfall is less seasonal; 
post-frontal events, especially the advection of 
moist air across a relatively warm Indian 
Ocean, produce rain throughout the year, but 
especially in the spring and autumn. Overall, 
orographic effects on rainfall are massive and 
the associated gradients are extremely steep 
(Deacon et al. 1992).

Surprisingly, the effect on diversity of the 
dramatically different rainfall seasonality 
regimes in the CFR has only been explored rel
atively recently (Cowling et al. 1992). However, 
of similar importance is the much less well- 
known pattern in the reliability of seasonal 
rainfall. Regarding the winter-rainfall compo
nent, which is essential for the reproductive 
and physiological processes of most of the 
CFR’s plant life, amount and reliability is sig
nificantly greater in the west than the east; the 
opposite holds true for summer rainfall 
(unpublished data). We show later in this 
paper that these patterns have an important 
bearing on plant diversity patterns across the 
CFR (see also Cowling et al. 1997a).

On the lowlands, temperatures are generally 
mild: frost is rarely recorded and summer max
ima seldom exceed 30°C, except in the interior 

valleys. In montane landscapes temperature 
minima are more extreme than the adjacent 
lowlands: frost is widespread on upper peaks 
where snow may lie for several weeks in the 
winter months. Summer maxima seldom 
exceed 25°C.

Palaeoclimatic reconstruction in the CFR is 
hampered by a lack of suitable data, especially 
for the Tertiary. Linder (2003) provided the 
most recent summary of paleoclimates and 
associated vegetation. A picture emerges of 
mesothermic and humid climates throughout 
most of the Late Cretaceous and Tertiary, with 
relatively rapid cooling and drying in the ter
minal Pliocene (ca. 3 Myr), followed by the 
sawtooth cool-warm cycles of the Pleistocene. 
Fossil data, scanty as they are, suggest warm 
temperate to subtropical forest throughout the 
Tertiary, followed by the rapid emergence of 
elements typical of the contemporary Cape 
flora after Pliocene climatic deterioration (Lin
der et al. 1992). This somewhat simplistic sce
nario, which is consistent with patterns from 
other Mediterranean-climate regions (Deacon 
et al. 1992), needs to be tempered by consider
ing at least the following four points. ( 1 ) There 
are no fossil data from the Oligocène, a period 
of pronounced cooling and drying (Willis 8c 
McElwain 2002) that must have profoundly 
influenced plant diversity and evolution in 
southwestern Africa (Goldblatt & Manning 
2002; Linder 2003). (2) The difference in 
Pleistocene climates between the east and the 
west, which has only recently been emphasized 
(Cowling et al. 1999), must have had an impor
tant impact on the evolution of diversity in 
these two geographic subregions (Cowling & 
Lombard 2002). Available palaeodata suggest 
that glacial climates were somewhat moister 
than present in the west and drier than present 
in the east. Furthermore, moist conditions 
capable of supporting Cape floral elements 
appear to have extended deep into the present 
succulent karoo and Namib Desert environ- 
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ments along southern Africa’s west coast dur
ing glacial times (Linder 2003). In contrast, 
the Cape flora was probably quite restricted in 
extent during glacial conditions in the east 
(Cowling et al. 1999), although more data are 
required to test this assertion. (3) Owing possi
bly to its peninsula-like configuration within an 
extensive area of ocean, glacial temperature 
regimes in southwestern Africa were amongst 
the mildest of all continental land masses 
(Markgraf et al. 1995). (4) As a consequence of 
(2) and (3), Pleistocene climates in the west
ern CFR were probably unusually stable, at 
least for mid-latitude regions across the globe.

Flora and vegetation
The CFR is an extraordinarily diverse biogeo
graphical region comprising a mere 90,000 
km2. The flora, which is relatively well known 
compared to other species-rich regions in the 
developing world, comprises about 9000 vascu
lar plant species, 69% of which are endemic 
(Goldblatt & Manning 2002). The flora 
includes five endemic plant families and 160 
endemic genera. A spectacular feature of the 
flora is the massive diversification of some gen
era: 13 of them have more than 100 species 
{Erica has 658 spp.). Other distinctive features 
include the large number of geophytes (1552 
spp.), especially among the petaloid monocots, 
and the relative paucity of annuals (6.8% of the 
flora) and trees (2.4%).

Vegetation patterns are relatively well under
stood and documented (Cowling et al. 1997b; 
Cowling & Heijnis 2001). The predominant 
vegetation types are fynbos and renosterveld, 
while subtropical thicket, forest and succulent 
karoo occupy much smaller areas. Fynbos, 
which harbours about 70% of the CFR’s plant 
species, is a hard-leaved, evergreen and fire- 
prone shrubland characterized by four major 
plant types: restioids (Restionaceae), ericoids, 
proteoids (tall shrubs in the Proteaceae) and 
geophytes (Cowling et al. 1997b). Seedling and 
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ramet recruitment are largely confined to the 
immediate post-fire period. Fynbos thrives on 
rocky, nutrient-poor soils of the sandstone 
mountains, on leached, wind-blown sands of 
the coastal forelands, and on the nutritionally 
imbalanced coastal dune and limestone sands 
of the coastal margin.

Unlike fynbos, renosterveld lacks restiods, 
and proteoids are very rare (Cowling et al. 
1997b). This vegetation type, also fire-prone, 
comprises a low shrub layer (1-2 m tall) of 
mainly ericoids, usually dominated by the 
renosterbos {Elytropappus rhinocerotis, Aster- 
aceae), with a ground layer of grasses and sea
sonally active geophytes. Renosterveld always 
grows on the fine-grained, shale-derived soils 
of the coastal plain and inland valleys where 
the annual rainfall is between 250 mm and 650 
mm. At rainfalls higher and lower than this, it 
is replaced by fynbos and succulent karoo, 
respectively.

Subtropical thicket and forest, which are 
most extensive in the eastern lowlands, are 
dominated by shrubs and trees of palaeotropi
cal affinity, although species of Gondwanan, 
Cape and Karoo-Namib affinity are often 
locally dominant (Cowling 1983b). These for
mations are not fire-prone and regeneration 
from ramets and vertebrate-dispersed propag
ules is not linked to disturbance. In compari
son with the other formations in the CFR, 
thicket and forest are poor in species and 
endemics (Cowling 1983b). However, the 
warm-temperate forests of southern Africa 
(including those in the CFR) are the richest 
temperate forests in the world at both the 
species and genus levels (Silander 2001). 
Moreover, when assessed in terms of its overall 
distribution in southern Africa, subtropical 
thicket has very high levels of diversity and 
endemism (Vlok et al. 2003).

Succulent karoo occupies a small part of an 
interior basin (Little Karoo) in the eastern 
CFR. This is a dwarf, succulent shrubland, 
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dominated by Aizoaceae, Asteraceae and Cras- 
sulaceae (Milton et al. 1997). Diversity at all 
scales is extremely high (Cowling et al. 1998). 
Owing to its limited occurrence in the CFR, 
diversity in succulent karoo is not discussed 
further in this paper.

Patterns and explanations of diversity

Patterns
It has long been known that the richness of 
species belonging to Cape clades (sensu Lin
der 2003) peaks in the mountains of the south
western CFR, and diminishes rapidly eastwards 
and more gradually northwards, and is gener
ally higher in montane than lowland subre
gions (Weimark 1941; Levyns 1964; Oliver et al. 
1983). However, this pattern does not hold for 
all lineages represented in the Cape flora. For 
example, Euryops (Asteraceae), in addition to 
the southwestern peak, shows a pronounced 
peak in the extreme east (Nordenstam 1969). 
For many thicket and forest genera, species 
richness declines from east to west. Given these 
contrasting patterns, it is reasonable to ask: 
what are the overall patterns of richness at the 
regional scale? How do these vary along geo
graphical and topographical gradients? Can 
these patterns be explained by variation in the 
contemporary environment? What evolution
ary processes produced these patterns? We 
attempt to provide answers to these questions 
in this paper.

Using species-area analysis of regional-scale 
data sets (Fig. 2a), and analysis of covariance, 
Cowling and Lombard (2002) (see also Cowl
ing et al. 1992) showed a clear geographic 
diversity pattern (Fig. 2b) : the intercept of the 
regression for western sites was significantly 
higher than that for the eastern ones, and the 
ratio of the intercepts for these two data sets 
was 2.11, indicating that western sites have 
slightly more than double the number of 
species than eastern sites. The topographic pat
tern was non-significant (Fig. 2c). However,

Fig. 2. Plant species-area curves for a) combined data from 
all subregions in the Cape Floristic Region, b) eastern (E) 
and western (W) subregions (geography effect), and c) 
lowland and montane subregions (topography effect). 
Redrawn from Cowling and Lombard (2002). 
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there was a weakly significant interaction 
between geography and topography, a resnlt of 
the fact that while western montane sites were 
abont 1.5 times richer than corresponding low
land sites (see also Linder 1991), there was no 
difference between the richness of lowland 
and montane sites in the east. (West-montane 
sites were 2.5 times richer than montane sites 
in the east, while lowland sites in the west were 
abont 1.8 times richer than corresponding sites 
in the east.

Explanations
What explains these patterns? We can think of 
at least three groups of explanations: (1) dif
ferences in the contemporary environment, 
(2) differences in other components of diver
sity (local richness and turnover), and (3) dif
ferences in speciation and extinction histories. 
We discuss each of these below.

Fig. 3. Species-area curves for two localities in the eastern Cape Floristic Region (CFR) (Baviaanskloof and Humansdorp, 
open symbols) and two in the western CFR (Cape Point and Cedarberg, closed symbols). A) Includes all species; B) 
includes only those not endemic to the CFR; C) includes only those endemic to the CFR but present in both the eastern 
and western subregions; and D) includes CFR endemics that are restricted to either the western or the eastern subregion. 
The curves are based on relevé data (Proche^ et al. 2003), the area being plot size multiplied by the number of pooled 
plots.
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Differences in the contemporary environment 
Cowling et al. (1997a) used multiple regression 
to assess environmental determinants of 
regional-scale diversity, i.e. inventory data from 
areas between one and several thousands km2 
in size. In addition to area, only rainfall relia
bility and topographical heterogeneity, 
emerged as significant predictors. The vari
ables used comprised three measures of envi
ronmental heterogeneity, three measures of 
favourableness, three measures of available 
energy, two measures of seasonality, and one 
measure of irregularity (rainfall reliability). 
Clearly, rainfall reliability contributes to 
explaining the west-east geography effect while 
the emergence of topographic heterogeneity is 
consistent with the topography effect in the 
west (Linder 1991).

However, the measure of topographical het
erogeneity used by Cowling et al. (1997a) - 
being based on contours of 100 m - is very 
crude, as are the other region-wide measures 
of heterogeneity used in their analyses. These 
measures are certainly not representative of 
the scale of species packing in Cape vegetation. 
For this reason, Cowling and Lombard (2002) 
used community diversity, defined as the actual 
number of phytosociologically circumscribed 
communities within study areas of 1-1200 km2 
of an area, as a surrogate for its biologically 
meaningful heterogeneity or habitat diversity 
(Rosenzweig 1997). They compiled 34 data 
sets, distributed across all subregions, that had 
adopted the Zürich-Montpellier approach to 
phytosociological survey and analysis, and sam
pled, in relevés of 50 m2 or 100 m2, the full 
range of community-level variation in their 
respective study areas. After establishing that 
the number of phytosociologically defined 
communities in an area was significantly 
related to size of the study area and number of 
relevés sampled, Cowling and Lombard (2002) 
used analysis of covariance to test for geogra
phy and topography effects on community 

diversity. No significant relationships were 
found. They concluded that biological hetero
geneity showed no significant variation across 
the CFR and, therefore, could not explain the 
geography or topography effects on regional 
richness.

In conclusion, the only environmental vari
able that contributes significantly to explaining 
regional richness in the CFR is rainfall reliabil
ity: western areas that receive predictable win
ter rains are richer in species than eastern 
areas that receive less predictable non-seasonal 
rainfall.

Differences in other components of diversity 
Regional richness is a product of local richness 
(or alpha diversity) and turnover along habitat 
gradients (beta diversity) and geographic gra
dients (gamma diversity) (Whittaker 1972; 
Cody 1986). Perhaps variation in these compo
nents of diversity can explain the regional pat
terns observed in the CFR? Not so for alpha 
diversity: there are no consistent patterns 
across the region at either the Im2 or 0.1 ha 
scales (Cowling et al. 1992). Using Wilson and 
Shmida’s (1984) turnover measure, Cowling et 
al. (1992) showed that beta diversity was 1.7 
times higher, and gamma diversity 2.2 times 
higher in a western lowland than a physio
graphically similar eastern lowland area. Sub
stituting values for all three diversity compo
nents in a simple formula to predict regional 
richness, they showed that a hypothetical west
ern area would support about 1.6 times as 
many species as a similar sized eastern one. 
This figure is very close to the value of 1.8 iden
tified in the species-area analysis for lowland 
regions of Cowling and Lombard (2002).

Higher turnover along environmental and 
geographical gradients should be reflected in a 
higher incidence of range-restricted rares 
(Cody 1986). Therefore, it is reasonable to pre
dict that there would be a positive relationship 
between regional richness and the incidence of



BS 55 281

No. of Eriospermum species Average tuber volume (cm3) in Eriospermum

Fig. 4. Species diversity (A and C) and storage organ size (B and D) patterns for two genera of geophytes: Eriospermum 
(Convallariaceae) (A and B) and Moraea (Iridaceae) (C and D). Storage organ size is the average size for all the species 
with ranges intersecting a quarter degree square (data from Proche? et al. 2005).

naturally rare species. Cowling and Lombard 
(2002) tested this prediction by analysing the 
abundance in quarter degree squares (QDS - 
approx. 66 km2) of 1,034 naturally rare taxa 
(z.a Red Data Book taxa excluding those whose 
rarity status is due to anthropogenic factors) in 
relation to categories of topography and geog
raphy. They found that diversity patterns of 
rare species mirrored exactly the diversity pat
terns at the regional scale: on average, there 
was double the number of rare plants per QDS 
in the western, as compared to the eastern sub
regions, and lowland QDS had significantly 
fewer rare plants than montane ones, although 
this topographic pattern was evident only in 
the western subregion where the incidence of 

rare plants was 1.5 times higher in montane 
than lowland QDS.

Further support for the hypothesis that 
regional diversity patterns in the CFR are par
alleled by rarity patterns, comes from an analy
sis of species-area relations using phytosocio- 
logical relevés of between 25 m2 and 100 m2 in 
size, sampled in study areas across the CFR 
(Proche^ et al. 2003.). Simulated species-area 
curves (using EstimateS; Colwell 2001), based 
on the relevé data, did not show any consistent 
differences between western and eastern sub
regions when all species were included in the 
analysis (Fig. 3a). Thus, at the scale of about 5- 
20 ha, comprising the cumulative area of 
relevés sampled to capture vegetation patterns 
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in relatively large (70-1500 km2) areas, the east 
is no poorer than the west. Proche^ et al. (2003) 
suggested that this is because eastern land
scapes include larger areas and higher diversity 
of non-Cape vegetation and, therefore, har
bour a large number of “pseudorares”, i.e. 
species seldom sampled in the study area but 
that are actually widespread outside of the CFR 
(Fig. 3b). However, when the analysis was 
restricted to CFR endemics (Fig. 3c) and 
regional endemics (Fig. 3d), the two western 
sites were significantly richer than the two east
ern ones. This, argue Proche^ et al. (2003), 
results from the higher number of rare species 
(i.e. species encountered in one to few relevés) 
in the west, among those species restricted to 
the CFR or subregions thereof.

In conclusion, we suggest that variation in 
regional-scale richness across the CFR appears 
to be a consequence of differences in the rich
ness of CFR endemics that are locally rare. This 
conclusion is supported by analyses across a 
range of spatial scales. Thus, in species-rich 
western, montane landscapes one would 
expect to find a greater number of plants 
restricted to spatial scales ranging from a few 
ha to the entire subregion, than in the species- 
poorer parts of the CFR.

Differences in speciation and extinction 
histories
A third explanation for the diversity patterns, 
and one that addresses the root causes of these 
patterns, is that they are a consequence of dif
ferences in speciation and extinction histories 
across the CFR.

Do the patterns in the diversity of rare 
species tell us anything about differences in 
speciation and extinction histories across the 
CFR? Assuming that rarity is associated with the 
early (post-speciation) and late (pre-extinc- 
tion) phases of the lifespan of a taxon (Rosen
zweig & Lomolino 1997), it is reasonable to 
assume that areas with a high incidence of rare 

species (e.g. in the western montane subre
gion) have experienced higher rates of specia
tion and/or lower rates of extinction, than 
areas with fewer rare species.

Based on a biological profile of rare species 
in the CFR, Cowling and Lombard (2002, see 
also Cowling et al. 1992) developed a speciation 
model that invoked post-fire regeneration 
mode, gene dispersal and rainfall reliability. 
Many studies have shown that rare species are 
not a random subset of the flora of a region. 
They are significantly associated with a limited 
number of plant lineages, most of which are 
Cape clades (sensu Linder 2003) (e.g. Erica, 
Rutaceae: Diosmoideae, Leucadendrori). Non
sprouting (post-fire) and limited gene disper
sal (associated with short seed dispersal dis
tance and insect pollination) are traits that are 
over-represented among them (Cowling & 
Holmes 1992; McDonald et al. 1995; Trinder- 
Smith et al. 1996). These biological traits, espe
cially non-sprouting, have favoured increased 
speciation rates and lower extinction rates. 
Thus, fire-induced plant mortality increases 
generation turnover and produces discrete 
generations, thereby providing potential for 
more rapid evolution than sprouters (Wisheu 
et al. 2000). The higher allocation of resources 
by non-sprouters to reproduction (Bond & 
Midgley 2001) increases their numeric domi
nance locally, and lowers extinction rates 
(Wisheu et al. 2000). Limited gene dispersal 
promotes isolation and hence speciation of 
daughter populations in marginal or unusual 
habitats: most rare species are habitat special
ists (Cowling & Holmes 1992; Trinder-Smith et 
al. 1996).

Predictable winter rainfall will favour non
sprouting species since the survival of germi
nants would be enhanced by reliable rain after 
the summer fire season. Furthermore, non-sea- 
sonal rainfall may favour sprouters - at least in 
small-seeded taxa - since rainfall distributed 
throughout the year would facilitate the sur- 
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vival of their seedlings that need to allocate 
large amounts of resources to below-ground 
storage organs (Ojeda 1998). The higher inci
dence of sprouters in the eastern subregion 
(Schutte et al. 1995; Ojeda 1998) may have 
negatively influenced the potential for specia
tion, owing to lower seedling production 
(Bond & Midgley 2001), overlapping genera
tions and longer generation times (Wisheu et 
al. 2000). As a result of these differences in cli
mate, and their influence on the success of dif
ferent post-fire regeneration biologies, specia
tion rates may have been higher, and extinc
tion rates lower, in the west than the east.

A preliminary analysis of recent molecular 
phylogenies for woody taxa in the CFR and the 
environmental similar SW Australia seems to 
support the hypothesis that non-sprouting 
leads to greater diversification than sprouting 
in the genus Protea (Cape) and, to a lesser 
extent, in the genus Banksia (Proteaceae) (SW 
Australia), but not in Cliffortia (Rosaceae), 
another large genus of the Cape flora (Bond 8c 
Midgley 2003). While there is some evidence 
that non-sprouting clades are more speciose 
than sprouting ones, sprouting has evolved 
many times and is associated in some cases with 
rapid evolutionary divergence. Reeves (2001) 
suggests that the apparently higher rates of 
diversification among non-sprouting versus 
sprouting clades in Cape Protea spp. might be 
consequence of high extinction rates of 
resprouters. This is not the case in SW Aus
tralian Banksia (Proteaceae) where sprouters 
are well represented in many clades, including 
speciose ones (Bond 8c Midgley 2003). Clearly 
more research is required on the relationships 
between regeneration mode, generation time 
and speciation rates.

This generation time hypothesis is unlikely 
to explain geophyte diversity patterns since all 
these species sprout after fire from under
ground storage organs. Geophytes, which com
prise about 17% of the Cape flora, have diversi

fied in several clades, especially Iridaceae, 
Hyacinthaceae, Amaryllidaceae, Aspho- 
delaceae and Convallariaceae among mono
cots, but also Geraniaceae and Oxalidaceae in 
the eudicots (Goldblatt & Manning 2002). Like 
many other Cape taxa, geophytes show a pro
nounced concentration of species in the west
ern montane subregion (Figs 4a 8c c). Proche^ 
et al. (2005) recorded a negative correlation 
between average storage organ size and species 
diversity of certain geophyte taxa at the QDS 
scale (Figs 4b 8c d). They suggest that these pat
terns are a consequence of patterns of winter 
rainfall amounts and their reliability, both of 
these measures peaking in the southwestern 
Cape. Predictable and ample winter rains 
would require less allocation of resources to 
persistence, making large organs unnecessary. 
It remains to be demonstrated whether there is 
a relationship between storage organ size, gen
eration time, and population size, and whether 
any of these factors have a bearing on specia
tion and extinction rates.

Pollinator specificity is widespread among 
certain geophytic taxa and many have argued 
that specialization to a single pollinator is the 
driving force in the evolution of this (c.g. John
son et al. 1998; Goldblatt 8c Manning 2000) and 
other plant guilds (Johnson 1996). It appears, 
however, that for some geophytic taxa, habitat 
specialization is the major selective force and 
that pollinator specificity is of secondary 
importance in speciation (Goldblatt 8c Man
ning 1996). Also, it is intriguing that the diver
sity of particular specialization syndromes is 
overwhelmingly concentrated in the western 
subregion; eastern members of particular gen
era are often pollinated by a wide range of 
species, even though the pollinator associated 
with the syndrome may occur there (c.g. for 
Lapeirousia'. Iridaceae, Goldblatt et al. 1995).

Finally, we consider another hypothesis - his
torical rather than biological - that invokes dif
ferential speciation and extinction rates to
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explain regional-scale diversity patterns. While 
less parsimonious than the biological hypothe
sis, this historical explanation is nonetheless 
complementary rather than alternative to the 
one based on the contemporary selective 
regime. The hypothesis states that the geo
graphic pattern of diversity results from differ
ences in Pleistocene climatic conditions and 
associated differences in the extent of Cape 
vegetation (Cowling et al. 1992, 1999). In the 
west, fynbos and allied shrublands were not dis
rupted during wetter glacial periods; in the 
east, however, drier glacial conditions (Deacon 
& Lancaster 1988; Parkington et al. 2000; Lin
der 2003) probably restricted Cape vegetation 
to mesic refugia (Cowling et al. 1999). Not only 
could this have caused the extinction of many 
species, it may also have disrupted speciation 
(Dynesius & Jansson 2000).

We know little about rainfall reliability dur
ing glacial times in the CFR. However, given 
that conditions were drier in the east than the 
west, it is reasonable to assume that rainfall 
reliability was lower there. It appears, there
fore, that stability not only of the contempo
rary environment, but also of Pleistocene con
ditions, could be very important for under
standing differential patterns of diversification 
and diversity in the CFR. There is evidence to 
support a climate stability-diversity hypothesis 
from other species - and endemic-rich parts of 
the world (e.g. Fjeldså et al. 1997).

On the evolution of plant diversity in 
the CFR
The speciation model that we have presented 
is essentially an ecological one in which a sub
set of clades has radiated - sometimes mas
sively - by subdividing ecological space, often 
edaphic, but also climatic (Rourke 1972; Lin
der 1985; Linder & Vlok 1991; Cowling & 
Holmes 1992; Goldblatt & Manning 1996; Lin
der & Hardy in press). Until recently, the gen

eral consensus was that this ecological radia
tion was initiated in the late Miocene- 
Pliocene, concomitant with the development 
of mediterranean-climate conditions (Linder 
et al. 1992). However, not all lineages have bio
geographies that are consistent with ecological 
diversification; indeed, many patterns are sug
gestive of geographic speciation (Goldblatt 
1978) that may have predated the Mio- 
Pliocene radiation.

Fortunately a number of molecular phyloge
nies have been produced in the past few years 
and these enable an assessment of the timing 
of radiation of the Cape flora (see Linder 2003 
for an overview). Thus far, the molecular clock 
estimates suggest relatively recent (late 
Miocene) radiation for the shrubby, ant-dis
persed genus Phylica (Rhamnaceae) (Richard
son et al. 2001), the geophytic sect. Hoarea of 
Pelargonium (Geraniaceae) in the western sub
region (Bakker et al. 1999), the grass genus 
Ehrharta (Verboom 2000), and the geophytic 
genus Moraea (Iridaceae) (Goldblatt et al. 
2002). This diversification would have coin
cided with the onset of cooler and summer-dry 
climates (at least in the west), and the develop
ment of greater topographic and edaphic 
diversity in response to Late Tertiary uplift. 
However, other lineages appear to have diversi
fied in the mid to early Miocene, namely the 
Gladiolus-Watsonia clade of the geophytic Iri
daceae (Reeves et al. 2001), and the 
Restionaceae (Linder 2003). Putative climates 
at this time were moist and warm, with wide
spread evidence of rainforest vegetation (Lin
der et al. 1992; Willis & McElwain 2002), at 
least on the lowlands where fossil sites are 
located (Linder 2003). The Antarctic ice-sheet 
began expanding in the mid Miocene, and this 
was accompanied by a cooling and drying of 
the climate of south-western Africa (Deacon et 
al. 1992). Other lineages appear to have radi
ated in the Oligocène, namely the shrub genus 
Protea (Proteaceae) (Reeves 2001) and the geo- 
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phytic Androcymbium (Colchicaceae) (Caujapé- 
Castells et al. 2002). Climatic conditions during 
the Oligocène were probably similar to those at 
present (Linder 2003) but the scenery of the 
CFR was considerably more subdued than now, 
having endured 100 million years of planation 
(Partridge 1997).

For many groups, ecological factors, espe
cially soil characteristics, played an important 
role in diversification (Verboom 2000; Cau- 
japé-Castells et al. 2002; see also Rourke 1972; 
Goldblatt 1979; Linder & Vlok 1991; Goldblatt 
& Manning 1996). For both Disa sect. Herschelia 
(Orchidaceae) (Linder 1995) and Thamnochor- 
tus (Restionaceae) (Linder & Hardy in press), 
basal species grow in mesic montane habitats 
while younger species are found in the low
lands. In the case of Thamnochortus, the most 
recently evolved species grow on substrata of 
marine origin that would only have been 
exposed after Pliocene regression (Deacon et 
al. 1992), and on upper mountain slopes 
where skeletal and highly infertile soils overlie 
quartzitic sandstone. The latter surface may 
only have become exposed after uplift and 
associated erosion in the early to mid Pliocene. 
However, while ecological factors have played 
an important role in the diversification of some 
lowland clades of Protea, most speciation in this 
genus has been geographic (Reeves 2001).

The evolution of thicket and forest lineages 
in the CFR has received little attention. In two 
recent reviews (Goldblatt & Manning 2002; 
Linder 2003), mention is made of monotypic 
and presumably phylogenetically basal ele
ments that possibly represent extant compo
nents of ancient thicket and forest formations. 
These include Anacardiaceae (Harpephyllum, 
Heeria, Loxostylis, Laurophyllis), Celastraceae 
(Empleuridium, Gloveria, Maurocenia, Mystroxy- 
lori), Cornaceae (Curtisia), Cunoniaceae (Platy- 
tophus'), Euphorbiaceae (Lachnostylis), Flacour- 
tiaceae (Kiggelaria, Pseudoscolopia), Picroden- 
draceae (Hyenanche), Santalaceae (Rhoiacar- 

pos), Sapindaceae (Hippobromus, Pappea, 
Smellophyllum), and Rutaceae ( Calodenrum). 
Furthermore, the thickets of southern Africa, 
much of which fall in the eastern CFR, are a 
global cent re of diversity and endemism for nu
merous genera, including Rhus, Ozoroa (Anac
ardiaceae), Cussonia (Araliaceae), Cassine, Gym- 
nosporia, Pterocelastrus, Putterlickia, Robsodendron 
(Celastraceae), Rhoicissus (Vitaceae), Schotia 
(Fabaceae) and Encephalartos (Zamiaceae). We 
have no idea when and how these lineages di
versified. Distribution patterns suggest that ge
ographic factors were important in speciation. 
It has been suggested that these thickets are ex
tremely ancient and include many elements 
basal to the Cape and succulent karoo floras 
(Vlok et al. 2003). The same may be true of wet 
forests. Thus, Schotia (Fabaceae), from Cape 
thickets, is sister to old lineages well represent
ed in the rainforests of Madagascar and Cen
tral Africa (Schrire et al. 2005).

Conclusions
We draw five conclusions from this overview. 
Those dealing with patterns and explanations 
of diversity are relatively well supported, while 
those dealing with the evolution of diversity are 
very tentative. Clearly, there is an urgent need 
for better fossil data, many more reliably dated 
phylogenies spanning the full array of lineages 
in the Cape flora, a better integration of ecolog
ical and phylogenetic data, and a better under
standing of the implications of landscape evolu
tion for speciation. We conclude as follows:

1. Contemporary patterns of plant diversity in 
the CFR are reasonably well quantified and 
described across a broad range of spatial 
scales.

2. Diversity at the regional scale is largely a con
sequence of rarity associated with a limited 
number of lineages and biological traits.
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3. This pattern can be explained by a biologi
cal-climate and a historical hypothesis that 
predict patterns of rare plant diversity as a 
consequence of differential speciation and 
extinction rates.

4. Most of these rare species have evolved rela
tively recently, after climatic deterioration in 
the Mio-Pliocene. Owing to greater climatic 
stability in the west, rates of speciation have 
been higher, and rates of extinction lower 
than in the east.

5. The Cape flora also comprises elements asso
ciated with earlier diversification events. 
Many lineages may have started radiating in 
the Oligocène, when climates were similar to 
those of today. Others, especially thicket and 
forest taxa, may have an even earlier origin. 
Finding this out is will make an interesting 
research project.
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Patterns of plant diversity and endemism in 
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Data on the distribution of 5518 indigenous taxa of vascular plants in 25 Flora regions on the Horn 
of Africa have been analysed. The sample is derived from families that are covered in the published 
parts of all of the following three works, the Flora of Ethiopia and Eritrea, the Flora of Somalia and Les 
plantes Vasculaires de la République de Djibouti, or from families or smaller groups covered for all parts 
of the Horn in other works or in unpublished accounts. The sample contains 4247 taxa that occur 
in Ethiopia, 2520 in Somalia, 1619 in Eritrea and 554 in Djibouti, and it is assumed to cover ca. 80% 
of the total flora on the Horn. According to the sample, the highest diversity (number of taxa per 
Flora region) is found in southern, eastern and parts of western and central Ethiopia and western 
Eritrea. The number of Horn of Africa endemics plus near-endemics in the sample is 1935 (35%), 
with 1330 endemics (24%) and 605 near-endemics (11%). The endemics make up 29% of the taxa 
that occur in Somalia, 17% in Ethiopia, 7% in Eritrea and 3% in Djibouti. The near-endemics 
make up 16% of the taxa that occur in Somalia, 10% in Ethiopia and Djibouti and 8% in Eritrea. 
The highest number of Horn endemics is found in north-eastern Somalia. The highest number of 
near-endemics is found in southern Ethiopia, while near-endemics make up the highest propor
tion of the flora in inland Flora regions of southern Somalia. The highest number of single-region 
endemics (Horn endemics restricted to one Flora region only) is also found in north-eastern So
malia. On the tip of the Horn there is a high concentration of endemics with their total range re
stricted to one Flora region or two, while the endemics in other regions of Somalia and even more 
so in the Ethiopian highlands tend to occur in several Flora regions. A number of ecogeographical 
parameters (e.g. position, distance to the tip of the Horn, altitudinal range, area, perimeter and 
amount of coastline of the Flora regions) have been analysed and show varying degree of correla
tion with diversity and endemism. The higher diversity in Ethiopia than in Somalia is correlated 
with the higher altitudinal range in the former country and agrees also well with the higher clima
tological diversity in Ethiopia, while the higher endemism in Somalia than in Ethiopia agrees with 
the observation that the Flora regions in Somalia have higher proportion of their perimeter as 
coastline and shorter distance to the tip of the Horn, possibly a “peninsular effect.” The high num
ber of near-endemics in southern Ethiopia and the high proportion of near-endemics in southern 
Somalia agree with the observation that many taxa with restricted range that are shared between 
the Horn and northern Kenya.
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Introduction

The Horn of Africa is in this study defined as the 
combined area of Ethiopia, Eritrea, Djibouti 
and Somalia. Thus defined, it includes largely 
the areas that are found on the eastern side of 
Africa at the level of the Sudanian and Sahel veg
etation zones, which run across Africa as broad 
bands from the Atlantic Ocean to the Nile Val
ley. Within the Horn of Africa the arrangement 
and floristic composition of the vegetation is 
strongly modified by topography and other pa
rameters. The vegetation of the Horn is there
fore not the typical zonal vegetation of these lat
itudes, as it can be studied in West Africa within 
the Sudanian and the Sahel zones. The Ethiopi
an highlands have been placed in the Afromon- 
tane region of White (1983, 1993), a phyto
chorion also found in mountainous areas else
where in tropical Africa, while the uniqueness of 
the vegetation and the flora of the eastern low
lands of the Horn of Africa is the main reason 
why White (1983, 1993) included this area as a 
major part of his Somalia-Masai regional centre 
of endemism, together with some adjacent parts 
of Kenya, Uganda and Tanzania. Later, White 
and Léonard (1994) also included Socotra, and 
the south-western part of the Arabian Peninsula 
in this phytochorion.

Previous studies of flora and plant diversity
Cufodontis (1953-1972) reviewed the previous 
literature and produced a carefully prepared 
check-list of species and infraspecific taxa of 
the Horn in his Enumeratio Plantarum Aethiopi
cae. Cufodontis’ work included 6323 species. 
This work is now followed up by the produc
tion of the Flora of Ethiopia and Eritrea and the 
Flora of Somalia, both of which are now 
approaching completion. A flora for Djibouti, 
Les plantes Vasculaires de la République de Djibouti, 
has already been finished.

Gillett (1955) was the first to make phytogeo- 
graphical comparisons between floras in parts 

of the Horn of Africa and East Africa. He found 
considerable similarity between the highland 
regions of Ethiopia, especially the southern 
part, and East Africa. Brenan (1978) estimated 
a degree of endemism for Ethiopia (then in
cluding Eritrea) of 20.96%, for Djibouti he 
found only one endemic species, and he esti
mated the degree of endemism in Somalia to 
9.82%. Brenan realised that the flora of the 
countries of the Horn of Africa was in need of 
critical revision and that the degree of en
demism might be notably changed after such a 
revision. He pointed out that this might espe
cially be the case for Somalia. Thulin (1986) 
compared the legume flora in Ethiopia and So
malia and was the first to suggest that the diver
sity was highest in Ethiopia and the endemism 
highest in Somalia. Friis (1992) published 
analyses of the forests and forest trees of 
Ethiopia, Eritrea, Djibouti and Somalia with 
phytogeographical and diversity studies. Thulin 
(1994) produced a review of areas with high en
demism in Somalia, together with studies of in
teresting disjunctions in the Somali flora. Friis 
(1994) presented an analysis of the diversity of 
Ethiopia and Eritrea based on the data available 
in Vol. 3 of the Flora of Ethiopia. Friis et al. (2001) 
extended the 1994-analysis to cover informa
tion in the four volumes of the Flora of Ethiopia 
and Eritrea produced then. The present paper is 
an attempt to survey the situation as it appears 
in 2003, with the sources and methods that are 
now available for the study of diversity and en
demism. The emphasis in this paper is on the 
horizontal distribution of the flora.

Topography and other ecogeographical 
parameters
The Horn of Africa has a number of geograph
ical features that sets it apart from the other 
areas in Africa between the Atlantic Ocean and 
the Nile Valley. It is divided into a highland and 
a lowland part. The topography of the Horn is 
outlined in Fig. 1.
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Fig. 1. Map of the Horn of Africa, showing the outline of the Flora regions used in this paper, as well as the altitudinal 
range (indicated in m) that is found within the regions. The topographical distinction between the north-western 
Ethiopian and Eritrean highlands and the south-eastern lowlands of Somalia and eastern Ethiopia is clearly notable. The 
zones 915-11524 m forms the transition between the highlands and the lowlands. The bottom of the Ethiopian part of the 
Afro-Arabian Rift Valley system is partly above, partly below this altitude; it forms the continuation into the Ethiopian high
lands of the Af ar depression (the region indicated as AF in Fig. 2) and the Red Sea and the Gulf of Aden (both indicated 
with name on Fig. 2) and extends to Lake Turkana (Rudolph; south of the region GG on Fig. 2). See also Introduction: 
Topography and ecogeographical parameters.

The topography of the highlands
The broad basal part of the Horn is a large, 
dome-shaped mountain massif, much dis
sected and deeply divided into two plateaux by 
the Ethiopian part of the Afro-Arabian Rift Val
ley system (from the Afar (Danakil) depression 
to Lake Turkana (Rudolph)). Together, these 
two plateaux occupy the major part of 
Ethiopia, and the western plateau extends into 

Eritrea. Each plateau has peaks rising from the 
dome: in the south-eastern plateau the highest 
peak is 4370 m a.s.l., and in the north-western 
plateau the highest peak is 4620 m a.s.l. The 
highlands to the east of the Rift Valley system 
extend into a mountain chain in the northern 
part of Somalia, where it reaches almost to the 
tip of the Horn (Cape Guardafui). The high
lands of Ethiopia and parts of the mountains in 
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northern Somalia are of Tertiary volcanic ori
gin or represent older layers that have been 
lifted in connection with the formation of the 
Afro-Arabian Rift Valley system. The areas 
above 1500 m on the Horn of Africa are the 
largest montane areas in tropical Africa.

The topography of the lowlands
The Afar (Danakil) depression constitutes a 
low-lying and extremely hot and dry northern 
extension of the Afro-Arabian Rift Valley sys
tem. It is made up by flat, rock areas and is cut 
off from the very similar eastern Eritrean low
land by a chain of mountains parallel with the 
Red Sea. In the Afar depression there are 
extensive salt deposits in areas as low as 126 m 
below sea level, but also volcanic mountains ris
ing to over 1000 m. Large areas of the Afar 
depression are covered by comparatively 
recent lava flows. Djibouti is basically very simi
lar to the Afar depression and the eastern 
Eritrea lowlands.

The natural conditions in south-eastern 
Ethiopia and southern Somalia are very similar 
and make up another hot lowland area of 
rocky plains, which has altitudes ranging from 
sea level to c. 1500 m. The western lowlands of 
Ethiopia and Eritrea have altitudes between 
300 and 1000 m above sea level and are made 
up of low hills and alluvial deposits.

Geology
The geology of the Horn of Africa is complex 
(Furon 1968; Mohr 1971). The Eritrean and 
Ethiopian highlands are based on crystalline 
rocks of Precambrian age. The crystalline base
ment is in the north covered by 300-500 m 
thick layers of Adigrat sandstone, of upper Tri
assic to lower or perhaps even middle Jurassic 
age. The layer of sandstone gradually becomes 
thinner towards the south and has disappeared 
completely to the south of the highlands. The 
major part of the Eritrean and Ethiopian high
lands consists of 1000-3000 m thick strata of 

volcanic rocks of the Trap Series, and the high
lands are geologically very uniform. According 
to Furon (1968) the oldest basalts of the Trap 
Series are dated to between 69 and 30 mio. 
years BP (Eocene), while Mohr (1971) main
tains that the palaeontological evidence for the 
beginning of the Trap Series, at least within 
Ethiopia, is inadequate for dating. However, 
the beginning of the formation of the basaltic 
highland is likely to be contemporary with the 
uplift of the highlands and formation of the 
Rift Valley, a process that probably began in the 
Eocene and has lasted into the Pleistocene. In 
the Rift Valley, and in the Afar depression there 
are areas of Pleistocene lava. The very exten
sive eastern and south eastern lowlands in 
Ethiopia and Somalia are geologically complex 
and the surface is formed by a mosaic of Meso
zoic sedimentary rocks, mainly Jurassic and 
Cretaceous limestones, sandstones and gypsum 
formations. Some of these are visible on the 
eastern escarpment and in the deep river val
leys of the Ethiopian highlands. Near the coast 
in southern Somalia there are extensive coral 
rocks and large dune formations rich in coral 
lime. Together, the geological formations of 
the lowlands make up a complex mosaic of 
habitats, much more so than the geologically 
rather uniform highlands.

Precipitation
The precipitation in the Horn of Africa is 
highly dependent on the position in relation to 
the main rain-bearing winds (Liljequist 1986).

The highest rainfall is in the extreme south
western corner of the Ethiopian highlands, 
where there is rain in all months of the year, 
and the total average annual rainfall ranges 
between 2200 and 2400 mm. Due to the oro
graphic conditions the rainfall is high on the 
whole western escarpment of the Ethiopian 
highlands and generally the rainfall increases 
with increasing altitude up to a certain eleva
tion, usually between 1500 and 2000 m.
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The rainfall of the western escarpment 
declines and becomes more and more sea
sonal, with a more and more marked summer 
peak, as one moves to the north.

The rainfall also declines and becomes more 
and more seasonal as one moves away from the 
western escarpment and over the central 
Ethiopian highlands in a north-easterly or east
erly direction. In the southern and central part 
of the highlands there is a marked peak of rain
fall in the summer, often with a short dry sea
son separating the “small rains” from the 
“larger rains.”

There is a tendency for rain shadow on the 
eastern escarpment. In Eritrea there is an area 
with winter rain on the eastern escarpment 
and on the adjacent parts of the plateau.

There is a more marked tendency to bimodal 
precipitation pattern in the zone stretching 
from the southern part of the western lowland 
through southern Ethiopia into Somalia. This 
bimodalism occurs also in the mountains of 
northern Somalia, but here local conditions 
may cause misty conditions and higher humidi
ty than in the surrounding lowlands.

Local rainfall regimes with higher humidity 
due to mist formation may also be found on 
isolated mountains in southern Somalia.

Aims of the present investigation
Together, the authors have field experience 
with the flora of most parts of the Horn of 
Africa and experience with numerical analyses 
of biodiversity. In an attempt to combine our 
experiences, we search for relationships 
between regional diversity measures and eco- 
geographical parameters.

The questions that we wish to address are the 
relations between regional species numbers 
and species compositions on one side and on 
the other side geographical parameters like 
region area, perimeter, altitudinal measures, 
distance from eastern tip of the Horn of Africa, 
coast line length, etc.

We consider here the following levels of 
diversity: (i) all Horn of Africa species, (ii) 
Horn of Africa near endemics (restricted to 
the Horn of Africa and an adjacent part of a 
neighbouring country), (iii) Horn of Africa 
endemics (restricted to the Horn of Africa), 
and (iv) single Flora region endemics 
(restricted to one of the floristic regions used 
for the analyses). In the present context it is 
not feasible to establish reasonable categories 
of age and origin of the three categories of 
endemics.

The numerical methods comprise correla
tion analyses between species diversity mea
sures and ecogeographical parameters as well 
as multivariate analysis to establish patterns 
based on species composition.

More complex measures of altitudinal range 
and habitat diversity constitute important eco
geographical parameters too. The relations 
between altitude and diversity have been the 
subject of much interest in recent literature 
(e.g. Rahbek 1997; Vetaas & Grytnes 2002), and 
we will investigate the relation between diver
sity and endemism and altitude in the flora of 
the Horn of Africa in another treatment.

Materials and methods
Sources and main features of the data set
We have analysed the distributional data for all 
families treated in the published volumes of the 
Flora of Ethiopia and Eritrea (Edwards et al. 1995, 
1997, 2000; Hedberg & Edwards 1989, 1995) 
and the Flora of Somalia (Thulin 1993, 1995, 
1999). The information about endemicity in 
the earlier volumes of the Flora of Somalia has 
been updated with observations published in 
Thulin et al. (2001). We have included data con
cerning some unpublished family accounts of 
the two floras, mainly Solanaceae, Sapotaceae, 
Ebenaceae, Asteraceae (including Mesfin 
Tadesse (in press)), Rubiaceae (including Puff 
1989) and Lamiaceae. Data on species in 
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matching families in the flora of Djibouti have 
been included in the analysis from Audru et al. 
(1994a, 1994b & 1994c) and Lebrun et al. 
(1989). We have also included data from a num
ber of family- or genera-accounts that are not 
covered in the above-mentioned flora volumes, 
and that represent studies of the plant group 
for the whole of the Horn of Africa (Pichi-Ser- 
molli 1962, 1963a & 1963b, 1965, 1966, 1968, 
1969a & 1969b, 1978), Bizzarri (1970, 1975), 
Gastaldo & Paola (1978), Braggio Morucchio 
(1970), Friis (1992), Leeuwenberg 8c van Dilst 
(2001), Nordal & Sebsebe (2002), Thulin 
(2002), Vollesen (2000, 2002), Chaerle & Viane 
(2002), Champluvier (2002), Dioli (2002) and 
Freitag & Maier-Stolte (2003)).

In order to produce an updated analysis of 
the available floristic information, all data 
available on the distribution of the indigenous 
taxa in the works mentioned above have been 
entered in a database. The fields in this data
base include, among others, the scientific 
names, information about distribution in the 
Flora regions (areas used for indicating distrib
ution in the Floras) and information on 
endemism.

For recording of the distributions, a com
bined system of Flora regions for the Flora of 
Ethiopia and Eritrea and the Flora of Somalia has 
been constructed, attributing the role of a 
Flora region to the entire Republic of Djibouti. 
The standard abbreviations for the Flora 
regions in the Flora of Ethiopia and Eritrea and 
the Flora of Somalia have been used and are pre
sented and defined in Fig. 2. These Flora 
regions are based on the administrative 
regions as they were when the flora projects 
were initiated. They therefore lack biological 
meaning and have no standard size or design 
as a grid system would have.

Only presence and absence in the regions 
has been scored. The database software used 
was Microsoft Access 2000, and occasionally 
also Excel 2000.

The following rules have been applied dur
ing the work with recording data from the vari
ous sources:

1. Only families, genera, etc., with informa
tion for all geographical parts of the Horn 
of Africa have been taken into account.

2. Taxa in the source works have, as far as 
possible, been identified when their iden
tity was not clear. We have used taxonomic 
levels that can be identified in all the nec
essary works and left out the details that 
could not be ascertained for all parts of 
the Horn.

3. Taxa that are only cultivated or occasion
ally escaped on the Horn have not been 
considered. Naturalised taxa have been 
included where they form part of natural 
vegetation.

4. Only documented distributions have been 
taken into consideration (e.g. taxa that 
have been included in the Floras only 
because they are likely to occur on the 
Horn, but not yet recorded, are omitted).

5. Undescribed taxa, which according to the 
conventions of the Flora of Ethiopia and 
Eritrea and the Flora of Somalia are referred 
to as “[generic name] sp. = [collector and 
number],” have been included where it 
has seemed reasonable.

The database represents a sample of 5518 taxa 
indigenous to the Horn of Africa. We do not 
know exactly how large the total flora of the 
Horn of Africa is. However, of the 6323 species 
treated by Cufodontis (1953-1972), 5216 
species belong to the families accounted for in 
our analyses. This means that the taxa in our 
samples are equivalent to 82% of Cufodontis’ 
total. If we assume that approximately the same 
relation exists between the number of taxa in 
Cufodontis’ check-list and the actual number 
of taxa present in the Horn of Africa then it is 
likely that the total flora of the Horn will con
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tain approximately 6500 indigenous or natu
ralised taxa. It is therefore quite possible that 
our sample represents close to 80% of the total 
number of taxa on the Horn.

The sample contains 4247 taxa that occur in 
Ethiopia, 1619 that occur in Eritrea, 554 that oc
cur in Djibouti and 2520 that occur in Somalia.

The number of taxa, which were found to be 
Horn of Africa endemics, Horn of Africa near
endemics, or single-region endemics, has been 
relativised to the total number of taxa per 
region. The distribution patterns of Horn of 
Africa endemics that occur in more than one 
flora region have been studied. The Flora 
regions have been ranked according to diver
sity and various kinds of endemism.

Analyses, and software used for these
The ecogeographical parameters were assessed 
by GIS (ArcView 3.2) or directly from maps. 
The measures comprised (i) region area, (ii) 
altitude extremes, (iii) perimeter and coastline 
lengths, and (iv) latitude and longitude of cen
tre (gravity point) of region. From these com
bined measures were calculated: (v) altitudinal 
range, (vi) number of altitudinal zones within 
each region, (vii) altitudinal range/area (a 
rough measure of the “steepness” of the ter
rain), (viii) perimeter/area (invert measure of 
deviation from circular shape), (ix) % perime
ter of region that is coastline, and (x) distance 
from Cape Guardafui.

We also calculated expected species num
bers (Texp), based on species-area equations. 
The equations were established by regressions 
on data from corresponding species accumula
tions and area accumulations sequences when 
a number of regions were selected at random. 
We let the accumulations go on until we had a 
total area of 20 square degrees (we consider 
the latitudinal decline in longitude degree 
insignificant so close to the Equator). We made 
100 random selections of regions. The differ
ence between actual and expected species

Fig. 2. Flora regions of the Horn of Africa of the modern 
standard floras of the region. EW: western Eritrea (above 
the 1000 m contour). EE: eastern Eritrea, below the 1000 
m contour. AF: Afar. TU: upland Tigray, the previous 
Tigray region above the 1000 m contour. WU: upland 
Welo, the previous Welo region above the 1000 m contour. 
GD: the previous Gonder region. GJ: the previous Gojam 
region. SU: upland Shewa, the previous Shewa region 
above the 1000 m contour. AR: the previous Arsi region. 
WG: the previous Welega region. IL: the previous Illubabor 
region. KF: the previous Kefa region. GG: the previous 
Gamu-Gofa region. SD: the previous Sidamo region. BA: 
the previous Bale region. HA: the previous Harerghe re
gion. The floristic regions of Eritrea and Ethiopia are al
most all based on the old imperial administrative units. 
The new administrative and political units of Ethiopia 
have, with the exception of Afar, which almost equals AF, 
no relation to the floristic units used here. DJI: The Re
public of Djibouti. Nl, N2, N3: the three northern Flora re
gions of the Flora of Somalia. Cl, C2: the two central Flora 
regions of the Flora of Somalia. SI, S2, S3: the three south
ern Flora regions of the Flora of Somalia.

number is considered a measure of floristic sat
uration. The calculations were performed in 
Microsoft Excel 2000 and its random number 
function was used to perform the permuta
tions of regions.
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Figures representing diversity (number of 
taxa), near-endemism and endemism in the 
Flora regions were directly compared to each 
other and to ecogeographical parameters by 
correlation analysis.

The multivariate analysis (cluster analysis 
and ordination) were performed with the PC- 
ORD 4.25 package (McCune & Mefford 1999). 
The units were the Flora regions, and all analy
ses are based on presence/absence data.

In the cluster analyses, we ran both nearest 
neighbour and group average as clustering 
methods, based on Sørensen’s similarity index 
(Sørensen 1948). The results of these two 
methods have been compared in order to find 
the most stable clusters.

In the ordination analysis we ran both 
Detrended Correspondence Analysis (DCA) 
and Nonmetric Multidimensional Scaling 
(NMS), again based on Sørensen’s similarity 
index, in order to test how stable the position 
of the regions was. The two methods gave con
sistent ordination diagrams. The ordination 
procedures presented here are NMS. The 
autopilot routine in the NMS program of PC- 
ORD showed that a two-axes NMS was appro
priate.

The patterns revealed by ordination and 
clustering were interpreted according to the 
parameters that showed significant correlation 
with the ordination axes.

The graphic presentations were produced 
using GIS (ArcView 3.2), PC-ORD 4.25, and 
SigmaPlot 8.01.

Results
Number of taxa in Flora regions
The distribution of taxa in our sample on 
countries (Eritrea, Ethiopia, Djibouti, Soma
lia) is shown in Table 1. The result of our analy
ses of the total number of taxa in each Flora 
region is shown in Fig. 3. The richness of taxa 
varies quite considerably from 270 in the Afar 

depression (AF) to 2152 in southern Ethiopia 
(SD). See also Table 2 for a ranking of the 
Flora regions according to taxa richness.

The general trend is that part of the west
ern, the central and southern Flora regions in 
Ethiopia (plus HA in eastern Ethiopia) have 
the highest diversity. In some of these regions 
the richness may partly reflect intensive col
lecting activity. This is probably the case with 
SU (where the Addis Ababa University and the 
National Herbarium of Ethiopia are 
localised), TU (where most of the collecting 
activities in the 19th century took place), and 
EW (where the capital of the Italian colony of 
Eritrea was placed and formed the centre of 
studies in the colony from c. 1890 and to the 
Second World War). Among the lower ranking 
Flora regions is a majority of the Somalia 
regions. DJI and AF are the absolute lowest 
ranking Flora regions.

Table 3 shows that there is a significant cor
relation between the number of taxa per Flora 
region and the number of endemics, near
endemics and hence endemics plus near
endemics. There is also a significant correla
tion between number of taxa and, respectively, 
the number of altitudinal zones that are found 
within the region and with a number of other 
ecogeographical parameters related to altitudi
nal diversity.

Number of taxa in Flora regions compared 
with expected numbers
There is no strong correlation between taxa 
numbers and areas of the Flora regions (Table 
3).

In the assessment of Texp, the best fit of the 
species-area regressions turned out to be a lin
ear equation, where Texp is the number of 
expected taxa in the Flora region and A is the 
area in square degrees of the region:

Texp = 587 + 96.57*A (r = 0,7398).
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The results of this analysis are shown in Fig. 4 
and the ranking of the Flora regions in Table 
2. The richest Flora regions (all with more 
taxa in the regions than should be expected 
from their areas, and hence with values above 
zero in Fig. 4) are located in the western part 
of Eritrea and the northern, central, western 
and southern part of Ethiopia. Regions with 
values below zero are the coastal lowland 
Flora regions EE, DJI, all the Flora regions in 
Somalia and the south-eastern lowland 
regions in Ethiopia (BA, HA). The two quite 
dissimilar Flora regions IL, partly in the west
ern Ethiopian lowlands, and AR, entirely in 
the high part of the Ethiopian highlands, 
have approximately the number of taxa that 
should be expected from the area of the 
regions.

Table 3 shows that there is a significant cor
relation between number of taxa minus 
expected number on one hand and parame
ters related to altitudinal diversity, and with dis
tance to the tip of the Horn (and hence a neg
ative correlation with longitude).

Number of Horn of Africa endemics plus 
near-endemics in Flora regions
The percentages of Horn of Africa endemics 
plus near-endemics are high, 35% for the flora 
of the entire Horn, 45% for Somalia, 27% for

270 -404
405 - 538
539 - 973
974- 807
808 - 942
943 -1079
1077-1211
1212-1345
1349 -1479
1480 -1914
1915-1748
1749 -1883
1884- 2017
2018-2152

Fig. 3. Number of taxa in each Flora region. See also Mate
rials and Methods and Results: Number of taxa in Flora regions.

Ethiopia, and 14% for both Eritrea and Dji
bouti (Table 1).

The distribution of the endemics plus near- 
endemics on Flora regions is shown in Fig. 5 
and the ranking of Flora regions in Table 2. As 
with the total number of taxa, the south 
Ethiopian Flora region SD is the highest rank
ing. Among the other high ranking regions are 
Somali and Ethiopian regions dominated by 
lowland and a central Ethiopian region domi
nated by highlands (SU). Throughout the 
ranking, the trend is rather mixed, with Soma
lia and Ethiopian regions between each other.

Table 1. Number of taxa, Horn of Africa endemics and near-endemics in the sample (the number of endemics and near- 
endemics are expressed as a percentage of the number of taxa in each country in the flora of the Horn of Africa as a 
whole).

Number of taxa 
in sample

Number of 
endemics

Number of 
near-endemics

Number of 
near-endemics 
plus endemics

Ethiopia 4247 709 (17%) 443 (10%) 1152 (27%)

Eritrea 1619 107 (7%) 125 (8%) 232 (14%)

Djibouti 554 19 (3%) 56 (10%) 75 (14%)

Somalia 2520 730 (29%) 400 (16%) 1130 (45%)

Total for the Horn of Africa 5518 1330 (24%) 605 (11%) 1935 (35%)
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Table 2. Ranking of Flora regions according to various measurements of diversity and endemism. 1. = Highest ranking. 25. 
= Lowest ranking.
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1. SD SU SD Cl SD C2 N3 Cl N2 N3 N3

2. SU SD HA N3 HA SI N2 N3 N3 N2 N2

3. HA TU N2 C2 SI Cl HA N2 SU SD Cl

4. EW KF N3 N2 N1 N3 SU C2 GD Cl C2

5. TU EW SU SI N2 N2 Cl N1 AR HA S2

6. GD GG BA N1 BA N1 SD S2 TU N1 SI

7. KF GD Cl S2 C2 S3 GD HA Cl SI N1

8. BA AR N1 HA N3 S2 BA GD C2 S2 HA

9. GG IL C2 BA S3 SD N1 BA SD BA SD

10. N1 GJ GD SD Cl HA C2 AR S2 C2 BA

11. GJ S3 SI GD SU BA TU SU N1 GD GD

12. N2 DJI TU AR S2 DJI S2 GJ KF SU S3

13. IL S2 S2 S3 EW EE GJ SI GJ S3 SU

14. WG BA EW SU TU AF .AR SD BA EW DJI
15. AR N1 GJ GJ GD TU KF WU WU TU GJ
16. S3 WG AR WU GG EW EW TU GG GG EW

17. N3 WU KF TU EE WU SI WG EW GJ WG

18. SI N2 S3 WG DJI GD WG KF SI KF EE

19. S2 SI GG EW KF GG WU EW DJI WG GG

20. EE EE WG DJI GJ SU GG GG WG DJI TU

21. C2 C2 WU EE AR AR IL S3 IL EE AR

22. WU N3 DJI AF WG WG S3 IL HA AR KF

23. Cl HA EE KF WU GJ DJI DJI EE WU AF

24. DJI Cl IL GG AF KF EE AF S3 IL WU

25. AF AF AF IL IL IL AF EE AF AF IL
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Table 3. Pearson’s correlation coefficient (r) between variables. Underlining indicates that r is significant (P< 0.05), pro
vided that underlying data are normally distributed and homoschedastic (not tested).

Diversity measures: Taxnum T: Diversity (number of taxa). Endemics E: Horn of Africa endemics. Nearend NE: Horn of 
Africa near-endemics (see text). Singlend SE: Endemics confined to a single Flora region. T-Texp: Difference between T and 
expected T (see text). E-Eexp: Equivalent for Horn of Africa endemics.

Ecogeographical measures: Area A: Area of Flora region (in square degrees). Alt. zon.: Number of altitudinal zones of 
305 m in each Flora region. Min. (m): Minimum altitude in each Flora region. Max. (m).: Maximum altitude in each Flora 
region. Ra.: Altitudinal range in each Flora region. Ra./A: Ratio of altitudinal range to area of each Flora region, a measure 
of “steepness” of relief. Perimeter. Perimeter of each Flora region. Perim/A: Ratio perimeter to area in each Flora region, 
invert measure of “roundness.” Coastline. Length of coastline (where relevant) of each Flora region. % to Sea: Coastline 
length in pct. of perimeter of each Flora region (where relevant), measurement of “peninsularness.” Lat. and Long.: Lati
tude and longitude indicated for centre of each Flora region. Dist to CG: Distance from centre of each Flora region to the 
tip of the Horn of Africa (Cape Guardafui).

Mutual correlation between ecogeographical measures was omitted as there was only significant correlation in cases 
were the relationship was functional or trivial (e.g. between Dist to CG and Long).
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Endemics E 0.528

Nearend NE 0.499 0.668

E+NE 0.563 0.938 0.885

Singlend SE 0.183 0.810 0.707 0.837

E/T -0.092 0.762 0.405 0.666 0.782

NE/T -0.260 0.369 0.660 0.539 0.633 0.627

E+NE/T -0.173 0.672 0.556 0.680 0.798 0.943 0.851

SE/T -0.142 0.661 0.483 0.640 0.920 0.886 0.710 0.901

T-Tap 0.732 0.098 0.057 0.088 -0.183 -0.324 -0.472 0.901 -0.36 1

E-Eexp 0.328 0.731 0.295 0.596 0.567 0.673 0.200 0.539 0.5.5 1 0.414

Area A 0.379 0.593 0.608 0.655 0.501 0.314 0.284 0.333 0.300 -0.352 -0.112

Alt. zon. 0.453 0.083 -0.210 -0.046 -0.241 -0.302 -0.703 -0.505 -0.433 0.393 0.058

Min. (m) 0.344 0.077 -0.327 -0.104 -0.327 -0.134 -0.604 -0.349 -0.397 0.504 0.284

Max. (m) 0.514 0.167 -0.182 0.020 -0.205 -0.226 -0.693 -0.450 -0.396 0.468 0.173

Ra. 0.511 0.175 -0.133 0.047 -0.158 -0.229 -0.657 -0.436 -0.363 0,421 0.132

Ra./A 0.025 -0.295 -0.507 -0,421 -0.468 -0.342 -0.627 -0.499 -0.461 0.424 0.116

Perimeter 0,417 0.449 0.489 0.509 0.401 0.104 0.100 0.113 0.171 -0.202 -0.155

Perim/A -0.268 -0.636 -0.598 -O.(>77 -0.561 -0.525 -0,464 -0.553 -0.460 0.308 -0.109

Coastline -0.383 0.134 0.084 0.123 0.498 0.420 0. 107 0.457 0.639 -0.360 0.185

% to Sea -0.423 0.090 0.072 0.090 0.468 0.397 0.426 0.450 0.621 -0.364 0.168

Lat. -0.017 -0.103 -0.382 -0.242 -0.197 -0.183 -0.440 -0.312 -0.203 0.053 -0.009

Long. -0.322 0.481 0.497 0.533 0.745 0.748 0.841 0.864 0.842 -0.563 0.308

Dist. to CG 0.286 -0.517 -0.390 -0.506 -0.733 -0,716 -0.666 -0.768 -0.799 0.544 -0.350
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- 1250 - -1000 
-1000--800
- 800 --700 
-700 - -600
- EDO - -500
- 500 - -400
- 400 - -300
- 300--200
- 200 - -IDO
- 100 - IDO
100 - 200
200 - 300 
300 - 400
400 - 500 
500 - 600
600 - 700
700 - 800

Fig. 4 . Observed minus expected number of taxa in each 
Flora region. See also Materials and Methods and Results: 
Number of taxa in Flora regions compared with expected numbers.

The trend towards high ranking for Flora 
regions in north-eastern Somalia becomes 
clearer if the ratio is calculated between the 
number of near-endemics plus endemics and 
the number of all taxa (Fig. 6, and the ranking 
of Flora regions in Table 2). The seven highest 
ranking Flora regions are all located in Soma
lia, followed by the eastern Ethiopian Flora 
lowland regions HA, BA and SD. The 
Ethiopian regions dominated by highland take 
an intermediate position. The southernmost 
part of Somalia (S3), which should be 
expected to have many near-endemics because 
of its coastal evergreen bushland of the East 
African type, is in fact the lowest ranking 
Somali Flora region, probably because the taxa 
endemic to the East African coastal vegetation 
are widespread also to the south of Kenya. The 
lowest values are again found in the taxon- and 
endemic-poor lowland regions EE and AF and 
the humid and relatively taxon-rich, but rather 
endemic-poor south-western Ethiopian regions 
IL, KF and GG. It seems that this area has a 
high number of taxa shared with the humid 
areas to the south-west of the Horn.

Table 3 shows that there is a significant cor
relation between the number of endemics plus 

near-endemics and the number of taxa and 
other categories of endemics. There is also a 
significant correlation between the number of 
endemics plus near-endemics and the area of 
the Flora regions. The significant correlation 
between the number of endemics plus near- 
endemics and respectively the measure of 
“steepness” of relief, the inverted measure of 
“roundness” of the region and the distance to 
Cape Guardafui is negative. The ratio 
endemics plus near-endemics to number of 
taxa is significantly negatively correlated to 
parameters relating to altitudinal diversity and 
significantly positively correlated with parame
ters related to coastline.

Number of Horn of Africa near-endemics in 
Flora regions
The distribution of the Horn of Africa near- 
endemics on Flora regions is shown in Fig. 7 
and the ranking of Flora regions in Table 2. 
The highest number of near-endemics per 
Flora region is found in southern and south
eastern Ethiopia (SD, HA), followed by south
ern and northern Somalia (S3, Nl). The gen
eral trend observed is a concentration of near-

30-75 
70-121
122-167 
168-213
214-259 
260 - 304 
305 - 350
351-396 
397-442
443 -488

Fig. 5 . Number of Horn of Africa endemics plus near- 
endemics in each Flora region. See also Materials and Meth
ods and Results: Number of Horn of Africa endemics plus near- 
endemics in Flora regions.
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0.072 - O.IIG
D.IIG - D.IGI
D.IGI - 0.205 
0.205 - 0.25 
0.25 - 0.295 
0.295 - 0.339 
0.339 - 0.384 
0.384-0.428 
0.428 - 0.473 
0.473 - 0.518 
0.518 - 0.5G2

with the other categories of endemics. There is 
also a significant correlation between the num
ber of near-endemics and the area of the Flora 
regions. The significant correlation between 
the number of near-endemics and respectively 
the measure of “steepness” of relief and the 
inverted measure of “roundness” of the region 
is negative. The ratio near-endemics to num
ber of taxa is significantly correlated to all para
meters studied here, except area and perime
ter.

Fig. 6. Number of Horn of Africa endemics plus near
endemics/number of taxa in each Flora region. See also 
Materials and Methods and Results: Number of Horn of Africa 
endemics plus near-endemics in Flora regions.

endemics in the eastern Ethiopian lowlands 
and Somalia.

This trend is also striking if the ratio is calcu
lated between the number of near-endemics 
and the number of all taxa (Fig. 8, and the 
ranking of Flora regions in Table 2), with two 
inland Flora regions from southern Somalia 
(C2, SI) as the highest ranking. It is to be 
expected that the number of near-endemics is 
high near the border with Kenya, as many taxa 
with restricted range are known to occur in 
that area and likely to cross the political 
boundary that is not a particular natural one 
with regard to biogeographical significance. 
More surprising is the relatively high ranking 
of the Flora regions in north-eastern Somalia, 
which share near-endemics with southern Ara
bia and Socotra (see Thulin et al. 2001). The 
low score in western Ethiopia is notable: it is 
probably explained by a wide distribution to 
western Africa of many taxa through the 
Sudanian and Sahel regions of White (1983).

Table 3 shows that there is a significant cor
relation between the number of near-endemics 
and the number of taxa and other categories of 
endemics. The correlation is particularly high

23-47
48-71
72-96
97-120
121-145
146-169
170-193
194-218
219 - 242
243 - 267

Fig- 7. Number of Horn of Africa near-endemics in each 
Flora region. See also Materials and Methods and Results: 
Number of Horn of Africa near-endemics in Flora regions.

0.025 - 0.045
0.045 - □.□66 
D.DGG-0.08G
□.□86 - 0.I0G
0.106 - 0.I2G
0.I2G - 0.147
0.147-0.IG7
0.IG7-0.187
0.187- 0.207
0.207- 0.228

Fig. 8. Number of Horn of Africa near-endemics/number 
of taxa in each Flora region. See also Materials and Methods 
and Results: Number of Horn of Africa near-endemics in Flora 
regions.
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Number of Horn of Africa endemics in Flora 
regions
The distribution of endemics on Flora regions 
is shown in Fig. 9, and the ranking of Flora 
regions in Table 2. The highest numbers of 
Horn of Africa endemics per Flora region is 
found in north-eastern Somalia (N3, N2) and 
in eastern Ethiopia (HA), followed by a mixed 
sequence of Ethiopian and Somali Flora 
regions. The most evident general trend is the 
strong concentration of endemics to the east
ern Eathiopian lowlands, but also a relatively 
notable number of endemics in the regions 
with high mountains in Ethiopia, such as SU 
and GD.

If the ratio is calculated between the number 
of endemics and the number of all taxa, the 
trend becomes more marked (Fig. 10, and the 
ranking of Flora regions in Table 2).

Table 3 shows that there is a significant cor
relation between number of endemics and 
number of taxa, as well as with the other cate
gories of endemics. The correlation is particu
larly high with the other categories of 
endemics. There is also a significant positive 
correlation between number of endemics and 
area, perimeter and longitude and a significant 
negative correlation to the inverted measure of 

“roundness” of the region and to the distance 
to the tip of the Horn. The ratio number of 
endemics to number of taxa is significantly cor
related with percent of perimeter that is coast
line and longitude (and negatively correlated 
to distance to the tip of the Horn).

Number of Horn of Africa endemics in Flora 
regions compared with expected numbers
For this flora element, the best fit of the 
species-area regressions turned out to be a lin
ear equation, where Eexp is the number of 
expected endemics in the region, and A is the 
area in square degrees of the region:

Eexp= 35+ 16.62*A (r = 0.7593).

The result of this analysis is shown in Fig. 11, 
and the ranking of flora regions in Table 2. 
Ebe Flora regions with the highest number of 
endemics (all with more endemics in the Flora 
regions than should be expected from their 
areas, and hence with values above zero in Fig. 
11) are in Somalia and the Ethiopian high
lands. Flora regions with values at or below 
zero are scattered, but most concentrated in 
the west, the north and the south. The taxon- 
and endemic-rich region HA in south-eastern

7-32 
33-58 
59-84 
85-109 
110-135 
I3B-IGI 
102 -180 
187-212 
213-238 
239 -204

Fig. 9. Number of Horn of Africa endemics in each Flora 
region. See also Materials and Methods and Results: Number of 
Horn of Africa endemics in Flora regions.

0.020 - D.D58 
0.058 - 0.09
0.09 - 0.122
0.122 - 0.154 
0.154-0.180
D.I8G- 0.218 
0.218-0.25 
0.25 - 0.282 
0.282 - 0.314 
0.314- 0.340 
0.340 - 0.378

Fig. 10. Number of Horn of Africa endemics/number of 
taxa in each Flora region. See also Materials and Methods 
and Results: Number of Horn of Africa endemics in Flora regions. 
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Ethiopia is scoring surprisingly low values, as 
was the case with the observed number of taxa 
compared with the expected numbers in the 
same region.

Table 3 shows a significant correlation 
between the number of endemics minus 
expected number and other kinds of 
endemism studied here, but not with any of the 
ecogeographical parameters studied.

Number of single region endemics in Flora 
regions
The distribution of narrow endemics has been 
studied by analysing taxa, which are only 
known from a single Flora region (Fig. 12, and 
the ranking of Flora regions in Table 2). This 
method for identifying restricted range species 
unfortunately omits such restricted-range 
species that are located on the border between 
two regions. As is shown by the analysis of the 
western Ethiopian escarpment by Sebsebe et al. 
(2005), there may be a significant endemism in 
long, narrow zones of distinct vegetation that 
cuts across several Flora regions. This 
endemism will not be detected as single region 
endemics in this analysis.

The distribution and ranking of single 
region endemics follow the trends that have 
already been described for the endemics. The 
highest number of narrow endemics is found 
in Somalia near the tip of the Horn and in the 
eastern Ethiopian lowlands. The central 
Ethiopian regions SU and GD occupy an inter
mediate position.

The same trend towards high values in 
Somalia and the eastern Ethiopian lowlands, 
but even more clearly marked, can be seen if 
the ratio is calculated between the number of 
single-region endemics and the number of all 
taxa (Fig. 13, and the ranking of Flora regions 
in Table 2). Again the highest ranking Flora 
regions are the seven out of the eight Somali 
Flora regions, followed by the regions that 
include eastern Ethiopian lowlands.

-184
- 183 - -102
- 101 - -88
- 87 - -55
- 54 - -41
- 40 - -35
- 34 - -28
- 27 - -II
- 10 -0
1-14
15-21
22-33
34-41 
42-80
Bl -100
101 - 10B

Fig. 11 . Observed minus expected number of Horn of 
Africa endemics in each Flora region. See also Materials 
and Methods and Results: Number of Horn of Africa endemics in 
Flora regions compared with expected numbers.

Table 3 shows a significant correlation 
between single region endemics and other 
kinds of endemism studied here. The same 
applies to the ratio between the number of sin
gle-region endemics and the total number of 
taxa. There is also a significant correlation with 
area, perimeter of Flora region, percent of 
perimeter that is coastline and parameters 
related to longitude. The correlation is partic
ularly high to the latter two parameters.

Ordination and cluster analyses of
Flora regions
All taxa
In the NMS analysis, the final configuration 
was established using the best solution 
amongst 100 runs (i. e. the solution with least 
stress) as a seed for the final run. A Monte 
Carlo test based on 100 runs showed that the 
stress of the final run occurred in less than 1 % 
of the random runs. The NMS ordination plots 
are presented in Fig. 14.

The distances between points representing 
regions in the two-axes projection explained 
88.5% of the distances in the original hyper
space. The ordination plot was rotated so that
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0-3 
10-18
19-28 
29-37
38 -43 
47-53 
57-35 
33-74 
75-84 
85-93
94 -103

Fig. 12 . Number of single-region endemics in each Flora 
region. See also Materials and Methods and Results: Number of 
single-region endemics in Flora regions.

0-0.012 
□.□12-0.024
0.024- 0.033 
0.033 - 0.048
0.048-0.03
0.03-0.071 
0.071-0.083
0.083 - 0.095 
0.095 - 0.107
0.107-0.119
0.119-0.131

Fig. 13 . Number of single-region endemics/number of 
taxa in each Flora region. See also Materials and Methods 
and Results: Number of single-region endemics in Flora regions.

the first axis became parallel to the most impor
tant parameter, which showed to be longitude. 
Latitude then became correlated to the second 
axis, so there is good similarity between the or
dination and a map of the Horn of Africa. The 
ordination shows a clearly marked gap between 
on one hand all the eastern lowland regions, in
cluding the regions of Somalia, EE, AF and DJI, 
and on the other hand all the Eritrean and 
Ethiopian regions of the highlands and western 
lowlands. The most striking deviations of the or
dination from the geographical pattern is that 
the eastern lowland regions are much more 
spread out than the rather closely grouped 
Ethiopian and Eritrean highland regions. BA 
and HA, that partly belong to the eastern low
land, are in the ordination grouped more with 
the Ethiopian highlands than with the Somali 
lowlands, apparently because of a strong com
ponent of highland taxa.

The stable clusters from the two different 
cluster analyses have been marked on the ordi
nation in Fig. 14 in the shape of rings round 
the regions that appear consistently in clusters. 
The dark red rings indicate the ultimate clus
ters, and the salmon pink rings indicate 
branches that are placed below the ultimate 
clusters. The regions in the Somali and eastern 

Ethiopian and Eritrean lowlands show close 
and consistent clustering: DJI-EE forms a well 
defined cluster, and the two regions are indeed 
very similar in topography and geology, domi
nated by fairly recent lava formations. We 
would also have expected the topographically 
and ecologically very similar AF to join, but the 
total number of taxa in that region is low, and 
the results therefore unreliable. N1 joins the 
N2-N3 cluster, forming a northern Somalia 
group along the northern mountain chain. SI 
joins a bigger group consisting of the lowlands 
in S2-S3 and the C1-C2 clusters in an eastern 
and southern Somali group. Among the west
ern regions in Ethiopia there are close and 
consistent clusterings shown by the predomi
nant lowland regions HA-SD. TU-EW seem to 
form a northern highland core for the other 
loosely attached regions with a strong compo
nent of highland flora, i.e. GD, GJ and SU. KF- 
WG form a south-western cluster with areas of 
moderate altitude and high humidity.

Horn of Africa endemics that occur in more 
than one Flora region
This part of the analysis was carried out to 
study the distribution of the category of the 
Horn of Africa endemics that were not single-
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Fig. 14. NMS Ordination of Flora regions based on all taxa, 
with indication of stable clusters of regions. The dark red 
rings indicate the ultimate clusters, and the salmon pink 
rings indicate branches that are placed below the ultimate 
clusters. The abbreviations are the ones used for the Flora 
regions (Fig. 2). See also Materials and Methods and Results: 
Ordination and cluster analyses of the regions — All taxa.

region endemics. In the NMS analysis, the dis
tances between points representing regions in 
the two-axes projection explained 77.5% of the 
distances in the original hyperspace. The stress 
of the final run occurred in less than 1% of 
random runs. The NMS ordination plots are 
presented in Fig. 15.

The overall picture in the ordination of the 
endemics that occur in more than one region 
is the same as for all taxa, but the separation 
between the eastern chiefly Somali lowland 
regions and the regions in Eritrea and Ethiopia 
that have a strong component of highland is 
even more notable here.

The stable clusters from the two different 
cluster analyses have been marked on the ordi
nation in Fig. 15 in the shape of rings round 
the regions that appear consistently in clusters. 
The dark red rings indicate the ultimate clus
ters, and the salmon pink rings indicate 
branches that are placed below the ultimate 
clusters. The cluster analyses show that the 
endemics that occur in more than one region 

define clearly marked clusters of regions in 
northern and central Somalia, where there is 
also a very high degree of single-region 
endemism. The clusters involving EE, AF and 
DJI involve very few taxa, and the results for 
these regions are not very reliable. The analysis 
also shows clusters in Ethiopia, with the most 
marked clusters formed by EW-TU, SU-GD and 
KF-WG. To the latter two GJ and IL are more 
loosely attached. The western and central high
lands of Ethiopia form clearly defined clusters, 
and these Flora regions are also from other 
analyses known to be relatively rich in 
endemics. The cluster formed by WG and KF is 
based on relatively few taxa.

Axis 1

Fig. 15. NMS Ordination of Flora regions based on Horn 
of Africa endemics that occur in more than one Flora 
region, with indication of stable clusters of Flora regions. 
The dark red rings indicate the ultimate clusters, and the 
salmon pink rings indicate branches that are placed below 
the ultimate clusters. The abbreviations are the ones used 
for the Flora regions (Fig. 2). See also Materials and Methods 
and Results: Ordination and cluster analyses of the regions - 
Horn of Africa endemics that occur in more than one Flora region.
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Comparison between frequencies of 
non-endemics and Horn of Africa endemics 
in western and eastern Flora regions
The few records in the central part of Fig. 15 
indicate that the Horn of Africa endemics, 
which occur in more than one region of the 
western highland Flora regions of Ethiopia, 
and the endemics, which occur in more than 
one region of the eastern lowlands, are more 
different than should be expected from obser
vations of all taxa (Fig. 14). This was further 
studied by a comparison between the fre
quency distribution of non-endemic taxa and 
endemic taxa that occur in more than one 
Flora region. Fig. 16 shows the number of non
endemic taxa and the number of endemics in 
more than one region as the function of the 
frequency in the western highland regions and 
in the eastern lowland regions. The taxon-poor 
lowland regions near the Red Sea (EE, AF) and 
Djibouti (DJI) have been excluded because of 
their low number of taxa and endemics and 
their position in the ordination on Fig. 15, and 
a Flora region (HA) in eastern Ethiopia has 
been excluded because it is composite of parts 
of the Ethiopian highlands and parts of the 
south-eastern Ethiopian lowlands. The fre
quency of a taxon is the ratio between the 
number of regions, in which it occurs, to the 
total number of regions, expressed as a per
centage. The frequencies in the western high
lands is plotted along the x-axis, the frequency 
in the eastern lowlands is plotted along the y- 
axis and the number along the z-axis. Note that 
the z-axis is on a logarithmic scale.

Fig. 16 shows that the frequency distribution 
of non-endemics and endemics in more than 
one region are even more different than what 
appears from a comparison between Fig. 14 
and 15. The diagram to the left with the non- 
endemics shows that many taxa have a low fre
quency in both areas and a low number have a 
high frequency in both areas. The diagram to 
the right with the endemics in more than one 

region shows that there are no endemics that 
have a frequency of more than 40% in both 
areas, i.e. are frequent in both areas.

However, the frequencies in the two areas 
are asymmetrically distributed: Many endemics 
with a frequency of more than 40% in the east
ern lowlands occur with low frequencies 
(between 0 and 40%) in the western highland 
regions. But most of the endemics that are fre
quent in the western highland regions do not 
occur in the eastern lowland regions, in fact 
only one endemic, which occurs in the western 
highland regions with a frequency of more 
than 40%, occurs also in the eastern lowland 
regions.

This indicates that it is not only the single 
region endemics that demonstrate the striking 
separation between the western highland 
regions and the eastern lowland regions, but 
also the endemics that occur in more than one 
region.

Correlation between floristic contents of Flora 
region and ecogeographical parameters
The correlation analyses presented in Table 3, 
which are based on the number of taxa and the 
values for the ecogeographical parameters for 
each Flora region, has already been com
mented upon where appropriate. Here we will 
comment on the correlation between the eco
geographical parameters and the ordination 
axes scores, which are based on the individual 
floristic contents of each Flora region. The 
results are visualised (Fig. 17, 18) in the form 
of joint plots (McCune & Grace 2002). Only 
parameters with significant correlation (r2 > 
0.16, p < 0.05) are depicted.

All taxa
The joint plot with all taxa (Fig. 17) shows that 
the geographical parameters longitude and lat
itude are clearly the most important parame
ters. The percentage of the periphery of each 
region that borders to the sea (“%to.sea”) and
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Non-endemics Endemics in more than one Flora region

Fig. 16. Number of non-endemic taxa and Horn of Africa endemics as function of taxon frequency in the western highland 
and the eastern lowland Flora regions (EE, AF, DJI and HA are not considered). Note that the z-axes are on logarithmic 
scales. See also Results: Comparisons between frequencies of non-endemics and Horn of Africa endemics in western and eastern Flora 
regions.

the distance to the ultimate point of the Horn 
of Africa, Cape Guardafui, (“D.cape”) are 
other important parameters, together with the 
number of altitudinal zones per region 
(“Alt.zon.”), the altitudinal range within a 
region related to area (“Ra./A”), and the max
imum altitude within a region (“Max (m)”).

Horn of Africa endemics that occur in more 
than one Flora region
The joint plot with Horn of Africa endemics 
that occur in more than one Flora region is 
shown in Fig. 18. The longitude and latitude, 
percent of perimeter that is coastline, distance 
to the tip of the Horn and various parameters 
relating to altitudinal range are parameters 
that explain the major part of the variation. 
There is also correlation to single region 
endemics.

Conclusions and discussion

Diversity
The Flora regions with the highest plant diver
sity, higher than to be expected from estimates 
based on the area of the regions, are found in 
Ethiopia with certain exceptions, particularly 
the taxon- and endemic-poor lowland regions 
EE and AF. There is significant correlation 
between high altitudinal range and a high 
diversity. There is significant negative correla
tion with the percentage of the Flora region 
perimeter that is coastline. The same pattern is 
seen when the diversity has been adjusted for 
the effect of area, except that the significant 
negative correlation with percentage coastline 
is replaced with the related parameter distance 
to the tip of the Horn. But both parameters 
can be considered expressions of the position 
of the north-eastern Flora regions on a penin-
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Fig. 17 . NMS Ordination of Flora regions based on all taxa, 
joint plot with analysis of correlated ecogeographical para
meters. Ta./exp = Number of taxa in relation to expected 
number of taxa. A = Area. Alt.zon. = Number of altitudinal 
zones, each representing an altitudinal range of 305 m, in 
region. Max (m) = Maximum altitude in the region. Ra. = 
Altitudinal range (Maximum altitude - minimum alti
tude) . %to.sea = % of perimeter of region that is coastline. 
Lat. = Latitude. Long. = Longitude. D.cape = Calculated 
distance to Cape Guardafui (tip of the Horn of Africa). 
Only ecogeographical parameters that are significantly 
correlated with the axes are shown. The other abbrevia
tions are the ones used for the Flora regions (Fig. 2). See 
also Materials and Methods and Results: Correlation between 
floristic contents of Flora regions and ecogeographical parameters - 
All taxa.

sula. The decline in biodiversity towards the tip 
of a peninsula was first described and analysed 
in detail from the Baja California peninsula of 
Mexico (Taylor & Regal 1978; Lawlor 1983; 
Due & Polis 1986).

Significant correlation was found between 
the number of taxa and, respectively, the num
ber of altitudinal zones that are found within a 
region and a number of other ecogeographical 
parameters. This is hardly surprising because 
altitudinal diversity is related to climatic and 
geological diversity, parameters, which have 
been considered important in the earlier litera
ture on the subject. It is more surprising that 
there is a significant negative correlation 
between plant diversity and the percent of the

Fig. 18 . NMS Ordination of Flora regions based on Horn 
of Africa endemics that occur in more than one Flora 
region, joint plot with analysis of correlated ecogeographi
cal parameters. Ta./exp = Number of taxa in relation to 
expected number of taxa. Se. = Number of single-region 
endemics. A = Area. Alt.zon. = Number of altitudinal 
zones, each representing an altitudinal range of 305 m, in 
region. Max (m) = Maximum altitude in the region. Ra. = 
Altitudinal range (Maximum altitude - minimum alti
tude). % to.sea = % of perimeter of region that is coastline. 
Lat. = Latitude. Long. = Longitude. D.cape = Calculated 
distance to Cape Guardafui (tip of the Horn of Africa). 
Only ecogeographical parameters that are significantly 
correlated with the axes are shown. The other abbrevia
tions are the ones used for the Flora regions (Fig. 2). See 
also Materials and Methods and Results: Correlation between 
floristic contents of Flora regions and ecogeographical parameters - 
Horn of Africa endemics that occur in more than one Flora region.

perimeter that is coastline, but that observa
tion agrees well with our finding of relatively 
low diversity in Somalia.

A number of further observations concern
ing diversity of specific floristic regions deserve 
discussion. The low score in the ranking of the 
two Ethiopian regions WG and WU, sur
rounded by regions with much higher scores, 
may be due to undercollecting. The richness of 
SU in the central Ethiopian highlands may, on 
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the other hand, be overestimated, and it may 
be premature to suggest that SU is truly the 
highest ranking Flora region. It seems, how
ever, that the south Ethiopian Flora region SD, 
the second highest ranking Flora region and 
not a particularly central or well-collected area, 
will maintain its strong position. The reason 
why the south-eastern Ethiopian Flora region 
HA has lost the high ranking it had when look
ing at number of taxa is probably that this very 
large area is rather poorly recorded, especially 
the Ogaden area next to Somalia, which has 
been virtually inaccessible for plant collecting 
the last c. 30 years. Among the other very low 
ranking Flora regions are a number of Somali 
regions and the Afar region (AF) while the 
southernmost part of Somalia (S3), which has 
a number of taxa in common with the rich East 
African coastal forests further south, is the 
highest ranking Somali Flora region.

Aear-endemism and endemism
The endemism is notably higher in Somalia 
than in Ethiopia and the concentrations of 
both Horn endemics and single region 
endemics are highest in at the tip of the Horn 
(N2, N3). It is notable that in Somalia the prox
imity of the ultimate point of the Horn and the 
percentage of perimeter of the regions towards 
the sea are parameters that are significantly 
positively correlated with endemism. The 
northern mountains in Somalia (in N2 and 
N3) are also the part of Somalia with the high
est altitudinal range. When the ratios of num
ber of single region endemics to number of 
taxa or number of Horn endemics plus near
endemics to number of taxa are calculated 
seven (out of a total of eight) Somali Flora 
regions are ranked highest. The correlation 
between longitude and single region endemics 
is among the highest correlation observed in 
this study, and the associated negative correla
tion with the distance to the tip of the Horn is 
almost equally high.

The concentration of near-endemics in the 
whole Horn of Africa is highest in southern 
and south-eastern Ethiopia (SD, HA). The 
ratio near-endemics to total number of taxa is 
highest in inland regions of southern Somalia 
(C2, SI). Both observations can presumably be 
explained by a high number of taxa with 
restricted range that are shared between south
ern Ethiopia, the inland part of southern 
Somalia and northern Kenya. The political 
borders between Kenya and southern Ethiopia 
and south-western Somalia do not follow nat
ural features that are likely to have biogeo
graphical importance, for which reason it is 
necessary to work with a category of near- 
endemics. The relatively high score of near- 
endemics in north-eastern Somalia is probably 
due to taxa with restricted range shared with 
southern Arabia and Socotra.

Thulin (1986) documented that based on 
studies of the legumes there were reasons to 
believe that the endemicity was considerably 
higher in Somalia (17-18% of the legume 
species are endemic) than in Ethiopia (10- 
11.5% of the legume species are endemic), but 
that the diversity was higher in Ethiopia, and 
that there is a high concentration of endemic 
taxa in certain centres in the northern part of 
Somalia (the northern mountains and the gyp
sum areas particularly in the Nugaal Region) 
and among the fossil sand dunes along the east 
coast. Later, Thulin (1994) studied the distrib
ution of 204 species that were endemic to 
Somalia and specified local centres of narrow 
endemism in Somalia. He pointed out areas 
near the Ceerigaabo (Erigavo) escarpment in 
northern Somalia (N2), near Hobyo (Obbia) 
(Cl), near Muqdisho (Mogadishu) on the 
coast (S2), and near Buulobarde (Bulo Burti) 
between Muqdisho and the Ethiopian border 
(C2). In the same work, Thulin suggested that 
“the northern and north-easternmost part [of 
Somalia] ranging from 47 degrees in the west 
to Cape Guardafui in the east” was a “major 
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zone rich in endemics” and pointed out that 
the 1x1 degree square with Erigavo is the one 
with the highest number of endemic plants in 
Somalia. These observations are in agreement 
with the ones presented here, but Timlin’s pro
posed centres of endemism cannot be directly 
compared to the results in this paper due to 
different scales.

Gilbert (1986) pointed out possible centres 
of high endemicity in the flora of south and 
south-east Ethiopia, and Friis et al. (2001) sum
marised similar local areas with high endemic
ity in southern Ethiopia (SD and BA) and 
south-eastern Ethiopia (HA), although this 
phenomenon is much less pronounced in 
Ethiopia.

There is good agreement between these pre
vious and more detailed studies and the more 
general findings of this paper:

The striking separation between the floras of 
the western highland regions and the eastern 
lowland regions, both with regard to single 
region endemics and endemics that occur in 
more than one region, agrees with White’s 
placement: the western highland regions in 
the Afromontane and the eastern lowlands in 
the Somalia-Masai region (White 1983, 1993).

The presence with low frequency of eastern 
lowland endemics in the western highlands of 
Ethiopia agrees well with the penetration of 
western, southern and south-eastern lowland 
taxa into the highlands along the deep river 
gorges, which has been described by several 
authors (Thulin 1978; Friis 1992).

Agreement between diversity and endemism
It has been shown (Table 3) that there is a sig
nificant positive correlation between number 
of taxa and number of Horn endemics and 
near-endemics, but it is not strong. Within 
Ethiopia there is a fairly good agreement 
between areas of high taxon diversity and a 
high number of endemics, both the near- 
endemics, the Horn of Africa endemics and 

the single Flora region endemics. The highest 
concentration of the latter are either found in 
southern Ethiopia (SD) or in central or north
ern regions with high mountains. But in Soma
lia there is less agreement between diversity 
and endemism and areas with a combination 
of low diversity and high endemism are found. 
Djibouti is characterised by both low diversity 
and low endemism. We have also seen that the 
endemics that occur in more than one region 
in the eastern lowlands have lower frequency 
(occur in fewer regions) than the similar cate
gory of endemics in the eastern highlands.

Comparison with diversity and endemism in 
birds
In an analysis of the diversity and endemicity of 
birds of the Horn of Africa, as defined here, 
Fjeldså and de Klerk (2001) have found sup
port for a fauna region called “Horn of Africa 
Province” (approximately equivalent to our 
northern and north-eastern Flora provinces, 
N2, N3 and Cl), with a high concentration of 
both widespread and restricted range species at 
Ceerigabo (Erigavo) and a number of en
demics that were more widespread in the 
“Horn of Africa Province”. Another of Fjeldså 
and de Klerk’s fauna regions is the “Somalia 
Masai District”, which extends from northern 
Somalia (Nl) through south-eastern and south
ern Ethiopia (HA, BA and SD) to southern So
malia, with centres of endemism in NI, SD/BA 
and along the Somali coast. Fjeldså and de 
Klerk’s Ethiopian highland fauna region, 
“Ethiopian Highland District”, had a range of 
endemic taxa that were widespread in the high
lands. Finally, Fjeldså and de Klerk’s region in 
the southern Ethiopian lowlands was consid
ered a separate fauna region, the “Lake 
Turkana District”, with centres of endemism in 
southern Ethiopia (SD). Therefore, it seems 
that there is good agreement between Fjeldså 
and de Klerk’s and our findings with regard to 
the distribution and frequency of the endemics.
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Possible explanations
Among the parameters we have studied here 
the diversity in the Horn of Africa seems to be 
correlated with altitudinal range. From the 
knowledge we have of the topography and the 
general impression we have of the precipita
tion pattern it seems also likely that high diver
sity in Ethiopia is correlated with a combina
tion of a diverse relief and moderate to high 
precipitation. This agrees with the conclusions 
of Friis et al. (2001).

In several of the papers referred to above, 
e.g. Thulin (1994), geological and edaphic vari
ation for endemism in Somalia and eastern 
Ethiopian lowlands have been proposed as ex
planation for the high endemicity. In the ma
jor part of the Ethiopian highlands the rocks 
are either Precambrian crystalline (at low alti
tudes) or the Tertiary basaltic rocks (above the 
crystalline rocks) that make up most of the 
plateaux. In the eastern lowlands the rocks are 
much more varied, consisting of Mesozoic 
limestone, sandstone, gypsum, coral limestone, 
etc. This may indeed be an explanation for the 
higher and more narrowly distributed en
demicity in the east, but we cannot demon
strate it with the methods used in this paper.

In the paper mentioned above by Fjeldså 
and de Klerk (2001) it has been suggested that 
the eastern lowlands of Ethiopia, especially the 
Borana area in southern Ethiopia (SD), have 
had stable local conditions with a low inter
annual variability over time, and this has been 
considered essential for the persistence of 
relict taxa.

These theories may, in combination with the 
theories about high endemism in areas with 
special geological conditions, present explana
tions for the endemism of the Horn.

Based on his study of disjunct species and 
endemics in the Somali flora, Thulin (1994) 
suggested that Somalia has served as a 
refugium for more or less arid relic elements of 
very different age, which are now either dis- 

junctly distributed, with the current disjunct 
distribution being part of an old continuous 
distribution, or endemic in Somalia in areas 
with special geological conditions. Our find
ings here suggest that another explanation 
could be isolation on the peninsula, a “penin
sular effect,” as is demonstrated by our ordina
tion analysis in this paper. Due to the stabilis
ing influence of the sea on the climatic condi
tions, the “peninsular effect” may also have 
caused climatic stability.

Other explanations for the patterns of diver
sity exist. Colwell and Lees (2000) argue that 
between “hard boundaries” the highest species 
richness should be found in the “mid domain”, 
and if the domain between the hard bound
aries becomes narrowed, species richness 
should be expected to decrease. Their models 
furthermore predict that the closer the loca
tion is to a hard boundary, the higher the pro
portion of narrow-ranged species should be. 
The endemics of the Somali and the eastern 
Ethiopian lowlands are actually typically nar
row-ranged. Geometrically, the Horn shows a 
gradual narrowing between the “hard bound
aries” of the coastlines towards the tip at Cape 
Guardafui. Thus, the observed pattern of 
increasing total species richness and decreas
ing proportion of endemic species as one 
moves away from Cape Guardafui is actually in 
perfect agreement with Colwell and Less’ 
strictly geometrical model.

Consequences; further studies
The clear-cut separation between the Ethiopian 
and the Somali Flora regions in the ordinations 
of both all taxa and endemics that occur in sev
eral Flora regions, as well as the high number of 
single-region endemics in north-eastern Soma
lia and along the coast of the Indian Ocean, 
support a separation of the (highland) 
Ethiopia and Somalia into two phytochoria 
(Afromontane and Somalia-Masai), as it has 
been suggested by White (1983, 1993). Evi- 
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dence for a clear-cut separation is also provided 
by the very little overlap in distribution of west
ern highland and eastern lowland endemics 
that occur in more than one Flora region.

However, many observations remain unex
plained, including the exact status of the west
ern highland phytochorion and the smaller 
centres of diversity and endemism that various 
authors have pointed out within the Horn of 
Africa. There is certainly scope for further 
observations on and theories about the subject 
of diversity and endemicity on the Horn of 
Africa. A study of the altitudinal distribution 
will obviously be of interest, and is under 
preparation by the group of authors of this 
paper. Studies with a finer resolution, perhaps 
a one degree resolution or studies based on the 
exact position of the localities, would be even 
more rewarding than those of this paper, since 
they would allow pinpointing local centres of 
endemism, about which there has already been 
much speculation, and would also allow corre
lation analyses with more ecogeographical 
parameters, such as climate, geology and soil, 
that varies considerably within the Flora 
regions. Unfortunately, such studies are very 
labour-intensive and time consuming, and, 
with our current knowledge of the flora of the 
Horn of Africa, we may not yet have enough 
data for a full scale diversity study with such 
fine resolution. However, a study of the corre
lation between endemicity and a wide range of 
ecogeographical parameters seems within 
reach if only the rather limited resources nec
essary for travel, data-gathering and analyses of 
this material could be found.
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The vegetation on the western Ethiopian escarpment is still fairly intact, but imperfectly known. 
The escarpment-area agrees with the area of White’s Undifferentiated woodlands (Ethiopian type). It 
has characteristic vegetation, which consists mainly of deciduous woodland, with combretaceous 
trees, e.g. Anogeissus leiocarpus, Combretum hartmannianum, or the frankincense tree, Boswellia 
papyrifera, and dense thickets of the lowland bamboo Oxytenanthera abyssinica. Other vegetation 
types are wooded grassland, riverine forest and swamps. Potential threats to the vegetation and 
flora of the western escarpment are mentioned. The flora of the western escarpment consists of 
at least 950 species, of which at least 27 are endemic or near-endemic. Most of these occur in the 
Benshangul Gumuz National Regional State, a core area of the western Ethiopian escarpment. A 
number of new endemic species have been discovered in Benshangul Gumuz in recent years, 
especially petaloid monocots. Genera with western escarpment endemics include Ceropegia 
(Asclepiadaceae), Vernonia, Bidens and Laggera (Asteraceae), Combretum (Combretaceae), Crinum 
(Amaryllidaceae), Chlorophytum (Anthericaceae) and Aloe (Aloaceae). With regard to diversity 
the western escarpment ranks at a low position when compared with Ethiopian and Eritrean 
Flora regions, while with regard to number of local endemics it ranks higher than most Ethiopian 
and Eritrean Flora regions, but lower than Flora regions in Somalia. With regard to the relative 
number of local endemics the western escarpment ranks lower than nearly all Flora regions in 
Somalia, but higher than nearly all Ethiopian and Eritrean Flora regions. Possible reasons for the 
development of the endemism in a transition zone between the Nile Valley and the Ethiopian 
highlands are discussed. The new endemic species Chlorophytum herrmannii Nordal & Sebsebe and 
Chlorophytum serpens Sebsebe & Nordal from the region are described in an appendix, and the 
new combination Drimiopsis spicata (Baker) Sebsebe & Stedje for an endemic species is made.
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Introduction
The study of the Ethiopian flora of vascular 
plants has intensified since the beginning of 
the Ethiopian Flora project in 1980 and much 
new herbarium material has accumulated 
(Friis 2001). Yet, the gathering of information 
and the scientific investigations in the different 
parts of Ethiopia have not been evenly distrib
uted. Accessible regions with passable roads 
and other infrastructure have been better 
investigated than those without these facilities. 
The construction of new roads, particularly in 
the southern regions of Ethiopia, has resulted 
in records of species that are either new to sci
ence or new for the Ethiopian flora. However, 
many other areas remain poorly collected 
(Friis 2001).

The western escarpment of the Ethiopian 
highlands is one of the areas that have had lit
tle attention before 1980. The flora around the 
twin towns of Gallabat and Metemma on the 
Sudan-Ethiopian border was studied in 1865 
(Fig. 1 and the section Exploration of the flora in 
this paper) and this and a few other areas of 
the western escarpment, especially in the Gam- 
bella National Regional State (Fig. 1), have 
been visited by a number of botanists since.

The vegetation of the western Ethiopian 
escarpment has been characterised as a sepa
rate vegetation unit by White (1983) on his 
vegetation map of Africa, where it is mapped as 
unit no. 29b (Fig. 1) and named Undifferenti
ated woodlands (Ethiopian type). To the east, this 
particular vegetation type is bordered by the 
extremely mixed and complex vegetation 
mosaic of the Ethiopian highlands, to the west 

with the grassland, wooded grassland and 
bushland of the Nile Valley. This area has also 
appeared, and has been somewhat differently 
treated, in other recent attempts at mapping 
the Ethiopian vegetation (Friis & Sebsebe 
Demissew 2001), but White’s concept seems to 
us to be the most appropriate.

Our preliminary analyses of what we know so 
far about this little explored region, including 
data which we have extracted from the Flora of 
Ethiopia and Eritrea (Hedberg 8c Edwards 1989, 
1995; Edwards et al. 1995, 1997, 2000), show 
that this region has an interesting and partly 
unique flora.

There is very little detailed information 
about the environment of this area, but what is 
said in the following, based primarily on gov
ernment reports and a project survey of the 
Benshangul Gumuz National Regional State 
(Population and Housing Census of Ethiopia 
1994; Bureau of Planning and Economic 
Development 1998; Feasibility Study 2001), 
may be approximately true for large parts of 
the western Ethiopian escarpment. The central 
position of the Benshangul Gumuz National 
Regional State is indicated in Fig. 1.

The aim of this paper is to demonstrate the 
endemism of the western Ethiopian escarp
ment and to illustrate the general interest of 
the flora of that area, where comparatively 
much of the natural vegetation is still nearly 
intact. By doing so, we hope to encourage fur
ther studies as the area becomes more gener
ally accessible. We also sincerely hope that an 
increasing knowledge of this area might con
tribute to the conservation of the vegetation 
and flora of this interesting area.
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Physical environment
The topography of the western Ethiopian 
escarpment is characterised by a rolling ter
rain, sloping sometimes comparatively gently, 
sometimes dropping steeply from an average 
of ca. 1800 m (sometimes considerably higher) 
on the Ethiopian highlands to the east to 500- 
700 m in the lowlands of the Sudan. In the low
land there are a number of isolated hills and 
outcrops rising several hundred meters above 
the prevailing elevation.

The exact area of the western Ethiopian 
escarpment is not known, but the area of 
White’s Undifferentiated woodlands (Ethiopian 
type) is approximately 145,000 km2, when esti
mated from the vegetation map accompanying 
White (1983).

The average rainfall (more or less unimodal 
from April to October, sometimes with small 
peaks in January to February) is 1200 mm in 
the area around the town of Assosa, capital of 
the Benshangul Gumuz National Regional 
State, and this figure is reduced towards north 
and west to about 800 mm. There are heavy 
showers associated with thunderstorms over 
the escarpment (oreographic rain). The mean 
annual temperature varies from 20- C to 35Q C, 
and the variation is, as elsewhere, strongly cor
related with altitude.

The geology of the area comprises predomi
nantly outcrops of very old Precambrian rocks. 
Deep clayish red soils (dystric nitosols) pre
dominate in most of the zone south of the Blue 
Nile (Abay) river. These have good physical 
property with general agricultural potential. 
North of the Abay, the predominant soils 
(orthic acrissols) are chemically poorer and 
have a more limited agricultural potential, 
although big farms with good potential have 
been established at the base of the western 
escarpment near the border between Ethiopia 
and Eritrea. The soils in many places south of 
the Benshangul Gumuz National Regional 
State seem also to have more limited agricul

tural potential. Particularly in the Benshangul 
Gumuz National Regional State the western 
Precambrian formation holds rich mineral 
deposits, mainly gold, but also copper, lead, 
and zinc. In addition there are important 
occurrences of marble, which to some extent 
are utilised.

Vegetation; species richness
On the western escarpment of Ethiopia the 
destruction of forest and woodland resources 
has been less than in other parts of Ethiopia. 
This is due to the low population density and 
the general inaccessibility of the region. Most 
of the region is covered with different types of 
forests, woodlands and bamboo tickets.

The common woodland type is dominated 
by small to moderately sized trees with fairly 
large deciduous leaves. The woodland has a 
number of floristic characteristics, that have 
partly been listed by White (1983, p. 107) in his 
description of the Undifferentiated woodlands 
(Ethiopian type). Later, but mainly unpublished 
studies (described in more detail below under 
Exploration of the Flora), have supplemented this 
information. Species of Terminalia, Combretum, 
and Lannea are common, as well as Entada 
abyssinica, Erythrina abyssinica, Strychnos innoc- 
ula, Anogeissus leiocarpus, and Stereospermum kun- 
thianum. Particularly interesting is the com
mon occurrence of the solid-stemmed lowland 
bamboo ( Oxytenanthera abyssinica). The ground 
cover is a tall stratum of perennial grasses, 
including species of Cymbopogon, Hyparrhenia, 
Echinochloa, Sorghum and Pennisetum. This vege
tation type, which occurs at most altitudes of 
the escarpment, is burnt regularly, and is part 
of a zone of high fire frequency, which occurs 
across Africa from Senegal to the western 
Ethiopian escarpment, where it penetrates into 
the highlands along the deep river valleys 
(Jensen & Friis 2001: Fig. 3). This vegetation 
has been burning annually for such a long time 
that the plants show many adaptations to fire, 
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and the vegetation must be assumed not to be 
adversely affected by controlled annual fires. 
Such adaptations in the flora of the region 
have been dealt with by Jensen & Friis (2001) 
and Menassie Gashaw et al. (2002).

The riparian and swamp vegetation consists 
of two physiognomically different types, river
ine forests and open almost treeless swamps. 
Typical trees in the riverine forests are Celtis 
africana, Ficus sycomorus, Tamarindus indica Syzy
gium guinense, Kigelia aethiopicum, Lepisanthes 
senegalensis, Nuxia oppositifolia, Salix mucronata, 
Trichilia emetica, Diospyros mespiliformis, Mimu- 
sops kummel, Breonadia salicifolia, Phoenix recli
nata, and species of Acacia and Ficus. There is 
often a shrub layer, and lianas and vascular epi
phytes occur. The ground cover includes 
grasses ferns, and a few herbaceous dicotyle
dons.

The swamps are dominated by species of 
Cyperaceae, grasses, and many herbs, of which 
many are not found elsewhere in Ethiopia. Vol
ume 2(1) of the Flora of Ethiopia and Eritrea 
(Edwards et al. 2000) contains an appendix 
with recently recorded species for the Flora 
area, and many of these new records have 
recently been made in the Benshangul Gumuz 
National Regional State. The flora of ground 
orchids in the Benshangul Gumuz National 
Regional State is very diverse for Ethiopia, as is 
indicated by Cribb et al. (2002).

Exploration of the flora
The flora of the western escarpment of 
Ethiopia has been rather sporadically explored 
(Cufodontis 1962; Friis 2001). During his trav-

Fig. 1. Section of White’s Vegetation map of Africa from 
1983, showing the total extent of the mapping unit 29b, 
“Undifferentiated woodlands (Ethiopian type)." The border 
between Eritrea/Ethiopia (to the right) and the Sudan (to 
the left) has been marked with a dotted line. The Ben
shangul Gumuz National Regional State, which is fre- 
quently referred to in the text, and which covers a large 
and topographically very diverse part of White’s mapping 
unit 29b, is marked with red outline. The eastern part of 
the Gambella National Regional State is marked with 
green outline. The twin towns of Gallabat and Metemma 
are marked with a red dot. Reproduced with permission 
(UPO/D/A/2000-088).
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els in the Sudan in 1865-1871 G. Schweinfurth 
made a detour into Ethiopia and studied the 
flora in western Amhara region around Galla- 
bat and Metemma (Schweinfurth 1865). 
R.E.G. Pichi-Sermolli explored in 1937 the 
western Ethiopian escarpment in the region to 
the west of Lake Tana (Pichi-Sermolli 1951). 
The lowlands and the western Ethiopian 
escarpment in the Gambella National 
Regional State has been studied fairly fre
quently in the years just before and during the 
Ethiopian Flora Project (1980-2004), but mod
ern studies of the flora to the north of the 
Gambella have been rather few. M.G. Gilbert, 
J.J.F.E. de Wilde, W.J.J.O. de Wilde and B.E. de 
Wilde-Duljes and M. Thulin visited the western 
Ethiopian escarpment in the 1960es and 
1970es, Mesfin Tadesse, Sebsebe Demissew and 
others studied the area several times in the 
1970es and 1980es. I. Friis, Menassie Gashaw, S. 
Bidgood, Sebsebe Demissew and Tesfaye Awas 
and others paid visits to the Benshangul 
Gumuz National Regional State the 1990es and 
in 2000-2001. However, a special contribution 
to the knowledge of the flora of the Ben
shangul Gumuz National Regional State has 
been made by C. Hermann, who spent two 
years’ of work for the Ethiopian Department of 
Agriculture in Benshangul Gumuz National 
Regional State during 1999-2001. He has par
ticularly enriched our knowledge of the area 
because he has stayed there and collected dur
ing the rainy season.

Together, these studies have indicated that 
the western Ethiopian escarpment hosts an 
interesting and partly unique, but as yet poorly 
known flora, as is demonstrated by the exam
ples later in this paper.

Socio-economic conditions, development and 
possible threats to the biodiversity
According to the most recent population cen
sus (Population and Housing Census of 
Ethiopia 1994), the population of the Ben

shangul Gumuz National Regional State, a 
core area in this study, is ca. 460.000 people, of 
which 92% are settled in rural areas. This gives 
a density of 10.9 individuals pr km2, while the 
overall number for Ethiopia is 57.7. Ten years 
earlier the population was much less dense and 
the impact on vegetation accordingly only 
slight. During the famine in Welo and Tigray 
around 1984 100.000 persons were moved 
from the areas in north and north-east and set
tled in the Benshangul Gumuz National 
Regional State (National Atlas of Ethiopia 
1988). The area used for agricultural produc
tion in the Benshangul Gumuz National 
Regional State amounts to 142.223 ha, only 
about 2.84% of the region’s area, or 0.36 ha pr. 
inhabitant (Bureau of Planning and Economic 
Development 1998). In many parts of the west
ern Escarpment income is created by collec
tion of gum arabic from Acacia seyal and frank
incense from Boswellia papyrifera. The local tra
dition of gold mining in the western lowlands, 
especially in the Benshangul Gumuz National 
Regional State, goes back to the Axumite 
Empire, and currently (Bureau of Planning 
and Economic Development 1998) an average 
of 180 kg gold/month is produced in the min
ing season (February to April).

The population on the western escarpment 
is growing. The population of the Benshangul 
Gumuz National Regional State is expected to 
be double within 2030 (Bureau of Planning 
and Economic Development 1998), and else
where a similar or slightly lower increase seems 
likely.

These changes may present a number of 
threats to the biodiversity.

(1) Loss of wetlands by draining, which 
would mean loss of habitat for the many rare 
orchids and other wetland species, including 
endemics.

(2) Unsustainable development of the wood
lands and bamboo-thickets by uncritical fuel- 
wood cutting, charcoal-burning and mining, 
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which may harm future sustainable exploita
tion of the woody vegetation by the local peo
ple and might threaten some of the woody 
endemics.

(3) Unsustainable development of agricul
ture and mining in the wooded grasslands, 
which might threaten some of the rare grass
land and woodland species.

(4) Change from traditional slash and burn 
agriculture to large scale cultivation.

It is therefore important that the flora 
becomes better known so that the threats can 
be assessed and proper management plans 
drafted and implemented.

Diversity of the western Ethiopian 
escarpment
The flora of the area covered by this vegeta
tion is not well known, and it is only possible 
to present a rough estimate of the diversity. 
Two of us (Sebsebe Demissew and Tesfaye 
Awas) have compiled a list of 956 species of 
vascular plants that are reported to occur in 
the Benshangul Gumuz National Regional 
State, a core area in the area under study here. 
The list has been compiled from published 
Flora of Ethiopia and Eritrea accounts and 
unpublished sources.

It would currently be very difficult to give a 
precise count of the species, which occur on 
the entire western Ethiopian escarpment, or 
the area of White’s Undifferentiated woodlands 
(Ethiopian type), but a reasonable guess would 
seen to be the number of species in the Ben
shangul Gumuz National Regional State plus 
10-25%, or a total between 1040 and 1180 
species. Together, the authors of this paper 
have visited many small sectors of the western 
Ethiopian escarpment, and it is our impression 
that many of the species are widespread in a 
north-south direction, even some of the 
species, which are endemic to the escarpment. 
It is therefore our impression that a list for the

Benshangul Gumuz National Regional State 
will represent a comparatively large proportion 
of the entire diversity.

Endemism of the western Ethiopian 
escarpment
In spite of the imperfect knowledge of the 
flora of the western Ethiopian escarpment, 
there are a notable number of interesting local 
endemics or near-endemics which are 
restricted to or mainly distributed in White’s 
Undifferentiated woodlands (Ethiopian type). The 
highest concentration seems to be in the Ben
shangul Gumuz National Regional State, but 
our knowledge about the distribution of the 
plant species of the western Ethiopian escarp
ment is still incomplete. The examples we are 
aware of from our own studies have been sup
plemented by examples found through 
searches through the Flora of Ethiopia and 
Eritrea, but we are sure that many more exam
ples will be found through further studies. 
These 27 examples are discussed below. We do 
not know the exact number, but a reasonable 
guess would probably be to add 10-25%, so the 
number may increase to 30-40.

Dicotylédones
Asclepiadaceae
Ceropegia recurvata M.G. Gilbert. This a newly 
described endemic species discovered in the 
Oxytenanthera woodland around Assosa in the 
Benshangul Gumuz National Regional State at 
altitudes between 1300 and 2200 m (Gilbert 
2002). It is related to Ceropegia melanops H. 
Huber and C. nigra N.E. Br. from Central and 
West Africa. This species occurs in other locali
ties in western Ethiopia, where western taxa 
reach into the Ethiopian highlands in the deep 
river valleys; the southernmost example of this 
is from the Omo Valley in the Flora of Ethiopia 
and Eritrea region GG, a locality which seems to 
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be inside the southernmost extension of 
White’s Undifferentiated woodlands (Ethiopian 
type).

Asteraceae
Ochrocephala imatongensis (Philipson) Dittrich. 
This is a species which is fairly widespread in 
White’s Undifferentiated woodlands (Ethiopian 
type), but transgresses slightly the borders of 
this area in southern Sudan and northern 
Uganda. It occurs in areas of fierce annual 
grass fires in woodlands along the western 
escarpment of Ethiopia from Gallabat and 
Metemma to Gambella, and has outlying local
ities on the Imatong Mountains, both on the 
Sudanese and the Ugandan side. A rather simi
lar distribution is shown by the climber Pepo- 
nium cienkoivskii (Schweinf.) Engl. (Cucur- 
bitaceae, see below). The relationship of this 
monotypic genus is not yet known.

Vernonia cylindrica Sch. Bip. ex Walp. This 
species often occurs in undergrowth of Oxy- 
tenanthera thickets at altitudes between 1200 
and 1600 m. It seems to be distributed from 
western part of the Flora of Ethiopia and Eritrea 
region TU throughout the bamboo thickets of 
Benshangul Gumuz National Regional State. It 
is not known elsewhere, and the relationship of 
it is not yet known.

Vernonia thulinii Mesfin. This is a fairly recently 
described species (Mesfin Tadesse 1997) that 
probably should be included here. It is 
restricted to the woodlands of the Didessa Val
ley, but it is well known that species from the 
western Ethiopian escarpment may penetrate 
into the highlands along the major river val
leys. The species is not known elsewhere, and 
the relationship of it is not yet known.

Vernonia gilbertii Mesfin. This is another fairly 
recently described species (Mesfin Tadesse 
1997) with a similar, but slightly wider known 

distribution than V thulinii. It occurs in very 
open Combretum-Terminalia-Stereospermum wood
land at 1200-1700 m a.s.l., with a concentration 
in the Benshangul Gumuz National Regional 
State, but it penetrates further into the high
lands along the big river valleys, and it has its 
southern limit just inside the woodlands of 
Gambella. It is not known elsewhere, and the 
relationship of it is not yet known.

Vernonia didessana Mesfin. This is yet another 
fairly recently described species (Mesfin 
Tadesse 1997) with a distribution that only just 
exceeds the Benshangul Gumuz National 
Regional State, where it occurs in woodland 
with Piliostigma, Combretum, Schefflera, Entada, 
etc., on sandy soil at altitudes between 1220 
and 1700 m. a.s.l. It is not known elsewhere, 
and the relationship of it is not yet known.

Laggera braunii Vatke. This species occurs in 
open Annona senegalensis woodland and Oxy- 
tenanthera abyssinien thickets at altitudes be
tween 1300 and 1800 m on the western escarp
ment of the Ethiopian highlands. In spite of its 
distribution in White’s Undifferentiated wood
lands (Ethiopian type) it will have to be classified as 
a near-endemic, because it is also known from 
the Jebel Marra in western Sudan, but not else
where. The relationship of it is not yet known.

Bidens borianiana (Sch. Bip. ex Schweinf.) 
Cufod. This species occurs in regularly burn
ing woodlands from ca. 300 to 1200 m a.s.l. 
from south-western Eritrea along the western 
Ethiopian escarpment to the northern Ben
shangul Gumuz National Regional State; it also 
occurs in the immediately adjacent parts of the 
Sudan. The relationship of it is not yet known.

Combretaceae
Combretum hartmannianum Schweinf. This 
species is a characteristic small tree in the 
woodlands along the western border of 
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Ethiopia from the extreme south-western part 
of Eritrea to the Benshangul Gumuz National 
Regional State and the adjacent parts of the 
Sudan at altitudes between 500 and 1200 m. 
The remarkable drooping and extremely long 
drawn-out leaf-tip makes C. hartmannianum 
easy to recognise, and the feature is not found 
in any other species. It is not known else
where, and the relationship of it is not yet 
known.

Combretum rochetianum A. Rich, ex A. Juss. This 
species has almost the same distribution area as 
the previous one. The relationship of this 
species is not yet known. It is not known else
where, and the relationship of it is not yet 
known.

Cucurbitaceae
Peponium cienkowskii (Schweinf.) Engl. This 
species has been recorded from rocky outcrops 
on the border between the Benshangul Gumuz 
National Regional State and the adjacent part 
of the Sudan, but is also known from similar 
habitats in the Imatong Mountains, both on 
the Sudanese and the Ugandan side, so it is 
slightly transgressing the limits of White’s 
Undifferentiated woodlands (Ethiopian type). A 
rather similar distribution is shown by the tall, 
shrubby Asteraceae Ochrocephala imatongensis 
(Philipson) Dittrich. The relationship of this 
species is not yet known.

Euphorbiaceae
Phyllanthus dewildiorum M.G. Gilbert. This 
species occurs in woodlands in the deep river 
valleys of the western part of the Flora of 
Ethiopia and Eritrea regions WG and KF, and it 
seems to be restricted to the area of White’s 
Undifferentiated woodlands (Ethiopian type). 
According to the Flora of Ethiopia and Eritrea, it 
is closely related to Phyllanthus trichotepalus Bre- 
nan, known from western Uganda, Rwanda, 
Burundi and Congo DR.

Euphorbia veneifica Kotschy. This species occurs 
in the Combretum woodlands of the Sudan and 
western Ethiopia, just entering northern 
Uganda, and it does thus transgress the bor
ders of White’s Undifferentiated woodlands 
(Ethiopian type). The distribution thus resem
bles that of Peponium cienkowskii (Schweinf.) 
Engl, and Ochrocephala imatongensis (Philipson) 
Dittrich. The relationship of this species is not 
yet known.

Fabaceae subfam. Papilionoideae
Mucuna melanocarpa Höchst, ex A. Rich. This 
species is endemic to Ethiopia and occurs 
mainly on the western escarpment and in the 
deep river valleys. It is common in the western 
Combretum woodland, but it spreads into suit
able habitats elsewhere in Ethiopia, reaching 
the Flora of Ethiopia and Eritrea regions GG and 
SD, and it may therefore slightly transgress the 
borders of White’s Undifferentiated woodlands 
(Ethiopian type). The relationship of this species 
is not yet known.

Rhynchosia stipulosa A. Rich. This species is 
apparently endemic to the western Ethiopian 
deciduous woodlands. It was described from 
the dry woodlands of Shire in Tigray and has 
also been recorded from similar habitats in 
western parts of the Flora of Ethiopia and Eritrea 
regions WG and GG, which are all within 
White’s Undifferentiated woodlands (Ethiopian 
type). However, in the Flora of Ethiopia and 
Eritrea it is suggested that this species may be 
conspecific with the widespread African 
species Rhynchosia luteola (Hiern) K. Schum.

VzgTz« frutescens A. Rich, stibsp. kotschyi (Schwe
inf.) Verde. This subspecies is an Ethiopian 
near-endemic described from Combretum wood
lands in western Ethiopia and the adjacent 
parts of the Sudan. It is only known from very 
few collections, which have been collected 
inside White’s Undifferentiated woodlands 



BS 55 323

(Ethiopian type). However, it may be identical 
with Vigna neumannii Harms, described from 
woodlands in the Ethiopian Rift Valley, but the 
type of the later is now lost, and the taxon has 
apparently not been recollected. Even if the 
two taxa are united, the resulting taxon would 
be an endemic or a near-endemic of White’s 
Undifferentiated woodlands (Ethiopian type).

Lamiaceae
Pycnostachys sp. = Mesfin & Kagnew 2249. This 
apparently undescribed and narrowly 
restricted species has been collected in wet
lands near Assosa, capital of the Benshangul 
Gumuz National Regional State, by Mesfin & 
Kagnew 2249 and Friis et al. 7919. It would seem 
to be narrowly restricted inside White’s Undif
ferentiated woodlands (Ethiopian type). It may be 
related to P. niamniamensis Gürke from the 
Sudan, Uganda and Kenya.

Scutellaria schweinfurthii Briq. Subsp. schwein- 
furthii. This subspecies occurs in wooded grass
land subject to regular burning and in rocky 
places with woodland. From Ethiopia it is only 
known with certainty from the western part of 
the Flora of Ethiopia and Eritrea region WG. It is 
doubtfully recorded from the lowlands of IL 
(Gambella). Outside Ethiopia, it is known 
from similar habitats in southern Sudan and 
the adjacent parts of Uganda, and it does 
therefore, like a few other species, slightly 
transgress the borders of White’s Undifferenti
ated woodlands (Ethiopian type). The other sub
species, Scutellaria schweinfurthii Briq. subsp. 
paucifolia (Baker) A J. Paton, is widespread in 
tropical Africa.

Vitaceae
Cyphostemma pannosum Vollesen. This 
Ethiopian endemic species was described from 
a specimen collected by Friis et al. (as no. 2409) 
in Combretum woodland on the western 
Ethiopian escarpment above Gambella (in the 

Flora of Ethiopia and Eritrea region IL), but it has 
also been found from woodlands of the Ben
shangul Gumuz National Regional State and in 
one similar locality in the Flora of Ethiopia and 
Eritrea region GG, at the south-eastern border 
of White’s Undifferentiated looodlands (Ethiopian 
type). It is most closely related to the West 
African species Cyphostemma flauicans (Bak.) 
Descoings.

Monocotyledons.
In this group, particularly the petaloid mono
cots appear to have speciated in the region.

Amaryllidaceae
Crinum bambusetum Nordal & Sebsebe. This is a 
newly described species, which is distributed 
near Assosa in the Benshangul Gumuz 
National Regional State and in adjacent areas 
of the Sudan (Nordal & Sebsebe 2002). All 
localities are inside White’s Undifferentiated 
woodlands (Ethiopian type). It belongs among the 
Crinum species with star-shaped rather than 
bell-shaped Howers, a group with few and rare 
species in Tropical Africa. It is the only Crinum 
known to grow in bamboo ticket. The sister 
species appears to be Crinum subcernuum Baker, 
distributed disjunctly in southern Africa.

Anthericaceae
Chlorophytum herrmanii Nordal & Sebsebe sp. 
nov. This endemic new species will be formally 
described below. It is only known from open 
rocky outcrops in the bamboo forest close to 
Assosa in the Benshangul Gumuz National 
Regional State. It belongs among the species 
with prostrate inflorescence, but differs from 
the others by its much branched inflorescence 
and pubescent leaf undersides. The sister 
species appears to be Chlorophytum neghellense 
Cufod., another Ethiopian endemic only 
found in Bale and Sidamo regions in Acacia- 
Commiphora woodland and bushland.
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Chlorophytum serpens Sebsebe & Nordal sp. nov. 
This new species is endemic to Ethiopia and 
will be formally described below. It has only 
been found in open patches in Combretum-Ter- 
minalia woodland and only in an area north of 
Assosa in the Benshangul Gumuz National 
Regional State. Also this species belongs 
among the taxa with prostrate inflorescence, 
and it connects to the widely distributed Chloro
phytum comosum (Thunb.) Jacq. complex, oth
erwise including rainforest taxa. Superficially it 
resembles the Cameroonian C. petrophilum K. 
Krause, growing in moss mats in lowland rain 
forest. The species share the trait of rather 
short, broadly lanceolate leaves and very long 
trailing inflorescences producing plantlets 
(pseudovivipary) and very few flowers.

Hyacinthaceae
Drimiopsis spicata (Baker) Sebsebe & Stedje 
comb. nov. (formalised below). This species 
grows in grassland at the margin of Combretum- 
Terminalia woodland and in annually flooded 
meadows near river banks. It has been 
recorded from a small area in the Flora of 
Ethiopia and Eritrea region WG, in the lowland 
part of IL and the adjacent parts of the Sudan. 
This species is unique in having blue flowers, 
apparently bridging the morphological gap 
between the genus Ledebouria (with which it 
shares the flower colour) and the genus Drim
iopsis (with which it shares the reduced bracts, 
the closed flowers and the sessile ovary). It 
might have originated as an inter-generic 
hybrid, which has overcome sterility and consti
tuted a distinct species. The case is under study 
by Sebsebe & Stedje (in prep.).

Aloaceae
Aloe sp. = Friis et al. 9130. This is an apparently 
undescribed Ethiopian endemic species from 
rocky outcrops in the south western part of the 
Benshangul Gumuz National Regional State. It 
will be described as a new taxon when ade

quate material has been obtained. It is unique 
within the genus in having traits making it 
resistant to fires.

Commelinaceae
Cyanotis sp. - Gilbert & Thulin 707. This appar
ently endemic and undescribed species is so far 
only known from one collection from rock 
crevices the deep river valleys in the western 
part of the Flora of Ethiopia and Eritrea region 
WG. The relationship of this species is not yet 
known.

Cyperaceae
Ascolepis eriocauloides (Steud.) Steud. This west
ern Ethiopian endemic occurs in seasonally 
wet grassland and seepage areas with shallow 
soil over rocks, presumably in deciduous wood
land. It was described from the Flora of Ethiopia 
and Eritrea region TU and is now also known 
from western part of the regions WG and KF. It 
seems to be restricted to White’s Undifferenti
ated woodlands (Ethiopian type). The relationship 
of this species is not yet known.

Discussion and conclusion
It seems fairly clear that biogeographically, the 
flora of the western Ethiopian escarpment 
(White’s Undifferentiated woodlands (Ethiopian 
type)) is linked most closely to the flora of the 
West-African Sudanian region (White 1983), as 
can be seen from e.g. the distribution of domi
nant tree species such as Anogeissus leiocarpus 
(see Wickens 1976: Map. 55), and in has mostly 
been included with the Sudanian regional cen
tre of endemism of White (1983).

The western Ethiopian escarpment could 
perhaps be considered a transition zone 
between the Afromontane region in Ethiopia 
and the Sudanian region in the Sudan. In sev
eral of his phytogeographical maps, White has 
indicated the existence of such a transition 
zone, e.g. on a map of the Sudanian region 
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(White 1983: Fig. 7), but this transition zone is 
indicated at higher altitudes and above his 
mapping unit 29b, Undifferentiated woodlands 
(Ethiopian type). It is as yet too early to draw any 
firm conclusions about the precise phytogeo- 
graphical position of the western Ethiopian 
escarpment as a separate phytochorion at some 
rank. Yet, it is tempting to compare some of 
our preliminary observations on diversity and 
endemism of the area with the results of Friis et 
al. (in this publication) and see how the area 
studied in this paper ranks in comparison with 
other parts of the Horn of Africa.

Rank in comparison with diversity of other 
areas of the Horn of Africa
In this paper, it has been established that the 
entire western Ethiopian escarpment, or the 
area of White’s Undifferentiated woodlands 
(Ethiopian type), has a flora of more than 950 
species, and perhaps 1040-1180 species.

Compared to the figures found for the vari
ous Flora regions of the Horn of Africa by Friis 
et al. (in this publication: Fig. 3), such a diver
sity seems to be comparable to a range of Flora 
regions of the Flora of Ethiopia and Eritrea, 
where there is both highland and lowland, e.g. 
EW, TU, GD, GJ and BA. The Flora regions of 
Flora of Ethiopia and Eritrea are indicated on a 
map reproduced in all the published volumes, 
and in Friis et al. (in this publication: Fig. 2).

We can calculate the expected diversity of 
the western Ethiopian escarpment, based on 
the empirical formula found by Friis et al. (in 
this publication), where Texp is the number of 
expected taxa in the Flora region and A is the 
area in square degrees of the region:

Texp = 587+ 96.57*A

The area of the western Ethiopian escarpment 
is, as mentioned in the introduction, approxi
mately 145,000 km2, or, as we consider the lati
tudinal decline in longitude degree insignifi

cant so close to the equator, 12.0 square 
degrees, for which area the expected diversity 
according to the formula is 1746. Hence, the 
estimated minus the expected value is between 
-566 and -706. When compared with Friis et al. 
(in this publication: Fig. 4), and if our estimate 
is correct, this will place the diversity of the 
western escarpment at approximately the same 
rank as the Flora of Ethiopia and Eritrea region 
HA and a number of Flora regions in Somalia. 
However, we must emphasise that so far, this is 
only based on very limited evidence.

Rank in comparison with local endemism of 
other areas of the Horn of Africa
In the list of examples, which we have so far 
been able to put together, there are 27 cases 
that can be considered endemics or near 
endemics on the western Ethiopian escarp
ment (the area covered by White’s Undifferenti
ated woodlands (Ethiopian type)), and our esti
mate is that future studies may add to this fig
ure, so that the number of endemics may 
increase to 30-40, which - even with conserva
tive estimates - will rank the area analysed here 
at a higher position than nearly all the 
Ethiopian and Eritrean Flora regions analysed 
for single-region endemics in Friis et al. (in this 
publication: Fig. 12), with the exception of HA 
and SD, but lower than a number of the Flora 
regions in Somalia.

This means that the endemism (number of 
endemics/number of species) of the western 
Ethiopian escarpment (White’s Undifferentiated 
woodlands (Ethiopian type)) is approximately 
0.03 (3%). A comparison with Friis et al. (in 
this publication: Fig. 13) shows that only the 
values from the Flora of Ethiopia and Eritrea 
Flora regions of HA and SD are comparable 
with this, and only among the Flora regions of 
north-eastern Somalia there are values consis
tently higher than 0.03.

The diversity and endemism of the western 
Ethiopian escarpment is not likely to be clearly 
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reflected in the analyses made in the paper by 
Friis et al. (2005) as these analyses use the Flora 
of Ethiopia and Eritrea and the Flora of Somalia 
regions as units. The western escarpment and 
White’s Undifferentiated woodlands (Ethiopian 
type) cut across nine Flora regions (EW, TU, 
GD, GJ, WG, IL, KF, GG, SD), which is nearly 
one third of the units. Endemism in a compar
atively narrow zone that cuts across so many 
units would tend to blur the results of the 
analysis.

Possible reasons for the endemism
The local endemism in White’s Undifferentiated 
woodlands (Ethiopian type) has developed in a 
region where the distance between the moun
tains and the dry lowlands is relatively small, 
and the climatic shift may have been very dra
matic in relation to Pleistocene fluctuations 
between wetter and drier periods (cf. White 
1993). The flora of such areas would be 
expected to have suffered from severe extinc
tion, but it has been shown that elsewhere such 
areas in fact can be rich in species and particu
larly in endemicity, as is e.g. shown by the dis
cussion of the transitional zone between the 
Afromontane and the Somalia-Masai region in 
’the Flora of Ethiopia and Eritrea regions BA and 
SD by Sebsebe Demissew et al. (2001, p. 245), 
and of the transition zone with funiperus-Buxus- 
Acokanthera between the Afromontane region 
and the Somalia-Masai region by Friis (1992).

The mechanisms that support the evolution 
of an endemic flora in such places are as yet 
undocumented, but a possible explanation of 
the endemics and near endemics in White’s 
Undifferentiated woodlands (Ethiopian type) might 
be the complex topography and the relatively 
reliable oreographic rain on the western 
Ethiopian escarpment, which, with the deep 
hinterland of deep river valleys, would seem to 
provide small refugia during time of adverse 
climatic conditions. This may have secured 
niches of very restricted range where species 

could survive unfavourable periods. The best 
conditions for such niches are likely to have 
been in the most topographically and geologi
cally complex area in the lower reach and at 
the mouth of the biggest river system in west
ern Ethiopia, the gorges of the Abay river and 
its tributaries, an area that approximately 
agrees with the extension of the Benshangul 
Gumuz National Regional State, the area 
apparently most rich in local endemics.

Two new endemic species of 
Chlorophytum (Anthericaceae) and a 
new combination for an endemic 
species of Drimiopsis (Hyacinthaceae) 
Chlorophytum herrmannii Nordal & Sebsebe, sp. 
nov.

Type: Benshangul Gumuz National Regional 
State, Anbessa Chaka, ca. 24 km SE of Assosa, 
9° 54’ 41” N 340 39’ 35” Ej 1590 m> 27.05.2001, 
Herrmann 220 (ETH holotype, K isotype, Fig. 
2A).

Haec species nova habitu prostrato foliorum et 
inflores centiarum C. neghellensi Cufod. similis, sed 
differt radicibus carnosis (non tenuibus tubera later
alia habentibus), foliis nec secus marginem et in 
nervis; inflorescentia valde ramosa, pedicello articu
lato, non curvato. Inflorescentia prostrata ut in C. 
humifuso, sed foliis brevioribus, prostratis (non erec
tis), rosulatis, (non distichis), ciliatis (non glabris) et 
inflorescentia ramosa differt.

Perennial herbs with short horizontal rhi
zomes carrying fleshy roots. Leaves rosulate, 
slightly petiolate, lanceolate, up to 20 x 3.5 cm, 
acute with hyaline, crispy undulate margin, cil
iate on margin and the veins abaxially. Pedun
cles 2-2.5 cm long, prostrate with short hairs. 
Inflorescence a much branched panicle, 4-12 
cm long, also flat on the ground. Bracts large 
and leaf-like, up to 20 x 5 mm, ciliate along 
margin and veins. Pedicels straight, 2-4 at each 
node, 5-6 mm long at anthesis, articulated in 
the lower half. Flowers white with brownish
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Fig. 2. (A). The new species Chlorophytum herrmannii Nordal & Sebsebe, based on the holotype from Benshangul Gumuz 
National Regional State (Herrmann 220). (B). For comparison, Chlorophytum neghellense Cufod., based on plant from 
Sidamo in southern Ethiopia (Aordal 2218).
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10cm
Fig 3. A-B. The new species Chlorophytum serpens Sebsebe & Nordal, based on the holotype from Benshangul-Gumuz 
National Regional State (Sebsebe Demissew et al. 6080). Drawn by Svetlana Voronkova. A. complete plant. B. Detail of flower. 
C. For comparison, Chlorophytum petrophilum Krause, based on the holotype from Cameroon (Zenker 4846).

tips, tepals 5-6 x 2 mm with 3-5 veins. Stamens 
shorter than the tepals, filaments 3-4 mm long, 
anthers 2 mm. Styles straight. Fruits and seeds 
not known.

The species epithet honours the collector, 
Christof Herrmann, who, during his work for 
the Benshangul Gumuz National Regional 
State, extended the knowledge of the region’s 
biodiversity considerably.

The species grows on open rocky outcrops in 
bamboo forest, around 1600 m. It is only 
known from the Assosa area in the Benshangul 
Gumuz National Regional State {Flora of 

Ethiopia and Eritrea region WG). The main flow
ering period is in June.

Based on morphology, C. herrmannii might 
well be the sister species of another fairly nar
row Ethiopian endemic, C. neghellense (Fig. 
2B), growing in Acacia-Combretum-Commiphora 
dominated woodland, often heavily grazed, on 
red sandy soils between 1000 and 1700 m, in 
Flora of Ethiopia and Eritrea regions SD and BA.

Chlorophytum serpens Sebsebe & Nordal, sp. nov.
Type: Benshangul Gumuz National Regional 

State, 71 km from Chagni towards Guba 
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(Mankush), 119 12’ N 36Q 07’ E, 1100 m, 
23.07.2001, Sebsebe Demissew, Tesfaye Awas, 
Melaku Wandafrash & Kagnew H. Sillasie 6080 
(ETH holotype, K isotype, Fig. 3A, B).

Haec species nova C. petrophilo Krause similis, 
brevissima folia et longissimas inflores centias 
habens, praecipue viviparia multiplicans, differt 
radicibus brevibus, in tuber distinctum terminan
tibus, rosula foliorum sine internodiis, foliis distincte 
ciliatis et firmis non membranaceis.

Perennial herbs with short rhizomes carry
ing short roots ending in distinct tubers. 
Leaves rosulate, petiolate, broadly lanceolate, 
7-10 X 2-3 cm, with ciliate margins. Peduncles 
lax arcuate to trailing, glabrous. Inflorescence 
up to 50 cm long, simple or with one branch. 
Bracts 5-15 mm, acute to acuminate. Pedicels, 
single or paired at the nodes, 4-8 mm long at 
anthesis, articulated near or below the middle. 
Flowers white, tepals patent, 3-5 x 1.5-2 mm 
with 3-veins. Stamens shorter than the tepals, 
filaments 2-3 mm long, anthers ca. 1.5 mm. 
Styles straight. Fruits and seeds not known.

The species name refers to the trailing, thus 
serpent-like habit, of the inflorescence.

The species grows in Combretum-Terminalia 
woodland with tall Sorghum and Pennisetum 
species, around 1100 m. It is only known from 
the type locality in the Flora of Ethiopia and 
Eritrea region GJ. It flowers in July.

Both C. serums and C. petrophilum belong in the 
widespread, heterogeneous C. comosum 
(Thunb.) Jacq. complex, a complex where 
pseudovivipary is common. C. petrophilum is a 
rainforest taxon, only found in the wettest 
coastal forests of Cameroon. The particular traits 
of the relatively short broadly lanceolate leaves 
and the very long trailing inflorescences might 
have evolved independently in the two species.

Drimiopsis spicata (Baker) Sebsebe & Stedje, 
comb. nov.

Basionym: Scilla spicata Baker in Journ. Bot. 
1878: 323 (1878).

Types: The Sudan, Jur, east of the river Wau, 
Schweinfurth 1641 (K syntype); by the River 
Wau, Schweinfurth 1652 (K syntype)

[next person in K should lectotypify]
Synonym: Drimiopsis barteri sensu Stedje, non 

Baker, in Flora of Ethiopia and Eritrea 6: 139 (1997).
The species is referred to the genus Drimiop

sis due to its reduced bracts, the closed flower 
and the sessile ovary. It is, however, easily 
recognised from other species in the genus by 
its purplish to bluish flowers, all others have 
whitish to greenish. The particular flower 
colour reminds of traits found in the closely 
related genus, Ledebouria.

The species grows in grassland at the margin 
of Combretum-Terminalia woodland, in annually 
flooded meadows near river banks. It is 
recorded from the Flora of Ethiopia and Eritrea 
regions WG and IL and from adjacent parts of 
the Sudan. The flowering period is from April 
to May.
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For its size, Uganda has a high number of species due to the country’s varied habitats, altitude 
and the fact that it is located at the confluence of six of White’s phytochoria. However, its level of 
endemism is low as it shares many of its species with neighbouring countries. Unfortunately, a 
large portion of these habitats has been destroyed or modified, mainly through human activity. 
We review species richness, endemism and levels of threat of the county’s vascular plants and pro
vide information on recent work in Uganda’s wetland and dryland areas as well as that from the 
forest ecosystems. A total of 30 taxa were registered as new records for the country and three for 
the entire East African flora area. These new records are of very rare species and many of them 
are of high conservation importance. The dryland ecosystems in particular support a rich flora in 
which is nested some globally threatened and range restricted species. It is expected that more 
surveys of such habitats will lead to more new records. It is important that some of the wetlands 
in the country be accorded some conservation status and protection in order to conserve the 
diversity of plants they harbour.
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Introduction
Uganda has a diversity of habitats supporting a 
rich and varied flora. The habitats may be 
divided into three broad categories: forests, 
wetlands and drylands. Figure 1 shows the 
detailed vegetation types in the country. Lang
dale-Brown et al. (1964) mapped the vegetation 
of Uganda and recognized a total of 22 vegeta
tion types based on dominance and common
ness. These broadly include heath and moor
land, forest, forest-savanna mosaic, thicket, 
woodland, savanna, steppe, bushland, swamps, 
and post-cultivation communities. The forests 
are concentrated in the western part of the 

country occurring either as lowland, mid-alti
tude, or high-altitude forests. The drylands 
occur in the areas of less rainfall in the north, 
while wetlands are mainly along the shores of 
the larger lakes. The factors that influence veg
etation diversity and distribution include geol
ogy and soils, climate, altitude, fire, and 
human influences.

The country’s natural flora has six of White’s 
(1983) phytochoria that converge here includ
ing the Lake Victoria regional mosaic, Sudan- 
ian regional center of endemism, Somalia- 
Masai regional center of endemism, Afromon- 
tane archipelago-like regional center of 
endemism, Guinea-Congolia /Sudania 
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regional transition zone, and the Guineo-Con- 
golian regional center of endemism. Uganda 
has considerable significance as far as species 
richness is concerned although there are only 
few national endemics as it shares many with 
other countries in the region. Its location in 
East-Central Africa accords it floral characteris
tics of East Africa and those of West Africa 
(Howard 1991). The number of native vascular 
plants so far described is 5406 (Davis et al. 
1994) of which 70 (1.29%) are endemic. Out 
of the 70 endemics, three are globally threat
ened: Afrothismia winkleri (Engl.) Schltr. (Bur- 
manniaceae) and Diospyros katendei Verde. 
(Ebenaceae) are “Critically Endangered” while 
Euphorbia bwambensis S. Carter (Euphor- 
biaceae) is “Vulnerable”. According to the 
IUCN Red Eist of threatened plants of 2000, 
Uganda has got 43 species of plants that are 
globally threatened (Hilton-Taylor 2000).

The vegetation of Uganda has undergone 
changes in a number of aspects including 
extent of coverage, species composition, conti
nuity and connectivity, all of which have been 
reduced through the times under the influ
ence of human actions (see Struhsaker 1997). 
In Uganda, the original extent of forest cover
age is estimated to have been 103,400 km2 
(44% of the country). By 1984 it was only 7400 
km2 corresponding to 7% of the original cover
age (Davis et al. 1994) and today it is estimated 
to be only 4063 km2 (4% of the original cover). 
Fig. 1 shows areas of degraded forest and those 
that have been converted to farmland. Most of 
these were either forested or covered in dry
land vegetation. Hamilton (1984) and Eang- 
dale-Brown (1960) estimate that ca 20% of 
Uganda’s land surface was covered by other 
tree-rich vegetation such as woodland, includ
ing much of the Karamoja area which today is 
impoverished. Wetlands today occupy only 
13% of Uganda’s surface area (NEMA 2000). 
Drylands - here used to include grasslands 
woodlands, scrub, shrubland - have been less 

documented and little is known about their 
original extent of cover but these vegetation 
types have probably been less destroyed as they 
tend to occur on less fertile soils and now cover 
more area (about 42%) of the country (Fig. 1).

The whole range of habitats have had their 
species composition altered through anthro
pogenic influences. They have been modified, 
degraded and impoverished by way of selective 
removal of some species that are preferred for 
socio-economic purposes. This overexploita
tion of some species has led to significant 
reductions in their population making them 
more rare, and changed the community struc
ture. Another remarkable change has been 
fragmentation of the habitats thus turning the 
originally vast expanses of natural vegetation 
estate into mere patches. Fig. 1 shows how the 
remaining forest habitats, for example, have 
been fragmented. They occur as islands in a 
sea of degraded and converted area. This 
destroys habitat connectivity and continuity, 
which in turn affects such ecological processes 
as dispersal, increases the edge effects and ren
ders management more difficult. Some of the 
dryland and forest ecosystems are represented 
in the protected area network in the country as 
shown in Fig. 2 but the wetlands are not.

Relatively more botanical research has been 
carried out in the forest than in wetland and 
dryland habitats of Uganda in the recent past. 
This study emphasized the later two ecosystem 
types with a view of getting current informa
tion on their contribution to the conservation 
of Uganda’s flora today. It is through such sur
veys that patterns of distribution of taxa can be 
better understood and this is vital for planning 
and designing of conservation strategies.

Methods
For assessing the species richness, the sources 
of information we used included Davis et al. 
(1994), various floras of the Tropical East
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Built-up Area

H Open Water

Source: National Biomass Study, Forest Department

Fig- 1 The vegetation and land-use types in Uganda. The four floral regions in which the country is divided are indicated 
asUl,U2, U3 and U4.
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Fig. 2. The protected areas of Uganda. Note that some of the National Parks consist of forest.
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Africa region, and Phillips et al. (1999). The 
global threat levels were obtained from the 
2000 IUCN Red List of threatened plants 
which is available on the IUCN website 
(www.iucn.org). Endemism was assessed from 
the geographical distribution information pro
vided in the Flora of Tropical East Africa 
(FTEA). The new records were obtained from 
both published and unpublished work of other 
collectors of Ugandan plants as well as that 
from our own collections that were made dur
ing the period of August 2000 to December 
2001. In our surveys, we inventoried vascular 
plants in wetland and dryland Important Bird 
Areas (IBAs). Our study areas varied in size 
and the sampling effort was allocated in rela
tion to the size of the study area and the level 
of habitat heterogeneity which itself was mea
sured from the number of Langdale-Brown et 
al. (1964) vegetation types.

Results and discussion
The areas of wetland and dryland surveyed 
together cover an area of 10,628 km2 repre
senting only 4.5% of the country’s total area. 
Nonetheless, we encountered 1038 species in 
the wetlands and 1448 in the drylands. The 
combined total for both habitat types was 2011 
representing 37% of the national total number 
of vascular plants. This is an indication of the 
floral richness of these areas.

A number of species have been recently 
found to occur in the country for the first time 
ever. A total of 27 species are of importance in 
the entire Flora of Tropical East Africa region. 
They have not been recorded in the flora area 
before. The three most recent ones are: Chas
mopodium caudatum (Hack.) Stapf (Poaceae) 
(Namaganda & Kalema 2003), Dyschoriste multi
caulis (A. Rich.) O. Kuntze (Acanthaceae) and 
Oehna leucophloeos Höchst, ex A. Rich. 
(Ochnaceae). Appendix 1 shows the taxa that 
were recorded for the first time in Uganda.

These were a total of 55. Overall, the floral 
region U2 registered the highest proportion of 
new species (66%) followed by UI (21%), U3 
(7%) and U4 had the lowest (6%).

The new records came mostly from the floral 
region U2 (Appendix 1). The particular areas 
in this floral region from which they were 
recorded are Bwindi (Impenetrable) National 
Park and Budongo Forest for the forested 
areas while in UI the main contributors were 
Kidepo Valley National Park, Ajai Wildlife 
Reserve and Murchison Falls National Park for 
the savanna areas (also see Kalema 2003). 
Kidepo is located in White’s (1983) Somali- 
Masai Regional Centre of Endemism character
ized by very dry conditions, a unique feature in 
the country. This coupled with the remote 
nature of the area makes it a good candidate 
for encountering new records. The Ajai and 
Murchison areas tend to have Central and West 
African floral affinities thus having species 
occurring at their eastern limit of their range. 
Many of these new records are undoubtedly 
very rare species at least at national level (also 
see Namaganda 2003, Namaganda & Kalema 
2003). However, the last five species in Appen
dix 1, namely Flaveria trinervia, Nicandra physa
lodes, Acmella uliginosa, Xanthium strumarium 
and Aeschynomene americana var glandulosa are 
not indigenous species in Uganda. A. americana 
var. gladulosa is a cultivated species while the 
rest are weedy species of cultivation and intro
duced in the country. This makes such species 
potential threats to the indigenous flora as they 
may become invasive. They can also exert a 
remarkable impact on the country’s economy 
as notorious weeds of cultivation considering 
that Uganda’s economy is hinged on agricul
ture.

Most of the endemic species in Uganda 
occur in floral region U2 (Appendix 2). This is 
essentially the western part of the country and 
also where the biotically significant Albertine 
Rift area is located. Most of them (89%) also 
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tend to occur in only one out of the four floral 
regions (see Appendix 2). And even more 
important, many have a very restricted range 
of geographical distribution within the floral 
region. This makes them vulnerable to extinc
tion. Diospyros katendei Verde., for example, has 
only been recorded from Kashyoha-Kitomi, 
while Euphorbia bwambensis S. Carter is only 
known from the Bwamba area.

The globally threatened species also exhibit 
a distribution pattern similar to that of the 
endemic species; thus most of them (54%) 
only occur in one floral region and again floral 
region U2 registered the highest proportion of 
the threatened species (Appendix 3). Among 
the threatened are eight species of the family 
Meliaceae - the mahoganies - and Milicia 
excelsa (Welw.) C.C. Berg all of which are under 
tremendous overexploitation pressure because 
of their commercially desirable good timber. 
Prunus africana (Hook.f.) Kalkm. is threatened 
because of its medicinal and good timber 
value.

Conclusions
Uganda’s diversity of flora is of significant con
servation value globally, regionally and espe
cially at national scale. Many new national 
records are likely to be made through more 
inventories and surveys, not only in forests but 
also wetlands and drylands. As would be 
expected, the diversity of plants in Uganda 
exhibits a pattern that indicates that some 
regions of the country are more significant 
than others. These deserve more attention in 
order to conserve the species they harbour.
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Appendix 1 . New plant records in Uganda. The names of countries abbreviated in the last column are as follows: 
Sud=Sudan, Belg Congo=Belgium Congo, Eth=Ethiopia, Zam=Zambia, Moz=Mozambique, Som=Somalia, Mala=Malawi, 
Zim=Zimbabwe, S. Afri=South Africa, Trop. Afri=Tropical Africa, Rwa=Rwanda, DRC=Democratic Republic of Congo, 
Ang=Angola, Bot=Botswana, Nam=Namibia, Pak=Pakistan, Indi=India, Eri=Eritria, Mada=Madagascar, Sen=Senegal, S. 
Am.=South America, Trop. Am.=Tropical America, S. Lan=Sri Lanka, Thai=Thailand, Came=Cameroon.

Family Species Location where 
species was 
discovered 
(Floral region)

MIX 
countries/ 
regions 
where species 
is known

Countries outside 
FTEA where 
species is known

Poaceae Chasmopodium caudatum (Hack.) Stapf Murchison Falls
National Park (U2); 
Namukongo- 
Nakasongola 
District (U4)

None
Belg Congo

Nigeria, Sud,

Acanthaceae Dyschoriste multicaulis (A. Rich.) 
O. Kuntze

Kidepo Valley
National Park (UI)

None Eth, Sud

Ochnaceae Oehna teucophloeos Höchst, ex A. Rich. Ajai Wildlife
Reserve (UI)

None Horn of Africa

Asteraceae Nicolasia nitens (O.Hoffm.) Eyles var. 
nitens

Kidepo Valley
National Park (UI)

KI ,3,4,6,7;
Tl,2,5,7

Zam, Zim, Bot, 
Nam

Araceae Stylochiton borumensis N.E Br. Kidepo Valley
National Park (UI)

KI,2,4,7;
TL3-8

Zam, Moz

Cucurbitaceae Kedrostis leloja (Forsk.) C.Jeffrey Kidepo Valley 
National Park (UI), 
Queen Elizabeth 
National Park (U2)

K7; T3,6,8 Som, Arabia

Amaranthaceae Pupalia lappacea (L.) A.Juss. var. 
glabrescens C.C. Townsend

Ajai Wildlife 
Reserve (UI)

K7; T6,8;
Z; P

Moz

Euphorbiaceae Caperonia stuhlmannii Pax Ajai Wildlife
Reserve (UI)

Tl-6,8; Z Moz, Mala, Zam, 
Zim, S. Afr

Caryophyllaceae Polycarpaea linearifolia (DC.) DC Ajai Wildlife
Reserve (UI)

T4, 8 Trop. Afr.

Oleaceae Jasminum stenolobum Rolfe Ajai Wildlife 
Reserve (UI)

T5,6,8 Zim, Mala, 
Bechuanaland, 
S. Afr

Lamiaceae Plectranthus longipes Baker Lake Mburo
National Park (U2)

K;T Eth, Rwa

Papilionaceae Indigofera tenuis Milne-Redh. Kidepo Valley
National Park (UI)

Tl,2,4,7,8 Zam

Papilionaceae Indigofera vidoides]aub. & Spach var. 
rogersii (R.E Fries) Gillett

Kidepo Valley
National Park (UI)

K4;T1,2,4,7 DRC, Moz, Mala, 
Zam, Zim, Ang, 
S.Afr
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Family Species Location where 
species was 
discovered 
(Floral region)

FTEA 
countries/ 
regions 
where species 
is known

Countries outside
FTEA where 
species is known

Papilionaceae Tephrosia subtriflora Bak. Murchison Falls
National Park (U2);
Queen Elizabeth
National Park (U2)

KI ,4,6,7;
T2,3,5,7

Cape Verde Is., 
Niger, Sud, 
Arabia, Pak, Indi, 
Burma, Eth, Eri, 
Som, Ang, Mada

Papilionaceae Aeschynomene pfundi Taub. Lake Opeta 
wetland (U3)

KI ,3; T2,4,5 Sud, Mala, Zam

Celas traceae May tenus putterlickioides (Loes.)
Exell. & Mendonca

Murchison Falls
National Park (U2)

KI,3,4,6,7;
T3-5,7,8

DRC, Eth, Moz, 
Mala, Zam, Zim, 
Ang

Poaceae Panicum phragmitoides Stapf Murchison Falls
National Park (U2)

Tl, 4-8 Guinee, Zam, 
Ang

Poaceae Panicum pole-evansii C.E. Hubbard a Luweero (U4) Tanz. DRC, Zam

Anthericaceae Chlorophytum occultum A.D.
Poulsen & I. Nordal b

Budongo Forest 
(U2)

None Ituri Province of 
DRC

Anthericaceae Chlorophytum hirsutum A.D.
Poulsen & I. Nordalb

Albertine rift (U2) None DRC, BUR

Zingiberaceae Aframomum uniflorum
Lock & A.D. Poulsen b

Budongo (U2) None Ituri Province of 
DRC

Zingiberaceae Aframomum spiroligulatum A.D.
Poulsen & Lock b

Kasyoha-Kitomi (U2) None Rwa

Costaceae Costus foliaceusJ.M.Lock &
A.D.Poulsen b

Kasyoha-Kitomi 
(U2)

None None

Poaceae Sporobolus tenuissimus (Schrank)
O. Ktze

Ajai Wildlife
Reserve (UI)

K7; 
T3,4,6,8; 
Z;P

From East Africa 
westwards to Sen 
& Trop. Am., 
eastwards to 
Burma

Poaceae Urochloa setigera (Retz.) Stapf Queen Elizabeth
National Park (U2)

KI,7;
T?l,3,6,8;
Z; P

DRC, Eth, India, 
S. Lan, Burma, 
Thai

Asteraceae Flaveria Innervia (Spreng.) Mohr* Queen Elizabeth
National Park (U2)

K; T;Z None

Solanaceae Nicandra physalodes (L.) Gaertn.* Doho (U3) K; T Not covered in 
Flora

Asteraceae Acmella uliginosa (Sw.) Cass.* Doho (U3) K;T Last part of FTEA 
Asterac. not yet 
available
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Family Species Location where 
species was 
discovered 
(Floral region)

FTEA 
countries/ 
regions 
where species 
is known

Countries outside 
FTEA where 
species is known

Asteraceae Xanthium strumarium L.* Doho (U3) K; T Last part of FTEA 
Asterac. not yet 
available

Papilionaceae Aeschynomene americana L. var. 
glandulosa (Poir.) Rudd*

Lutembe (U4) K 
(Cultivated)

S. Am.

Caryophyllaceae Silene lynesii Normanc Mt. Elgon
National Park (U2)

None Central Sahara, 
Sud

Moraceae Ficus katendei Verdc.c South Kyambura
River (U2)

None None

Menispermaceae Syrrheonema fasciculatum Miers d Kibale National
Park (U2)

None Belgian Congo, 
Came, Gab

Thymelaeaceae Craterosiphon scandens Engl. &Gilg d Budongo Forest
Reserve (U2)

None Came

Sterculiaceae Cola pierlottii Germain e Bwindi Impenetrable 
National Park (U2)

None DRC

Orchidaceae Stolzia cupuligera (Kraezl.) Summerh. e Bwindi Impenetrable 
National Park (U2)

None DRC

Orchidaceae Angraecopsis sp. nov?,e Kasyoha-Kitomi
Forest reserve (U2)

None Probably none

Orchidaceae Angraecopsis elliptica Summerh. e Bwindi Impenetrable 
National Park (U2)

None West Tropical 
Africa

Begoniaceae Begonia subscutata De Wild e Kasyoha-Kitomi
Forest Reserve (U2)

None DRC, Came

Aspleniaceae Asplénium sp. nov? e Bwindi Impenetrable 
National Park (U2)

None Probably none

Verbenaceae Clerondrum welwitschii Guerke Bwindi Impenetrable 
National Park (U2)

None p

Annonaceae Friesodielsia enghiana (Diels) Verdc.d Budongo Forest
Reserve (U2)

None ?

Apocynaceae Landolphia foretiana (Pierre ex Jumelle) 
Pichond

Bwindi Impenetrable 
National Park (U2)

None ?

Celastraceae Loeseneriella apiculata (Welw. ex Oliv.) 
R. Wilczekd

Bwindi Impenetrable 
National Park (U2)

None p

Convolvulaceae Neuropeltis velutina Hall.f.d Budongo Forest
Reserve (U2)

None ?

Cucurbitaceae Momordica jeffreyana Keraudrend Bwindi Impenetrable 
National Park (U2)

None ?

Rubiaceae Tricalysia anomala E. A. Bruce var 
montana Robbrechte

Bwindi Impenetrable 
National Park (U2)

None ?
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Family Species Location where 
species was 
discovered 
(Floral region)

FTEA 
countries/ 
regions 
where species 
is known

Countries outside 
FTEA where 
species is known

Rubiaceae Tarrena eketensisWernh. var. 
auricluna N. Halle

Bwindi Impenetrable 
National Park (U2)

None ?

Sapotaceae Chrysophyllum welwitschii (Engl.) 
Pirre ex Aubr. & Pellegr.

Budongo Forest
Reserve (U2)

None ?

Lamiaceae Aeollanthus buchnerianus Briq.a b c d e Bwindi Impenetrable 
National Park (U2)

? ?

Lycopodiaceae Huperzia gnidioides (L.f.) Trevisane Kasyoha-Kitomi
Forest Reserve (U2)

? ?

Hymenophyllaceae Trichomanes (Vandenboschia) 
radicans Sw.e

Bwindi Impenetrable 
National Park (U2)

? ?

Hypericaceae Garcinia L. sp. nov?e Bwindi Impenetrable 
National Park (U2)

? ?

Menispermaceae Cissampelos truncata Engl.d Kibale National
Park (U2)

? ?

Plantaginaceae Plantago lanceolata L.c Rwenzori Mountains
National Park (U2)

? ?

a Source: Namaganda, M. 2003. Lidia 6: 1-12.
b Source: Poulsen, A.D. & Lock, J.M. 1997 Kew Bulletin 52: 601-616.
c Source: Katende, A.B & Lye, K.A. 1997. Lidia 4(1): 3-12.
d Source: Eilu, G. 1999. Lidia 4(4): 93-120.
e Source: Eilu, G. et al. (in prep.).
* Introduced species, many of which are weedy.
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Appendix 2 . The distribution of endemic species in the flo
ral regions of Uganda. The figures in brackets show the 
corresponding percentages.

Appendix 3 . The distribution of globally threatened 
species in the floral regions of Uganda. The figures in 
brackets show the corresponding percentages.

(a)
Floral region Number (percentage) of endemic 

species occurring in floral region.

UI 10 (13%)

U2 40 (53%)

U3 8 (10%)

U4 18 (24%)

(b)
Number of 
floral regions

Number (percentage) of endemic 
species occurring in floral regions.

One region 62 (89%)

Two regions 7 (10%)

Three regions 1 d%)
Four regions 0 (0%)

(a)
Floral region Number (percentage) of globally 

threatened species occurring in 
floral region

UI 16 (24%)

U2 30 (45%)

U3 6 (9%)

U4 14 (21%)

(b)
Number of 
floral regions

Number (percentage) of globally 
threatened species occurring in floral 
regions

One region 20 (54%)

Two regions 7 (19%)

Three regions 8 (22%)

Four regions 2 (5%)
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One of every 10 flowering plant species is in the family Compositae. With ca. 24,000-30,000 
species in 1600-1700 genera and a distribution that is global except for Antarctica, it is the most 
diverse of all plant families. Although clearly monophyletic, there is a great deal of diversity 
among the members: habit varies from annual and perennial herbs to shrubs, vines, or trees, and 
species grow in nearly every type of habitat from lowland forests to the high alpine fell fields, 
though they are most common in open areas. Some are well-known weeds, but most species have 
restricted distributions, and members of this family are often important components of ‘at risk’ 
habitats as in the Cape Floral Kingdom or the Hawaiian Islands. The sub-familial classification 
and ideas about major patterns of evolution and diversification within the family remained 
largely unchanged from Bentham through Cronquist. Recently obtained data, both morphologi
cal and molecular, have allowed us to examine the distribution and evolution of the family in a 
way that was never before possible. It is now known that the tribe formerly thought to be ancestral 
(Heliantheae 5. I.) is actually nested high in the phylogeny while one previously thought to be in 
a derived position (Mutisieae .s. I.) is basal. Likewise, tribes previously thought to be closely 
related, Eupatorieae and Vernonieae, are now widely separated, and the Cardueae (thistles) are 
embedded in the African Mutisieae clade. The results of recent broad-scale molecular studies of 
the tribes, both published and unpublished, were used to produce a supertree formed by linking 
the respective trees together. By examining the distribution of the terminal taxa on the phy
logeny using parsimony analysis with optimization and ancestral areas analysis, a biogeographic 
pattern emerges. Basal lineages of the family as well as the sister group Calyceraceae, are all 
South American and mostly southern South American, and it appears incontrovertible that the 
origin of extant members of the Compositae was in southern South America. Although numer
ous, these basal clades represent only a small percentage of the diversity in the family. A subse
quent radiation in Africa gave rise to most of the tribes we know today. The African radiation was 
followed by the movement of individual clades into Asia and Eurasia as well as Australia. Finally, 
there was a North American origin and diversification of the Heliantheae 5. I. that involved 
repeated incursions into Mexico and South America. The South American radiation followed by 
the African explosion might suggest a Gondwanan origin for the family, but the few data that 
exist from pollen records and geology seem to indicate a more recent origin for the family. The 
existence of the monotypic genus Hecastocleis, endemic to the mountains of Nevada and Death 
Valley, inserts a North American taxon in between the South American and African radiations 
which might indicate long distance dispersal, or a North American or even an Asian presence in 
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between South America and Africa. Also of interest is the geographic origin of the ancestor of the 
Heliantheae 5. I. clade. The sister-group to the western hemisphere clade Heliantheae 5. I. is the 
small tribe Athroismeae, a group of three genera from eastern tropical Africa, leaving a unknown 
area, possibly Asia, between Africa and western North America. This global picture of the Com
positae provides a framework for studies in morphology and clearly indicates the need for future 
molecular and morphological studies.
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Introduction
The Compositae (Asteraceae) contains the 
largest number of described species of any 
plant family, 24,000-30,000, distributed in 
1600-1700 genera occurring on all continents 
except Antarctica. Estimates vary, but assuming 
that there are 200,000-300,000 species of flow

ering plants, then one out of every 8-12 species 
of flowering plants is in the Compositae (about 
10%). The family is monophyletic, character
ized by florets arranged on a receptacle in cen
tripetal heads and surrounded by bracts, by 
anthers fused in a ring with the pollen pushed 
or brushed out by the style and by the presence 
of achenes (cypselas) often with a pappus (Fig. 
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1). Although the family is well-defined, there is 
a great deal of variation among the members: 
the habit varies from annual and perennial 
herbs to shrubs, vines, or trees, although few 
are true epiphytes; the heads can have one to 
more than 1000 florets; chromosome numbers 
range from n=2 to high level polyploidy with 
n=114; and species grow in just about every 
type of habitat from forests to high elevation 
grasslands, however they are less common in 
tropical wet forests and more common in open 
areas. Most groups in the family contain some 
useful and some noxious species as well as com
mon and rare taxa. They can be fragrant or 
foul, breathtakingly beautiful or nondescript. 
However, the general perception of this family 
as “weedy” is not correct. Certainly there are 
members that benefit from disturbance such as 
a few species of dandelions, goldenrods, and 
thistles, but most species have a restricted dis
tribution, and just about every ‘at risk’ habitat 
in the world contains members of this family 
that are an important part of the flora. Fig. 2 is 
a grouping of photographs that show the diver
sity within the Compositae and also illustrate a 
number of the characters. Of particular inter
est are the bilabiate corollas of Leucheria (Fig. 
2-16) characteristic of many taxa in the 
Mutisieae and the rolled actinomorphic corol
las of Stifftia (Fig. 2-7; probably in the Mutisieae 
as well). The deeply divided corollas of many of 
the non-Asteroideae taxa are illustrated in Fig. 
2-15. Corollas that are not deeply divided, and 
are often characteristic of the Asteroideae taxa, 
are shown in several photos (Fig. 2-9 to 11). 
Acmella is a good example of a paleaceous 
receptacle (Fig. 2-6). Many species in the fam
ily are woody, e.g, the species in Montanoa (Fig. 
2-3) are shrubs or trees, and many species are 
herbaceous (Fig. 2-2), some are mat forming 
(Fig. 2-5), and others have unusual habits, such 
as the monocarpic Wilkesia (Fig. 2-1). Pollina
tion mechanisms vary from birds to insects to 
wind. However, bird and Lepidoptera pollina

tion seem to be more frequent near the base of 
the tree and these clades do have a lot of 
brightly colored flowers (Fig. 2-7, 2-8, 2-13 
tol6). Throughout the family pollination is 
also facilitated by all types of insects, however 
in the more highly nested portions of the fam
ily there is less bird and Lepidoptera pollina
tion and more bee, fly, etc. pollination and 
most flowers are yellow or white (with a few 
notable exceptions; Fig. 2-3, 2-5, 2-10, 2-11). 
When wind pollination occurs the heads can 
have a quite different appearance from most 
groups in the family (Fig. 2-12).

That the family is monophyletic has never 
been in question. Every early worker in plant 
classification recognized the Compositae as a 
group at some level. The distinctive inflores
cence (centripetal head) often found in the 
striking ray/disk arrangement (Fig. 1, 2-2, 5, 10 
& 11, 13 & 14) along with the fruit type (ach
ene) and the development of the calyx into a 
pappus enabled everyone to accurately delimit 
this group (Bentham 1873a, b; Cassini 1818). 
In every type of analysis the results show that 
the family is monophyletic (z. e., Bremer 1992; 
Hansen 1991a; Jansen 8c Palmer 1987; Small 
1919). However, within the family things are 
less clear. From the beginning those who stud
ied this family thought the ray and disk floret 
pattern (Fig. 1) represented the basic head 
structure in the family. In the classic illustra
tion by Cassini (Fig. 3) the Heliantheae is at 
the center; the Vernonieae and Eupatorieae 
are at one end and the Mutisieae and 
Cichorieae (Lactuceae) at the other. This view 
persisted with some modification until the 
1980’s. The treatment by Bentham (1873a) 
had 13 tribes (the most frequently used supra
generic rank) which remained more or less the 
same until the 1980’s although some of the 
concepts changed, especially in the Vernon
ieae, Liabeae, Senecioneae and Heliantheae- 
Helenieae. According to Bremer (1994), Ben
tham’s work was strongly influence by Cassini’s 



346 BS 55

writings, and, indeed, the 13 tribes of Bentham 
are a condensation of the 19-20 tribes of 
Cassini. Hoffmann’s treatment of the Composi
tae (1890) essentially repeated the classifica
tion of Bentham (Bremer 1994; Turner 1977). 
Bentham (1873b), and more recently Cron- 
quist (1955) and Turner (1977), all thought 
that the Heliantheae were the most primitive 
tribe of the family, and accordingly assumed 
that the ancestor was a perennial herb with 
opposite leaves and a yellow-flowered, radiate, 
capitula. In 1977 Cronquist allowed for a 
woody ancestor, as suggested by Carlquist 
(1966, 1976). Carlquist (1966) proposed 
changes to the system of Bentham but they 
were not adopted and the basic 13 tribes con
tinued to be used into the 1980’s. In 1975 a 
meeting on “The Biology and Chemistry of the 
Compositae” was held in Reading, England 
(Heywood et al. 1977). The proceedings from 
that meeting are very interesting in that the 
book used the Bentham system but several of 
the chapters made it clear that the data did not 
fit this scenario. A good example is the pollen 
paper by Skavarla (1977) where he mentions 
that the pollen structure of the Mutisieae is 
more like the closely related families and that 
the Heliantheae is very different. The chapter 
by Turner (1977) provides a good summary of 
the work of Bentham and Bremer’s book 
(1994) discusses the work of Cassini.

At about the same time Wagenitz (1976) sur
veyed the distribution of certain characters and 
noted the existence of two very different 
groups of tribes (excluding the Lactuceae), 
this agreed with Carquist’s (1966) findings. In 
1978 Jeffery divided the Compositae into two 
subfamilies (as cited in Jeffrey 1993). The main 
differences among these three treatments is 
whether or not the Lactuceae (dandelions) is 
in a subfamily of its own and the placement of 
the Eupatorieae.

The biggest change in Composite systemat
ics took place in the late 1980’s and early 

1990’s and it was based on the molecular work 
by Jansen and Palmer (1987, 1988), Jansen et 
al. (1991a, b) and Jansen and Kim (1996). 
They literally turned the Compositae phy
logeny upside down, showing that part of the 
Mutisieae was the basal branch of the family 
and that the tribe Heliantheae s. I. was nested 
far up in the tree. Furthermore, their work 
showed that the Vernonieae and Eupatorieae, 
long believed to be closely related, were actu
ally in separate parts of the tree. When Bremer 
(1987) added the inversion character to his 
morphological data the base of the tree agreed 
with the molecular findings, however Bremer’s 
analysis placed the Eupatorieae close to the 
Astereae and not the Heliantheae.

The task of understanding the phylogeny of 
the Compositae has come a long way since 
Jansen and Palmer’s 1987 paper. The advent of 
new techniques and new markers has greatly in
creased the amount of sequence data available. 
Using a published tree for the family as a whole, 
and published and unpublished trees for indi
vidual clades we have constructed a supertree 
for the family, a tree of trees (Fig. 4, as a fould- 
out). It illustrates the current thinking about 
the relationships among the major tribes and 
subfamilies in the Compositae. The basal 
group, which is monophyletic and the sister- 
group to the rest of the family, is the distinctive 
subfamily Barnadesioideae which contains less 
than 1% of the species in the family. Also mono
phyletic is the highly nested subfamily Aster- 
oideae, which contains ca. 65% of the species in 
the family. Within this subfamily a new classifi
cation system has been proposed for the large 
paraphyletic tribe Heliantheae 5. I. (Baldwin et 
al. 2002). Intercalated between the two mono
phyletic subfamilies are groups that used to be 
included in the subfamily Cichorioideae (ca. 
35% of the species in the family) and that vary 
in their morphological and molecular charac
ters. Recently a new higher classification system 
has been proposed for the Cichorioideae 
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(Panero & Funk 2002). The Baldwin et al. 
(2002) and the Panero and Funk (2002) papers 
recognized new and previously described sub
families and tribes so that now there are 10 and 
35 respectively; it remains to be seen whether or 
not the new classification will be accepted by 
the Compositae community.

For such a large and interesting family, rela
tively little has been published on its geo
graphic origin and diversification since Ben
tham (1873b). Bentham (1873b), Small 
(1919), Raven and Axelrod (1974), and 
Turner (1977) all believed that the Composi
tae had their origin in the northwest portion of 
South America, in the Andes. Rzedowski 
(1972) and Hu (1958) pointed out the 
increased diversity in the family in montane 
areas. Most recently Bremer (1992, 1994) 
developed a method called ‘Ancestral Areas’ 
analysis and came to the conclusion that the 
family originated in “South America and the 
Pacific” and Graham (1996) summarized the 
fossils for the family. Other than these efforts, 
little attention has been paid to this topic. Per
haps the size of the family and its global distri
bution has restricted attempts to understand 
its history.

The goal of this paper is to use the most 
recent molecular phylogenies that are avail
able, either from the literature or contributed 
by the authors as unpublished trees, to pro
duce a supertree showing the overall phy
logeny of the Compositae. The supertree 
makes it possible to look at the family as a 
whole and to try to discern its origin and his-

Fig. 1. Characters of the Compositae. A. The head with ray 
florets arranged around the perimeter, disc florets in the 
center, and involucral bracts surrounding the outer florets. 
B. The pollen is released via the style pushing out through 
the anthers which are fused at the margins. C. A few of the 
achene (cypsela) and pappus types found in the Composi
tae. The scale bar in C is 1 mm in length. Drawings by Alice 
Tangerini (US).

tory. It is also an excellent method for deter
mining critical areas of the tree for future 
work.

Materials and methods
Construction of the supertree
The suptertree for the Compositae was devel
oped using a compilation of trees. Perhaps it 
would be best to call this type of tree a ‘meta-
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tree’ rather than a supertree because it is a 
“tree of trees” rather than a tree produced by 
an analysis based on single or multiple data 
matrices or by analyzing tree structure. The 
two methods are sometimes referred to as 
‘supertree’ and ‘supermatrix’. There has been 
some recent discussion on the pros and cons of 
the two methods (Steel et al. 2000; Gatesy et al. 
2002; Bininda-Emonds et al. 2003). Currently 
the supermatrix method is not a viable option 
for the Compositae because of the size of the 
family and the lack molecular markers for 
which we have comprehensive (or even sub
stantial) coverage. The supertree was con
structed in the following manner:

1. A ‘backbone’ or ‘base tree’ was constructed 
using Panero and Funk (2002) and modified 
slightly by Bayer (unpublished) and Funk et 
al. (in press). This tree was reduced to a 
matrix using Brooks Parsimony Analysis 
(BPA; Brooks 1982; Brooks 8c McLennan 
2002) wherein any branching diagram can 
be reduced to a series of zeros and ones in a 
data matrix (we used MacClade; Maddison & 
Maddison 2001). The data matrix can then 
be run in a tree program (we used PAUP 
4.0bl0; Swofford 2002) and it will produce 
an exact replica of the original tree.

2. The most recent and available tree for each 
clade (see below) on the “backbone” tree 
was reduced to a matrix (using BPA) and 

these matrices were added to the original 
matrix along with the appropriate characters 
to maintain the backbone. Each time a new 
clade tree was added, the overall tree was re
run to insure an accurate replication of the 
newly added tree as well as to insure that the 
addition had not caused any unwanted 
changes elsewhere in the supertree. Two 
clades in the family, the tribes Senecioneae 
and Astereae, did not have an overall tree 
available, and it was necessary to use two or 
more published trees to produce a consen
sus tree to be used in the supertree. There
fore, these two tribes have the least reliable 
phylogenies.

3. The distributions were mapped on the su
pertree using the Farris double pass method 
(1970). The results of the mapping were 
checked using the PAUP ‘Acctran’ option 
(Swofford 2002) and the MacClade ‘Trace’ 
option (Maddison 8c Maddison 2001). These 
techniques provided the hypothesized distri
butions of the deep branches and nodes. 
The final supertree was moved into Photo
shop and each taxon branch and internode 
was colored as to its distribution. In essence, 
Fig. 4 is an ‘area supertree’ as opposed to an 
‘area cladogram’.

4. An ‘Ancestral Areas’ analysis, according to 
Bremer (1992, 1994), was performed. In an 
ancestral areas analysis the terminal taxa are

Fig. 2. Photographs of some members of the Compositae illustrating various characters: 1. Wilkesia 
(Madieae; Hawaii; photo by G. D. Carr), 2. Xerochrysum (Gnaphalieae; Australia; photo by R. J. Bayer), 
3. Montanoa (Heliantheae; Mexico; photo by V. A. Funk), 4. Solidago (Astereae; USA; photo by G. D. 
Carr), 5. Xenophyllum (Senecioneae; Ecuador; photo by V. A. Funk), 6. Acmella (Heliantheae; photo by 
G. D. Carr), 7. Stifftia (Mutisieae s. Z.; Ecuador; photo by G. Lewis), 8. Slemacantha (Cardueae; Aus
tralia; photo by V. A. Funk), 9. Erechtites (Senecioneae; photo by G. D. Carr), 10. Helenium (Helenieae; 
USA; photo by B. G. Baldwin), 11. Helenium (Helenieae; USA; photo by B. G. Baldwin), 12. Artemisia 
(Anthemideae; photo by G. D. Carr), 13. Gazania (Arctoteae; South Africa; photo by V. A. Funk), 14. 
Philoglossa (Liabeae; Ecuador; photo by V. A. Funk), 15. Lychnophora (Vernonieae; Brazil; photo by V. 
A. Funk), 16. Leucheria (Mutisieae; Argentina; photo by M. Bonifacino).
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Fig. 3. Tribes of the Compositae and their affinities accord
ing to Cassini (1818). Note the position of the Boopidées 
(now Calyceraceae). [The following figure, Fig. 4, the 
supertree for the Compositae, is included as a separate 
foldout].

replaced by their distribution. The necessary 
gains (dispersals) and losses (extinctions) of 
each area on the cladogram are calculated 
(see Bremer 1992 for details). Bremer 
(1992, p. 439) states that “... if there are 
more losses than gains then ... the area is 
excluded from the ancestral area.” and, 
“... if there are more gains than losses ... the 

area is assumed to be part of the ancestral 
area.” Appendix 1 is a list of the areas and 
the gains and losses for each assumption. For 
instance, if one assumes Brazil to be an 
ancestral area it would have to have been 
‘lost’ six times. The gains are divided by the 
losses for a ratio and the ratio is standardized 
by dividing it by the largest gain/loss (2.4) to 
give a scale from 0 to 1(AA). A high G/L 
value is an indication that the area is part of 
the ancestral area.

Sources of the trees.
General references for this study were Bremer 
(1994), Heywood (1993), Heywood et al. 
(1977), and Hind (1996).

The, Backbone or base tree
The basic structure (backbone) of the tree was 
taken from Panero and Funk (2002) and modi
fied slightly based on work by Funk et al. (2004) 
and Bayer (unpublished). The tree in Panero 
and Funk (2002) was taken from two unpub
lished analyses. The overall analysis (Panero & 
Funk unpublished) contained extensive sam
pling from the base of the tree, the Mutisieae 5. 
I., 3-10 genera representing all other tribes (in
cluding Heliantheae 5. /.), and many taxa that 
had been “hard to place” in previous studies 
(including Hecastocleis, Gymnarrhena, and 
Corymbium). The data included DNA sequences 
of ndhF, trnL-trnF, matK, ndhD, rbcL, rpoB, rpoCl, 
exonl, 23S-trnI, and ndhliov an approximate to
tal data matrix of 13,380 bp. The analysis pro
duced 42 trees that had only minor differences. 
The Heliantheae 5. I. portion of the backbone 
comes from a study by Panero et al. (2001a, b, c, 
unpublished) that resulted in one tree.

Goodeniaceae: The second outgroup of the 
Compositae and the first branch on the 
supertree is the Goodeniaceae, a moderate 
sized family (14 genera, over 400 species) of 
herbs and some shrubs. The family is largely 
confined to Australia, particularly Western Aus- 
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tralia, with only a few species extending else
where, mostly in the Pacific area. A recent 
study (Howarth et al. 2003) has shown that the 
base of the phylogeny of the Goodeniaceae is 
in Australia with dispersals by members of 
Scaevola into the Pacific area, coastal areas in 
southern Asia and Africa, and the east coast of 
the Americas. The relationship between the 
Goodeniaceae and the Compositae is sup
ported by recent work in both molecular 
(Gustafsson et al. 1996) and morphological 
(Gustafsson et al. 1997; Lammers 1992; Takhta- 
jan 1987) studies.

Calyceraceae: The first outgroup of the 
Compositae, and therefore its sister-group, is 
the Calyceraceae, a small family (six genera, ca. 
52 species) of annual and perennial herbs. The 
family is entirely South American, being most 
abundant in the Andes south from Bolivia, 
extending eastwards through Paraguay to 
Uruguay and southern Brazil and down 
through Argentina to southern Patagonia 
(Heywood 1993). The suggestion that the 
Calyceraceae is closely related to the Composi
tae was first mentioned by Cassini (1818) as 
reflected by Fig. 3 (Boopidées). The position 
of Calyceraceae as the first outgroup has been 
supported by both molecular (Olmstead et al. 
2000) and morphological (Lammers 1992; 
Skavarla 1977; Turner 1977) studies.

Barnadesioideae: The subfamily Barnade- 
sioideae is the basal group in the Compositae 
phylogeny. This has been known since the sem
inal papers by Jansen and Palmer (1987, 1988) 
established the presence of a chloroplast DNA 
inversion shared by the rest of the family, but 
not by the Barnadesioideae or other flowering 
plants. The tree for the Barnadesioideae was 
taken from Gustafsson et al. (2001) which used 
many terminal taxa and included eight of the 
nine genera found in this subfamily. All genera 
were monophyletic except for one disjunct 
species of Dasyphyllum, missing was the genus 
Duseniella. Gustafsson et al. (2001) used trnL 

and ITS sequence data to produce a single 
most parsimonious tree.

Mutisieae 5. I. and Tarchonantheae: The 
tribe Mutisieae v I. has 84 genera and ca. 900 
species. Its paraphyly has been suggested by 
morphological studies (Cabrera 1977; Hansen 
1991b) and supported by the first molecular 
studies of the family. First the sub-tribe Bar- 
nadesiinae was recognized as being basal to the 
family and the sister-group to the rest of the 
family (Jansen & Palmer 1987, 1988), and then 
it was elevated to the rank of sub-family (Bre
mer & Jansen 1992). Later, Kim and Jansen 
(1995) and Kim et al. (2002) made apparent 
that there were several clades in the remainder 
of the tribe. Most recently Panero and Funk 
(2002) published a new phylogeny that con
firmed that the Mutisieae was paraphyletic and 
elevated several groups within the tribe to sub
family and tribal levels; subfamilies Gochna- 
tioideae, Hecastocleioideae, Pertyoideae, and 
Gymnarrhenoideae were described along with 
the tribe Dicomeae which is placed, along with 
the genus Oldenburgia and the previously 
described tribe Tarchonantheae, in the sub
family Carduoideae. The remaining clades of 
the Mutisieae 5. s. may still be paraphyletic, for 
while it is likely that the Mutisia clade and the 
Nassauvia clade form a monophyletic group it 
remains to be seen whether or not the Stifftia 
clade will need to be recognized at the subfam
ily level. The branching sequence of the clades 
and individual genera of the Mutisieae were 
taken from the multi-gene study by Panero and 
Funk (2002) and the relationships among the 
taxa within each clade were taken from the 
ndh¥ studies of Kim et al. (2002). The 34 gen
era on the tree represent 40% of the generic 
diversity in the tribe.

Cardueae: The Cardueae (thistles; 74 gen
era, ca. 2,500 species) are now known to be 
nested within the paraphyletic Mutisieae 5. I. 
This tribe is the sister-group to the Tarcho
nantheae and/or the genus Oldenburgia (Kim et 
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al. 2002; Panero & Funk 2002). The tribes Car- 
dueae, Tarchonantheae and Dicomeae along 
with the genus Oldenburgia are a monophyletic 
group. The Cardueae tree used for the 
supertree was taken primarily from Garcia- 
Jacas et al. (2002) but also from Garcia-Jacas et 
al. (2001) and Garcia-Jacas et al. (unpub
lished). Their work has shown the tribe to be 
monophyletic and it has provided a well-sup- 
ported overall phylogeny. The original analyses 
were based on ITS and matK sequence data 
from many taxa representing ca. 56 genera, or 
approximately 75% of the generic diversity in 
the tribe. Thirty genera (41%) were included 
in the supertree with sampling coming mostly 
from the basal areas of the tree (Garciajacas et 
al. 2002). More recently Garcia-Jacas et al. 
(unpublished) have added additional taxa and 
used new information to change the outgroup 
used in the study. The changing of the out
groups has rearranged the base of the tree to 
some extent and this new basal rearrangement 
is included in the supertree.

Cichorieae (Lactuceae) and Gundelieae: 
The phylogeny of the dandelion tribe 
Cichorieae (Lactuceae) has long presented a 
problem. In 1995 Whitton et al. did a prelimi
nary phylogeny of the Lactuceae and more 
recently, Lee et al. (2003) worked on the North 
American members. Now a two gene phy
logeny of the whole tribe is nearing comple
tion (Gemeinholzer pers. comm.). The Lac
tuceae tree used in this study was provided by 
Gemeinholzer (Gemeinholzer & Bachmann 
2003, submitted, unpublished) and was based 
on ITS data. The position of Gundelia (Gun
delieae) as basal to the Lactuceae was sug
gested by Karis et al. (2001) based on ndh¥ 
data, and the position of Warionia as the sister 
taxon to Gundelia was suggested by Panero and 
Funk (2002); the positions of Gundelia and 
Warionia at the base of the Lactuceae were con
firmed by Funk et al. (2004). Sixteen genera 
are included in the tree representing 16% of 

the generic diversity. Lee et al. (2003) showed 
that the tribal name Cichorieae has priority 
over Lactuceae, however because we discuss 
the subfamily Cichorioideae several times it 
seemed less confusing to use the more com
mon name Lactuceae for the tribe in the dis
cussion section of this paper.

Arctoteae (Arctotideae) and Eremo tham- 
neae: The tribe Arctoteae (African Daisies) is a 
diverse and interesting group with a primarily 
southern African distribution (ca. 15 genera, 
160 species). The closely related tribe, Ere- 
mothamneae (2 genera, 3 species) is also a part 
of this clade. These two tribes are especially 
important in that most of the species are found 
in the Cape Flora Kingdom, the smallest floral 
kingdom, which is the subject of intense con
servation interest. The tree for this study was 
taken from a recent paper by Funk et al. (2004) 
where the tree is based on ndhY, trnL-trnF and 
ITS sequence data. The Eremothamneae is 
monophyletic and confined to southern Africa 
(Karis 1992). The Arctoteae is only weakly sup
ported as monophyletic but the subtribes are 
strongly supported as clades. Because all of the 
basal taxa in each subtribe are in southern 
Africa, the monophyly of the Arctoteae does 
not affect the biogeographic outcome of our 
study. All 17 genera were covered in the paper 
but only nine have been included in this study 
representing 53% of the generic diversity. Cur
rent investigations seem to indicate that the 
name Arctotideae has priority over the more 
commonly used Arctoteae but this is not yet 
confirmed.

Liabeae: The Liabeae is a monophyletic 
Neotropical tribe containing approximately 
180 species distributed in 16 genera and occu
pying a wide variety of habitats throughout 
Mexico, Central America, the West Indies, and 
the Andes. The greatest diversity in the tribe is 
found in Peru, where no fewer than 13 genera 
and over 70 species are represented. After a 
long history of moving from tribe to tribe, the 
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current members were brought together by 
Robinson (1983). A previous morphological 
analysis resolved a northwestern Andes origin 
(Funk et al. 1996). The tree for our study was 
based on Kim et al. (2003) and Funk (unpub
lished) and contains eight genera representing 
50% of the generic diversity.

Vernonieae: The tribe Vernonieae with 98 
genera and 1300 species has until recently had 
most of its species in the large and complicated 
genus Vernonia (Jones 1977). However, the 
tribe has been the subject of recent revisions 
that concentrated on the breaking up of Ver
nonia (e.g., Robinson 1999), first in the Ameri
cas and more recently in Africa. Sometimes 
referred to as the “evil tribe” by those who try 
to work with its members, using either molecu
lar data or morphology, it is finally being exam
ined using multiple molecular markers (Keeley 
& Chan unpublished). The tree used for this 
study was provided by Keeley and Chan 
(unpublished) and is based on ndhF, trnL-trnF, 
and ITS sequence data. The study has shown 
that the tribe is clearly monophyletic. This 
study includes 36 taxa but the number of gen
era in the tribe is in flux at the moment, and it 
is impossible to accurately estimate the per
centage of coverage.

Senecioneae: The Senecioneae is the largest 
tribe with over 3000 species (Nordenstam 
2003a) and it proved to be the most difficult 
clade tree to produce. There are seven phylo
genies based on molecular data involving vari
ous parts of the tribe, each with a scattering of 
taxa from elsewhere in the tribe (Bain & 
Golden 2000; Coleman et al. 2003; Kadereit & 
Jeffrey 1996; Knox 1996; Knox & Palmer 1995; 
Pelser et al. 2002; Swenson & Manns 2003). 
The number of taxa common to all phyloge
nies was very small so the trees were compared 
two at a time in various combinations until a 
pattern developed. This pattern agreed with 
the overall pattern in most of the studies. 
Blennosperma of the Blennospermatinae, 

believed to be the basal group in the tribe, is 
always used as the outgroup. Its position has 
been tested only in a small study with two 
species of the Senecioneae (Swenson & Bre
mer 1999), so its location at the base has not 
been confirmed. One genus, Blennosperma has 
been included in several studies using ndhF 
(Kim & Jansen 1995; Swenson & Bremer 1999) 
and it comes out at the base of the 
Senecioneae, but the sample size within the 
tribe is small. Highly nested in the phylogeny is 
the largest clade, the Senecionoid group. It is 
monophyletic and contains most of the genera 
and species. Between these two groups is a 
mostly unresolved grade that includes some 
members of the Tussilaginoid assemblage. 
Since most of these papers are based, at least 
partially, on ITS sequence data the trees are all 
more resolved at the end clades than at the 
base. Because the taxa at the base of the tree 
are from many parts of the world and because 
the relationships among them are not 
resolved, the base of the Senecioneae is indi
cated as unresolved. However, the unresolved 
nature of the base of the Senecioneae does not 
affect the family-wide biogeographic pattern. 
The tribe has 138 genera according to Norden
stam (2003a); the final tree contained 33 taxa, 
several of which were species in the large genus 
Senecio.

Gnaphalieae: The tribe Gnaphalieae has 
about 187 genera and 1250 species which have 
their greatest diversity in Southern Africa, Aus
tralia, and South America. The tree for this 
study was provided by Bayer (unpublished). It 
is based on three cpDNA sequences (ma/K, 
trnL intron, and the trnL-trnF spacer). A total 
of 88 genera were available for this study (47% 
of the generic diversity) but only 32 (18%) 
were used. Most of the genera not used were 
from members of a large monophyletic radia
tion in Australia.

Calenduleae: Sister to the Gnaphalieae is the 
Calenduleae with eight genera, seven of which 
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have distinct centers in South Africa; most of 
the species occur in the Cape flora area (Nor- 
denstam 2003b). One genus, Calendula, is in 
North Africa and the Mediterranean north to 
central Europe and east into Iran and Turkey. 
Three genera (33% of the generic diversity) 
were sequenced by Bayer (unpublished) in 
order to establish an outgroup for the 
Gnaphalieae.

Anthemideae: The members of the tribe 
Anthemideae are mainly north temperate and 
Old World. The tribe has 109 genera and ca. 
1740 species. Molecular work using ndhF (Wat
son et al. 2000) and ITS (Watson et al. 2002) 
and summarized by Watson (2003, unpub
lished) have provided a phylogeny that can be 
used for the supertree. There are 39 genera 
(36% of the generic diversity) in the supertree; 
many more genera are available in Watson’s 
work but we did not use all members of the 
large radiations in East Asia and the Mediter
ranean.

Astereae: With 170 genera, ca. 3000 species, 
and a worldwide distribution, the Astereae is 
the second largest tribe after the Senecioneae. 
It has centers of diversity in southwestern 
North America, the Andes, South Africa, Aus
tralia and New Zealand. In 1996 Lane et al. 
published a preliminary analysis of the North 
American members of the tribe using chloro
plast DNA restriction site data. Two recent 
studies for the tribe exist (Noyes & Rieseberg 
1999; Cross et al. 2002) both based on ITS 
sequence data. The first paper focused on 
North American members of the tribe with 
seven outgroup taxa. The second focused on 
the Pacific genus Olearia and it had 23 other 
genera represented in the analysis. There was 
some overlap in taxa and a consensus tree was 
constructed of the two trees. The consensus 
tree contains 22 taxa representing 18 genera 
(ca. 10% of the generic diversity); some genera 
are polyphyletic.

Inuleae and Plucheeae: The Plucheeae has 

28 genera and 220 species and is pantropical; 
the Inuleae has 38 genera and 480 species and 
is found in the Old World, mainly Eurasia. It is 
now known that the members of the 
Plucheeae, although monophyletic, are nested 
within the Inuleae. Because the two are treated 
in the same clade they are addressed together 
under the tribe name Inuleae. The tree for this 
study was provided by Bayer (unpublished) 
and is based on three cpDNA regions (m«ZK, 
trnL intron, and the trnL-trnF spacer). A total 
of nine genera were used in this study, 14% of 
the generic diversity of the two tribes.

Athroismeae, Heliantheae s. Z., and Eupato- 
rieae: The newly described tribe Athroismeae 
is the sister group to the large and diverse 
clade that contains the Heliantheae 5. I. and 
Eupatorieae. The three genera (two were 
included in the supertree) in the Athroismeae 
are centered in eastern tropical Africa and 
were in the Inuleae until moved to the Hele- 
nieae (Eriksson 1991). The tribe Eupatorieae 
is nested in the Heliantheae 5. I., and as a result 
the Heliantheae has recently undergone a dis
section into 12 tribes (Baldwin et al. 2002; 
Panero & Funk 2002). Bremer (1994) divided 
this part of the family phylogeny into three 
groups, Helenieae (including Athroismeae; 
110 genera, ca. 800 species), Heliantheae (189 
genera, ca. 2500 species), and Eupatorieae 
(170 genera, 2400 species) but recognized that 
the groups would need to be re-arranged once 
additional information was available. Both the 
Helenieae and Heliantheae of Bremer proved 
to be non-monophyletic and Baldwin et al. 
(2002) and Panero and Funk (2002) described 
additional tribes. The Eupatorieae was main
tained as a separate tribe. The tree for this 
large section of the family has 120 genera out 
of 459 and so represents 26% of the generic 
diversity of this group. The tree for this clade 
in the supertree was formed by using the back
bone of Panero and Funk (2002) for the rela
tionships among the tribes; the branching 
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within each tribe of the former Heliantheae 5. 
I. was taken from Baldwin et al. (2002). The 
branching within the Eupatorieae was taken 
from Schmidt and Schilling (2000) and 
Schilling (unpublished), and is congruent with 
results published by Ito et al. (2000a, b) for the 
tribe. Baldwin et al. (2002) focused on the 
members of the former tribe Helenieae and 
their study was, therefore, less representative of 
the paleaceous members from the former 
Heliantheae, although every attempt was made 
to cover the diversity. Because the members of 
the Helenieae form the basal grade, the under

representation of the paleaceous members 
does not present an obstacle to the biogeo
graphic analysis.

Results and discussion

Parsimony Optimization Analysis
The distribution of each terminal taxon is indi
cated on Fig. 4 by the color of the branch; taxa 
that span more than one area have multiple 
colors. The internodes were colored using the 
double pass method of Farris (1970), the ACC- 
TRAN routine from PAUP (Swofford 2002)

Cichorioideae S.S. AsteroideaeCarduoideae

Fig. 5. The supertree (Fig. 4, as separate foldout) has been reduced in size by having tribes as terminal taxa. Also, the num
ber of biogeographic areas has been reduced by combining areas.
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Fig. 6. The supertree 
(Fig. 4) has been bro
ken up into three 
grades and a clade. 
The reduced version 
of the supertree (Fig. 
5) is used to show the 
positions of these 
Grades and Clade.
Shown in this figure is Grade 1 which forms the base of the 
tree from the Barnadesoideae through the genus Hecasto
cleis (the internodes have been compressed). Most of the 
members of this grade have a southern South American 
distribution but note that Hecastocleis is from North Amer
ica. St = Stifftia clade, Goc = Gochnatieae, He = Hecasto- 
cleideae.

and the “Trace” routine from MacClade (Mad
dison & Maddison 2001). Most areas of the 
cladogram could be resolved with one or all 
three of these methods, but two areas in partic
ular could not and were left black. A reduced 
tree (Fig. 5) was produced with fewer biogeo
graphic categories and with only one branch 
for each major clade or important taxon.

In order to more easily discuss the tree it has 
been broken into parts. Grade 1 (Fig. 6), which 
is primarily southern South American, forms 
the base from just above the outgroups to just 
past the genus Hecastocleis. Grade 2 (Fig. 4), is 
an African grade with repeated radiations into 
Asia, Eurasia, Europe, etc. It begins above 
Hecastocleis and covers the central part of the 
supertree up through the tropical east African 
group, the Athroisma clade. This is a very large 
grade, and in order to examine it in better 
detail it has been divided into two subgrades. 
Grade 2a (Fig. 7) begins with the African 
Mutisieae and thistle clade (Carduoideae) and 
ends after Corymbium. Grade 2b (Fig. 8) begins 
with Senecioneae and ends after Athroismeae. 
Clade 3 is North American, Mexican and South 
American and encompasses all of the 
Heliantheae s. I., including the Helenieae and 
Eupatorieae.

Grade 1 (Fig. 6):
The sister group of the Compositae (Fig. 4 & 5) 
and the first outgroup, the Calyceraceae, is 
from southern South America. The basal 
branch of the Compositae is the subfamily Bar- 
nadesioideae (Fig. 6). Gustafsson et al. (2001) 
examined the biogeography and concluded 
that their analyses showed “... unambiguously 
that the Barnadesioideae as a whole are origi
nally southern Andean ...” Our analysis agrees 
with Gustafsson et al. (2001). The next clade is 
the Stifftia clade which is in southern South 
America and Brazil. The large Mutisieae clade 
(including the Nassauvia clade) contains 
mostly southern South American taxa, how
ever, it also contains Gerbera and Piloselloides 
from Africa, taxa that are in North America 
(e.g., Acourtid), and Leibnitzia which is in China 
and Mexico. The final clade is the newly 
described tribe Gochnatieae (Panero & Funk 
2002) which contains genera mainly from 
southern South America and Brazil. It is clear 
from the optimization that the extant taxa in 
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Grade 1, which form the base of the Composi
tae supertree, have their origin in southern 
South America. The last taxon in Grade 1 is the 
monotypic North American (Nevada and 
Death Valley) genus Hecastocleis which will be 
discussed in more detail below. The internode 
between the southern South American grade 
and the African middle of the tree (Grade 2) is 
unresolved as to origin because there are no 
areas shared among the three (South Ameri
can Mutisieae, African base of Grade 2, and 
North American Hecastocleis). A species level 
analysis of the new tribe Gochnatieae (4-5 gen
era) and its relationships to Hecastocleis may 
provide some insight into the problem because 
one of the genera (Gochnatià) is found in 
South, Central and North America as well as 
having two species in Asia.

Grade 2a (Fig. 7):
The basal clade in this area of the supertree is 
the African Mutisieae-thistle clade (Car- 
duoideae). The African Mutisieae consist of 
Dicoma and its relatives which form one sub
clade that is basal. The genus Oldenburgia, and 
the small tribe Tarchonantheae ( Tarchonanthus 
and Brachylaend) are in a trichotomy with the 
Cardueae (thistles). Gerbera, which is from 
Africa as well as Asia, is not in this group, it is 
nested in the South American Mutisieae near 
the base of the tree. The thistle tree has a base 
that can be resolved as Asian with a significant 
presence in Northern Africa and Eurasia and, 
to a lesser extent, Europe. Many of the genera 
are found in two or more of these areas. So, 
this clade has an African base with a large radi
ation beginning in Asia followed by radiations 
into North Africa, Eurasia, and Europe.

The next clade on the supertree is the Asian 
Mutisieae (recently described as the tribe Per- 
tyeae; Panero & Funk 2002); the taxa are 
found in Asia from Afghanistan through India 
to China, Korea and Japan. All Asian Mutisieae 
(genera that are restricted to Asia) are found 

in this clade except Nouelia and Leucomeris 
which are sister-taxa in the Mutisieae 5. 5. near 
the base of the tree (Panero & Funk 2002).

Just after the Pertyeae is the monotypic 
genus Gymnarrhena (North Africa to the Mid
dle East) which stands by itself.

The final clade in this grade is the Cichori- 
oideae s. 5. This large clade contains six tribes: 
the Gundelieae and Cichorieae (Lactuceae) 
are sister taxa and form a clade; the Arctoteae 
and Eremothamneae (the latter is nested 
within the former) are a second clade; and 
finally the Liabeae and Vernonieae are sister 
taxa and form a clade. The Liabeae-Vernon- 
ieae are the sister group of the Arctoteae-Ere- 
mothamneae. The Cichorioideae 5. s. is a 
strongly supported group but the three major 
clades within it are not particularly close to one 
another, and all are on rather long branches 
(Funk et al. 2004). The Gundelieae (Gundelia 
and Warionia) is from northern Africa-Mediter
ranean-southern Europe, and the basal taxa 
from the Lactuceae are likewise from that area. 
From this northern African-Mediterranean 
base, the Lactuceae repeatedly spread into 
Eurasia, Asia and Europe. Nested in the Lac
tuceae is a monophyletic radiation in North 
America. In fact, Lee et al. (2003) state that all 
23 genera of Lactuceae with centers of diversity 
in North America (and Picrosia from South 
America) represent a single, major radiation 
based in North America. This radiation is rep
resented on the tree by Microseris and Uropap
pus (Fig. 7). The Arctoteae (including Ere
mothamneae) is almost wholly southern 
African and according to Funk et al. (2004) 
and all others who have worked on the tribe, 
the extant taxa have a southern African origin. 
The tribe Liabeae is believed to have an origin 
in northern Peru with a few separate small 
incursions into Central America and one clade 
each in Mexico (Sinclairia) and the Caribbean 
(Liabum) (Funk et al. 1996). The sister taxon of 
the Liabeae is the Vernonieae and it has a trop-
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ical African base (including a significant pres
ence in Madagascar) with a monophyletic new 
world radiation, first into Brazil and on into 
other parts of South America and then a 
monophyletic radiation into North America 
(Keeley & Chan unpublished). The unusual 
North American genus Stokesia is not in this 
main North American clade and its position is 
unresolved. With the exception of the Liabeae, 
every clade in the Cichorioideae 5. s. has its ori
gins in Africa, either north, tropical or south
ern, in effect covering the whole continent. 
The final resolution of the clade was a south
ern African base because of its close proximity 
to other branches from southern Africa. How
ever, this resolution is somewhat weak and so it 
is drawn on the supertree as either Southern 
African or Northern African. Once the 
reduced area cladogram was produced (Fig. 5) 
with all of sub-saharan Africa a single area, 
there was no question that the origin of this 
subfamily was African.

The final taxon in Grade 2a is the genus 
Corymbium which is restricted to southern 
Africa and forms a very important anchor for 
the next section of the supertree.

Grade 2b (Fig. 8):
This section begins the Asteroideae, the largest 
subfamily in the Compositae. It is distinctive 
with its capillary pappus and true rays and was 
recognized by Cassini (1818) and Bentham 
(1873a). The basal branch for this section of 
the supertree is the Senecioneae. The 
Senecioneae tree that was used for Fig. 4 was a 
consensus tree from seven different studies 
most of which had different taxa near the base 
and so in the supertree the base of the 
Senecioneae is unresolved. Also, all the studies 
used part of the Senecioneae (usually 
Blennosperma') as the outgroup, so the actual 
base of the Senecioneae has not been firmly 
established. The two major groups within the 
Senecioneae, the subtribe Tussilagininae

I
Fig. 7 (left hand part) - For legend, see opposite page.
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Fig. 7 (right hand part). The supertree (Fig. 4) has been broken up into three parts. Grade 2 is an African grade with 
repeated radiations into Asia, Eurasia, Europe, etc. Its size has made it necessary to further divide it into two sub-grades. 
Shown in this Figure is Grade2a which begins with the African Mutisieae and thistle clade (Carduoideae) and ends after 
the Cichorioideae 5. 5. and the stem genus Corymbium (the internodes have been compressed). Die = Dicomeae, Old = Old- 
enburgia, Tar = Tarconantheae, Per = Pertyeae, Gy = Gymnarrheneae, Gu = Gundelieae, Co = Corymbieae.
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GnaphalieaeSenecioneae

Fig. 8 (left hand part) - 
For legend, see opposite 
page.
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Fig. 8 (right hand part). The supertree (Fig. 4) has been broken up into three parts. Grade 2 is an African grade with 
repeated radiations into Asia, Eurasia, Europe, etc. Its size has made it necessary to further divide it into two sub-grades. 
This figure is Grade 2b which begins with Senecioneae and ends after the Athroismeae (the internodes have been com
pressed). Calen = Calenduleae, At = Atroismeae.
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(probably a basal grade) and the Senecioninae 
(a clade) are consistently found in all studies. 
The Tussilagininae has an African core and the 
Senecioninae has an African base with mono
phyletic radiations in South Africa, Europe, 
North America, and the Mediterranean. The 
subtribe Blennospermatinae is primarily 
Pacific but also North and South American. 
Because of the clades surrounding it, the 
Senecioneae probably had an African base, but 
it is the weakest part of the supertree. Norden
stam, Kadereit, and Watson are collaborating 
on sequencing projects with a tribal perspec
tive, and it is hoped a better resolution will be 
available for the next version of the Composi
tae Supertree.

A major clade containing four tribes, three 
of which are large, follows the Senecioneae. 
The small tribe Calenduleae is southern 
African in origin and is the sister taxon of the 
Gnaphalieae, which has a southern African 
grade at the base of its tree. Included in this 
tree are the genera of the Gnaphalieae from 
the African basal groups, members of the sub
tribes Angianthinae, Cassiniinae, Gnaphali- 
inae, Loricariinae, and Relhaniinae, and 
African and Australian representatives from 
the large Old World genus Helichrysum s. I. The 
Relhaniinae, which are restricted to Africa, are 
not a monophyletic group as presently circum
scribed, nor are the Cassiniinae and Gnaphali- 
inae (Bayer et al. 2000, 2002). Results also indi
cate that the primarily Australian subtribes 
Angianthinae and Cassiniinae are non-mono- 
phyletic as currently circumscribed. In most 
trees the Relhaniinae s. s. and some of the 
basal taxa comprise a clade that is sister to the 
remainder of the tribe Gnaphalieae. Sister to 
the Relhaniinae are clades of African, South 
American, North American, and European 
taxa that are primarily woody perennials often 
found at montane to high alpine elevations. 
Sister to these clades is a large clade represent
ing the major radiation of Australian, primarily 

herbaceotis, annual taxa mainly from the sub
tribe Angianthinae. Therefore, these two 
tribes, Calenduleae and Gnaphalieae, have a 
solid southern African origin.

Sister to the above pair of tribes are the 
Astereae and Anthemideae. After the 
Senecioneae, the Astereae is the least well- 
understood tribe. Lane et al. (1996) covered 
only North American taxa which were also the 
subject of one of the more recent papers 
(Noyes & Rieseberg 1999); we used the more 
recent results in this study. The two recent 
studies available for the Astereae (Cross et al. 
2002; Noyes & Rieseberg 1999) used substan
tially different sets of taxa. The consensus tree, 
based on the trees for the two recent studies, 
has an African base, an Australia-New Zealand 
grade in the middle, and a monophyletic radia
tion into North America. There are several sep
arate disparate locations of South American 
taxa. Noyes and Rieseberg (1999) showed that 
“... all North American Astereae are members 
of a strongly supported clade, and that a 
diverse group of predominantly woody taxa 
from Africa, Australia, and South America are 
basal Astereae.” Several taxa (e.g., the southern 
African genus Felicia) had to be left out of the 
tree because they had conflicting positions. 
Also, Cross et al. (2002), although they focused 
on Pacific taxa, used a large assortment of gen
era in the tribe and showed that several large 
genera are non-monophyletic {Olearia, Conyza, 
Erigeron). Clearly, the Astereae is in serious 
need of attention, and several groups of 
researchers are working on it. As with the 
Senecioneae, it is hoped that by the time of the 
next version of the Compositae supertree some 
of these issues will be resolved.

Sister to the Astereae is the Anthemideae. 
Watson and her collaborators (Watson et al. 
2000, 2002, 2003) have shown that the tribe 
has a southern African grade at the base as well 
as an Asian clade, a Eurasian clade, and a large 
Mediterranean radiation. There are also clades 
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in Asia and the Mediterranean. The Calend- 
uleae and Gnaphaleae have a southern Afri- 
cian base; the Astereae has an African base, 
with a southern African taxon at the very base, 
and the Anthemideae a southern African base. 
The result is a southern African base for the 
four tribes that form this major clade of the 
supertree.

The next clade on the supertree (Fig. 4) is 
the Inuleae (inchiding the Plucheeae). Basal 
in this clade are two southern African genera 
formerly thought to be part of the 
Gnaphalieae. Within the Inuleae there is an 
Asian clade and a pantropical clade 
(Plucheeae represented here by Pluchea, Strep- 
toglossa, and Epaltes). Interestingly the Aus
tralian genus Cratystylis, which has often been 
difficult to place (Bremer 1994), is sister to the 
Plucheeae (Bayer & Cross 2003).

The final clade in this section of the 
supertree (Fig. 4) is the new tribe Athroismeae 
which includes a few genera from tropical east 
Africa. This small clade is sister to the large 
Heliantheae 5. I. clade that follows.

Clade 3 (Fig. 9):
The Heliantheae 5. I. (including the Eupato- 
rieae and Helenieae) has recently been broken 
up into 12 tribes (Baldwin et al. 2002; Panero & 
Funk 2002), some new and some described in 
the past. This large clade contains over 25% of 
the genera in the family and is predominantly 
American, with a large representation in west
ern North America and Mexico. The supertree 
(Fig. 9) shows clearly that the base of the tree is 
North American; however, what it does not 
show is that approximately 50% of the genera 
in the basal clade (now the tribe Helenieae) 
have a distribution of southwest US and north
ern Mexico. This agrees with Baldwin et al. 
(2002) who said, “... the most recent common 
ancestor of taxa referable to Helenieae 5. I. 
(and to Heliantheae 5. I. + Eupatorieae) ... 
probably occurred in southwestern North 

America (including northern Mexico).” Bald
win et al. (2002) also point out that the 
endemic California diversity in this tribe is 
mostly confined to one clade, the Madieae. 
Within the Heliantheae 5. I. clade there are 
many different incursions into South America, 
especially in the northwestern Andes, and 
there are even more than indicated in this 
supertree because the work of Baldwin et al. 
(2002) focused on the Helenieae 5. I., which is 
a North American group. The concentration 
of taxa in the Heliantheae 5. I. in the north
western Andes played an important roll in 
early estimates of the origin and diversification 
of the Compositae (summarized by Turner 
1977). However, it is clear that the origin of 
this large and important clade is centered in 
western North America. The sister group to 
the Heliantheae 5. I. is the Athroismeae, which 
is the last branch from the African portion of 
the supertree (Fig. 4). What happened 
between Africa and North America is not 
known but since the base of the Heliantheae is 
in western USA and northwest Mexico on 
could speculate that it might have come to 
North America via Asia.

The reduced tree (Fig. 5) shows the results 
of the mapping of the distributions. In this tree 
several areas were combined: tropical Africa 
and southern Africa were combined into one 
area, Sub-Saharan Africa (blue); all South 
American areas were combined into one area 
(red); and North America and Mexico were 
combined (yellow). In this reduced tree it is 
even more evident that the extant Compositae 
had a South American base with an African 
diversification and radiation into Asia, Eurasia, 
Europe, Australia, etc. followed by the burst of 
diversity in North America.

Ancestral Areas Analysis
Bremer (1992, 1994) performed an ‘Ancestral 
Areas’ analysis based on his cladogram for the 
Compositae. His cladogram focused on the
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Fig. 9 (left hand part) - For legend, 
see opposite page.

base of the tree and was based on morphologi
cal data. In an ancestral areas analysis the ter
minal taxa are replaced by their distribution. 
The necessary gains (dispersals) and losses 
(extinctions) of each area on the cladogram 
are calculated (see Bremer 1992 for details). 
Bremer’s results (1994) suggested that the 
most likely position of the ancestor was in 
southern Brazil, followed by a category desig
nated the ‘Andes, Patagonia, Guiana Shield, 

and the Hawaiian Islands’. Other areas were 
deemed less likely. He concluded that the geo
graphic origin of the Asteraceae probably 
involved South America and the Pacific. How
ever, he was misled by several factors. First, Hes- 
peromannia (endemic to Hawaii) was at that 
time thought to be in the Mutisieae; it is now 
known that it is nested higher up in the tree in 
the Vernonieae (Keeley & Chan unpublished, 
Kim et al. 1998). Second, the Mutisieae from
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Fig. 9 (right hand part). The supertree (Fig. 4) has been broken up into three parts. This figure shows Clade 3 which is pri
marily in North America, Mexico and South America and encompasses all of the Heliantheae s. I., including the Helenieae 
and Eupatorieae (the internodes have been compressed). Core = Coreopsideae, Ne = Neurolaeneae, Chae = Chaenac- 
tideae, Po = Polymineae, Mill = Millerieae, Perity = Perityleae.

the Guiana Shield are now known to be nested 
in two southern South American clades. Third, 
the molecular cladogram is somewhat different 
than Bremer’s morphological one. Finally, in 
our study South America was broken up into 
more than one area. All these taken together 
predicted that the current ‘ancestral areas 
analysis’ would produce different results. Fig. 
10 represents the base of the tree (following 
Bremer’s method) with some taxa eliminated if 

they provided no new information (see Fig. 4 & 
6). Bremer (1992, p. 439) states that “... if 
there are more losses than gains then ... the 
area is excluded from the ancestral area.” and 
“... if there are more gains than losses ... the 
area is assumed to be part of the ancestral 
area.” Appendix 1 is a list of the areas and the 
gains and losses for each assumption. For 
instance, if one assumes Brazil to be an ances
tral area there would have to have been eight 
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losses (extinctions). The gains are divided by 
the losses for a ratio, and the ratio is standard
ized by dividing it by the largest gain/loss (2.4) 
to give a scale from 0 to 1. A high G/L value is 
an indication that the area is part of the ances
tral area. By all three criteria, southern South 
America is viewed as the most likely candidate 
for the position of the ancestral area. The tree 
used in the ancestral areas analysis was also run 
using the ‘Trace’ option of MacClade (Maddi
son & Maddison 2001) with the same result, 
southern South American was the estimated 
area for the base of the tree, indeed for the 
whole tree.

The ‘Parsimony Optimization’ and the 
‘Ancestral Areas’ analysis provided the same 
answer to the question on the origin and diver
sification of the family; extant Compositae 
originated in southern South America.

Odd Genera
Throughout the history of the classification of 
the Compositae there have been a number of 
genera that are difficult to place. These genera 
were usually grouped with taxa that they were 
“less different from” than anything else. It is 
interesting to note that many of these ‘odd’ 
taxa have secondary or tertiary heads in that 
they have been reduced to one or a few florets 
per head and then re-aggregated onto another 
common receptacle. As a result they usually 
lack ray florets and do not have the common 
involucral and receptacle characters. The lack 
of basic characters has made it difficult to use 
morphology to place these taxa. The advent of 
molecular data has allowed us to determine 
the location of many of these taxa on the tree. 
Some that have relevance to the biogeography 
of the family are discussed here. Their posi
tions have turned out to be among the more 
interesting aspects of this study because they 
are frequently at the base of large radiations: 
Cratystylis at the base of the Plucheeae, Athrois- 
meae at the base of the Heliantheae 5. /., Corym- 

bium at the base of the Asteroideae, Gymnar- 
rhena at the base of the Cichorioideae - Aster- 
oideae, the African Mutisieae at the base of the 
thistles, and Hecastocleis at the base of the major 
radiation of the family. Each of these either re
enforces or resolves the biogeographic hypoth
esis from that section of the tree except, of 
course, Hecastocleis. This same clarification also 
arose from the placement of other odd genera 
at the base of smaller radiations such as the 
location of Gundelia at the base of the Lac- 
tuceae. All of these have important positions 
for the biogeographic analysis because they 
anchor radiations and as a result show clearly 
that odd taxa should always be included in 
analyses at all levels.

Age of Origin
Considering the size and importance of the 
Compositae, surprisingly little has been pub
lished about the possible area of its origin or its 
age since Bentham (1873a, b). Estimates of the 
time of origin of the Compositae vary from 
Miocene (20 Mya) to Cretaceous (100 Mya) or 
earlier (Turner 1977). It is probably safe to say 
that most authorities agree that based on 
pollen data (Germeraad et al. 1968; Muller 
1970), most of the current tribes were in exis
tence by the end of the Oligocène (22- 25 Mya; 
Muller 1981). An older date is given by Gra
ham (1996) who dates Ambrosia-type pollen as 
late Eocene to early Oligocène (25-35 Mya). 
This was followed by an explosive evolution of 
species in the Miocene. By late Miocene (5 
Mya) most of the current genera of Composi
tae were present (Raven 8c Axelrod 1974; 
Turner 1977). The comparatively recent origin 
and great diversity of the Compositae are 
indicative of the competitive success of the 
family. Turner (1977) felt that the family’s 
“... rich secondary metabolite chemistry, often 
short life cycle, facultative pollination, and 
freedom from many co-evolutionary restraints 
may be responsible for this success.” Turner
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Fig. 10. The ‘ancestral areas’ analysis (sensu Bremer 1992) focuses on the base of the supertree with the areas of the ter
minal taxa indicated and it places the origin of the extant Compositae in southern South America.

(1977) also thought that the family originated 
in the mid-late Cretaceous possibly near the 
same time as the first upheaval of the Andes.

Using the supertree, some dates can be 
ascribed to different parts of the tree (Fig. 11). 
There are no reliable fossils from the early evo
lution of the family. However, some estimate of 
the age of the family can be obtained by exam
ining the relationship of the Compositae to its 
two most closely related families. The first out
group is the Calyceraceae whose members 
have the same distribution as the base of the 
Compositae, so we are really searching for the 
age of the ancestor of the Calyceraceae-Com- 
positae clade. The sister-group to the Calycer- 
aceae-Compositae clade is the Goodeniaceae 
whose members are found mainly in Australia. 
If one examines the distribution of these three 
families then one could hypothesize that the 

ancestor of the three families had a Gond- 
wanan origin, and the split between the ances
tor of the Goodeniaceae and the ancestor of 
the Calyceraceae-Compositae took place when 
South America broke off from the Antarctica- 
Australia part of Gondwana. An examination 
of the dates given in various scenarios for the 
separation of South America from Australia 
and Antarctica, at the K/T boundary, results in 
dates of about 50-65 Mya (e.g., Scotese 2002). 
Another recent estimate of the age of the clade 
is 43-53 Mya from DeVore and Stuessy (1995; 
cited from Bremer & Gustafsson 1997). All 
these dates are based on the same vicariant 
event, the breaking away of South America; the 
discrepancy comes when one tries to deter
mine when the two continents had separated 
far enough that they no longer shared a com
mon flora. Additional support for this scenario
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Fig. 11. There are few dates that can be placed on the phylogeny of the Compositae with any certainty. The separation of 
the lineage that led to the Goodeniaceae and the lineage that led to the Calyceraceae-Compositae may be placed at a time 
when Australia separated from Antarctica-South America (the flora is believed to have separated about 50 Mya) and the 
radiation at the base of the Compositae may be linked to uplift of the southern Andes (50-90 Mya). The occurrence of the 
Heliantheae 5. I. can be placed by pollen records at 22-35 Mya.

comes from the fact that the oldest part of the 
Andes is the southern Andes and the uplift of 
this area began approximately 90 Mya and 
lasted until 50 Mya (another vicariant event). 
The mountains were high enough to cause a 
drying effect only late in this time period. So 
perhaps we can use the figure of 50 Mya for the 

origin of the Calyceraceae-Compositae clade 
with the base of the Compositae radiating as 
the Andes developed. Since Africa drifted away 
from Gondwana quite some time before South 
America, it seems unlikely that the African con
tinent had any influence on the base of the 
cladogram.
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A few other dates for the Compositae can be 
estimated. According to Muller (1981) pollen 
data indicate that all major groups in the fam
ily were present 22-25 Mya. However, the date 
is extended further back by Graham (1996) 
who dates the earliest pollen from the 
Mutisieae as Eocene to middle Oligocène (25- 
50 mya), pollen from the Astereae- 
Heliantheae-Helenieae group as Eocene (35- 
50 Mya), and pollen of the Ambrosia-type 
(Heliantheae) from latest Eocene/early 
Oligocène (25-35 Mya) (Graham 1996). Since 
taxa with the Ambrosia type are nested high up 
in the tree we can use the date of 25-35 Mya for 
the base of the Heliantheae 5. I. Across the top 
of Fig. 4 there are four Hawaiian taxa esti
mated to be 5-7 Mya; one radiation in the 
northern Andes (Espeletitineae) with an age of 
approximately 2 Mya in line the with occur
rence of the sub-paramo habitat, and the tribe 
Liabeae is a north-central Andean clade that 
can be dated 5-15 Mya when the central Andes 
were uplifted. Finally, there are taxa from near 
the base of the tree from the Guiana and 
Brazilian Shield; these plants inhabit areas 
where the rock is older than the family. On the 
Guiana Shield at least, the final uplift was prob
ably in the Cretaceous, and so predates the ori
gin of the Compositae and is no help in deter
mining the ages of those clades.

Concluding statements

The Calyceraceae-Compositae clade (as we 
know it today) may have originated in south
ern South America ca. 50 Mya and the diversifi
cation of the base of the family was in the same 
area. The diversification of the Calyceraceae 
was strikingly modest by comparison with that 
of the Compositae, which conquered the 
world. In the Compositae, following the south
ern South American radiation, there was an 
African explosion. Of the 1600-1700 genera in 
the Compositae today about 2/3 are in clades 

with the basal branches in Africa, many in 
southern Africa. In fact, with the exception of 
the Mutisieae (5. /.) grade at the base and the 
highly nested Heliantheae 5. /., all of the major 
clades in the family appear to have an African 
origin. From this African origin came numer
ous movements into Asia, Eurasia, Europe, 
Australia, etc., many of which have spawned 
substantial radiations (e.g., Cardueae). The 
Heliantheae 5. I. clade has a North American 
origin beginning by 22-35 Mya which coincides 
with the land bridge connection from Asia. 
The sister clade to the Heliantheae 5. I. is 
found in tropical east Africa; it has a couple of 
species that are also in Asia. The ancestor of 
the Heliantheae s. I. could have come over the 
land bridge into western North America, down 
into Mexico with repeated incursions into Cen
tral America, and South America, especially in 
the northwestern Andes. The timing fits with 
many known migrations across the land bridge. 
But what about Hecastocleis^ This monotypic 
North American genus from Nevada and 
Death Valley sits in-between the southern 
South American basal radiation and the 
African explosion. Were there two events of 
long distance dispersal, one from South Amer
ica to North America and one from North 
American to Africa? Did a group of Composi
tae move into North America, then over to 
Europe and down into northern Africa fol
lowed by extensive extinction in the northern 
hemisphere? Or did this group of comps move 
into North America and then over into Asia 
and down into Africa followed by extensive 
extinction in the northern hemisphere? There 
is some evidence from other groups that show 
large-scale extinctions in the northern hemi
sphere, however, we do not have enough data 
to decide about this area of the Compositae 
supertree. It is possible that additional 
sequence data from more of the taxa in the 
Gochnatieae would provide a better estimation 
of the relationships. For now, that question 
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must remain unanswered. We have learned a 
great deal about the biogeography of this most 
interesting family but it is clear that we still 
have much to discover.
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Appendix 1. Estimation of ancestral area for the Composi
tae based on Figure 11. G=number of necessary gains, L = 
number of necessary losses, G/L = the ratio of gains to 
losses, AA = G/L quotients rescaled to a maximum value of 
1 by dividing by the largest G/L.

Area Gains Losses G/L AA
Southern south America 12 5 2.40 1.00
Brazil 5 8 0.63 26

Andes 6 13 0.46 .19

North America 3 8 0.38 .16

Asia 3 9 0.33 .14

Africa 2 8 0.25 .10

Guiana Shield 2 9 0.22 .09
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insights from recent phylogenies. Biol. Skr. 55: 375-422. ISSN 0366-3612. ISBN 87-7304-304-4.

Recent large-scale molecular phylogenies derived from DNA sequences of the chloroplast 
regions matK, rbcL, and trnL were used to identify the major subgroups of legumes and the inter
relationships among these groups. Monophyletic legume clades were scrutinized for global dis
tribution patterns and four generalised areas of endemism at the biome level were identified. 
These include 1) a fire intolerant, succulent-rich and grass poor, dry tropical forest, thicket and 
bushland biome (Succulent), 2) a fire tolerant, succulent poor and grass-rich, seasonally dry 
tropical forest, woodland and savanna biome (Grass), 3) a tropical wet forest biome (Rainforest), 
and 4) a temperate biome including both the Northern and Southern Hemispheres (Temper
ate). The Succulent biome links Central and North America and the Caribbean, with circum- 
Amazonian dry forest refugia (e.g., the Caatinga of north-east Brazil and inter-Andean dry 
forests), the dryland regions of north-east to southern tropical Africa and Madagascar, and parts 
of Arabia extending to India (as exemplified by the distribution of the New World Phaseolinae 
and its sister Old World Vigna sens, strict.'). This biome is inhabited by many subclades throughout 
the legume phylogeny. Different methods of cladistic vicariance analyses all suggest that lineages 
confined to the Succulent biome gave rise to sublineages occupying all other biomes, and that 
evolutionary shifts between the Rainforest and Grass biomes are frequent. In contrast, shifts from 
temperate into tropical biomes are infrequent. Rainforest clades in general may be most recently 
derived in legumes, a suggestion supported by molecular phylogenetic studies. These results pro
vide no support for a putative Southern Hemisphere origin of the legume family, but rather are 
in agreement with the fossil record that suggests a rapid diversification of legumes throughout 
much of the world, perhaps originating in and around the margins of the Tethys seaway, during 
the Early Tertiary.
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Introduction
This analysis of the distributions of the c. 730 
genera in Leguminosae was made possible by a 
number of recent developments. A survey and 

update of circumscriptions of all legume gen
era has just been completed for Legumes of the 
World (Lewis et al. in prep.) and this has pro
vided the most current and comprehensive 
data bearing on species numbers and distribu- 
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tions. In addition, the systematics of the Legu- 
minosae has benefited from major contribu
tions to the understanding of the morphology 
and classification of the family (Polhill & 
Raven 1981; Polhill 1994), and more than ten 
years of intensive molecular phylogenetic 
research, which now covers nearly all areas of 
the family.

A “supertree” derived from a matK phy
logeny (Wojciechowski et al. 2004) and aug
mented by trnL analyses of Caesalpinioideae 
(c.g. Bruneau et al. 2000, 2001; Fougère- 
Danezan et al. 2003; Herendeen et al. 2003a; 
Forest unpubl. data) and Mimosoideae 
(Luckow et al. 2000, 2003), and trnL and rbcL 
analyses of Papilionoideae (Doyle et al. 2000; 
Pennington et al. 2001; Kajita et al. 2001), 
underpins the relationships discussed in this 
paper. These analyses have resulted in often 
radically redefined generic and tribal limits 
and a largely well-supported pattern of overall 
relationships. Although circumscriptions will 
continue to change and be refined as more 
taxa are sampled, the emerging legume 
supertree is largely stable and reveals a novel 
pattern of taxon-area relationships that bears 
on legume biogeography.

Raven & Polhill (1981) hypothesised that 
legumes differentiated some time before the 
end of the Cretaceous in Africa. This hypothe
sis finds little support from fossil evidence, 
which suggests that the family diversified at the 
earliest by the Late Palaeocene to Early Eocene 
(Herendeen et al. 1992; Herendeen 2001; 
Herendeen pers. comm.). In addition, the 
numerous recent molecular phylogenetic 
analyses of the family (e.g. Lavin et al. 2000) 
reveal very little in the way of a vicariant rela
tionship between Africa and South America as 
suggested by Raven and Axelrod (1974). Phylo
genetic results together with fossil evidence 
suggest that dispersal and vicariance, putatively 
linked to the Tethys seaway (Herendeen et al. 
1992; Lavin et al. 2001b), is more likely to 

explain present legume distributions. The aims 
of this paper, therefore, are the construction of 
a taxon-biome supertree of Leguminosae that 
summarises the major terminal taxa (i.e., well- 
supported legume subclades) and the interre
lationships among these recently characterised 
groups. By assigning each of these major sub
clades to a large-scale biome, four of which are 
circumscribed in this present study, cladistic 
vicariance analyses can be undertaken on the 
taxon-biome supertree to detect a generalised 
pattern of area relationships for legumes. As 
such, we seek to detect the generalities of 
legume biogeography, including any historical 
imprint on the modern distribution of the fam
ily.

The Legume Supertree
Methods
A chloroplast matK phylogeny representing a 
comprehensive sampling of all major legume 
groups (Wojciechowski et al. 2004) served as 
the backbone for the supertree (summarised 
in Fig. 1). In addition, major legume subclades 
detected in a range of phylogenetic analyses of 
chloroplast trnL and rbcL sequences were used 
in supertree construction because they repre
sented a more exhaustive sampling of various 
local subclades (Figs. 2-12). The local sub
clades included further sampling of legume sis
ter groups (Forest unpubl. data), various 
legume subgroups (Kajita et al. 2001), cae- 
salpinioids (Herendeen et al. 2003a), 
mimosoids (Luckow et al. 2003), and papil- 
ionoid legumes (Crisp et al. 2000; Hu et al. 
2000; Wojciechowski et al. 2000; Lavin et al. 
2001a; Pennington et al. 2001). A strict 
supertree {sensu Sanderson et al. 1998) was 
readily constructed manually because of the 
high compatibility of all the component trees. 
Essentially, the large-scale matK phylogeny 
(Wojciechowski et al. 2004) represented all 
major clades of legumes, and the other molec-
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ular phylogenetic studies identified in more 
detail the constituents of these monophyletic 
matK subclades. Chronograms derived from 
rate-smoothed bayesian consensus trees of the 
matK phylogeny (Lavin et al. 2004) provided 
comparative clade ages for the family, based on 
thirteen time constraints derived from fossil 
evidence.

Results
Relationships for a total of 125 local subclades 
were resolved in the legume supertree, includ
ing the putative outgroup family Surianaceae 
(Figs. 2-12). A condensed version of this tree 
(Fig. 1) reflects a broad pattern of relation
ships, with local subclades compressed into a 
number of well supported larger clades. Termi
nal taxa follow larger groupings now well estab
lished in the legume literature, including such 
well-supported subclades of papilionoid 
legumes now referred to as the genistoids, dal- 
bergioids, baphioids, mirbelioids, millettioids, 
phaseoloids, robinioids and the inverted- 
repeat-loss-clade, or IRLC.

The three subfamilies of Leguminosae com
prise some 19, 400 species with the mono
phyletic Mimosoideae (17% of species) and 
Papilionoideae (72% of species) derived 
within the paraphyletic Caesalpinioideae (11% 
of species). Overall, fewer species occur in the 
basal-most branching subclades of the family 
(Fig. 1; Table 1) and the most speciose diversi
fications, dominated by shrubby or herbaceous 
species, are found in clades nested high in the 
supertree. For example, a third of all legume 
species occur in less than ten local subclades, 
and are traditionally ranked at the genus level: 
Astragalus, the various clades within Acacia, 
Indigofera, Crotalaria, Chamaecrista and Senna, 
and Mimosa. In papilionoid legumes, herba
ceous or shrubby taxa with drier affinities are 
sometimes sister to large arborescent clades. 
For example, Hypocalyptus and the mirbelioids 
are sister to the tropical millettioid-phaseoloid 

alliance and Adesmia is sister to the dalber- 
gioids sens, strict. This provides no support for 
the traditional view of an arborescent habit 
always mapping ancestrally to the shrubby or 
herbaceous habit (Lavin et al. 2001a; Schrire et 
al. 2003). The basally branching clades of the 
family (e.g., Cercideae, Detarieae and Cassieae 
pro parte) have more species in the Old World. 
The crown clade linking the large Papil
ionoideae - and Caesalpinieae sens. lat. plus 
Mimosoideae - diversifications, however, has 
predominantly neotropical diversifications in 
the basal groups Caesalpinieae sens, lat., 
Mimoseae and Basal Papilionoideae, although 
there is a trend towards more palaeotropical 
taxa in the derived parts of the Mimosoideae 
and Papilionoideae. A predominance of 
species in temperate regions occurs in only 
three speciose papilionoid clades nested high 
in the tree, i.e. in the genistoids, phaseoloids 
and the IRLC.

Detection and assignment of biomes 
Methods
Most of the major terminal taxa used in the 
legume supertree represented well supported 
clades that could be described in general eco
logical terms involving moisture (wet to dry), 
temperature (tropical to temperate), and dis
turbance (fire-history to no fire-history) gradi
ents. The generalised combination of these has 
resulted in four areas of endemism at the 
biome level for legumes that are described 
below. These areas reflect major Zonobiomes 
(Breckle 2002), e.g. tropical wet (Zonobiome 
I), two areas of tropical dry (in Zonobiomes II 
and III), and temperate (Zonobiomes IV-X).

Assignment of the major subclades of 
legumes to one or more biomes initially 
involved ascertaining the global distributions 
of c. 730 legume genera, many of which have 
been newly circumscribed to meet the crite
rion of monophyly (Lewis et al. in prep.).



BS 55 379

Table 1. Number of species in each major clade of legumes, per major geographical region. This table is the basis for the 
numbers in Fig. 1.

TAXONOMIC GROUP Number of 
genera/ 
species

Africa- 
Madagascar

Asia-Australia- 
Pacific

Central/ 
North America 
& Caribbean

South 
America

Eurasia/ 
Mediter
ranean

CAESALPINIOIDEAE 
TOTALS

172/ 2259 587 457 254 953 8

Cercideae 12/ 335 47 127 37 116 8

Detarieae 82/ 752 358 136 24 234 -
Cassieae p.p. (Dialiinae inc. 
Duparquetiinae)

18/ 77 33 33 1 10 -

Caesalpinieae 
(incl. Cassieae s.s.)

60/ 1095 149 161 192 593 -

MIMOSOIDEAE 
TOTALS

82/ 3273 385 1343 472 1072 1

Mimoseae 41/ 870 155 51 158 505 1

Acacieae s.s. 4/ 410 142 65 110 93 -

Ingeae (incl. Acacieae p.p.) 37/ 1993 88 1227 204 474 -
PAPILIONOIDEAE
TOTALS

476/ 13854 3504 2511 1857 1909 4073

Basal Papilionoideae 40/ 414 24 2 54 328 6

Genistoids 82/ 2345 1261 247 262 275 300

Dalbergioids 
(incl. Amorpheae)

53/ 1512 342 127 380 663 -

Baphioids 7/ 59 55 4 - - -
Hypocalypteae & 
Mirbelioids

32/ 767 3 764 - - -

Indigofereae 7/ 768 566 157 30 15 -
Millettioids 57/ 1105 411 336 167 189 2

Phaseoloids 112/ 2052 676 703 355 266 52
Robinioids 34/ 408 57 22 101 24 204

IRLC 52/ 4424 109 149 508 149 3509

LEGUMINOSAE TOTALS 730/ 193864 476 (23%) 4311 (22%) 2583 (13%) 3934 (20%) 4082 (21%)

Within each genus patterns were especially 
sought among range restricted taxa, e.g. the 
genus Caesalpinia sens, strict, has a worldwide 
distribution, however narrowly restricted taxa 
are essentially limited to dry tropical areas in 
North America (twelve species in the 

Caribbean and three species in Mexico to Cen
tral America) with two species in South Amer
ica, and in Africa (four species in north-east 
Africa and Arabia, five species in southern 
Africa, one species in Madagascar and one 
species in central Africa).
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Distribution and ecology are highly con
strained in legumes, with clades being strongly 
correlated to distinct geographical areas and 
habitats. A high probability exists, therefore, 
that sister species of a clade will occupy a similar 
vegetation type. Caesalpinia sens, strict, was thus 
attributed to a global distribution pattern sug
gestive of a semi-arid, succulent-rich, tropical 
dry forest, bushland and thicket vegetation, 
poor in understory grasses and lacking toler
ance (i.e. being susceptible) to fire disturbance. 
Such habitats are characteristic of Zonoecotone 
II/III and Zonobiome III (Breckle 2002). Geo
graphically these occur in the red areas of the 
map (Fig. 13) and putatively represent the rem
nants of a persistent dry vegetation type that 
was linked in the Tertiary, from circum-Ama- 
zonian South America through Central Amer
ica, Mexico and the Caribbean, along the 
Tethys seaway to Africa, Arabia and India. In 
Africa this extended from the Horn southwards 
to southern Africa and Madagascar. Such Suc
culent (S) biome taxa are often sister to clades 
containing a combination of Grass (G) biome 
taxa (i.e. in Zonobiome II, but excluding 
Zonoecotone II/III; Breckle 2002) and Rainfor
est (R) biome taxa (Figs. 2-12).

All genera could be assigned to at least one of 
these four global biomes on the basis of having 
a predominance of range restricted species oc
curring there. Many genera of course have sec
ondary (and a few have tertiary) centres, appar
ently associated with subsequent diversifica
tions into neighbouring biomes (i.e. this hy
pothesis is at least supported where generic 
phylogenies are available). Such secondary di
versifications have predictable occurrences, e.g. 
Succulent (S) biome taxa frequently have sec
ondary Grass (but not Rainforest) centres while 
this is rarely the case in reverse with predomi
nantly Grass (G) biome taxa. The latter associ
ate much more closely with Rainforest taxa 
such that many genera with a predominance of 
species in one biome also have substantial cen

tres in the other. Many legume terminals as
signed to Rainforest areas, therefore, had to be 
designated as also inhabiting the tropical Grass 
biome (i.e. R/G or G/R in Figs. 2-12). Clades in 
the Temperate biome are subdivided into 
northern (TN) and southern (TS) regions, 
based on their distinctive patterns of diversifica
tion across the phylogeny. Although each 
colour-coded box in the taxon-biome supertree 
(Figs. 2-12) denotes the predominant biome 
for that clade, the species numbers given are for 
the entire clade and not for the designated bio
me (unless boxes are divided to represent this 
split where the data for species numbers per 
biome are known). It is likely, therefore, that 
some species in single boxes may be centred in 
secondary (or tertiary) neighbouring biomes.

When doubt existed about the precise affin
ity of a terminal taxon to the Succulent (S) 
biome, it was scored as the Grass (G) or Tem
perate biome. For example, some elements in 
the Mezoneuron group [Caesalpinieae], Pip- 
tadenia group [Mimoseae] and in the Adesmia 
clade [Papilionoideae], may need to be 
rescored when species relationships are better 
understood. This avoided a bias in scoring the 
Succulent (S) biome for too many legume ter
minals. Undoubtedly more legume genera will 
be scored (S) as legume relationships are clari
fied. Also current assessments of the number 
of truly Rainforest (R) taxa are likely to be over 
estimates since:

(1) Amazonian South America is a complex 
mosaic including drier savannas and Campina 
forests on white sands (in which many legumes 
occur);

(2) the Atlantic forests of eastern Brazil com
prise large areas of dry Tabuleiro forests;

(3) the Guineo-Congolian and Swahelian 
wet forest regions of Africa also include areas 
of drier forest;

(4) much of Indo-China and north-eastern 
India comprises seasonally dry forests under 
the influence of a monsoon climate.
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Many species are also environmentally flexi
ble in being able to exist in both wet and dry 
habitats. Wet gallery or riverine forest may be 
part of a mosaic within seasonally dry forest. 
Greater numbers of Succulent, and fewer Rain
forest, biome taxa in the analysis should thus 
reinforce the pattern of global distributions 
presented here.

Results and Discussion
The analysis of distributions of all genera in 
Leguminosae identified four generalised areas 
of endemism at the biome level (Fig. 13). 
These include:

(1) a Succulent (S) biome, comprising a non 
fire-adapted (or non-resistant and intolerant to 
fire), succulent-rich and grass poor, dry tropi
cal forest, thicket and bushland biome (Zonoe- 
cotone II/III and Zonobiome III [Breckle 
2002] and highlighted as the red area in Fig. 
13). Legume subclades inhabiting this biome 
are prone to bimodal or erratic rainfall pat
terns, and have a northern range - but with 
predictable Southern Hemisphere occur
rences - characterised by a predominance of 
amphi-Atlantic disjunct taxa. Legume genera 
in Succulent (S) biome clades are listed in 
Table 2, which identifies c. 26 amphi-Atlantic 
and only four pantropical disjunctions occur
ring largely between (and rarely within) gen
era. No New World - Asian disjunctions are 
found among (S) biome taxa. Pennington et al. 
(2000, 2004) refer to the Neotropical Succu
lent biome as seasonally dry tropical forests 
(SDTF’s).

The present-day Succulent (S) biome 
encompasses regions in:

(a) the Neotropics, i.e. in semi-arid tropical to 
subtropical Mexico, Central America and the 
Caribbean (particularly the Greater Antilles; 
Wolfe 1975; Lavin et al. 2001b), linked fre
quently to circum-Amazonian “Pleistocenic 
Arc” dry forest elements in South America 

including the inter-Andean valleys of Ecuador 
and Peru, the Piedmont area of north-western 
Argentina and central Bolivia, the Misiones 
region of north-eastern Argentina and adja
cent Paraguay, and the Caatinga of eastern 
Brazil (Prado & Gibbs 1993; Pennington et al. 
2000, 2004). The Neotropical centre of Succu
lent (S) biome clade distributions is thus 
mainly North and Central America and the 
Caribbean with distinctive and predictable 
South American occurrences. Neotropical cen
tres are linked (with intervening fossil evi
dence from Tertiary tropical North America 
and Europe [Herendeen et al. 1992]) across to:

(b) the Old World, in the succulent-rich Soma
lia-Masai regional centre of endemism (White 
1983) of the Horn of Africa, with various dry 
forest and thicket “arid corridor” disjunctions 
and extensions through to the Nama-Karoo, 
Succulent Karoo, Desert and Thicket biomes 
of southern and south-western Africa (Verd- 
court 1969; de Winter 1971; Cowling 1983; 
Rutherford & Westfall 1986; Thulin 1994; Low 
& Rebelo 1996; Jürgens 1997; Thulin & Lavin 
2001; van Wyk & Smith 2001); western Mada
gascar (Leroy 1978; Schatz 1996; Jansa et al. 
1999; Lavin et al. 2000; Meve & Liede 2002; Du 
Puy et al. 2002; Schrire et al. 2003) and Arabia 
to West Asia and north-west India (Quézel 
1978; White & Léonard 1991; Miller & Cope 
1996; Kürschner 1998; Conti et al. 2002; Bard
han et al. 2002). The Nubo-Sindian local centre 
of endemism (subzone 3 of the Sahara - Sin
dian Regional Zone, White 8c Léonard 1991) is 
a critical part of this distribution as it is a floris
tic continuation of the Somalia-Masai regional 
centre of endemism in the Horn of Africa (Fig. 
13). The remaining two subzones (Sahara and 
Arabia) comprise mixed (S) and (T) biome 
elements and are thus coloured yellow (Fig. 
13), but their affinity is to the Succulent (S) 
biome.

The Umtiza clade (Herendeen et al. 2003b),
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sister and basally branching in the large Cae- 
salpinieae sens. lat. plus Mimosoideae clade 
(Fig. 1) is exemplary of a Succulent (S) biome 
distribution (Fig. 14). Previous tribal affinities 
of the various elements of the Umtiza clade 
(Polhill & Raven 1981; Polhill 1994) are: Gledit
sia - Gymnocladus (from eastern Asia and North 
America), and Acrocarpus (south-east Asia) 
were in two separate groups placed basally in 
tribe Caesalpinieae; Arcoa (Caribbean) 8c 
Tetrapterocarpon (Madagascar) were in the more 
derived Dimorphandra group of tribe Cae
salpinieae; Ceratonia (north-east Africa and 
Mediterranean) was in its own subtribe in tribe 
Cassieae and Umtiza (South Africa) was in the 
Cynometra group of tribe Detarieae.

These genera have thus been placed in three 
separate caesalpinioid tribes with no sugges
tion previously of the close relationships exist
ing between them. The legume phylogeny has 
thus not only presented new patterns of rela
tionships between genera that were previously 
widely separated taxonomically, but has eluci
dated new associations supported by previously 
unforeseen morphological synapomorphies. 
In this case the presence of dioecy was found to 
occur in all but two genera in the clade and 
monoecy is considered to be a reversal in Arcoa 
and Umtiza (Herendeen et al. 2003b). In addi
tion, these novel geographical patterns of asso
ciation of genera are repeated frequently 
across the phylogeny, e.g. the Umtiza clade pat
tern is largely repeated in the Cercis, Schotia 
and Poeppigia clades, each sister to large Rain
forest (R) and Grass (G) biome diversifications 
making up the rest of tribes Cercideae, 
Detarieae and Cassieae subtribe Dialiinae 
respectively (Fig. 1). Most of the Umtiza clade 
genera are narrowly distributed and comprise 
one to a few species inhabiting Succulent (S) 
biome vegetation, such as the monotypic Arcoa 
from the Dominican Republic and its sister 
genus, Tetrapterocarpon with two species from 
Madagascar. The reiterated amphi-Atlantic dis

junctions within the Umtiza clade are consis
tent with an original distribution of this lineage 
along the margins of the Tethys seaway. North 
- south disjunctions between Gleditsia and Gym
nocladus and the semi-arid southern African 
genus Umtiza similarly characterise Cercis and 
Adenolobus (Cercideae), Prosopis and Xerocladia 
(Mimoseae) and outside the legumes, Ephedra 
and the remarkable genus Welioitschia in the 
Gnetopsida (Farjon pers. comm.). A further 
north - south disjunction is noted between 
northern temperate Gleditsia and the southern 
Brazilian and Argentinian species, Gleditsia 
amorphoides Taub. In the recent ITS analysis of 
Schnabel et al. (2003), this species is revealed 
as being sister to the rest of the extant north
ern temperate lineages of Gleditsia. The affinity 
of this species is to the (S) biome Misiones and 
Piedmont nuclei of “Pleistocenic Arc” vegeta
tion (Prado pers. comm.).

Disjunctions in the Succulent (S) biome 
occur in both species-poor basally branching 
lineages, e.g. in the Cercis, Schotia, Poeppigia, 
Umtiza and Basal Papilionoideae (i.e. 
Cladrastis) clades, or in speciose clades nested 
high in the tree. Speciose sister clades with ± 
equivalently sized amphi-Atlantic diversifica
tions (where each are well supported as well as 
the two together being well supported), reflect 
a pattern of reciprocal monophyly (Cunning
ham & Collins 1998; Lavin et al. 2001b). Exam
ples of genera (or sections within them) show
ing this pattern include Bauhinia sens, strict.', 
Caesalpinia sens, strict.', Chamaecrista and Senna', 
Mimosa and Acacia subgenus Acacia; the 
Diphysa-Ormocarpum clade, Chapmannia and 
Stylosanthes; Sesbania, the Indigofera subclades, 
Tephrosia, Erythrina, and the Vigna-Phaseolus 
clade (Table 2). Few amphi-Atlantic disjunc
tions occur in predominantly Rainforest and 
Grass (R/G) biome clades {e.g. the Hymenaea- 
Guibourtia-Peltogyne clade in the Detarieae [see 
below] ).
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Fig. 14. Umtiza clade after Herendeen et al. 2003b.

(2) a Grass (G) biome, comprising a fire- 
adapted (i.e. prone to, and tolerant of or resis
tant to fire), succulent poor and grass-rich, sea
sonally dry tropical forest, woodland and 
savanna biome (Zonobiome II excluding 
Zonoecotone II/III [Breckle 2002], and high
lighted in brown in Fig. 13). Legume genera 
inhabiting this biome are prone to a unimodal 
rainfall pattern and they also occupy the Rain
forest (R) biome (Zonobiome I), suggesting 
dispersal or habitat switching is common 
between these two, which are constantly in flux 
within a dynamic environment. Distribution 
centres are confined largely to the seasonally 
dry tropics of the southern continents and 
Asia. The Neotropical Grass biome areas are 

referred to as savannas by Pennington et al. 
(2000, 2004).

The main area of Grass (G) biome clade dis
tributions in the neotropics is in South Amer
ica, in seasonally dry forest (but not the “Pleis- 
tocenic Arc” SDTF’s sensu Pennington et al. 
2000, 2004), woodland (cerrado), savanna and 
grassland environments, and in the Old World 
similar habitats predominate in the Sudanian 
and Zambezian regional centres of endemism 
(Savanna, Grassland and Forest biomes sensu 
Rutherford & Westfall 1986) in Africa, to the 
seasonally dry forest, monsoon and more open 
vegetation types in Madagascar and tropical 
Asia to Australia. Clades are distributed more 
commonly right across the tropics in (G/R)
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biomes and Table 2 lists c. 27 pan tropical, c. 19 
New World - Asian (i.e. excluding Africa) and 
only seven amphi-Atlantic disjunctions occur
ring within or between genera in (G) and (R) 
clades.

Data for generic disjunctions is combined 
here for the (G) and (R) biomes since Grass 
(G) and Rainforest (R) biome clades are 
closely associated (i.e., (R) biome taxa often 
occupy wet gallery or riverine forests that are 
commonly part of a mosaic within the (G) 
biome vegetation; Figs. 2-12). The recent ages 
of many (R) biome diversifications (Richard
son et al. 2001; Pennington et al. 2004; Lavin et 
al. in prep.), as well as evidence from the vic
ariance analyses that such wet clades are clearly 
derived from dry clades (Figs. 2-12), suggests 
that the (R) biome particularly has been inhab
ited more recently by legumes than the dry bio
mes. Surprisingly recent (Pleistocene) ages of 
crown diversifications have been proposed for 
Rainforest taxa, e.g. Ruprechtia (Polygonaceae; 
Pennington et al. 2004) and Inga (Richardson 
et al. 2001). The interdigitation of (R) and (G) 
biomes favours a “refuge” interpretation of 
allopatric divergence (Prance 1973; Penning
ton et al. 2004), caused by the expansion and 
contraction of wet and dry-adapted vegetation. 
Taxa adapted to both (G) and (R) biomes may 
often be pioneer species which can take advan
tage most effectively of post disturbance condi
tions, i.e. in competing for light gaps in wet 
forests and resprouting or reseeding rapidly 
after fire in savanna environments.

The Succulent (S) biome lacks the Rainfor
est (R) biome affinity present in the Grass (G) 
biome (Figs. 2-12). For example, the (S) biome 
does not include terminal taxa like Lonchocar- 
pus and allies, which comprise many con
stituent species and close relatives from the 
Grass (G) biome forests of South America. 
Many of the North American constituents, 
however, are Rainforest species and indeed, 
North American tropical wet forests differ
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from those in South America by a preponder
ance of Lonchocarpus species (Sousa & Delgado- 
Salinas 1993; Wendt 1993). Sousa & Delgado- 
Salinas (1993) noted that the wet forests in 
Mesoamerica are floristically different from 
those in South America and Gentry (1982) 
emphasised the fundamental difference 
between the Tertiary floras of South America 
and North America, thus underscoring the 
demarcation of the biomes circumscribed 
here.

(3) a Rainforest biome (Zonobiome 1), with 
distribution centres confined to the humid 
tropics (wet forests) worldwide

Recent molecular analyses show that most 
Rainforest (R) and Grass (G) biome clades 
comprise elements that are widely scattered 
across the tropics, but without the relatively 
narrow and predictable areas of distribution of 
the Succulent (S) clades, except in a general 
sense of being restricted to one or other conti
nental region of the wet tropics. Such clades 
show a high degree of interrelatedness 
between component genera across the south
ern continents and tropical Asia, despite the 
long periods that these landmasses have been 
isolated from each other. The three legume 
groups containing the highest proportions of 
(R) biome taxa, however, show that some 91 
percent of genera in the Detarieae, 94 percent 
in Dialiinae and 95 percent in Basal Papil- 
ionoideae, are restricted to only one of three 
continental regions (i.e. Neotropics, Africa - 
Madagascar or Asia - Pacific - Australia). Gen
era in the (R) biome areas, therefore, although 
individually limited in their distributions, 
belong to clades whose sister genera are dis
tributed across the tropics. This pattern is 
reflected in the predominance of pantropical 
or New World - Asian (rather than amphi- 
Atlantic) disjunctions occurring within these 
clades (see discussion under the (G) biome 
above).

Early diverging elements of legume clades 
(c. 60 - 55 Ma) apparently became distributed 
across the Tethyan seaway, which was subject 
throughout the Tertiary to a seasonally dry 
tropical climate (Scotese 2001). Such elements 
are thus considered likely to have seeded 
southwards into seasonally dry vegetation types 
emerging in South America, eastern to south
ern Africa and Madagascar, and Asia. This 
hypothesis derives from the high degree of 
intergeneric relatedness found across the trop
ics, while also accounting for the high levels of 
generic endemism arising through subsequent 
diversification into the (R/G) biomes of the 
individual southern continents and Asia. When 
fossil evidence is available for taxa in the (R) 
biome, this too supports a Tethyan (i.e. tropi
cal North American) link existing between 
them in the Tertiary (despite there being no 
extant northern taxa), e.g. the amphi-Atlantic 
Swartzia-Bobgunnia clade in Papilionoideae, 
and the reciprocally monophyletic amphi- 
Atlantic Hymenaea-Guibourtia clade in 
Detarieae (Herendeen 1992; Graham 1992; 
Axelrod 1992; Lavin & Sousa 1995). An origi
nal Tethyan-wide distribution is thus also 
hypothesised to account for the current distrib
utions of (R) and (G) biome taxa.

The (R/G) clades thus have high percent
ages of intergeneric - and consequently low 
proportions of intrageneric - disjunctions, 
while largely (G/R) clades show much lower 
percentages of genera restricted to one conti
nental region and this is correlated to higher 
numbers of intrageneric disjunctions. Exam
ples of pantropical (R/G) intrageneric disjunc
tions (Table 2) include Copaifera, Cynometra, 
Parkia, Dalbergia, Pterocarpus and Desmodium, 
while intergeneric pantropical disjunctions 
occur between, e.g. Prioria (Central America), 
the Oxystigma group (Africa) and Kingiodendron 
(Asia); Brodriguesia (South America), Afzelia 
(Africa - Asia) and Intsia (Asia) ; or Platycyamus 
(South America) and the Old World millet- 
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tioids. Many examples also occur of neotropi
cal - south-east Asian disjunctions, e.g. Androca- 
lymma (South America) and the Koompassia- 
Labichea groups (Asia - Australia); Leucaena 
(Neotropics) and Schleinitzia (Asia - Pacific); 
Cojoba-Zygia (Neotropics) and the Archidendron 
group (Asia - Australia) ; within Ormosia 
(Neotropics - Asia & Australia); and the 
Tipuana group (South America) and Inocarpus 
(Asia). Amphi-Atlantic disjunctions occur 
between, e.g. Eperua (South America) and Ste- 
monocoleus-Eurypetalum (Africa); Dicymbe (South 
America) and the Polystemonanthus group 
(Africa); Dinizia (South America) and Aubrevil- 
lea (Africa), and within Pentaclethra (Neotrop
ics - Africa).

(4) a Temperate biome, with distribution cen
tres confined to montane tropical, Mediter
ranean, warm and cold temperate regions of 
the Northern and Southern Hemispheres. 
Temperate clades are principally either North
ern (TN) or Southern (TS) Hemisphere in dis
tribution. Northern Hemisphere (TN) taxa 
generally comprise elements derived directly 
from Succulent (S) or Grass (G) biome clades 
(Figs. 2-12). Southern Hemisphere (TS) taxa, 
e.g. the Adesmia, Hypocalyptus, mirbelioid, 
Podalyrieae, Crotalarieae, Genisteae and possi
bly Psoraleeae clades, however, are themselves 
principally sister (and often basally branching) 
to the rest of their clade components, although 
the phylogeny indicates they all have (S) or 
(G) biome outgroups.

Legume clades with a temperate distribution 
are listed in Table 2 and c. 16 Asian - New 
World disjunctions, two pan-temperate (mon
tane tropical) disjunctions in Amphicarpaea and 
Psoraleeae, and one amphi-Atlantic disjunc
tion {Lupinus) occur in temperate biome 
clades. Tropical (S) and (G) biome clades have 
each diversified independently into temperate 
regions resulting in distinctive (TN) and (TS) 
centres, particularly in papilionoid legumes 

(Figs. 2-12). Predominantly (TS) clades often 
have substantial secondary diversifications 
back into the (S) and (G) biomes but this is 
rarely the case in predominantly (TN) clades. 
The component analysis in this study resolves 
the two temperate areas in a basal polytomy 
(Fig. 15), revealing that temperate-inhabiting 
clades are often related to each other, and 
otherwise in an inconsistent pattern of rela
tionships with the other three biomes.

Temperate distribution patterns include a 
subtropical, mediterranean or temperate 
North American to northern Mexican distribu
tion sometimes linked to Andean and warm 
temperate South American distributions {e.g., 
some Amorpheae and Adesmieae in the dal- 
bergioids and various tribes in the IRLC, e.g. 
Galegeae and Fabeae). Mediterranean and 
Macaronesian distributions are commonly 
linked through montane tropical Africa to 
warm temperate South Africa {e.g., the genis- 
toid tribes Crotalarieae and Genisteae, the 
phaseoloid tribe Psoraleeae, and Galegeae and 
Trifolieae in the IRLC). Southern, central and 
eastern Europe are commonly linked to mon
tane west to eastern Asia, or cold temperate 
central and north-eastern Asia {e.g. tribes in 
the IRLC). Temperate Australasian distribu
tions may be isolated {e.g. the mirbelioids) or 
linked to northern patterns {e.g. Psoraleeae). 
All (TN) biome clades are derived from (S) or 
(G) biome clades (Figs. 2-12). The Sophora 
group, including Thermopsideae, and the 
IRLC tribes best illustrate this pattern. Most 
(TS) biome clades, however, are sister or 
basally branching to other clades {e.g. Adesmia 
sister to the rest of the dalbergioids, Poda
lyrieae to the derived genistoids, and Hypoca- 
lypteae-mirbelioids to the bulk of Papil- 
ionoideae). Temperate (TS) biome clades have 
thus largely reoccupied tropical or montane 
tropical areas, whereas this is rare in (TN) 
biome diversifications, with the exception of 
some members of the Sophora group.
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The (T) biome comprises taxa that essen
tially link present-day montane-tropical areas 
with (TN) and (TS) areas. A Succulent (S) 
biome area involving the Saharo - Sindian - 
west-Asian regions (White & Léonard 1991) is 
often sister to major (TN) Eurasian and 
Mediterranean clades, which may have dis
junct subclades in the temperate New World. 
Examples include Loteae of the robinioid 
legumes and the IRLC (especially the temper
ate tribes Galegeae, Hedysareae, Cicereae, Tri- 
folieae and Fabeae). A group of derived genis- 
toids including the Podalyrieae, Crotalarieae 
and Genisteae have their basal elements in 
warm temperate southern Africa, although the 
(S) biome Acosmium-Dicraeopetalum clade is 
putatively an outgroup of this alliance. Mem
bers of these genistoid groups appear to either 
migrate northwards through montane tropical 
Africa to the Mediterranean and Macaronesian 
regions (e.g., Lotononis and Argyrolobium) and 
subsequently to the New World (e.g., Lupinus), 
or to secondarily invade the tropics (e.g. Crota- 
laria). The Brongniartieae have a neotropical 
distribution disjunct to tropical and warm tem
perate Australia. Within Psoraleeae, the Cullen- 
Bituminaria and New World Psoraleeae diversi
fications closely track the distributional pattern 
observed in the Loteae, although Cullen has an 
extensive derived Australian diversification 
(Grimes 1997). The putatively basal southern 
African Otholobium and Psoralea lineages, how
ever, reiterate the “out of Africa” pattern seen 
in the derived genistoids. The Surianaceae may 
be the immediate outgroup of the Legumi- 
nosae (Forest unpubl. data), and have a dis
junct distribution in Central and North Amer
ica and Australia (Crayn et al. 1995), which is 
similar to that of the Brongniartieae in the 
genistoid subclade.

Older diversifications in the (TN) endemic 
regions (based on the rates analyses of Lavin et 
al. 2004) are associated with basal branching 
clades in the family and include taxa now 

restricted to warm temperate or subtropical 
North America and eastern Asia, linked (where 
these exist) to mesophytic forest refugia in 
between, e.g. in montane tropical regions in 
west Asia (i.e. the Caucasus), the Himalayas in 
southern Asia and China. Examples of taxa 
with this distribution type are Cercis (Cer- 
cideae; Davis et al. 2002b), Gleditsia and Gymno- 
cladus (Caesalpinieae), and Styphnolobium and 
Cladrastis (Basal Papilionoideae). Such older 
northern temperate diversifications thus 
reflect a Tethyan-wide Tertiary tropical dry for
est distribution which existed prior to temper
ate conditions being superimposed on these 
areas. However, more recent genistoid and 
IRLC temperate legume diversifications (again 
based on the rates analyses of Lavin et al. 2004), 
appear to have occurred within co-existing 
temperate conditions.

Of the four main biomes (i.e. temperate 
considered as one) identified here, the Succu
lent (S) biome is perhaps most novel and in 
need of distinction from the similar biome that 
generally encompasses Southern Hemisphere 
(and Asian) tropical grass-rich vegetation.

Cladistic vicariance analyses
Methods
The biogeographical analysis involved the stan
dard forms of cladistic vicariance analysis (e.g. 
Morrone & Carpenter 1994), including Com
ponent (Page 1993), Three-Area-Statements 
(Nelson & Ladiges 1991), Brooks Parsimony 
Analysis (Brooks & McLennan 1991), and Dis
persal Vicariance Analysis (Ronquist 1996). All 
three assumptions for treating widespread taxa 
(0, 1, and 2; Nelson & Ladiges 1991) were 
investigated. Assumption 1 is most appropri
ate, however, given that the areas of endemism 
used in this analysis are tantamount to globally 
distributed biomes. In other words, a clade 
belonging to one biome is expected to be 
nested within a paraphyletic (and progenitor) 
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clade that is confined to another biome. 
Because Component 2.0 has a limitation of 100 
terminal taxa, 24 terminals in the legume 
supertree were pruned before component 
analysis. Terminals were pruned only if a sister 
taxon had an identical area assignment. This 
provided an opportunity to evaluate the effects 
of deleting various subsets of terminal taxa on 
the final areagram. Only results that were con
sistently obtained through cladistic vicariance 
analysis are reported in this study. Component 
2.0 (Page 1990, 1993) performs branch swap
ping on the taxon-biome supertree (Figs. 2- 
12), to produce an areagram that minimizes 
paralogy, dispersal, and extinction. Appendix 1 
includes one of the data sets analysed by Com
ponent 2.0. Searches included swapping with 
subtree-pruning-regrafting, treating missing 
areas as uninformative, and mapping (assump
tion 0) or not (assumption 1) widespread asso
ciates. The taxon-biome supertree for legumes 
was reconciled against 1000 randomly resolved 
area cladograms to estimate a confidence inter
val for the number of “leaves added” and 
“losses.”

Three-area-statements analysis (TASS; Nel
son & Ladiges 1991, 1994) implements 
assumption 2. Terminal and interior nodes, as 
well as areas, were alphanumerically coded to 
obtain a TASS input file. The output file from 
TASS was converted to Nexus format and 
analysed with the branch-and-bound search 
algorithm in PAUP* (Swofford 2002). Brooks 
parsimony analysis (BPA; Brooks & McLennan 
1991, pp. 206-225) requires additive binary 
coding of the taxon-biome supertree. To create 
the area matrix, the “inclusive O-ring” was used 
because there is no reason to consider that dif
ferent species from the same area (i.e., with 
paralogous relationships) are actually occupy
ing different cryptic areas of endemism. 
Because BPA invokes assumption 0 (Morrone 
& Carpenter 1994), both reversible and non- 
reversible parsimony were used to analyse the 

area matrix using the branch-and-bound 
search option in PALP. This is because non- 
reversible parsimony can reduce somewhat the 
influence of widespread taxa on area relation
ships (Brooks & McLennan 1991, p. 217)

For the Dispersal-Vicariance Analysis (DIVA; 
Ronquist 1996), the supertree used in the 
Component analysis was variously resolved to 
obtain a fully bifurcating input tree, which is 
required of this program. Only results not 
affected by the various arbitrary bifurcations 
are reported here. The standard biogeo
graphic assumptions (i.e., 0, 1, and 2) are not 
invoked and thus all biomes occupied by a 
given terminal are assigned. Because DIVA is 
biased toward optimising greater numbers of 
areas along branches residing further from the 
terminals, basal internodes optimised with 
only one or two areas can be viewed as robust 
results.

Results
Component analyses
The taxon-biome cladogram (Figs. 2-12), 
described in nexus format (Appendix 1), 
yielded essentially one tree, which was rooted 
differently depending on the mapping of 
widespread taxa (compare left and right-hand 
area cladograms in Fig. 15). Regardless of the 
assumption (0 or 1) used to treat widespread 
taxa, the area relationships consistently 
resolved the Succulent (S) biome as sister to a 
clade containing both the Grass (G) and Rain
forest (R) biomes (Fig. 15). Some notable 
examples of such (S) biome subclades 
include: the Cercis-Adenolobus group (Fig. 2), 
the Schotia-Barnebydendron grottp (Fig. 3), 
the Poeppigia- Baudouinia group (Fig. 4), the 
Umtiza clade (Fig. 5), the Zapoteca group 
(Fig. 7), the Ateleia, Styphnolobium- 
Cladrastis, and the Acosmium-Dicraeopetalum 
groups (Fig. 8), tribe Amorpheae (Fig. 9) and 
tribe Indigofereae (Fig. 10). The (T) biome 
(divided into TN and TS) were resolved as sis-
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Fig. 15. Area cladograms resulting from the component analysis. Results using either assumption 0 (widespread taxa indi
cate relationships) or assumption 1 (widespread taxa indicate at least paraphyletic area relationships). Left-hand figure: 
minimising leaves added. Right hand figure: minimising losses. These patterns are significant at the p=0.6% level. The 
basal position of the (TN) and (TS) areas is most likely a function of no pattern derived from the input taxon-biome clado
gram suggesting a particular association of temperate taxa with tropical ones (i.e., temperate lineages have been derived 
variously from either the (S), (G) or (R) biomes). This is illustrated by the consensus of these two area cladograms, which 
would show (TN,TS (S,(R,G))). Using assumption 2 (widespread taxa are completely uninformative) yields completely 
unresolved area relationships. So any pattern detection must assume that widespread terminal taxa indicate something 
about area relationships. The scattered distribution of (S) biome taxa throughout the legume phylogeny indicates that, 
like all other biomes, it was part of the ancestral area of legumes.

ter to the former three biomes. This is due to 
the temperate legume clades tending to be 
related to other temperate clades and all tem
perate clades collectively lacking any consis
tent pattern of relationship with the other bio
mes.

Three Area Statements
The taxon biome cladogram (Figs. 2-12) was 
entered interactively into TASS, and yielded an 
input file (Appendix 2) that ultimately output 
an area matrix (Appendix 3). This was sub
jected to a branch and bound search algorithm 
in PAUP (Swofford 2002), which produced two 

trees each with a length of 21, a consistency 
index of 0.67, and a retention index of 0.53. 
The strict consensus was completely unre
solved, which is the likely outcome of invoking 
assumption 2 when most terminal taxa are 
widespread (i.e., occupy two or more areas).

Brooks Parsimony Analysis
Additive binary coding of the taxon biome 
cladogram (Figs. 2-12) resulted in an area 
matrix involving the five areas of endemism 
and 181 terminal and internal nodes (Appen
dix 4). This matrix was subjected to a maxi
mum parsimony branch and bound search 
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algorithm, which produced one tree with a 
length of 178, a consistency index of 0.87, and 
a retention index of 0.79. Irreversible parsi
mony also resulted in a single tree with length 
190, a consistency index of 0.82, and a reten
tion index of 0.81. In either case, an unrooted 
BPA tree (Fig. 16a), identical to the unrooted 
tree produced with Component 2.0, resolves 
an intermediate position of the Succulent (S) 
biome with respect to the two temperate and 
two other tropical areas. A total of 30 biome 
shifts in the taxon-biome cladogram was 
detected between the (S) and the combined 
(G/R) biomes. A total of 14 shifts was detected 
between the (S) biome and the combined 
(TN) and (TS) areas (i.e., (S) is sister to (TN) 
or (TS) areas in 14 instances). In contrast, only 
c. 14 shifts occur between the combined (G/R) 
biomes and the two temperate areas, (TN) and 
(TS) (Fig. 16b). Notably, there are very few 
instances in legumes where a tropical clade is 
nested within a paraphyletic temperate clade 
(c.g., Crotalaria and allied genera in the genis- 
toids), suggesting that tropical gives rise to 
temperate but rarely vice versa.

DIVA Analysis
The input file for the DIVA analysis is shown in 
Appendix 5. The areas optimised for each of 
the internal nodes are indicated in Figs. 2-12. 
The (S) biome is consistently optimised in all 
of the four possible optimisations at the basal 
node of Leguminosae. The (TN) area is opti
mised in three of the four optimisations, 
reflecting the scoring of Cerds. The (G) and 
(R) biomes are each optimised only once at 
this node. The Succulent (S) biome is unequiv
ocally optimised at the next five basal nodes, all 
of which subtend the diversification of all the 
other major clades in the legume family. The 
dry (S) and (G) biomes are both optimised 
along the remaining basal nodes in the Papil- 
ionoideae. Only three of 18 such nodes 
include the (R) biome as a possible optimisa

tion. The (G) biome becomes more prevalent 
and sometimes the only optimisation in the 
millettioids and phaseoloids. The DIVA analy
sis indicates that (R) biome taxa are unequivo
cally derived right across the family (e.g. in the 
Detarieae, Dialiinae, Caesalpinieae sens. lat. 
plus Mimosoideae, Basal Papilionoideae, genis- 
toids, baphioids, dalbergioids and sporadically 
in a few higher papilionoid groups, e.g. millet
tioids, Callerya and Spatholobus). The exception 
is the basally branching tribe Cercideae, where 
the optimisation is equivocal for all four bio
mes.

Biogeography of Leguminosae
The Raven & Axelrod (1974) hypothesis of a 
West Gondwana origin of legumes requires the 
family diversification {i.e., the legume crown 
clade) to be at least 100-90 Ma in age (Lavin 
et al. 2000; Davis et al. 2002a), when Africa and 
South America were last in near contact, 
although Raven & Axelrod (Z.c.) do suggest 
that dispersal routes existed over islands and 
ridges between these continents until c. 65 Ma. 
In addition, Morley (2001) noted that the trop
ical angiosperm fossil record is biased to 
Laurasian collection localities, and that if more 
fossils were available from South America and 
Africa, the stratigraphic record for many 
groups would be longer. Legumes are thus con
sidered by Morley (Z.c.) to be primitively a 
member of an “equatorial megathermal belt”, 
i.e. supporting a West Gondwana origin. Mor
ley (2003) considers a South America-Africa 
trans-Atlantic dispersal route to have been 
available along the Walvis ridge until the late 
Cretaceous.

Although legumes show high extant diversity 
in Africa and South America, fossil data alone 
indicates that a Mesozoic age for legume diver
sification is unlikely. The clear message derived 
from fossil legume studies such as Herendeen 
et al. (1992), Herendeen and Dilcher (1992),
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Fig. 16. (16A) Unrooted Brooks Parsimony Analysis tree, identical to that produced with Component 2.0. This resolves an 
intermediate position of the Succulent (S) biome with respect to the two temperate and two other tropical areas (i.e., Grass 
(G) and Rainforest (R) biomes). (16B) Diagram showing the degree of connectivity between the biomes. The Succulent 
(S) biome displays 30 instances of being sister to the Grass (G) and Rainforest (R) biomes, and 14 instances of being sister 
to the (TN & TS) areas. Grass (G) and Rainforest (R) biomes are only sister to (TN & TS) areas in 14 instances.

Herendeen (2001) and Jacobs (2003) is that all 
three subfamilies of legumes are well repre
sented in the fossil record in North America, 
Europe, Africa, and Asia by at least fruits and 
leaves from recent times back to the 
Palaeocene-Eocene boundary. Putative legume 
fossils from earlier than this include only 
pollen and wood specimens that lack any spe
cific legume synapomorphies, and even then 
such fossils go back at most to the latest Creta
ceous. Given the temporal and spatial continu
ity of diverse legume macrofossils throughout 
the Cenozoic and the abrupt absence of decid
uous legume leaflets and pods prior to the Late 
Palaeocene, the origination of legumes must 
have an age not much older than 60 Ma. 
Remarkably, the rapid diversification of the 

family must have occurred soon after and by 
the middle Eocene (c. 50 Ma) nearly all of the 
major lineages of the family have a fossil record 
in North America, Europe, Africa, and Asia 
(Axelrod 1992; Lavin 1998; Herendeen et al. 
1992; Herendeen 2001; Lavin et al. 2004).

Most of the amphi-Atlantic disjunctions in 
the legume family lie within the Succulent (S) 
biome of the Neotropics and Africa to adjacent 
Asia. Rather than a West Gondwana origin, this 
pattern could represent the historical legacy of 
a once widespread Tethyan distribution. The 
Arcto-Tertiary Geoflora hypothesis (Chaney 
1947) and Boreotropics hypothesis per se (as 
developed by Wolfe 1975 and Tiffney 1985a, b) 
are excluded from discussion here in favour of 
a more narrowly defined Tethyan seaway expia- 
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nation, despite attempts to broaden the origi
nal concept (c.g., Lavin & Luckow 1993). A 
once widespread Tethyan distribution involv
ing seasonally dry tropical vegetation is differ
ent from the boreotropics hypothesis, which 
was erected to explain Tertiary similarities in 
“paratropical” floras of the mid-latitude North
ern Hemisphere.

Good evidence of the long association of 
legumes with seasonally dry areas comes from 
fossil sites-rich in legumes (c.g., Herendeen et 
al. 1992; Herendeen, 2001), and the presence 
of a tropical seasonal climate (Scotese 2001) 
and deciduous forests in and around the mar
gins of the Tethys seaway at the same period 
that legumes were initially diversifying (e.g, 
Upchurch & Wolfe 1987). Many of the adapta
tions that distinguish legumes are to a season
ally dry warm climate. These include com
pound leaves, which photosynthesise rapidly in 
favourable periods (and exhibit leaf nyctinasty 
to promote its efficiency) while avoiding exces
sive water loss through leaflet shed in 
unfavourable periods (Rundel 1989). The high 
nitrogen metabolism of all legumes (Sprent 
2001) is likely to confer a competitive edge in 
colonising seasonally dry environments 
whereby leaves are produced economically and 
opportunistically in unpredictable climates 
(McKey 1994). Deciduous leaves with a short 
life span influence interactions with herbivores 
as rapid leaf turnover allows phenological 
escape from herbivores and pathogens (McKey 
1994 and references therein). Diverse and 
mobile chemical defences in legumes (Janzen 
1981), such as alkaloids and other small mole
cules, can be shifted from senescing leaves to 
other organs and from seeds to seedlings, com
pared with the non-mobile defences of tannins 
and fibres. Seed adaptations (Gunn 1981; van 
Staden et al. 1989), include hard testas, long 
dormancy, long viability and the ability to store 
nitrogen in seeds promoting rapid seedling 
development. Ant associations, e.g. extrafloral 

nectaries, pearl bodies, beltian bodies (in Aca
cia), hollow stems and thorns, have arisen 
numerous times conferring considerable com
petitive advantage in legumes (Janzen 1981; 
McKey 1989), although in themselves such ant 
associations and mobile chemical defences 
would be advantageous in a range of habitat 
types. The widespread occurrence of wind dis
persal by winged fruits and seeds, especially 
samaras (Augspurger 1989), attest to the long 
association between legumes and open envi
ronments.

The persistence of legume floras in the Suc
culent (S) biome indicates that remnants of 
early Tethyan distributions are likely to be most 
evident within this biome. The fundamental 
drought tolerance of the (S) biome remained 
unchanged during late Neogene and Quar
ternary climatic change (Axelrod 1975; Quézel 
1978; Maley 1980; Marrero et al. 1998). Lin
eages occupying (G) and (R) biomes have 
been less persistent, a result of the predictable 
water requirement of these biomes being 
affected by climatic fluctuations (Axelrod 
1992; Janis 1993; Maley 1996; Pennington et al. 
2002, 2004). The greater persistence of lin
eages in the (S) biome is supported by the 
results of the DIVA analysis (Figs. 2-12) where 
this area is optimised along many of the basal 
branches of the legume phylogeny, either as 
the sole biome or the most consistently opti
mised biome. The BPA vicariance analysis also 
shows that the (S) biome is more highly con
nected to the other biomes, than any of the 
other biomes are to each other (Fig. 16). This 
emphasises the underpinning role of the (S) 
biome as a source area of taxa for the other 
biomes. The cladistic vicariance analyses (i.e., 
Component, TASS, BPA, and DIVA) all suggest 
that tropical dry areas have been occupied by 
legumes since their inception, which counters 
Morley’s (2001) assertion of a megathermal 
wet origin of legumes.
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A biogeographic metacommunity 
alternative

The biomes identified in this study could 
equally be viewed as the result of dispersal 
assembly, where taxa with similar ecological 
preferences ultimately disperse to similar eco
logical settings worldwide. If closely related 
species tend to be similar ecologically, as 
revealed by the study of community phyloge
netic structure (c.g. Webb 2000; Webb et al. 
2002), and if dispersal has enormous conse
quences over large spatial and temporal scales 
(c.g. Hubbell 2001), then biogeographic struc
ture observed in phylogenies of globally dis
tributed legume taxa may be the result not of 
continental history but rather of the metacom
munity processes of immigration, extinction, 
speciation, and ecological drift.

Legume clades inhabiting the Succulent (S) 
biome are distinguished from those in the 
Grass (G) biome by a different set of phyloge- 
netically linked centres of endemism; the for
mer has narrow centres of endemism distrib
uted predominantly in the red areas shown in 
Fig. 13, whereas centres of the latter occur in 
the brown areas. The notable pattern detected 
in this analysis is that legume taxa are much 
less likely to disperse back to the (S) biome 
from the (R) and (G) biomes. This may be due 
in part to the relative abundance of many 
(R/G) habitats compared to the relative 
scarcity of (S) habitats, and the greater aridity 
(i.e. drought tolerance) and often bimodal to 
erratic pattern of rainfall of many extant (S) 
areas (White 1983; Garcillân et al. 2003). The 
great age of plant taxa occupying the (S) habi
tats (e.g. Pennington et al. 2004; Lavin et al. 
2004), therefore, may not be due just to persis
tence of vegetation and component lineages 
that are adapted to unpredictable rainfall, but 
also to the reduced rate of recent dispersal into 
this dry biome.

Dispersal and persistence of taxa having a 

predilection to the (S) biome is well exempli
fied by the continental structure in the phy
logeny of the Umtiza clade (Herendeen et al. 
2003b). Disjunct Northern Hemisphere 
species of once supposed sister genera Gleditsia 
and Gymnocladus have been explained by Ter
tiary intercontinental land bridges (e.g. Schn
abel et al. 2003). Now Gleditsia of the Northern 
Hemisphere is known to be sister to Umtiza of a 
(S) biome local region in South Africa. This 
ecological pattern is matched by the one dis
junct South American species, Gleditsia amor- 
phoides, which inhabits (S) biome local regions 
in the Piedmont and Misiones centres of “Pleis- 
tocenic Arc” vegetation (Prado pers. comm.). 
The Umtiza clade provides another example 
with the endemic Dominican Republic Arcoa, 
which is sister to the Madagascan Tetrapterocar- 
pon. Historical migrations among tropical or 
temperate deciduous forests worldwide is a 
more parsimonious explanation of the global 
distribution of the Umtiza clade, than invoking 
the extinctions of certain lineages in particular 
regions of continents, some of which were 
putatively connected by now submerged land 
bridges, each of which has a different age 
(Lavin et al. 2004).

The Umtiza clade is also typical of clades 
confined to, or centered in the (S) biome in 
that it shows two common biogeographic pat
terns that are otherwise uncommon in the 
other biomes. One is that trans-Atlantic clades 
predominate and often show reciprocal mono- 
phyly, or a deep phylogenetic split separating 
Old and New World sister clades. This may 
manifest itself as continentally confined clades 
each showing a large degree of phenotypic 
divergence. The second is a lack of species that 
are distributed on both sides of the Atlantic 
within the (S) biome.

The pattern of reciprocal monophyly is also 
well illustrated by the Diphysa-Ormocarpum 
clade and Chapmannia (Lavin et al. 2000), and 
a clade including Old World Vigna sens, strict.
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and New World Phaseolinae (Lavin et al. 
unpublished data). Even the genus Wajira, 
largely confined to the Somalia-Masai region 
centered in the Horn of Africa, represents a 
monophyletic group well separated from its 
closest sister by over 10 Ma (Thulin et al. in 
press). The deep split separating sister clades, 
resulting in the pattern referred to as recipro
cal monophyly, is a signature of long isolation 
of each of the sister lineages (Lavin et al. 2000). 
The pattern of reciprocal monophyly is also 
revealed in clades occupying the mainland and 
continental islands {e.g., the robinioid genera 
Pictetia and Poitea in the Greater Antilles; Lavin 
et al. 2001b), but not in clades occupying the 
mainland and oceanic islands {e.g. Hawaiian 
Silverswords [Asteraceae] ; Baldwin 1997).

Regular dispersal of new taxa into local 
regions of a global metacommunity means a 
few immigrants will establish over time, some 
will become more common through ecological 
drift, and some residents will go extinct as a 
result of this process (Hubbell 2001). The lack 
of detected reciprocal monophyly in most (G) 
and (R) clades can thus be explained by immi
gration into local regions of these global meta
communities increasing resident extinction 
rates through ecological drift, thus reducing 
species accumulation within trans-oceanic sis
ter clades. In (S) clades, however, the predilec
tion of legumes to persist in this biome has not 
resulted in an extinction rate that eliminated 
the pattern of reciprocal monophyly. The 
build-up of more or less equivalently sized 
trans-oceanic clades with time, therefore, is 
likely to be the result of restricted dispersal 
into local regions of this biome and standing 
diversity being generated mostly by endemic 
speciation.

A manifestation of reduced immigration 
rates into the local regions of the global (S) 
metacommunity is that lineages of species sep
arated from sister clades for sufficient time 
come to occupy continentally confined, widely 

disjunct (mostly amphi-Atlantic) distributions. 
The Umtiza-clade pattern is widely repeated in 
other endemic taxa of the (S) biome. For 
example, in the Ormocarpum clade, Diphysa is 
confined to Mesoamerica, Pictetia to the 
Greater Antilles, Zygocarpum to the Horn of 
Africa region, Ormocarpopsis and Peltiera to 
Madagascar, and Ormocarpum to eastern and 
central Africa and Madagascar, although one 
species is widespread in Asia (Lavin et al. 2000). 
In contrast in (R/G) clades, although intra
generic species diversity is to a greater or lesser 
extent continentally confined, relations 
between genera (and often within large gen
era) are characterised by either pantropical 
distributions {e.g. within Cynometra, or between 
Prioria [Central America], Oxystigma [Africa] 
and Kingiodendron [Asia], in Detarieae), or by 
Africa - Asia distributions (e.g. many millet- 
tioids and phaseoloids), or New World - Asia 
distributions {e.g. within Ormosia [genistoids], 
or between Tipuana [South America] and 
Inocarpus [Asia] in the dalbergioids), or by 
amphi-Atlantic distributions {e.g. between 
Hymenaea and Guibourtia [Detarieae] or 
Swartzia and Bobgunnia [Swartzieae]). Such 
amphi-Atlantic distributions are relatively few 
in number and they show less phylogenetic 
continental structure {i.e. less congruent, nar
rowly defined and predictable distributions) 
compared to the (S) biome. Genera within the 
(R/G) biomes, experiencing higher immigra
tion rates, thus can only be assigned to conti
nental-wide Rainforest (R) or Grass (G) biome 
areas.

The second common biogeographic pattern 
of the lack of widely distributed species in the 
Succulent (S) biome contrasts to interconti
nental species distributions in the (TN), (R), 
and (G) biomes. Examples here include Astra
galus alpinus, A. americanus, and A. aboriginum 
(Barneby 1964), Oxytropis campestris, O. 
podocarpa, and O. viscida (Barneby 1952), all 
widespread in the (TN) biome, and Andira iner- 
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mis, Lonchocarpus sericeus, and Machaerium luna
tum which variously inhabit (R/G) biomes in 
the Neotropics and Africa (e.g. Thorne 1972; 
Pennington 2003). Lists of intercontinentally 
distributed species would include over 150 
(R/G) taxa distributed throughout the tropical 
wet oceanic islands of the world (Lavin unpub
lished data). Notably, many of these interconti
nentally distributed species have infra-specific 
taxa confined to one continent (or oceanic 
island), suggesting that immigration is an 
ongoing process that over time manifests itself 
as phenotypically divergent populations. The 
presence of widespread species in the (R/G) 
and (TN) biomes which also comprise rela
tively more recent diversifications than in the 
(S) biome, again points to the more current 
role of dispersal assembly (i.e. species assembly 
through immigration) in the former biomes.

The lack of species distributed among dis
tinct regions of the (S) biome can be found 
also in tra-continen tally in South America 
(Prado & Gibbs 1993; Murphy & Lugo 1995; 
Pennington et al. 2000, 2003, 2004; Lewis et al. 
2003; Linares-Palomino et al. 2003; Prado 2003; 
Wood 2003) and Africa (Verdcourt 1969; de 
Winter 1971; Thulin 1994; Jürgens 1997). Jür
gens (1997; his Figs. 2 and 4) illustrates two of 
the most common Africa-wide disjunctions 
between the arid north and south of Africa. His 
Fig. 2 represents an essentially (S) biome Horn 
of Africa disjunction with the south-west 
African, Karoo-Namib regional centre of 
endemism (White 1983) and also identified by 
Lebrun 1947 and Quézel 1978, as the tropical 
eremic flora or “Rand flora”. Disjunctions here 
are common at the sister species, section and 
genus level, but few examples have been identi
fied of intraspecific disjunctions occurring 
between these regions (Thulin 1994). How
ever, Fig. 4 of Jürgens (1997) describes a more 
general northern and southern African dis
junction that while inclusive of the (S) biome, 
also has substantial diversifications into the (G) 

biome Sudanian (in the north) and Zambezian 
(in the south) regional centres of endemism 
(White 1983). Examples of intraspecific dis
junctions (ranked at variety and subspecies 
level) are common between these two areas.

The (S) biome African “arid corridor” or 
Afro-arid element (e.g. Nordenstam 1974), is 
thus characterised by disjunct taxa being found 
predominantly above the species level. Wide
spread taxa have thus probably decreased in 
species abundance and the resulting refugia 
have been isolated from one another for at 
least one to two million years, more than suffi
cient time for speciation to occur (Cowling & 
Hilton-Taylor 1997; Hubbell 2001).

The predominance of reciprocal mono- 
phyly, the abundance of genera confined to 
the same single regions within continents, and 
the lack of intercontinentally distributed 
species among the legume taxa centered 
within the Succulent (S) biome regions of the 
world are likely to be the result of one process: 
the contraction in size of the Succulent (S) 
biome during recent geological times. The (S) 
biome has apparently been restricted in size as 
a target area for sufficient time to reduce suc
cessful immigration into the local regions of 
this metacommunity. Well delimited species or 
clades of species are thus largely limited to old 
lineages. The drought tolerance of the (S) 
biome is probably the most important factor 
limiting the immigration, especially from other 
biome elements which have a high water 
requirement.

Fossil and molecular evidence suggest that 
trans-oceanic disjunctions in legume taxa nei
ther arose at the same time nor under the same 
set of geophysical and climatic conditions. 
Rather, such disjunctions have multiple geo
graphic origins, dispersion pathways and diver
gence times. Of 59 trans-oceanic clades of taxa 
ranked at the species level and above, and 
dated with a rate-smoothed bayesian likelihood 
analysis of cpDNA matKsequences (Lavin et al. 
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2004), 51 have ages between 1 and 22 Ma. As 
the dates of this major peak of disjunctions 
post-date large-scale continental movements 
and the existence of putative stepping-stone 
land-bridges, metacommunity processes (sensu 
Hubbell 2001) must explain these disjunctions 
in legumes, rather than processes invoking sin
gular historical continental events.

The detection of diminished immigration 
rates within just the Succulent (S) biome allows 
a natural experiment to be carried out to test 
the idea that metacommunity processes have 
resulted in continentally structured phyloge
nies. Certain parameters can be assumed to be 
equal among legume communities occupying 
all of the biomes circumscribed in this study, 
such as per capita individual birth rates, specia
tion and extinction rates, and ecological drift. 
The main difference, reduced immigration 
rates over evolutionary time scales among the 
local regions of the global (S) biome, would 
result in a high beta-diversity (i.e., high levels of 
local endemism).

The relative species abundance curves for 
pooled (S) biome samples would thus bear the 
signature of a steep slope in the rare abun
dance classes because diversity here would be 
reduced due to low immigration rates. A shal
low slope in the high to middle abundance 
classes would be expected because of a high 
beta-diversity (i.e., diversity being generated 
almost entirely by endemic speciation and thus 
few if any widespread species potentially being 
universally abundant). Such a species abun
dance curve would contrast to those taken 
from pooled samples from other biomes that 
would be expected to have a steeper slope in 
the high abundance class (widespread and 
abundant species are expected) and a shal
lower slope in the rare abundance classes 
(higher immigration rates are expected to aug
ment endemic standing diversity). As such, a 
diminished fundamental biodiversity parame
ter and a concomitant greater phylogenetic 

structure (cf. Hubbell 2001) would be esti
mated from species abundance curves taken 
from the global Succulent biome metacommu
nity. Comparing local and metacommunity 
diversity from the different biomes circum
scribed in this study will be the future of our 
research direction on legume biogeography.
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APPENDIX 1. One input fde for the Component 2.0 analysis.

S = Succulent biome; G = Grass biome; R = Rainforest Batesia RG,
biome; TN = Temperate Northern Hemisphere; TS = Tem Moldenhawera GR,
perate Southern Hemisphere. Tachigali RG,

Peltophorum s,
#NEXUS Dimorphandra RG,
BEGIN TAXA; Pentaclethra RG,
DIMENSIONS NTAX==5; Entada GR,

TAXLABELS Plathymenia s,
S R G TN TS; Newtonia RG,

ENDBLOCK; Prosopis s,
BEGIN DISTRIBUTION; Neptunia G,
TITLE = ‘Leguminosae’; Leucaena SGR,
NTAX=100; Dichrostachys s,

[species] [area] Piptadenia RG,
RANGE Mimosa s,
Suriana SGR, Acacia s,
Cercis STN, Filicinae s,
Griffonia RG, Aculeiferum GR,
Phanera RG, Faidherbia s,
Scholia s, Calliandra s,
Prioria RG, Inga RG,
Peltogyne RG, Abarema GR,
Copaifera RG, Samanea S R,
Crudia RG, Pithecellobium s,
Cynometra RG, Phyllodineae G,
Hymenostegia R, Ateleia s,
Poeppigia s, Swartzia RG,
Apuleia RG, Castanospermum RG,
Labichea GR, Cordyla s,
Kalappia R, Cladrastis STN,
Dialium RG, Calia s,
Gleditsia STN, Vataireoid RG,
Cassiinae SGR, Amorpheae STN,
Pterogyne s, Adesmia GTS,
Poincianella s, Discolobium s,
Mezoneuron GR, Pterocarpus GR,
Hoffmannseggia G, Chapmannia s,
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Dalbergia G R, Diplotropis R G,
Aeschynomene G S, Brongniartia S G R,
Diphysa s, Acosmium S,
Baphioid RG, Sophora G TN TS,
Hypocalyptus TS, Thermopsideae TN,
Mirbelieae TS, Podalyrieae TS,
Indigofera
BasalMillett

s,
RG,

Genisteae G TN TS;

Abrus s, [taxon cladogram for Fabaceae]
Dioclea GRTN, TREE
Ophrestia G, Fabaceae=(Suriana, ( (Cercis,Griffonia,Phanera),( (Schotia,
BasalCoreMillett s, (Prioria, ( (Peltogyne,Copaifera), (Crudia, (Cynometra,Hym
Tephrosia s, enostegia) )))),( (Poeppigia, (Apuleia, (Labichea, (Kalap-
Derris RG, pia,Dialium) ) ) ), ( (Gleditsia, (Cassiinae, (Pterogyne, (Poin-
Clitoria G R, cianella,Mezoneuron,Hoffmannseggia) ) ,Batesia, (Molden-
Apios GTN, hawera, (Tachigali, (Peltophorum, (Dimorphandra, (Penta-
Kennedia G, clethra, (En tada, (Plathymenia,Newtonia, (Prosopis, (Neptu
Mucuna G R, nia, (Leucaena,Dichrostachys) ) ,Piptadenia, (Mimosa, (Aca
Desmodium GTN, cia, (Filicinae,Aculeiferum, (Faidherbia, (Calliandra,Inga,A
Spatholobus RG, barema,Samanea,Pithecellobium,Phyllodi-
Cajanus STS, neae) ) ))))))))))))),( (Ateleia,Swartzia), ( (Castanosper-
Erythrina SG, mum,Cordyla), (Cladrastis, ( (Calia,Vataireoid), (Ormosia, ( (
Phaseolus S G R TN, Diplotropis,Brongniartia), (Acosmium, (Sophora,Ther
Glycine S G R TN TS, mopsideae, (Podalyrieae,Genisteae) ) ) ) ), (Amorpheae, (Ad
Sesbania s, esmia, ( (Discolobium, (Pterocarpus,Chapmannia) ), (Dal
Lotus STN, bergia,Aeschynomene,Diphysa) ) ) ), (Baphioid, ( (Hypoca
Robinia S GRTN, lyptus,Mirbelieae) , ( (Indigofera, (BasalMillett, (Abrus, (Dio
Callerya R G TN, clea, (Ophrestia, (BasalCoreMillett, (Tephrosia,Der
Galega TN TS, ris) ) ) ) ), (Clitoria, ( (Apios, (Kennedia, (Mucuna,Desmod
Hedysarum STN, ium) ) ), (Spatholobus, (Cajanus, (Erythrina, (Phaseolus,Glyc
Cicer TN, ine) ))))))),(( (Sesbania,Lotus),Robinia), (Callerya, ( (Gale
Trifolium TN TS, ga,Hedysarum), (Cicer, (Trifolium,Fabeae) ))))))))))))))));
Fabeae
Ormosia

TN TS, 
RG,

ENDBLOCK;
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APPENDIX 2. Input file for TASS 1.6 analysis.

S = Succulent biome; G = Grass biome; R = Rainforest biome; TN = Temperate Northern Hemisphere; TS = Temperate 
Southern Hemisphere.

100 2 25 99 100 57 G R G R
81 3 0 1 58 59 G R S
2 4 26 2 3 60 61 S GR
2 2 53 54 0 0 G R S
3 2 55 45 62 63 S TN; G R
2 2 63 6 64 GR G
2 2 71 78 65 G S
2 2 27 9 66 S; GR S
2 2 56 10 67 S GR
2 2 0 11 12 0 S GR
2 2 0 13 14 68 s TN; G
2 2 28 15 69 s G
2 2 0 16 70 71 GR GR
2 2 64 65 17 18 0 S TN; G
2 2 66 0 72 s GR
2 2 72 73 19 0 G TS; S
2 2 0 20 73 s S; G
2 2 29 21 22 74 S; R S;TN;G R
4 2 57 0 75 G R TS;S;TN;G R
2 3 60 61 62 23 24 76 GR
2 2 67 68 0 77 S
2 2 0 0 78 G R
2 2 83 25 79 G R
2 2 30 31 26 80 S
2 2 58 59 0 0 S; TN
2 2 69 70 27 0 S
2 2 74 0 81 GR
3 6 77 28 0 S; TN
2 2 84 29 30 31 32 0 TS; G
4 1 32 33 33 S; G R S
2 0 75 76 0 S; TN GR
2 2 34 0 34 G R S
2 0 85 35 G R G R
2 5 91 36 S S
2 0 34 37 G R S; G
2 6 37 38 G R G R
2 12 78 79 39 40 G R GR
2 0 80 41 42 G R S; GR
2 0 86 43 G R S
2 13 0 44 45 R TS;TN; G
2 17 35 36 0 S TN
2 0 38 46 G R TS
2 78 81 82 0 GR TS;TN;G
2 9 87 47 48 R GR
2 14 92 49 G R TS
2 18 19 96 50 S; TN TS
2 48 49 39 40 0 S; G R S;TN;G R
3 0 88 51 GR S
3 10 11 93 52 53 S S; TN
2 15 16 97 54 S TN; GR
2 20 41 55 G TS; TN
3 24 89 90 0 GR S; TN
2 50 51 94 95 0 GR TN
2 52 98 56 G R TS; TN
2 21 22 23 42 43 44 45 46 47 S TS; TN
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APPENDIX 3. Output three-area-statement matrix from 
TASS 1.6 and reconfigured from Hennig to PAUP format.

S = Succulent biome; G = Grass biome; R = Rainforest 
biome; TN = Temperate Northern Hemisphere; TS = Tem
perate Southern Hemisphere.

#nexus
BEGIN DATA;
DIMENSIONS NTAX=6 NCHAR=14;
FORMAT SYMBOLS=”01” MISSING=?;
MATRIX
OG 00000000000000
S 1?11?111001100
G ?0000001111111
R 011 l???000?l11
TN ?1??111110????
TS l???l??11100??
; end;

APPENDIX 4. Area matrix derived from additive binary 
coding of the taxon-area supertree (Figs. 2-12).

Brooks Parsimony Analysis involving the following areas of 
endemism and 181 terminal and internal nodes. S = Suc
culent biome; G = Grass biome; W = Rainforest biome; TN 
= Temperate Northern Hemisphere; TS = Temperate 
Southern Hemisphere.

#NEXUS
BEGIN DATA;
DIMENSIONS NTAX=5 NCHAR=181;
FORMAT SYMBOLS=”01” MISSING=?;
MATRIX
S
110010000001000011011000010001010011111011011001  
001110101010110011000000011100100010100110000000  
111110000100011111111111111111111001110111001111 
1111000111111111111111111111111111111
G
101101111100110101100111101110101110000100100110 
110001010101011110100110010010000001011001111111 
011111111111111111111111111111111111110010000111 
1111111111111111111111111111111111111
R
101101111110111101100011101110101010000100001110 
110001000101001110000010010010000001010001100101 

001111111111111111111111111111111000110010000111 
1111111111111111111111111111111111111
TN
010000000000000010000000000000000000000000000000  
000100100000000000110100010111111100010000010010  
001110000000000000000000000000010111110111111110  
0011111111111111111111000000000111111
TS
000000000000000000000000000000000000000000000000  
000000010000000000101101100001001100000000000000  
100100000000000000000000000000110111111001111110 
0000000111111111111111000000000011111

END;

APPENDIX 5. Input file for DIVA 1.1. analysis

S = Succulent biome; S = Grass biome; R = Rainforest 
biome; TN = Temperate Northern Hemisphere; Ts = tem
perate Southern Hemisphere. The T designations (N and 
S) will not copy into a text file to run with DIVA which only 
accepts single letter biogeographic codes, thus different 
letters were used in the analysis.

/** legume supertree
output leg.out;
TREE Leguminosae
(1,((2,(3,4)),((5,(6,((7,8),(9,(10,11))))),((12,(13,(14,(15, 
16)))),((17,((18,(19,(20,(21,22)))),(23,(24,(25,(26,(27,(2 
8,(29,(30,(31,((32,(33,(34,35))),(36,(37,(38,((39,40),(41, 
(42,((43,44),(47,(45,46))))))))))))))))))))),((48,49),((5 
0,51),(52,((53,54),((55,((56,57),(58,((59,60),(61,62))))), 
((63,(64,((65,(66,67)),(68,(69,70))))),(71,((72,73),((74,( 
75,((76,(77,(78,(79,(80,81))))),(82,((83,(84,(85,86))),(87  
,(88,(89,(90,91))))))))),((94,(92,93)),(95,((96,97),(98,(9 
9,100)))))))))))))))))));
Distribution SGR STN GR GR S GR GR GR GR GR R S GR 
GR R GR STN SGR GR S S G GR GR GR S GR GR GR S GR 
S GR G SGR S S S S GR S S G S SR GR GR S GR GR S STN S 
GR GR GR SGR S GTNTS TN Ts GTNTS STN GTS S GR S GR 
S SG GR Ts Ts S GR S GRTN G S S GR GR GTN G GR GTN 
GR STS SG SGRTN SGRTNTs SGRTN S STN GR TNTS STN TN 
rpNrpS yN'j'S.

optimize;
return;
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The Moraceae are tightly embedded in the Urticales, a clear-cut entity of the Angiospermae. It 
comprises c. 1050 species and 37 genera, many of which have 1 or 2 species, and a few are large: 
Ficus has nearly 750 spp., Dorstenia has c. 105 spp., and Artocarpus has c. 60 spp. The family is 
pantropical, with extensions to subtropical and warm-temperate regions. It is well-represented in 
all tropical phytogeographic regions, each with one or more primary and/or secondary centres 
of distribution. The family is very diverse in both woody and herbaceous life and growth forms, 
but even more so in reproductive structures, comprising by condensation and fusion complex 
inflorescences, of which some are pseudoflorous and others are pseudocarpous, such as those of 
Ficus in which stigmas and anthers are not exposed at anthesis. This is linked to an unique polli
nation system. For other Moraceae pollination is by wind and adapted to forest conditions, or 
they are pollinated by small beetles, flies, or thrips and based on breeding in staminate inflores
cences, or the mode of pollination is unknown. Patterns of Moraceae diversification, its func
tional implications, patterns of distribution, and the distinctness of genera and tribes suggest that 
most of the differentiation of the family took place in a still coherent tropical continent. The dis
tinctness of taxa is not reflected in cladograms based on molecular analyses; one may wonder 
why.

Cornelis C. Berg, The Norwegian Arboretum/Botanical Institute, University of Bergen, 5259 Hjellestad, Nor
way. E-mail: cornelis.berg@bot.uib.no. - National Herbarium Nederland, Univ. Leiden branch, P.O. Box 
9514, 2300 RA Leiden, The Netherlands. E-mail: beig@nhn.leidenuniv.nl

Introduction
This paper summarizes various previously pub
lished aspects of the diversity and distribution 
of Moraceae (Berg 1977a, 1983, 1989, 1990, 
1998, 2001) and discusses the overall taxo
nomic structure of the family and how they are 
linked to patterns of morphological and bio
logical diversification and distribution. Finally, 
these morphological and biological aspects are 
compared with results of molecular analyses 
(Sytsma et al. 2002).

Urticales
Except for doubt about the position of some 
odd genera or families (e.g, Barbeyaceae), the 
Urticales was soon recognized and generally 
accepted as a well-defined group in the process 
of defining “natural” entities, as by Bentham 
(1880), Bailion (1875), Eichler (1875), Engler 
(1889). The solidity of the order is in recent 
times confirmed, e.g., by Baas et al. (2000) who 
considered the wood anatomy as well as by 
results of molecular analyses (Sytsma et al. 
2002).
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The position of the order within the 
angiosperms has been uncertain. Traditionally 
it is linked to the amentiferous families, 
grouped in the Hamamelidae (Cronquist 
1981). A position near the Malvales (and 
Euphorbiaceae) has been advocated (Berg 
1989). Molecular studies indicate a link to the 
Rosales (c.g., Sytsma et al. 2002) and the order 
is then referred to as Urticalean rosids. Roses 
and nettles in the same taxonomic unit are, 
although they share the capacity to sting, diffi
cult to accept for morphological reasons.

Moraceae
The Moraceae can be regarded as a “natural 
entity”, after exclusion of the genera in the 
subfamilies Conocephaloideae and the 
Cannaboideae in Engler’s classification, the 
former being included in the Cecropiaceae 
(Berg 1989) and the latter in the Cannabaceae 
(Cronquist 1981).

In its morphological differentiation, the 
family shows strong links to the other larger 
urticalean families currently recognized. These 
links are such that one could unite Moraceae, 
Cecropiaceae, and Urticaceae into a single 
family. If one is not too narrow-minded, even 
Ulmaceae (both Celtidoideae and Ulmoideae) 
can be included in this more broadly con
strued family Urticaceae, thus, largely coincid
ing with the order Urticales.

However, such a broadly construed family 
lacks the transparency one needs to analyse 
morphological differentiation and distribution 
patterns in relation to biological traits and evo
lutionary processes leading to its present taxo
nomic structure. In this respect, it is conve
nient to maintain a family Moraceae and its 
presumably natural subdivisions (Fig. 1).

Compared to many other tropical plant fam
ilies, the Moraceae is with its 1050-1100 species 
small, but in many tropical lowlands it is ecoli- 
cally and important in forest structure and sup

ply of food to frugivorous animals (Balslev & 
Renner 1989; Gentry 1993; Berg 1998; Shana
han et al. 2001).

Composition of the family
The genera are very unequal in species num
bers; 13 genera have only one or two closely 
related species; 14 genera have three to 14 
species; few have more, Naucleopsis and Streblus 
20-25 species, Artocarpus c. 60 species, Dorstenia 
c. 105 species, and Ficus nearly 750 species and, 
therewith, one of the largest genera of woody 
flowering plants.

Habit
The family is predominantly woody. The two 
species of Fatoua are herbaceous. Eleven 
species of Dorstenia are woody, the others are 
herbaceous and represent a wide range of life 
and growth forms (Berg 1977a; Berg & Hijman 
1999; Fig. 2).

The woody Moraceae vary from being small 
shrubs to tall trees with sympodial or monopo
dial growth. Few species are (sub) monocaul, 
Dorstenia djettii], L. Guillaumet, Naucleopsis stip
ularis Ducke, and some Ficus species, e.g., F. 
pseudopalma Blanco. Several Ficus species are 
rheophytic (van Steenis 1981).

The capacity of Ficus to produce aerial 
adventitious roots, contributes considerably to 
the diversity of the woody life and growth 
forms, as hemi-epiphytes, hemi-epiliths, and 
root-climbers.

The plants have a system of ducts extending 
from the stem to the leaves and containing 
milksap (not in Fatoua). Uncinate hairs occur 
in many genera, and pluricellular (“glandu
lar”) trichomes in most (or all?) genera. Nearly 
all Ficus species have waxy glandular spots on 
the lamina, base of the petiole and/or nodes of 
leafy twigs.

The height of the plants varies from less than
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Fig. 1. Distribution and sub
division of Moraceae. The 
survey gives the representa
tion in the three main phy
togeographic regions and 
tribes with the numbers of 
species () per genus tribe, 
and region; in Ficus (Ficeae) 
per subgenus (for the 
entirely or mainly 
(gyno) dioecious subgenera 
(B) or for the (main) sec
tions of the monoecious 
subgenera (A) Ficus = 
Ficeae), and the indigenous 
genera in [ ]; * including a 
species in North America; o 
all (gyno) dioecious. Africa 
includes Madagascar, adja
cent Indian Ocean Islands, 
and the Arabian Peninsula 
with adjacent islands.

America Africa Asia Australasia
Moreae (ca 70) (11)

Madura (3*) 
Morus (3*) 
Trophis (5)

(12)
Madura (1) 
Morus (1) 
Trophis (2) 

Bleekrodea (1) 
Broussonetia (1)

Fatoua (1) 
Streblus (3)
Milicia (2)

(c 47)
Madura (7) 
Morus (c 8)
Trophis (2) 

Bleekrodea (1) 
Broussonetia (7)

Fatoua (1)
Streblus (21)

Artocarpeae (c 70) (3)
Treculia (3)

(c 68)

Artocarpus (c 60) 
Hullettia (2)

Parartocarpus (2)
Prainea (4)

Soroceae (23) (23)
Bagassa (1) 

Batocarpus (3) 
Clarisia (3) 

Poulsenia (2) 
Sorocea (14)

"Antiariopsidae" (3 (3)
Antiaropsis (2) 

Sparattosyce ( 1 )
Dorstenieae (128) (64)

Dorste nia (46)

Brosimum (14)
Helianthostylis (2)
Trymatococcus (2)

(63)
Dorstenia (58) 

Bosqueiopsis ( 1 ) 
Scyphosyce (2)
Trilepisium (1)
Utsetela (1)

(1)
Dorstenia (1)

Castilleae (58) (55)

Castilla (3) 
Helicostylis (7)

Maquira (4)
Naudeopsis (22)

Perebea (9) 
Pseudolmedia (10)

(2)
Antiaris (1)

Mesogyne (1)

(1)
Antiaris (1)

Ficeae (c.735) 
"A" (c 350)

"B" (c 360)

(c 120)
(c 120)

Pharmacosycea (c 20) 
Americana (c 100)

(105) 
(83)

Oreosycea (4) 
Urostigma (7) 

Galoglychia (72)
(22)

Ficus (1)

Sycidium (9) 
Sycomorus (12v)

(c 510) 
(c 150)

Oreosycea (c 50) 
Urostigma (c 80) 

Stilpnophyllum (c 20)
(c 360)

Ficus (c 60) 
Synoecia (c 80) 
Sycidium (c 100) 

Sycomorus (c 120)
19[14] gen (c 270) 17[7]gen (185) 16[6] gen (c 610)
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WOODY PLANTS --------------------- > Herbaceous plants(1)

TERRESTRIAL--- > Hemi-epiphytic(2) --- > Hemi-epilithic(2)

TREES --------------------- > Shrubs (3) --- >
--------------------- > Cli mb e r s ( 4 )-- ►

Small
Medium-sized (rarely with 
Emergents

thorns or prickles)

—► Climbers 
Straggling(6)

> Shrubs------ ► Rheophytic (5)
Obligatory

With roots(7) Facultative
With thorns(8)

Erect
Creeping

-------- > Holo-epiphytic(9
(10)

Herbaceous plants

TERRESTRIAL------------------- ► Holo-epiphytic ( 11 )

PERRENIAL -------------------► Annual(12)

NON-SUCCULENT ----------------► Succulent(13)
Stem-succulent
Tuber-succulent (geophytic or not)

Phanerophytic (14) Geophytic(15)
Erect Stem normal
Not rosulate* Stem tuberous
Rosulate*
Creeping *Internodes long versus short

Fig. 2. Life and habit forms of Moraceae. The numbers indicate that the life and habit forms are represented in the fol
lowing genera and species: (1) Dorstenia p.maj.p. (2) Heus p.p. (3) Bleekrodea, Brosmium p.p., Ficus p.p., Helianthostylis p.p., 
Perebea p.p., Scyphosyce, Soroceap.p., Utsetlea. (4) Broussonetia kurzii, Ficus p.p., Madura p.maj.p., Prainea scandens, Trophis scan
dens. (5) Ficus p.p. (6) Broussonetia kurzii, Ficus p.p., Prainea scandens, Trophis scandens. (7) Ficus p.p. (8) Madura p.p. (9) 
Ficus deltoidea (and F. oleifolid), facultatively. (10) Ficus p.p. (11) Dorstenia astyanactis. (12) Dorstenia annua. (13) Dorstenia 
p.p., Fatoua. (14) Dorstenia p.p.

5 cm as in some creeping Dorstenia species 
(Berg 2001) to 50 in tall, as in Brosimum utile 
(Kunth) Pittier and Maquira coriacea (Karst.) 

C.C. Berg (Berg 1972), or possibly even taller 
in some Ficus species.



BS 55 427

Leaves

The basic type of leaf has a short petiole and a 
basally attached, coriaceous, elliptic lamina 
with entire margin, pinnnate to subtriplin- 
erved brochidodromous venation with scalari- 
form tertiary venation; the stipules are often 
fully amplexicaul, leaving the characteristic 
annular scars. Most of the variation in these 
features can be linked to life form or habitat.

Sexuality
Like in other Urticales families (with the 
notable exception of Cecropiaceae), monoecy 
(with either bisexual inflorescences or unisex
ual inflorescences) and dioecy are about 
equally represented. Bisexual inflorescences 
are mainly found in groups with cymose inflo- 
resences and unisexual ones in racemous ones. 
Androdioecy is rare, it is found in Castilla elas
tica (Sakai 2001) and Helianthostylis sprucei 
(Berg 1972). Gynodioecy is found in Ficus, in 
which in c. 50% of the species the plants bear 
inflorescences with only long-styled pistillate 
flowers or with staminate flowers and short- 
styled pistillate ones, which, however, normally 
do not produce seeds. Gynodioecy or androdi
oecy may also occur in some (other) species of 
Castilleae in which pistillate and staminate 
inflorescences occur on the same tree, whereas 
others only bear pistillate or staminate ones; it 
is not clear whether differences in distribution 
of sexes in this tribe is related to age. For some 
species switch of sexuality is known: Dorstenia 
cayapya Veil, produces first staminate, later pis
tillate inflorescences, and Brosimum alicastrum 
Sw. first produces predominantly pistillate 
inflorescences then predominantly staminate 
ones (see Berg 2001 ). Changes in sexuality may 
also occur in Castilleae species of which some 
of the trees bear both staminate and pistillate 
inflorescences.

Inflorescences

The inflorescences are mostly condensed 
(unbranched) with similar parts (flowers) and 
dissimilar parts (flowers, bracts, and/or recep
tacles) often fused, resulting in structures 
which function as units of pollination, resem
bling either flowers, thus pseudoflorous, or 
fruits, thus pseudocarpous (Berg 1977a, 1989). 
Much of the differentiation of the inflores
cences (and flowers) can be related to protec
tion of developing stamens, pistils and fruits, 
which is essential for pollination based on 
breeding in staminate inflorescences (Berg 
1990).

Most of the least condensed inflorescences 
(as racemes and cymes) are found in 
anemophilous taxa in which the staminate 
flowers need space for ballistic pollen release; 
the pistillate inflorescences of these taxa are 
often more condensed, but the flowers usually 
remain free.

The abaxial sterile strip commonly found in 
elongate inflorescences is caused by the basi
cally adaxial orientation of the flowers.

The most complex and intricate inflores
cence of the Moraceae (and angiosperms?) is 
that of Trilepisium (Berg 1977b: 298, t. 6 and 7).

The inflorescences occur basically in pairs in 
the leaf axils. In some groups, e.g., in Castilleae 
and in Ficus (e.g., in subg. Urostigma'), inflores
cences develope on axillary spurs (which may 
continue to elongate on the older wood) that 
often bear more than two inflorescences simul
taneously, in some Castilleae even several sta
minate inflorescences and a single pistillate 
one. Cauliflory is found in Artocarpus, Clarisia, 
Treculia and in some subdivisions of Ficus', subg. 
Urostigma (sect. Galoglychia), subg. Sycidium, 
subg. Sycomorus, and subg. Synoecia; in subg. 
Sycomorus, many species are or can be flagel- 
liflorous (or geocarpic).
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Flowers

The flowers are small. Through reduction in 
size and numbers and through fusion of simi
lar or dissimilar parts a wide range of Hower 
types have developed from the basically (3-)4(- 
5)-merous, monochlamydous, unisexual 
flower, the pistillate one with a single (sub) api
cal ovule and two stigmas (Berg 1977a, 1989) 
and the staminate one with antitepalous sta
mens and often without pistillode. The peri
anth may become rudimentary or absent, and 
the number of stamens reduced to one. A sin
gle stigma is quite common. Pistillodes are pre
sent in all species with ballistic pollen release, 
as they seem to play a role in keeping the 
inflexed anthers under tension and in the cor
rect position. Pistillodes are charactersitic for 
Ficus subg. Sycidium, where they are in some 
species so large that they can function as breed
ing sites for fig wasps. Pistillodes with very long 
stigmas occur in Helianthostylis sprucei Baill. 
(Berg 1972).

In the species of the Moreae, with the excep
tion of some Asian Madura species, the sta
mens are like those of the Urticaceae, releasing 
the pollen suddenly. They differ from inflexed 
stamens of other Urticales in showing trans
verse (tension) lines on straightened filaments

The differentiation of the flowers is tightly 
linked to the (degree of) complexity of the 
inflorescence and to protection of young flow
ers and developing fruits (Berg 1990).

Fruits and “fruits”
In addition to the “true” fruits (developed 
from a single ovary and being achenes or dru
pes (indehiscent or dehiscent!), there is a wide 
range of “functional fruits”, containing one or 
more seeds, and also consisting of perianths, 
bracts and/or receptacle, that usually function 
as units of dispersal. The most simple ones 
(“pseudodrupes”) consist of a fruit (often with 

a hard endocarp) enclosed by the fleshy fruit
ing perianth. Pseudodrupes may occur free or 
fused in (syncarpous) aggregates. The more 
complex fruit-containing structures show simi
larities to the “infructescence” of the pineap
ple.

Dehiscent drupes, or indehiscent ones with 
features deary derived from the dehiscent 
ones are found throughout the family (Berg 
1977a), even in Ficus (Berg & Wiebes 1992). 
The endocarp body is squeezed out of the fruit 
in macrospermous species, but it is ejected in 
microspermous ones (Dorstenia p.p. and 
Fatoud).

In many-seeded infructescences of Dorstenia, 
each single fruit (dehiscent drupe!) remains 
the unit of dispersal. This may also be the case 
in Ficus, depending on the “disperser” (a “seed
eater” rather than a “fruit-eater”).

The units of dispersal vary from fruits or 
pyrenes of c. 2 mm length to syncarpous 
infructescences up to 100 x 50 cm in Artocarpus 
heterophyllusL^m. (Jarrett 1959-1960).

The fleshy fruits, pseudodrupes or infructes
cences vary in colour from green to yellow, 
orange, brown, red, purple or black (or white).

Seeds
The seeds are very variable in the size, the pres
ence of endosperm, the texture of testa, the 
position/orientation of the seed in the fruit, 
the thickness, folding, and size (differences) of 
the cotyledons, and the length and position of 
the radicle (Corner 1962).

The majority of the genera are macrosper
mous; the seed lack (ample) endosperm and 
the cotyledons are thick, often folded, and/or 
unequal in size, conspicuously so in Sorocea, 
which is submonocotyledonous. Microsper
mous seeds are found in Ficus, the c. 95 herba
ceous species Dorstenia, and several genera of 
the Moreae; the seed contains endosperm and 
the equal cotyledons are thin. Macrospermy is 
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linked to the rain forest habitat; microspermy 
is related to the herbaceous habit, hemiepi- 
phytism, and occurrence of secondary growth. 
The protective function of the testa is trans
ferred to the woody to leathery endocarp/peri- 
carp; the testa is usually distinctly vascularized.

Pollination
The following modes of pollination are found.

Anemophily. (1) with sudden ballistic pollen 
release (in most Moreae) or (2) with ± gradual 
pollen release, e.g., from long pendulous stami
nate “catkins” (possibly in Bagassa, Batocarpus, 
Clarisia p.p., and reported for some species of 
Artocarpus without elongate staminate inflores
cences) . The first type, characteristic for 
Urticaceae, can be regarded as an adaptation 
to the rain forest understorey, in particular 
along small streams, where streaming water 
may cause (weak) air current by which pollen 
is carried.

Zoophily. (1) based on breeding in develop
ing fruits by the small Agaoninae wasps {Ficus) 
or (2) based on breeding in staminate inflores
cences by small beetles and flies. The latter 
mode is reported for some Artocarpus species, 
but probably widespread, to be found in gen
era with condensed staminate inflorescences 
(as those of Castilleae and Artocarpeae) ; insect 
larvae are nearly always present in these inflo
rescences.

Moreover, Sakai et al. (2000) described polli
nation in Artocarpus integer (Thunb.) Merr., car
ried out by gall midges, of which larvae feed on 
mycelium growing on staminate inflores
cences; it is not clear whether the situation 
described is a local or a general phenomenon. 
Pollination by thrips is found in Castilla elastica 
Sessé (Sakai 2001). The racemose or spicate 
inflorescences of Sorocea resemble those of gen
era with ballistic pollen release (Moreae), but 
the stamens are short. As the perianths of pis
tillate flowers bear glandular trichomes which 

are nutritious (providing a substrate for fungi) 
pollination may be carried out by collecting 
the trichomes (Berg 1990, 2001).

In several genera, in particular those with 
bisexual inflorescences of the Dorstenieae 
nothing is known about pollination and fea
tures of flowers and inflorescences do not 
point to possible modes of pollination other 
than (geitonogamous) autogamy. Agamo
spermy may play a role in reproduction of 
Dorstenia (Berg & Hijman 1999).

Dispersal
The following modes of dispersal are known.

Endozoochory in taxa with fleshy (true or 
functional) fruits: (1) by arboreous animals 
(majority), (2) by terrestrial animals {Artocar
pus, Ficus, and Treculia with cauliflory or flagel- 
liflory), or (3) by aquatic animals {e.g., Ficus in 
riverine habitats).

Exozoochory. (1) in taxa with fruits with a 
sticky outer layer {Ficus) or (2) in Trymatococcus 
of which the infructescences are covered with 
hooked hairs.

Fruits of Ficus deposited (by endo- or exo- 
chorous transport) on tree branches, may be 
carried on by ants (to more suitable germina
tion sites).

Autochory in most taxa with dehiscent dru
pes, the endocarps of small ones are ejected, 
those of large ones dropped, and both trans
ported further by water.

Hydrochorous in some Ficus species of which 
the syconia can float, either by air inside the 
infructescence or by a spongy wall of the inflo
rescence. The rheophytic species of Ficus 
(subg. Sycomorus subsect. Macrostyla) have 
retrorse hairs on the (very) long persistent 
style and on the fruit, apparently an adaptation 
to attach the fruits to the substrate.

The in general species-specific relations with 
pollinators limit the possibilities of long-dis
tance establishment of populations.
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Tribal Taxonomy

The family comprises 1050-1100 species, 
accommodated in 37 genera, which as cur
rently defined (see Fig. 1) can be regarded as 
natural (or monophyletic) entities.

Until recently (Berg 2001) five tribes were 
recognized:

Artocarpeae with 12 genera and 90-95 
species, Castilleae with eight genera and c. 60 
species, Dorstenieae with eight genera and c. 
130 species, Ficeae with one genus and c. 720 
species, and Moreae with eight genera and c. 
70 species. All, except for the Artocarpeae are 
well-defined and can be regarded as natural 
entities. The Artocarpeae comprise the genera 
that could not be satifactorily included in one 
of the other tribes. They comprise a group of 
five neotropical genera (with 23 species), a 
group of four Asian genera (Artocarpus and 
three allied Asian genera) and the African Tre- 
culia (in total with c. 65-70 species), and a 
group comprising two genera: Antiaropsis with 
two species from New Guinea, and the mono
typic Sparattosyce from New Caledonia (Fig. 3). 
The neotropical group of genera resembles 
the Moreae in shape and structure of the inflo
rescences, but is clearly different in the struc
ture of the staminate flowers. The small group 
formed by Antiaropsis and Sparattosyce resem
bles the Castilleae in the shape and structure 
of the inflorescences, but differs clearly in the 
presence of dehiscent drupes and scarious 
tepals of the pistillate flowers. The morpholog
ical links between these three groups are as 
weak as between the “natural tribes” and can, 
therefore, be regarded as tribes equivalent to 
the other four tribes and to be named Soro- 

ceae, Artocarpeae, and “Antiaropsideae” 
(inedi), respectively. There might be a phyloge
netic link between the “Antiaropsideae” and 
Ficeae.

The distribution patterns and the lack of 
clear affinities between the tribes suggest that 
the family was established and the genera to a 
largely shaped before the break-up of 
Gondawana, an opinion (Berg 1998) which is 
confirmed by research on Ficus (Molbo et al. 
2003; Weiblen 2002).

The distinctness of the tribes is not only 
defined by their morphological make-up, but 
also by biological traits as expressed in the 
mode of pollination and habitat occupation.

Taxonomy of Ficus
Ficus is not only far more numerous than the 
other genera, but is also morphologically dis
tinct in characters not found in other 
Moraceae, many of them related to the unique 
pollination system. Moreover, the systematic 
make-up tells the genus apart.

The unique pollination system is based on 
breeding in ovaries by Agaoninae (c 20 genera, 
numerous species, roughly as many as the 
number of Ficus species) of which the winged 
females transport pollen, penetrate the closed 
inflorescence, lay eggs in the ovules, and 
deposit pollen. The pollination system is in its 
basic traits uniform, but in details highly varied 
due to the pollinator groups involved and the 
variation of characters of flowers and inflores
cence.

Gharacters that distinguish Ficus from other 
Moraceae are:

(1) . The flowers remain entirely enclosed in 

Fig. 3. Sparattosyce dioica, from Ann. Sei. Nat. Bot., Sér. 5, 11: t. 6 (1869): 1 and 2. Staminate inflorescences, closed; 3 and 4. 
staminate inflorescences, open; 5 and 6. staminate flowers; 7 tepal of staminate flower; 8 and 9. stamens; 10, 14, and 15. pis
tillate inflorescence, closed; 11. pistillate flower; 12. pistil; 13 and 16. ovary; 17. fruit; 18. embryo. The pistillate inflores
cence opens like the staminate one to expose the ripe fruits and to release the endocarp bodies of the dehiscent drupes.
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an urceolate receptacle (syconium) also dur
ing anthesis.

(2) . Heterostyly (imperfect or perfect); the 
stigmas lined up (in monoecious taxa due to 
differences in the length of the pedicel (or also 
the shape of the ovary).

(3) . Pedicels of pistillate flowers distinctly 
different in length in the same inflorescence.

(4) . The number of staminate flowers (per 
inflorescence or per plant) is mostly (very) 
small in relation to the number of pistillate 
flowers.

(5) . Scarious tepals of the pistillate flowers.
(6) . Formation of a coherent layer of stig

mata (synstigma) in spite of style lengths in the 
same syconium.

(7) . Waxy glandular spots on the lamina 
beneath and/or the nodes of leafy twigs in 
nearly all species.

Other differentiating characters:
(8) . Pronounced protogyny: the staminate 

flowers are at anthesis when in the same inflo
rescence the seeds are (nearly) ripe.

(9) . The perianth (and interfloral bracts 
and/or internal hairs) remained intact in spite 
of loss of the(ir) protective function.

In addition to these largely floral characters, 
Ficus differs from the rest of the Moraceae by 
the numerous species (c 390) that produce aer
ial roots, and for most of them (c 290) allowing 
them to be hemi-epiphytes and others to be 
root-climbers (c 70). Moreover, in (the monoe
cious subgenera) Ficus, the tertiary venation of 
the lamina can be parallel to the lateral veins.

The only moraceous genus with inflores
cences resembling of Ficus is Sparattosyce (Fig. 
3), but the inflorescences are unisexual, the 
pistillate ones exposing the stigmas through 

the apical opening and the receptacle splits to 
expose the dehiscent drupes; the staminate 
ones opens in the same way to expose the sta
mens at anthesis.

The stibgenera of Ficus are in their numbers 
of species similar to several moraceous tribes. 
These numbers and the diversification within 
the genus makes it appear the genus is like “a 
family within a family” (Corner 1958), with a 
diversity that equals that of many large 
angiosperm families; subsections and sections 
currently recognised are more or less clearly 
equivalent to genera and subgenera to tribes. 
Far ahead of modern developments the Italian 
botanist Gasparrini (1844, 1845) started to 
split Ficus into new genera largely based on flo
ral characters. This concept was adopted by the 
great Dutch “ficologist” Miquel (1847-1848), 
who expanded the number of genera, but 
finally he met the limits of the possibilities for 
systematization and had to include all those 
about 20 genera in Ficus (Miquel 1867). Many 
of those genera became subdivisions of the 
genus. The more recent and elaborate classifi
cation of the genus by Corner (1960, 1965) 
includes c. 125 entities: subgenera, sections, 
subsections, series, and subseries - too many 
trees to see the forest. A more concise classifi
cation is proposed (Berg 2003) of which out
lines are presented in Fig. 1.

The morphological and ecological differen
tiation within the genus, the distribution pat
terns (Fig. 4, 5 & 8), the biological distinctness, 
the diversification in the pollination system as 
reflected in the number of genera of pollinat
ing wasps and other groups of insects exploit
ing the system, and the differences with the 
“other” Moraceae suggest that Ficus established

Fig. 4 . Distribution of three subgenera and sections of Ficus with the numbers of species for each. Continuous lines for the —> 
primary centres, broken lines for secondary ones; lines and arrows for main distribution tracks; G for groups of species 
associated with humid conditions, G’ for groups of species associated with drier conditions; U for subsect. Conosycea, asso
ciated with humid conditions, U’ for subsect. Urostigma, associated with drier regions.



BS 55 433



434 BS 55

itself as distinct group early in the history of 
the Urticales (Molbo et al. 2003; Weiblen 
2002). Also wood-anatomical features support 
the fairly isolated position of the genus (Koek- 
Noorman et al. 1984).

Molecular phylogeny of Ficus and 
Moreae
It is surprising that molecular data as pre
sented by Systsma et al. (2002) do not support 
the profound distinctness of Ficus (Ficeae). It 
ends up in a cluster together with the tribe 
Castilleae, one would never consider to be 
related because of fundamental differences in 
the structure and function of the inflores
cence. However, the Castilleae and Ficus share 
the absence of some characters, such as the 
absence of peltate bracts and, if one ignores 
the presence in three unrelated species of Ficus 
(F asperiuscula Kunth & C.D. Bouché of subg. 
Sycidium, F. recurva Blume of subg. Synoecia, and 
F. theophrastoides Seem, of subg. Sycomorus) also 
the absence of uncinate hairs. If these charac
ters express affinities, then one could predict 
that also Antiaropsis and Sparattosyce (“Antiarop- 
sideae”) will end up in the same cluster.

The indumentum character do not appear 
biologically important, and is in that respect, 
similar to macro- and micromorphological 
characters which are mostly used in the cited 
paper presenting the results of molecular 
analyses to explain clustering of taxa. The 
bracts character, may have more than subordi
nate, although somewhat ambiguous biological 
importance, if one assumes that basal attach
ment of bracts is a prerequisite for the estab
lishment of rows of imbricate bracts with may 
close off access to the flowers, in Ficus perma

nently by ostiolar bracts, in Castilleae and 
“Antiaropsideae” temporarily by the upper 
involucral bracts, in the former tribe to stami
nate flowers and pistillate flowers in unisexual 
inflorescences, in the latter also pistillate ones 
with more than one pistillate flower. However, 
Trophis caucana (Pittier) C.C. Berg, which 
belongs to the tribe Moreae, also has involu
cres of imbricate bracts; in the genus the bracts 
are basally attached and also uncinate hairs 
absent.

Another result of the same molecular analy
ses (Sytsma et al. 2002) that is clearly in conflict 
with a traditional concept, is the scattered 
occurrence of members of the Moreae which 
appears on the basis of morphological coher
ence and distribution to be such a nice natural 
group. It also raises the question how often the 
urticaceous type of androecium (staminate 
flower) can evolve or disappear without leaving 
any trace of an ancestral trait.

Molecular phylogeny of Urticales
Another case in this publication that does not 
reflect distinctness and presumably different 
evolutionary pathways is the presence of the 
neotropical lowland genus Ampelocera, that 
one could indicate as the most tropical of the 
Ulmaceae, in a cluster of genera which share 
abscission of the terminal meristems, a feature 
also found in the moraceous genera Brous- 
sonetia ands Morus, and in Tilia (Tiliaceae). 
This feature links these genera (of which rep
resentatives may secondarily occur in the low
land tropics) to development under northern 
temperate conditions. The presence of a tiny 
hypanthum, although it is the most rosaceous 
character in the Urticales, but probably with lit-

Fig. 5 . Distribution of three subgenera of Ficus with the numbers of species for each. Continuous lines for the primary cen
tres, broken lines for secondary ones; lines and arrows for main distribution tracks; S for sect. Sycomorus subsect. Sycomorous 
with only monoecious species.
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tie biological significance, is indicated as one 
the unifying morphological characters. The 
other character, bisexuality of the flowers, is 
not consistent and also found in other 
Ulmaceae.

A similar case is the position of the five 
clearly related (We st-Go nd wan an) genera of 
the Cecropiaceae. They differ from Urticaceae 
in a good number of macromorphological, 
chemical and microscopic characters. More

important is that the group is biologically so 
different in the absence (loss?) of urticaceous 
stamens and it is, therewith, not 
anemophilous. Characters such as condensed 
inflorescences, fleshy staminate perianths, 
large protective stipules (and spathes) can be 
linked to disconnection from anemophily (if 
that would have been an ancestral trait at all). 
Adaptations to (secondary?) anemophily as in 
Cecropia are highly peculiar and diverse. Do the 

Fig. 6. Distribution of four tribes of Moraceae, with the numbers of species for each. Continuous lines for primary centres, 
broken lines for secondary ones. Thick broken lines for strong links between partial areas. Continuous and broken lines 
and arrows for main distribution tracks. Small circle for Artocarpeae in Africa for Treculia.
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molecular bases of to characters like presence 
of arachnoid indumentum and pearl glands 
make that the btdk of the Cecropiaceae to clus
ter with the Boehmerieae?

Distribution
The family is pantropical (Fig. 1, 4, 5, 6, 7 & 8). 
The majority of the genera are truly tropical, 
but Ficus extends with some species to the sub

tropical or even warm-temperate zones (Fig. 
8). Broussonetia and Morus are clearly associated 
with the northern warm-temperate zone. They 
are morphologically adapted to nontropical 
climates through the abscission of the terminal 
meristem at the end of the growth season, so 
that elongation of branches happens through 
the meristem of the upper lateral bud. The 
buds are scaled. Even truly tropical lowland 
species of these genera, Brousonettia greveana

Fig. 7. Distribution of two tribes of Moraceae [Moreae and Castilleae] with the numbers of species for each. Continuous 
lines for primary centres, broken lines for secondary ones. Thick broken lines for strong links between partial areas. Con
tinuous and broken lines and arrows for main distribution tracks. Small circle for Moreae in Africa for Militia.
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Fig. 8. Outline of the distribution of the Ficeae. Major concentrations on species indicated by triangles, lesser concentra
tions by circles.

(Baill.) C.C. Berg (Madagascar) and Morus 
mesozygia A. Chev. (Africa), show these features 
(Berg 1977b).

Most tropical Moraceae grow in humid low
land forest, relatively few are montane or sub
montane species or are found in drier condi
tions such as seasonal forests, or even in semi
desserts.

The tribes Castilleae (Fig. 7) and Dorste- 
nieae (Fig. 6) show a clear trans-Atlantic (West- 
Gondwanan) connection. The other tribes do 
not. The Soroceae is the only tribe confined to 
the Neotropics, and the tribe “Antiaropsideae” 
(ined.) is confined to New Caledonia and New 
Guinea. The Artocarpeae and Moreae are cen
tred in Malesia and the Sino-Himalayan region 
respectively; both are represented by a single 
genus in Africa. The Ficeae are centred in 
southeast Asia (Fig. 4, 5 & 8); some subgenera 
have (secondary?) centres in the Neotropics, 
Africa, and/or Australia. It is not possible to 
indicate a hypothetic centre of origin for the 
whole family. The richness of species in SE Asia 
is largely caused by “explosive” speciation in 
(gyno)dioecious segment of the genus Ficus', 
disregarding this fact, the representation of the 

family in the main phytogeographic becomes 
more balanced, with regard to the numbers of 
both species and genera.

Based on distribution patterns of tribes and 
of sections or subsections of Ficus, primary and 
secondary centres can be recognized.

In the Neotropics, the northern Andes 
region and the adjacent part of Central Ameri
can and the (upper) Amazon basin are pri
mary centres and the Guianas, eastern Brazil, 
and southern Mexico and the adjacent part of 
Central America (with an extension to Greater 
Antilles) are secondary centres.

The primary centres in Africa are (humid 
western) Central Africa and (± dry) eastern 
and northern Africa (with an extension to Ara
bia); secondary centres are (humid) western 
Africa, (± humid) eastern Africa, and Madagas
car.

Three main centres can be recognized in 
Asia: the Sino-Himalayan region, western Male
sia (with northern Borneo as a hotspot), and 
eastern Malesia (with eastern New Guinea as a 
hotspot). The only rather clear secondary cen
tre is Peninsular India (and Sri Tanka).

Other centres are northern Australia for 
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Ficus subsect. Malvanthera (of sect. Stilpnophyl- 
lum) the Pacific (with New Caledonia as 
hotspot) for Ficus sect. Oreosycea subsect. Glan
dulosae (E austrocaledonica-growp), see Fig. 4 
and 8.

The number of genera represented in the 
main phytogeographical regions is rather simi
lar, but the number of endemic genera differs 
clearly, and so does the number of species (Fig. 
1). The high number of species in the Asian- 
Australasian region is caused by explosive radi
ation of the the (gyno) dioecious groups of 
Ficus.
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Molecular data accumulated since 1999 have shown that monophyletic Laurales consist of Caly- 
canthaceae, 10 species, ( (Siparunaceae, 70 spp., (Atherospermataceae, 14 spp., Gomortegaceae, 
1 sp.)), (Lauraceae, 2500-3000 spp., Hernandiaceae, 50 spp., Monimiaceae, 195 spp.)). As 
assessed by Guyer and Slowinski’s imbalance metric, Lauraceae and Siparunaceae are signifi
cantly more species rich than if populations/species in Laurales families had proliferated with 
some random equal likelihood. Four of these families have fossil records that go back to the Cre
taceous, one goes back to the Oligocène, and two are unknown as fossils (Hernandiaceae, 
Siparunaceae). All have multi-locus molecular phylogenies that together include representatives 
of 79 of the 92 genera, permitting the calibration of local molecular clocks and the comparison 
of families in terms of the geological periods during which they accumulated most of their extant 
net diversity. Most data sets exhibit sufficient heterogeneity in substitution rates to warrant semi
parametric models of sequence evolution in which different rates are assumed between ancestral 
and descendent branches, but excessive heterogeneity is penalized. A comparison of penalized 
likelihood chronograms for the six families with more than one species suggests that at the rela
tively deep level of the analysis, climate change did not affect related families in similar ways. On 
the other hand, the raise of the Andes appears to relate to bursts of species accumulation in both, 
Lauraceae and Siparunaceae. To explain the observed low species numbers in ancient families, 
such as Atherospermataceae, Gomortegaceae, and Calycanthaceae, one needs to postulate 
extinction rates that left fewer than 10% of species surviving at any one time or accept the alter
native possibility of (some) species persisting for 80-100 my, basically without proliferating.
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Introduction
Species accumulation and extinction both take 
time, and the asymmetry between the two 
processes has long been recognized (Darwin 
1859). Darwin argued that complete extinc
tion would take longer than species accumula
tion, except in the case of catastrophic mass 
extinctions. “There is reason to believe that the 

complete extinction of the species of a group is 
generally a slower process than their produc
tion: if the appearance and disappearance of a 
group of species be represented, as before, by a 
vertical line of varying thickness, the line is 
found to taper more gradually at its upper end, 
which marks the progress of extermination, 
than at its lower end, which marks the first 
appearance and increase in numbers of the 
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species. In some cases, however, the extermina
tion of whole groups of beings, as of 
ammonites towards the close of the secondary 
period, has been wonderfully sudden.” The 
persistence of species-poor lineages that 
appear to have been around for millions of 
years is a phenomenon as difficult to study as 
the opposite, the existence of groups in which 
accumulation of species appears to far out
weigh extinction. With the advent of molecular 
phylogenetics and sophisticated approaches to 
extracting information about time from molec
ular data, plus the recent increase in early 
angiosperm fossils, it has become possible to 
better relate persistence and diversity to 
absolute lineage age and to particular geologi
cal times during which lineages diversified. For 
flowering plants, such analyses suggest that spe
ciation rates likely increased during their evo
lution (Magallon & Sanderson 2001; Barra
clough & Savolainen 2001), resulting in the net 
accumulation of diversity in the more derived 
clades if extinction rates stayed roughly the 
same.

By contrast, basal groups of angiosperms are 
significantly less rich than expected, suggesting 
an increased susceptibility to extinction 
and/or slowdown in speciation. Of the basal 
dicot lineages, only Annonaceae (2300 
species), Piperaceae (2000 species), and Lau- 
raceae (2500-3000 species) are species rich. 
However, as Darwin described, lineages accu
mulate and lose diversity slowly, and the ques
tion therefore arises when Lauraceae accumu
lated the bulk of their extant diversity and how 
they might differ from their closest relatives in 
terms of diversity, geographic range, or the 
impact of extinction. Depending on the geo
logical period or place at which the majority of 
living Lauraceae originated, one may be able 
to identify geographic or environmental fac
tors that could have mitigated the loss of diver
sity suffered by their relatives among basal 
angiosperms.

Lauraceae are a member of the order Lau- 
rales, which comprises seven families, 92 gen
era, and between 2840 and 3340 species, 
depending on the species numbers assumed 
for Lauraceae (Rohwer 1993; Chanderbali el al. 
2001). The monophyly of the order and its sis
ter group relationship to the Magnoliales 
receive strong bootstrap support in a 9-gene 
data set (87%; Y.-L. Qiu, personal communica
tion, May 2003; see also the 5-gene data set of 
Qiu et al. 2000), and family relationships within 
the order are clear except for a trichotomy of 
Hernandiaceae, Lauraceae, and Monimiaceae 
(Renner & Chanderbali 2000). Laurales are 
particularly suited for a comparative study of 
net diversities because of the group’s unusually 
good fossil record (below) and level of molecu
lar phylogenetic exploration. Of the 92 genera, 
all but 13 (three of Monimiaceae and ten of 
Lauraceae) have been included in phyloge
netic analyses based on more than one gene 
region, and six of the families have had 
between 17% and 100% of their species 
sequenced. (However, Lauraceae have only 4- 
5% of their species sampled.) This level of 
taxon sampling allows in-depth study of the rel
ative ages of clades of contrasting net species
richness; it also assures that paraphyly, the sin
gle largest problem for diversity comparisons 
of higher taxa, is not a concern. Moreover, 
because of the exceptional fossil record of Lau
rales, the possibility exists to translate relative 
ages into absolute ages based on local molecu
lar clocks. This solid phylogenetic and paleob
otanical framework allows the tackling of ques
tions about differences in species richness 
among contemporary clades that are of central 
importance in evolutionary biology (Ricklefs & 
Schluter 1993), but that have become stalled 
by issues relating to statistical analysis of trait 
correlations (c.g., Ricklefs & Renner 1994, 
2000; Dodd et al. 1999; Isaac et al. 2003). While 
sophisticated analyses of trait correlations can 
incorporate change over time and heteroge- 
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neons branch lengths in trees (Isaac et al. 
2003), the data for such analyses need to come 
from well resolved and supported topologies, 
fossils, and molecular clock-based estimates of 
branch lengths.

The present review of relevant available data 
for Laurales contributes towards this goal. It 
starts with brief summaries of the extant diver
sity, oldest fossils, and molecular-clock derived 
major node ages for each of the seven families 
(based on published and unpublished data 
sets) and then compares results from the fam
ily analyses to an analysis of the order, which is 
based on a different set of genetic markers and 
a much smaller sample of taxa. The effects on 
age estimation of using fewer taxa, but more 
nucleotides, are insufficiently understood. 
Results of the seven family analyses and the 
overall Laurales-analysis are used to address 
four questions about net diversity differences 
between major lineages of Laurales: Did they 
accrue over greatly different lengths of times? 
Did events affect related clades in similar ways? 
Did certain ecological settings favor speciation 
over extinction? And, are there traits that cor
relate with net species accumulation and that 
deserve further study as perhaps enhancing 
speciation?

Materials and Methods
Laurales diversity and its imbalance
The software program Mesa (Agapow & Purvis 
2002) was used to test whether a null model of 
Markovian evolution (each descendent lineage 
splitting or going extinct at random, with the 
probabilities of either event constant for all 
species) could generate species diversities simi
lar to those seen in the seven families of Lau
rales. Species numbers for the seven families 
come from (he sources cited under the family 
accounts (Results). Mesa calculates several tree 
imbalance statistics of which I report the met
ric suggested by Guyer and Slowinski (Slowin- 

ski 8c Guyer 1989; Guyer 8c Slowinksi 1993). To 
account for the Hernandiaceae, Lauraceae, 
Monimiaceae trichotomy, the test for signifi
cant imbalance was run for all three possible 
resolutions.

Time estimates
Likelihood ratio tests were used to assess the 
severity of rate heterogeneity among sequences 
(Sanderson 1998). Maximum likelihood (ML) 
scores of models with and without a clock were 
obtained from PAUP (Swofford 2002) after 
exclusion of all gapped or ambiguous charac
ters from the data sets, using PAUP’s character 
exclusion option. Model parameters were esti
mated simultaneously, usually on one of the 
most parsimonious trees obtained from the 
same data before exclusion of gapped or 
ambiguous characters.

Where data rejected the assumption that 
substitution rates could be modeled as approx
imately equal over the tree, Sanderson’s penal
ized likelihood approach (implemented in the 
software package ‘r8s’; Sanderson 2002) was 
used to obtain age estimates. The approach 
involves a semi-parametric model of evolution 
that assumes different substitution rates along 
the tree and that then reduces the resulting 
enormous number of more or less arbitrary 
alternatives by assigning penalties that increase 
with the abruptness of rate change between 
adjacent branches. The relative contributions 
of the two components of the model are deter
mined by a “smoothing” parameter, calculated 
by sequentially removing part of the data (c.g., 
one branch at a time), re-estimating the 
remaining model parameters, and then using 
the fitted model parameters to predict the data 
that were removed (i.e., the expected number 
of substitutions on the pruned branch). This is 
repeated with different smoothing values; the 
one that best predicts the removed data is con
sidered optimal (Sanderson 2002). Advantages 
of the r8s software are that it not only allows
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incorporating multiple calibration points but 
that these can take two forms. Ages of particu
lar nodes can be fixed, or nodes can be 
assigned minimal and/or maximal ages, with 
the program calculating the most likely age, 
given the remaining age constraints and substi
tutions in the data set.

Input data for the r8s software are branch 
lengths calculated under some model of evolu
tion. Models that fit the specific data sets used 
here were developed using likelihood ratio 
testing. Usually, the best fitting model was the 
general-time-reversible model (GTR Yang 
1994), which assumes that all substitution 
probabilities are independent and accounts for 
unequal base frequencies (I used the empiri
cally observed frequencies), a possible transi- 
tion/transversion bias, and variable substitu-

100 Calycanthaceae
11 species

1 oo Lauraceae 
2500-3000 species

wo Monimiaceae 
195 species

12£_Hernandiaceae
50 species

wo Atherospermataceae 
1 4 species

95

Gomortegaceae 
1 species

100 Siparunaceae
70 species

---------------------------- Magnoliales

Fig- 1- Family relationships in the order Laurales based on 
combined sequences from six cpDNA introns and spacers 
(modified from Renner 1999). Bootstrap values (on 
branches, from 1000 pseudo-replicates) are slightly higher 
than in the original paper because of the inclusion of for
merly missing sequence sections. The bootstrap value 
marked with two asterisks comes from an ongoing 9-gene 
data set (Y.-L. Qiu, personal communication, May 2003). 

tion rates among sites, which can be described 
by a gamma distribution with four rate cate
gories (the default in PAUP). The proportions 
of invariable sites and the shape parameters of 
the gamma distributions were estimated using 
the implementation of Yang’s model in PAUP. 
Starting trees for ML searches were obtained 
via neighbor joining or parsimony; the swap
ping strategy employed was tree bisection
reconnection swapping.

Absolute times
Absolute times scales are those of Gradstein et 
al. (1995) for the Cretaceous and Berggren et 
al. (1995) for the Lower Tertiary. Progress in 
geochronology during the past years has 
resulted in striking (to non-paleobiologists) 
changes in the absolute ages given for the geo
logical periods of the Cretaceous and Tertiary, 
and this obviously determines the resulting 
estimates.

Results
Species diversity imbalance
Based on the metric of Slowkinski and Guyer 
(1989), the observed imbalance in species 
numbers between the seven families of Lau
rales is too great to be ascribed to a constant
rates Markov null model (statistics not shown). 
The polytomy of Hernandiaceae, Lauraceae, 
and Monimiaceae required that the test be car
ried out three times: As long as either Hernan
diaceae (50 species) or Monimiaceae (192 
species) are the sister clade to Lauraceae 
(2500-3000 species), Lauraceae are signifi
cantly more species-rich than expected. How
ever, if the two families together are assumed 
to be the sister clade of Lauraceae, then the lat
ter are not significantly richer in species than 
their closest relative. Siparunaceae (70 species) 
are always significantly more species-rich than 
their sister clade Gomortegaceae (1 species) 
plus Atherospermataceae (14 species).
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Fig. 2. Penalized likelihood chronogram for Calycanthaceae generated from rbcL sequences (outgroup choice based on 
Fig. 1). Compare Fig. 3 for strikingly different time estimates for the same outgroup taxa, but using different DNA regions. 
Representatives of Magnoliales served to root the tree, but were pruned from the analysis (Sanderson 2002). Branch 
lengths were obtained under the GTR + G + Pinv model of evolution and calibrated by constraining the stem of Calycan
thaceae to a minimum age of 110 my, based on Early Cretaceous Virginianthus calycanthoides flowers, and a maximum age of 
120 million years, based on an assumed age of 140 my for the onset of flowering plant divergence (see text for references 
and for alternative placements of constraints). The age of the split between Calycanthus and Chimonanthus was constrained 
to minimally 24 my old, based on Miocene Calycanthus fruits, and the most recent common ancestors of Siparunaceae and 
of Atherospermataceae/Gomortegaceae were constrained to minimally 90 my old, based on fossils and results shown in 
Fig- 3-
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Relative and absolute times of diversity 
accumulation in Laurates
The result that extant species numbers of Lau- 
rales families are significantly imbalanced, at 
least against a Markovian null model, clearly 
does not address differences in speciation and 
extinction rates through time. The following 
sections report results of age estimations for 
the major lauralean clades and address the 
issues of persistence and diversity accumula
tion. Ways to explore extinction rates are taken 
up in the Discussion.

The relative time that the different families 
have had to accumulate and lose species can be 
gauged firstly from their fossil record, secondly 
by their phylogenetic relationships, and thirdly 
from their genetic distances. Most directly rele
vant are the oldest fossils of each family, which 
are cited in the following accounts. The phylo
genetic relationships of the seven families are 
shown in Fig. 1 and imply that the stem lineage 
of the six core lauralean families is exactly as 
old as the stem of Calycanthaceae. The six core 
families then split into two main lineages, one 
comprising Siparunaceae and their sisters, Ath- 
erospermataceae plus Gomortegaceae (mak
ing Siparunaceae as old as the stem of these 
two families); the other comprising Hernandi- 
aceae, Lauraceae, and Monimiaceae, which 
seem to have diverged from their common 
ancestor over a short period of time, judging 
by extremely short branches separating the 
three (Renner & Chanderbali 2000).

Calycanthaceae
Calycanthaceae contain three genera and 10 
species (Kubitzki 1993a, Zhou, Renner, and 
Wen, unpublished work). Of the three genera, 
the morphologically most divergent is Idiosper- 
mum australiense (Diels) S. T. Blake, which is a 
rain forest tree in Queensland with three to 
four large (4.5-5 x 5.5-6.5 cm) fleshy cotyledons 
that completely fill out the mature seeds and 
that are poisonous, at least to cattle (Endress 

1983). Each Idiospermum seed is enclosed in a 
dry receptacle. The remaining members of 
Calycanthaceae have seeds enclosed in juicy 
poly-carpellate receptacles and comprise six 
species of Chimonanthus in China, Calycanthus 
chinensis Cheng & S. Y. Chang (Sinocalycanthus 
chinensis (Cheng 8c S. Y. Chang) Cheng 8c S. Y. 
Chang) also in China, and Calycanthus occiden
talis Hook. 8c Arn. in northern California and 
C. floridus L. in Florida.

The earliest fossil of Calycanthaceae is the 
flower Virginianthus calycanthoides Friis, Eklund, 
Pedersen 8c Crane from the Puddledock flora 
in Virginia, which dates at least to the Albian 
(112-105 my) or possibly Aptian (Friis et al. 
1994; Crane et al. 1994; E. M. Friis, personal 
communication, May 2003). A recently 
described Brazilian fossil from the Aptian or 
Albian that includes flowers, buds, and leaves 
(Mohr and Eklund 2003) shares several flower 
features with Calycanthaceae and may repre
sent the common stem lineage of Calycan
thaceae and remaining Laurales. Another caly- 
canthaceous flower comes from the Turonian 
of New Jersey (K. Nixon, personal communica
tion, May 2003). Calycanthus itself is known 
from fruits described from Miocene strata in 
eastern Germany (Mai 1987).

All 10 species of Calycanthaceae have been 
sequenced for three chloroplast loci (trnL-trnF 
spacer, trnL intron, trnC-trnD spacer) and the 
nuclear ITS region (Zhou, Renner, and Wen, 
unpublished). The three genera are highly dis
tinct from each other, suggesting lengthy sepa
ration. Branch lengths between the Chinese 
Chimonanthus species by contrast are extremely 
short. Age estimation in the present study 
relies on the relatively slowly mutating chloro
plast gene rbcL, and Fig. 2 shows a penalized 
likelihood chronogram based on branch 
lengths from that gene obtained under the 
GTR + G + Pinv model of evolution (data from 
Renner 1999 and unpublished). Three repre
sentatives of Magnoliales were included as 
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‘extra’ outgroups to root the tree and were 
then pruned from the analysis (Sanderson 
2002). Four nodes were constrained as follows. 
The stem of Calycanthaceae either was con
strained to a minimum age of 90 my, based on 
the fossil flower from New Jersey, or to 110 my, 
based on the fossil flower from Virginia, which 
shows a mosaic of features today seen in 
Idiospermum, Calycanthus, and Chimonanthus. 
The age of the split between Calycanthus and 
Chimonanthus was constrained to minimally 24 
my old, based on the Miocene Calycanthus 
fruit. This, however, might be too conservative, 
and perhaps the fruit fossil should instead be 
associated with the divergence between Chi
nese and American Calycanthus (Fig. 2). The 
final climatic deterioration of the Bering 
region began in the Miocene and, from then 
on, most of the plants and mammals that dis
persed between the two continents appear to 
have been cold-tolerant forms.

While the precise placement of Calycan
thaceae constraints is problematic (above), 
results reported in the next section allowed 
constraining the most recent common ances
tors of the outgroups Siparunaceae, Athero- 
spermataceae, and Gomortegaceae as at least 
90 my old. However, this was found to make lit
tle difference for ages obtained within Calycan
thaceae.

The chronogram (Fig. 2) suggests that 
Idiospermum australiense could be as young as 55 
my old, which is too young for it to have 
reached its present range in Queensland 
before the break-up of East Gondwanaland, 
which began some 130 my ago (Li & Powell 
2001). Error margins around this estimate, 
however, are ±30% since it is based on the lim
ited information contained in a single gene. 
There are modern bird flyways that connect 
Queensland and China (Feduccia 2003), but it 
is unlikely that birds would carry the fruits of 
Idiospermum, which weigh up to 130 g (Endress 
1983; S. Worboys, Cook University, Cairns, Aus

tralia, personal communication), across any 
such distance. Idiospermum is locally common 
where it occurs, and all populations known are 
found in creeks near sea level (Endress 1983). 
Dispersal by water (in a geographically very dif
ferent Malaysian region 55 my ago) is thus a 
possibility.

Atherospermataceae and Gomortegaceae
Gomortega comprises a single species in north
ern Chile. Atherospermataceae consist of 11 
species, two (in two genera) in Chile and the 
remainder (in five genera) in Tasmania, Aus
tralia, New Zealand, New Caledonia, and New 
Guinea (Renner et al. 2000). All species have 
been sequenced for five chloroplast loci (r/?Z76, 
trnT-trnL, trnL-trnF, atpB-rbcL, psbA-lrnH) and 
most also for the rbcL gene. Ecologically, Ather
ospermataceae are prominent elements of 
south Chilean laurel forests and temperate 
evergreen forests of New Zealand and Tasma
nia where they grow on well-drained or humid 
sites mainly between 800 m and 2400 m eleva
tion. Different from other Laurales, their ach
enes are dry and wind-dispersed.

Gomortega is only known from the Late 
Oligocene-Early Miocene (24-21 Ma; Nishida el 
al. f989) but Atherospermataceae go back to 
the Campanian, Paleocene, and Eocene of 
Antarctica (Dusén 1908; Poole & Francis 1999; 
Poole & Gottwald 2001), the Upper Eocene of 
Germany (Gottwald 1992), the Lower 
Oligocène of the eastern Cape Province and 
Egypt (Mädel 1960), and the Oligocène of New 
Zealand (Mildenhall 1980 and references 
therein). The oldest record of the family, how
ever, is pollen found in Kerguelen plateau 
material (Ocean Drilling Program, leg 120) 
dated to the Coniacian at 86-88 my ago (Mohr 
1998).

Fig. 3 shows a penalized likelihood chrono
gram that reflects input branch lengths from 
substitutions in combined sequences of six 
cpDNA introns and spacers comprising 4203
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Fig. 3 . Penalized likeli
hood chronogram for Ath- 
erospermataceae and 
Gomortegaceae reflecting 
branch lengths from sub
stitutions in combined 
sequences of six cpDNA 
regions (see text; data 
modified from Renner et 
al. 2000). Siparunaceae 
served to root the tree and 
were then pruned (com
pare Figs. 1 and 2). 
Branch lengths were 
obtained under the GTR + 
G + Pinv model of evolu
tion and calibrated by con
straining the stem of Ath- 
erospermataceae to a max
imum age of 115 my and a 
minimum age of 88 my, 
and the age of the split 
between Laurelia/Laure- 
liopsis and the remaining 
genera to minimally 83 my 
old (references to fossils, 
see text).

nucleotide positions after exclusion of all 
gapped characters (data modified from Ren
ner et al. 2000). Branch lengths were obtained 
under the GTR + G + Pinv model of evolution 
and calibrated by constraining the stem of Ath- 
erospermataceae as having a minimum age of 
88 my, based on the Coniacian pollen, and a 
maximum age of 115 my. (The latter is based 
on widely held views about the age of 
angiosperms overall; cf. Discussion). The age 
of the split between Laurelia/Laureliopsis and 
the remaining genera was constrained to mini
mally 83 my old based on Campanian Laure- 
liopsis-like wood (Poole & Francis 1999). The 
resulting absolute ages suggests that Athero- 
sperma, a monotypic genus endemic on Tasma
nia is 69.5 my old and could thus have arrived 
overland from Antarctica or Australia, which 

maintained land contact via the South Tasman 
Rise up to 40 my ago (Li & Powell 2001). By 
contrast, Laurelia novae-zelandiae Gunn, dated 
as perhaps 68 my old, must have reached New 
Zealand via long distance dispersal because 
seafloor spreading between Antarctica and 
New Zealand started at 96 my ago, with New 
Zealand reaching its present day position 2000 
km from Australia and Antarctica, by 60 my 
ago. As indicated above, seed dispersal in Ath- 
erospermataceae is by wind.

Siparunaceae
Siparunaceae consist of about 70 species in two 
genera, tropical American Siparuna with 69 
species and West African Glossocalyx longicuspis 
Benth. (Renner & Hausner, in press). The fam
ily has no fossil record (Renner & Won (2001)
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Fig. 4 . Penalized likelihood 
chronogram for Siparu- 
naceae reflecting branch 
lengths from substitutions 
in combined nuclear and 
chloroplast sequences (see 
text; data modified from 
Renner & Won 2001). 
Gomortegaceae served to 
root the tree and were then 
pruned (compare Figs. 1 
and 2). Branch lengths were 
obtained under the GTR + 
G + Pinv model and cali
brated by constraining the 
stem of Siparunaceae to a 
minimum age of 88 my 
based on oldest fossils of 
their sister clade (Fig. 3). 
Note that an age of 90 my 
would have permitted rela
tively easy crossing of a still 
narrow Atlantic between 
West Africa ( Glossocalyx, 
today 1 species) and South 
America (Siparuna, today 69 
species).

Siparuna aspera 
Siparuna conica 
Siparuna thecaphora 
Siparuna sessiliflora 
Siparuna radiata 
Siparuna lau ri folia 
Siparuna muricata 
Siparuna stellulata 
Siparuna echinata 
Siparuna lepidota 
Siparuna pauci flora 
Siparuna cuspidata 
Siparuna reginae 
Siparuna cervicornis 
Siparuna glycycarpa 
Siparuna cymosa 
Siparuna bifida
Siparuna aff. monogyna 
Siparuna guianensis 
Siparuna decipiens 
Glossocalyx
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re-evaluated two supposed fossil Siparunaceae 
after receiving them on study loan). Fig. 4 
shows a penalized likelihood chronogram for 
Siparunaceae reflecting branch lengths from 
substitutions in nuclear ITS sequences and 
cpDNA trnL-trnF spacer sequences comprising 
a combined 1040 nucleotide positions after 
exclusion of all gaps (data modified from Ren
ner & Won 2001). Gomortegaceae served to 
root the tree and were then pruned (compare 
Figs. 1 to 3). Branch lengths were calibrated by 
constraining the stem of Siparunaceae to mini
mally 88 my old based on the oldest fossils of 
their sister clade (previous family account). 
Note that stich an age would have permitted 
overland passage or island hopping between a 
still close West Africa and South America, 
which fits the finding that the single African 
member of the family is sister to all tropical 

American ones rather than being embedded 
among them as would be expected if it were 
the result of long distance dispersal.

Results suggest a minimum age of 59 my for 
the initial divergence of an Andean clade from 
a lowland clade and an age of around 28 my for 
the onset of major species accumulation in the 
Andean clade.

Monimiaceae
Monimiaceae consist of 195 species in 25 gen
era of which all but three have at least one 
species sequenced (Renner 1998, 1999, and 
unpublished). The family’s phylogenetic cir
cumscription and placement have been prob
lematic (Philipson 1987, 1993; Renner 1999), 
but are gradually becoming clear, with the mol
ecular data corroborating many of Philipson’s 
groups. Thus, his subfamily of Peumus (1
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Kibara rigidifolia 
Kibara moluccana 
Wilkiea huegeliana 
Wilkiea macrophylla 
Hennecartia omphalandra 
Macrotorus utriculatus 
Mollinedia ovata
Mollinedia schottiana 
Mollinedia widgrenii 
Macropeplus ligustrinus 
Hedycarya angustifolia 
Hedycarya arborea 
Hedycarya cupulata 
Leviera acuminata
Kibaropsis caledonica 
Xymalos monospora 
Tambourissa amplifolia 
Tambourissa peltata 
Tambourissa longicarpa 
Tambourissa purpurea 
Tambourissa tau 
Decarydendron ranomafanensis 
Hortonia floribunda
Monimia ovali folia 
Palmetia scandens
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Fig- 5. Penalized likeli
hood chronogram for 
Monimiaceae reflecting 
branch lengths from sub
stitutions in combined 
nuclear and chloroplast 
sequences (Renner, 
unpublished). A basal 
taxon of Lauraceae 
(Hypodaphnis zenken) 
served to root the tree 
and was then pruned 
(compare Fig. 1 ). Branch 
lengths were obtained 
under the GTR + G + 
Pinv model and cali
brated by constraining 
the stem of Monimiaceae 
as having a minimum age 
of 90 my based on Maas- 
trichtian or Campanian 
Hedycaryoxylon wood 
(Mädel 1960, Poole & 
Gottwald 2001).
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species in Chile), Monimia (3 species in Mauri
tius and Réunion), and Palmeria (14 species 
mainly in New Guinea, but one species west
ward to east Sulawesi and three in eastern Aus
tralia) is supported and is sister to all other 
Monimiaceae (Fig. 5). The first-branching 
taxon in this latter clade (‘all other Monimi
aceae’) is Hortonia, with a single species on Sri 
Lanka. Wood characteristic of Monimiaceae is 
assigned to the form genus Hedycaryoxylon and 
is known from the Campanian of Antarctica 
(Poole & Gottwald 2001 ), the Upper Eocene of 
Germany (Süss 1960; Gottwald 1992), and the 
Lower Oligocène of the Cape Province (Mädel 
1960). A leaf {Monimiophyllum) has also been 
reported from the Paleocene/Eocene of 
Antarctica (Birkenmajer & Zastawniak 1989). 
Monimiaceae thus were widespread by the 
Early Tertiary, and Raven and Axelrod (1974) 
hypothesized that they migrated between

South America and Africa, and between West 
Gondwana, Madagascar, India, and Australia 
across a still narrow Indian Ocean, which 
would require a minimum age of 120 my (Li & 
Powell 2001). The sole extant Monimiaceae in 
Africa is Xymalos monospora.

Fig. 5 shows a penalized likelihood chrono
gram for Monimiaceae reflecting branch 
lengths from substitutions in combined 
nuclear ITS and cpDNA trnL-trnF spacer 
sequences comprising 983 nucleotide positions 
after exclusion of all gaps (Renner, unpub
lished). A basal taxon of Lauraceae {Hypodap li
ms zenken (Engl.) Stapf) served to root the tree 
and was then pruned (compare Fig. 1). Branch 
lengths were calibrated by constraining the 
stem of Monimiaceae as having a minimum 
age of 90 my, based on the oldest Hedycaryoxy
lon woods, and a maximum age of 120 my, 
based on an assumed age of 140 my for the 
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flowering plants. (The earliest fossils generally 
accepted as angiosperms are pollen records 
from 141-132 my ago (Brenner 1996; Hughes 
1994)).

Results suggest that the Chilean Peumus 
diverged from the Monimia/ Palmeria line some 
76 my ago, perhaps by disruption of a once 
continuous range that stretched from Chile 
across Antarctica and the Kerguelen plateau to 
Madagascar. Indo-Madagascar and eastern 
Antarctica were connected until 120 my, and a 
link via the Kerguelen outcrops seems to have 
persisted as late as 80 my ago (Sampson et al. 
1998). Former presence of Monimia ancestors 
on Madagascar has to be postulated to explain 
the occurrence of the genus on the islands of 
Mauritius and Réunion, east of Madagascar, 
which are only 7.8 and 2.5-3 my old. The split 
between Monimia and Palmeria in turn is dated 
to 52 my ago, which would make Palmeria old 
enough to have reached Queensland and New 
Guinea overland from Antarctica. As men
tioned above, Antartica and Australia main
tained land contact via the South Tasman Rise 
up to 40 my ago (Li & Powell 2001).

The further biogeographic history of Mon- 
imiaceae, especially their Eocene entry into 
Laurasia (documented by fossil woods from 
Germany) and subsequent entry into South 
America, which appears to have occurred quite 
recently (as indicated by the short branch 
length of the clade that comprises all South 
American Monimiaceae, Fig. 5), are the sub
ject of an ongoing study.

Lauraceae
The Lauraceae comprise 2500-3000 species in 
about 50 genera of which 44 (and 122 species) 
have had representatives included in molecu
lar phylogenetic studies (Rohwer 2000; Chan- 
derbali et al. 2001). Chanderbali et al.’s conclu
sions were based on phylogenies from four 
cpDNA regions plus nuclear ITS and 26S 
rDNA sequences. Two of the DNA regions 

(r/?/76and ITS) satisfied the molecular clock as 
assessed by likelihood ratio testing, and these 
branch lengths then formed the basis for age 
estimation, with calibration coming from a 
geological event, the separation of Africa and 
South America at 90 my. Together, the topolo
gies and calibrated branch lengths indicated 
that Lauraceae radiated when trans-Tethyean 
migration was relatively easy, and basal lineages 
were clearly established on Gondwanan or 
Laurasian terrains by the Late Cretaceous. 
Caryodaphnopsis and Neocinnamomum may be 
the only extant representatives of the ancient 
Lauraceae flora documented in Middle to Late 
Cretaceous Laurasian strata (below). The bulk 
of today’s genera is concentrated in a terminal 
‘Perseeae-Laureae’ clade that radiated in Early 
Eocene Laurasia. Several genera and their 
immediate satellites, for example the Persea 
cluster and the Cinnamomum cluster, show trop
ical amphi-Pacific disjunctions that Chander
bali et al. credited to the disruption of 
Boreotropical ranges by Eocene-Oligocene cli
matic cooling. By contrast, the Ocotea genus 
complex shows a trans-Atlantic disjunction pos
sibly derived from a Madrean-Tethyan ances
tral distribution. Overall, findings supported 
morphology-based hypotheses (Rohwer & Kub- 
itzki 1993) of a Laurasian ancestry for most of 
today’s tropical American diversity of Lau
raceae, with molecular-clock based estimates 
for the arrival of the Ocotea complex in South 
America sometime during the Miocene.

Although Lauraceae fossils cannot unam
biguously be assigned to nodes on current 
trees, it is clear that the family was both wide
spread and diverse by the Early Cretaceous 
(Upchurch & Dilcher 1990; Drinnan et al. 
1990; Herendeen et al. 1994; Eklund & Kvacek 
1998; Eklund 1999, for a summary). Well-pre
served flowers with the general floral structure 
of genera in the Persea group (but unfortu
nately also some genera in Cinnamomeae) 
have been described from Eocene deposits in
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Fig. 6. Penalized likeli
hood chronogram for 
Hernandiaceae reflecting 
branch lengths from sub
stitutions in three cpDNA 
spacer and intron regions 
(Renner & Zhang, submit
ted). Six basal taxa of Lau- 
raceae and Monimiaceae 
served to root the tree and 
were then pruned (com
pare Fig. 1). Branch 
lengths were obtained 
under the GTR + G + Pinv 
model and calibrated by 
constraining the stem of 
Hernandiaceae to a mini
mum age of 90 my, based 
on Campanian fossils of 
Lauraceae and Monimi
aceae (compare text and 
Fig. 5), and a maximum 
age of 120 my, based on an 
assumed age of 140 my for 
the flowering plants. 
Sparatt = Sparattanthelium, 
Gyro = Gyrocarpus.

North America and Late Eocene Baltic amber 
and even the Turonian and Cenomanian 
(Drinnan et al. 1990; Herendeen et al. 1994 and 
references therein).

Hernandiaceae
Hernandiaceae comprise five genera and 50 
species, several only known from their types 
(Kubitzki 1969, 1993b; Renner & Zhang, sub
mitted). Seven species occur in Africa, four in 
Madagascar, 22 in the neotropics, 21 in 
Indochina, Malesia and throughout the 
Pacific, and three in Australia; one species 
{Gyrocarpus americanus Jacq.) is supposed to 
have a pantropical range. Twenty-four species, 
and several accessions of the pantropical 
taxon, have been sequenced for three cpDNA 
regions {trnL-trnF spacer, trnL intron, rpll6 
intron) amounting to 2265 aligned base pairs.

As predicted by morphology, there is a deep 
split between an ancestrally African-Madagas- 
can-Malesian lineage comprising Hazomalania, 
llligera, and Hernandia, and an African-tropical 
American lineage comprising Gyrocarpus and 
Sparattanthelium. The basal splits between these 
genera relate parsimoniously to the break-up 
of Gondwana (Fig. 6).

For Hernandia, with c 20 species, Kubitzki 
(1969) proposed three dispersal events from 
Polynesia to Central America and subsequent 
dispersal from the West Indies or Guianas to 
the West African offshore islands Sào Tome 
and Bioko. Current topologies (Fig. 6) support 
minimally two arrivals in tropical America, but 
minute sequence divergences within tropical 
American/Polynesian clades make it difficult 
to resolve details. African accessions of the sup
posedly pantropical species Gyrocarpus ameri-
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Fig. 7. Penalized likelihood 
chronogram for the order 
Laurales reflecting branch 
lengths from substitutions 
in six combined cpDNA 
regions (data modified from 
Renner 1999). Three repre
sentatives of Magnoliales 
served to root the tree and 
were then pruned. Branch 
lengths were obtained 
under the GTR + G + Pinv 
model and calibrated by 
constraining the stem of 
Laurales to a minimum age 
of 110 my, based on the old
est fossils of Calycanthaceae, 
and a maximum age of 130 
my, based on an assumed 
age of 140 my for the flower
ing plants (compare text). 
In addition, the stem lin
eages were constrained of 
Caly canthus/ Chimonanthus 
to minimally 24 my old 
(compare Fig. 2), 
Laurelia/Laureliopsis to mini-
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Calycanthus occidentalis
Chimonanthus
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mally 83 my old (compare Fig. 3), Siparunaceae to minimally 90 my old (compare Fig. 4), and Monimiaceae to minimally 
90 my old (compare Fig. 5). Arrows mark major bursts of extant species accumulation identified in the family analyses 
(Figs. 3-6 and text).

canus group with the other African species of 
Gyrocarpus rather than tropical American G. 
americanus, casting doubt on the current wide 
concept of G. americanus (Kubitzki 1969).

Fig. 6 shows a penalized likelihood chrono
gram for Hernandiaceae reflecting branch 
lengths from substitutions in three combined 
cpDNA gene, spacer, and intron sequences 
comprising 1892 nucleotide positions after 
exclusion of most gapped characters (Renner 
& Zhang, submitted). Six basal taxa of Lau- 
raceae and Monimiaceae served to root the 
tree and were then pruned (compare Fig. 1). 
Branch lengths were calibrated by constraining 
the stem of Hernandiaceae as having a mini
mum age of 90 my, based on Campanian fossils 
of Lauraceae and Monimiaceae (cf. family 

accounts and Fig. 5), and a maximum age of 
120 my, based on an assumed age of 140 my of 
the angiosperm crown group (Brenner 1996; 
Hughes 1994).

Laurales
A penalized likelihood chronogram for the 
order Laurales is shown in Fig. 7. It is based on 
a sample of 25 genera that optimally represent 
the families, meaning that small families are 
represented by most or all their genera and 
large families by genera selected to span their 
root. It reflects branch lengths from substitu
tions in six combined cpDNA spacer and 
intron regions (prbcL, rpl!6, trnT-trnL, tmL-trnF, 
atpB-rbcL, psbA-trnH) comprising 3176 
nucleotide positions after exclusion of all gaps 
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(data modified from Renner 1999). The data 
used are thus not exactly the same as in the 
individual analyses because as taxon represen
tation changes, so do insertions and deletions 
in the alignments and therefore gapped char
acters excluded from branch length estimation 
under maximum likelihood (Methods). Three 
representatives of Magnoliales served to root 
the Laurales tree and were then pruned. 
Branch lengths were calibrated by constraining 
the stem of Laurales as having a minimum age 
of 110 my, based on the oldest fossils of Caly- 
canthaceae (above and Fig. 2), and a maxi
mum age of 130 my, based on an assumed age 
of flowering plants of 140 my (Brenner 1996; 
Hughes 1994). In addition, the stem lineages 
were constrained in Laurelia/Laureliopsis to 
minimally 83 my old (cf. Fig. 3), Siparunaceae 
to minimally 90 my old (cf. Fig. 4), Monimi- 
aceae to minimally 90 my old (Fig. 5), and Caly- 
canthus/ Chimonanthus to minimally 24 my old 
(Fig- 2).

Results suggest that sparser taxon sampling 
consistently yields younger ages. For example, 
the splits between Peumus/ Monimia/Palmeria 
vs. the remaining Monimiaceae, Peumus vs. 
Monimia/ Palmeria, Monimia vs. Palmeria, Sparat- 
tanthelium vs. Gyrocarpus, and Hernandia vs. Illig
aret all are 10-20 my older in the order analysis 
than in the denser-sampled family analyses. 
Sampling in Atherospermataceae is the same 
in family and order analyses, and ages are 
nearly identical between analyses. An estimate 
that stays unaffected is the basal split in Caly- 
canthaceae; Idiospermum always comes out as 
around 55 my old.

Fig. 7 shows the major bursts of extant 
species accumulation identified in the family 
analyses. Except for Lauraceae, genus and 
species sampling is dense enough to ensure 
that there are no unrecognized additional 
bursts of extant diversity accumulation in Lau
rales. Of the 92 genera of Laurales all have 
been sampled except ten small genera of Lau

raceae, one small genus of Monimiaceae, and 
two Monimiaceae only known from type collec
tions. Comparison of lineage ages with bursts 
of species accumulation (indicated by the 
arrows) shows that extant diversity in the order 
goes back to periods spread out over the 
Upper Tertiary.

Discussion
Effect of taxon sampling on age estimation
Taxon sampling is expected to affect genetic 
distances (branch lengths) and, thus, age esti
mates based on branch lengths. This is because 
the addition of sequences to an alignment has 
the effect of creating (or masking) shared or 
unique substitutions, which in turn affects 
model estimation for the evolution of the 
sequences. Branches rich in unique substitu
tions will appear as ‘long’ and will cluster with 
other long, isolated branches. Attempts to rem
edy the situation via denser taxon sampling 
often will not work, unless the amount of DNA 
sampled is also increased, because of the 
impact of substitution stochasticity, which is 
expected to be strongest for sequences differ
ing by few substitutions such as those of closely 
related taxa. In other words, sampling error in 
age estimation is bad in data sets with isolated 
long branches but equally (?) bad in data sets 
with very short branches. An example of such 
sampling effects comes from a comparison of 
age estimates for the split between Nemuaron 
and Atherosperma from 1323 nucleotides of just 
the r/xT gene (20 my, Fig. 2), 3176 nucleotides 
of combined spacers and introns (74 my, Fig. 
7), or 4303 nucleotides of even more 
spacers/introns (70 my, Fig. 3). The young esti
mate almost certainly is an artifact because rbcL 
sequences of Nemuaron and Atherosperma differ 
in a single base pair, which is too little informa
tion for a statistically reliable estimate.

Results of the present comparison of Lau
rales diversities as they relate to absolute ages 
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and geological times of major bursts of diver
sity accumulation fit with Darwin’s impression 
that species loss and accumulation - seen from 
the present - appear to be asymmetric. It can 
be argued that this asymmetry is real. Taking 
Atherospermataceae, for example, their cur
rent 14 species appear to have diverged from 
each other 60-80 my ago. Yet, the family must 
have accumulated ‘sufficient’ species early on 
during its 100 my-long history for populations 
to occur in southern South America, Antarc
tica, New Zealand, the Kerguelen plateau, the 
Cape region, Egypt, and central Europe (refer
ences, see respective family account above). 
Conceivably, Atherospermataceae built up 
great species diversity sometime in the begin
ning of their history, with massive extinction 
then outweighing speciation following the end 
of the Eocene warm-tropical climate peak. An 
alternative scenario for atherosperms and simi
larly species-poor families is developed below. 
Large build-up followed by large-scale extinc
tion might also have occurred in Monimiaceae, 
which have a fossil family range similar to that 
of atherosperms. However, different from Caly- 
canthaceae (today 11 species), atherosperms 
(14 species), and Hernandiaceae (today 50 
species), Monimiaceae have at least some 
medium-diverse genera, such as Tambourissa, 
with 49 species on Madagascar and the Mas- 
carenes, and Kibara with 40 species in the 
Malesian region.

Magallon and Sanderson (2001) compared 
standing species diversity among angiosperm 
orders that have good fossil records with 
‘expected’ species diversities, given each 
order’s age and assuming constant speciation 
and extinction rates. Which groups are ranked 
as orders obviously affects results. For example, 
Magallon and Sanderson rank Calycanthaïes as 
an order, sister to Laurales, rather than as part 
of Laurales. This significantly increases the 
number of species-poor orders of basal 
angiosperms because overall there are few 

orders of basal angiosperms. The matter illus
trates the difficulty of quantifying biological 
diversity, whether or not one relies on Linnean 
ranks.

Magallon and Sanderson’s ‘expected’ ordi
nal diversities came from a Markovian 
birth/death model that either disregarded 
extinction or, in other runs, assumed high 
extinction rates. A high extinction rate corre
sponded to a species having a lower than 10% 
chance of survival to the present. Under this 
high extinction rate, the background diversifi
cation rate for all angiosperms (assuming an 
age of 132 my and a total number of 262,196 
species) is 0.08 per my, and Calycanthales (= 
Calycanthaceae, 11 species) are ‘extremely 
species-poor' compared to other angiosperm 
clades of the same age, while Laurales (= six 
families) have the statistically expected diver
sity. The few angiosperm orders/clades with 
extremely low apparent rates of diversification 
include, besides Calycanthales, Nymphaeales, 
Ceratophyllaceae, and Chloranthales (the last 
usually classified in Laurales before the advent 
of molecular data). Molecular-clock based esti
mates of the onset of species accumulation in 
Ch loran thaceae suggest that most extant 
species-level diversity in that family is quite 
young and linkable to the raise of the Andes 
(genus Hedyosmum', Zhang & Renner, 2003).

Computer simulations similar to those of 
Magallon and Sanderson of stochastic 
birth/death models for Laurales show that a 
homogeneous process cannot produce the 
range of diversity values (1 to 2500-3000 spp.) 
observed among the seven Laurales families. 
No combination of species birth and extinc
tion rates at the same time yields families as 
species-poor (Atherospermataceae, Calycan- 
thaceae, Gomortegaceae) and as species-rich 
(Lauraceae, Siparunaceae) as actually exist. 
Perhaps then, speciation rates and accumula
tion of persisting entities among Laurales 
changed over time, with a dramatic increase in 
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Lauraceae and Siparunaceae, likely concomi
tant with the raise of the Andes.

The other side of the coin, extreme species
poverty in Atherospermataceae, Calycan- 
thaceae, and Gomortegaceae, is more difficult 
to understand. Did these families suffer 
extremely high extinction rates - but why? Or 
were they in ecological settings unfavorable to 
speciation? To explore this latter hypothesis, 
namely that some lineages (essentially popula
tions) in these families persisted for 100 my 
without proliferating much, one might try to 
relate species persistence to kind of habitat 
occupied by sister clades. Additionally, by map
ping the total range and then roughly catego
rizing the diversity of habitats within the range 
in which a species or genus occurs, one might 
quantify and then compare habitat niche 
breadth between diverse and non-diverse 
clades. At least for one clade of Laurales, 
namely the clade formed by atherosperms, 
Gomortega, and Siparunaceae, the necessary 
data are available; range sizes for all species of 
Siparuna could be calculated from coordinates 
available for 8011 collections (Renner & Haus
ner, in press). Such a comparison of kind and 
number of habitat types occupied would per
mit testing the hypothesis that ancient lineages 
persist in habitats where they experience lim
ited biological competition, such as on 
extreme soils or on oceanic or terrestrial 
islands, and from where they cannot readily 
‘escape’ via species proliferation into better 
habitats (because of their physiological and 
morphological close local adaptation). An 
example of an ancient species that has been 
tracking a local habitat may be Gomortega 
nitida, the sole species of Gomortegaceae and 
apparently 100 my old. Gomortega is restricted 
to a few forest patches in Ghile and is currently 
at risk of extinction. However, it is difficult to 
assess the impact of over-harvesting of timber 
on the current small range of Gomortega.

The four questions about Laurales net 

species diversity posed at the outset can thus be 
answered as follows. The seven families 
accrued their extant diversity over quite differ
ent lengths of time, and sister families do not 
appear to have accumulated diversity in signifi
cantly similar ways (compare Fig. 7). A geologi
cal event that appears to have had a consistent 
effect is the raise of the Andes: Lauraceae and 
Siparunaceae both experienced bursts of 
species accumulation in the mid-Tertiary and 
precisely in clades that are concentrated in the 
northern Andean foothills. Although not a 
main focus, results of this study do not point to 
morphological or ecological traits correlating 
positively with net species accumulation. All 
Laurales are insect-pollinated (flies, beetles, 
bees) and 2795 to 3295 species are animal-dis
persed, while only 44 are wind-dispersed (Ren
ner 1999 and references (herein). Laurales 
thus exhibit the typical reproductive strategy of 
tropical tree lineages (/>., animal pollination 
and dispersal). They lack unusual defense 
compounds (Gottlieb in Rohwer 1993). 
Together these findings suggest that, in Lau
rales, habitats and geology played a more 
important role in diversity accumulation than 
did pollinators and dispersers.
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The Zingiberales are a group of primarily tropical monocots that includes eight families, ca. 96 
genera, and about 2,000 species. Phylogenetic results based on sequence data and morphology 
show that the four “banana-families” (Musaceae, Lowiaceae, Strelitziaceae, and Heliconiaceae) 
share the plesiomorphic state of five or six fertile stamens and comprise a basal paraphyletic as
semblage. The four “ginger-families,” with the synapomorphy of a single fertile anther and four or 
five highly modified staminodia, form a terminal clade of two lineages with the Zingiberaceae + 
Costaceae and Cannaceae + Marantaceae as sister groups. The Zingiberales are found on all major 
continents with tropical climates. While Maran taceae, Zingiberaceae, and Costaceae are pan tropi
cally distributed, Musaceae is found only in Southeast Asia and Africa, Strelitziaceae only in Africa 
and the Americas, and Heliconiaceae only in the Americas and Melanesia. The two families most 
restricted in distribution, Lowiaceae and Cannaceae, are found only in Southeast Asia or the 
Americas, respectively. The historical biogeography of the family was reconstructed using disper- 
sal-vicariance analysis in combination with dating of nodes based on evidence from the fossil 
record and local molecular clocks using atpB sequence data. The common ancestor of the Zingib
erales is estimated to have originated 158 Ma with six of the eight families established by the end of 
the Cretaceous. Dispersal-vicariance analyses suggest that the ancestral Zingiberales were distrib
uted in tropical Gondwanaland encompassing the present day Americas, Africa, and Southeast 
Asia with subsequent dispersals between Africa and the Americas. The current distribution of the 
Zingiberales is a product of numerous secondary and tertiary dispersal events between the major 
tropical regions of the world. The phylogenetic diversification and biogeographic dispersal of the 
Zingiberales was in part driven by the evolutionary radiation and diversification of their associated 
animal pollinators, which include bats, birds, non-flying mammals, and insects. Six of the eight 
families of the Zingiberales contain taxa specialized for pollination by vertebrates, which appears 
to be the plesiomorphic state in the order. Of these six families two are exclusively vertebrate-pol
linated (Strelitziaceae, Heliconiaceae). Pollination by insects also occurs in six families with one 
(Marantaceae) or possibly two (Lowiaceae) families predominantly specialized for insect visitors. 
Current models of the genetic regulation of floral development coupled with phylogenetic data 
and ecological observations provide new insights into the evolutionary pathways that have resulted 
in the wonderful diversity of this widespread order of tropical angiosperms.

W. John Kress, Department of Botany, MRC-166, United States National Herbarium, National Museum of 
Natural History, Smithsonian Institution, P O. Box 37012, Washington, DC 20013-7012 USA. E-mail: 
kressj@si.edu

Chelsea D. Specht, New York Botanical Garden, Plant Research Laboratory, Bronx, NY 10458 USA. Current 
address: Department of Botany, National Museum of Natural History, Smithsonian Institution, P.O. Box 
37012, Washington, DC 20013-7012 USA. E-mail: spechtc@si.edu



460 BS 55

Introduction

The Zingiberales (sensu Dahlgren et al. 1985), 
a distinctive clade within the “commelinoid” 
monocotyledons, have always been recognized 
as a monophyletic or “natural” group of plants 
and are often classified at a high taxonomic 
rank {e.g., subclass, superorder or order; Cron- 
quist 1981; Dahlgren et al. 1985; Kress 1990a; 
Judd et al. 1999). Earlier classifications used the 
name Scitamineae (at the rank of family or 
order) for these plants and often placed the 
taxa of the Costaceae in the Zingiberaceae and 
combined the genera of the Lowiaceae, Stre- 
litziaceae, Heliconiaceae, and Musaceae into a 
single family (c.g., Bentham & Hooker 1883; 
Petersen 1888; Schumann 1900, 1902, 1904; 
Loesener 1930, Winkler 1930; for summary see 
Kress 1990a). The Angiosperm Phylogeny 
Group accepts the Zingiberales as one of the 
ten primary orders in the monocotyledons 
(APG II 2003). Although less than 4% of extant 
monocot species are contained within this 
clade, the unique features of its members, 
including chemical, anatomical, and macro- 
morphological features (Kress 1990a, 1995), 
make it an easily recognizable order. The usu
ally large petiolate leaves with a central midrib 
and transverse venation, and the colourful, 
bracteate inflorescences while not entirely 
unique among the monocotyledons serve to 
identify members of the order in the field.

The pantropical Zingiberales include eight 
families, 96 currently recognized genera 
(although some generic boundaries are still in 
dispute), and about 2,000 species. The families 
can be separated into two morphological 
groups based on the number of fertile, pollen 
bearing stamens. Four families (Musaceae, 
Strelitziaceae, Lowiaceae, and Heliconiaceae) 
possess five fertile stamens (in two genera six). 
These families generally have large banana-like 
leaves and are hence referred to as the 
“banana-families.” In the past these taxa were 

often combined into the single family 
Musaceae and the relationship among the 
component genera was uncertain. The remain
ing four families, collectively called the “gin- 
ger-families,” either have one fertile stamen 
with two anther sacs (Zingiberaceae and 
Costaceae) or one stamen with only one anther 
sac (Cannaceae and Marantaceae). The 
remaining sterile stamens are modified into 
elaborate staminodia that play an important 
role in the floral biology of the plants. In 
Canna, even the sterile half of the single fertile 
stamen is petaloid.

In this paper we will first review the taxo
nomic diversity, geographic distribution, and 
habitat specializations of the taxa in the Zingib
erales, then discuss their date and place of ori
gins, and conclude with an analysis of the 
diversification of the pollination systems in the 
order.

Taxonomic Diversity and 
Geographic Distribution
The paraphyletic group of the banana-families 
exhibit considerably lower taxonomic diversity 
than the ginger-families. The Musaceae 
includes three genera with 42 species cur
rently distributed in tropical Asia and Africa 
(Liu et al. 2002b), although fossil evidence 
indicates that members of this family were in 
North America and possibly Europe in the 
Tertiary (Manchester & Kress 1993). The 
three allopatric genera of the Strelitziaceae 
are distributed in Madagascar {Ravenala', one 
species), southern Africa {Strelitzia'. three 
species), and the Amazon Basin (Phenakosper- 
mum: one species) while its sister family 
Lowiaceae with the single genus Orchidantha 
(15 species) is restricted to Southeast Asia. 
The largest family of the banana group, the 
Heliconiaceae, is made up of a single genus 
Heliconia with about 200 species found pri
marily in the neotropics, but with six species 
in the Pacific region from Samoa to Sulawesi
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(Kress 1990b; Berry & Kress 1991; Kress et al. 
1999).

Three of the ginger-families (Zingiberaceae, 
Costaceae, and Marantaceae) have members 
found in tropical regions around the world. 
The fourth family, Cannaceae, comprised of 
eleven species all within the single genus 
Canna, is native to the New World tropics 
although one species, C. indica, is commonly 
cultivated in most tropical areas. The two 
largest families of the order are the Zingiber
aceae with over 53 genera and about 1000 
species and the Marantaceae that contains over 
30 genera and about 500 species. Currently 
four genera and ca. 150 species are recognized 
in the Costaceae. Imminent revisions in 
generic concepts in all of the ginger-families 
(except the Cannaceae) may radically change 
the number of taxa recognized in each (see 
below under “Phylogenetic Relationships”).

Habitat Diversity
The Zingiberales are found predominantly in 
the wet tropics of Asia, Africa, and the Ameri
cas with a few taxa (species of Roscoea, Cautleya, 
Alpinia, Canna, and Thalia) reaching into the 
subtropics and even temperate regions. It 
would be difficult to find a tropical wet lowland 
or middle elevation forest in which at least sev
eral members of the order are not prominent 
components of the understory flora. Whereas 
Heliconiaceae, Marantaceae, and Costaceae 
predominate in the neotropics, Zingiberaceae 
is most prevalent in Southeast Asian wet under
story habitats. In these regions, Zingiberales 
are mostly small to medium-sized herbs, in 
some cases acquiring a vine-like habit. A few 
species of herbaceous Zingiberaceae (c.g., 
Alpinia boia) and Heliconia (e.g., H. titanium, H. 
gigantia) can attain shoot heights surpassing 
ten meters, but only Ravenala madagascariensis 
(Strelitziaceae), an endemic of the island of 
Madagascar, can be considered a component 
of the canopy. Commonly referred to as the 

Madagascar traveler’s palm, Ravenalahas thick, 
palm-like trunks that push the fan-shaped 
crown of leaves into the top layers of the forest. 
In addition to primary forest understory habi
tats, other Zingiberales prefer more bright sun
lit areas and occupy either light gaps in forests 
or forest margins and open secondary growth 
along rivers and streams.

Some members of the Zingiberaceae, espe
cially in the subfamily Zingiberoideae, are 
adapted to the monsoonal climates of South
east Asia (Kress et al. 2002; Wood et al. 2000). 
These plants have evolved the capacity to go 
into dormancy during the dry season when 
almost no rain falls for a period of four to six 
months. During this time all above ground 
parts are shed and the plants “overwinter” as 
thick, fleshy underground rhizomes that in 
some species possess starch-filled roots or 
tubers. Either just prior to or at the earliest 
sign of the wet season, individuals will break 
dormancy usually with reproductive shoots 
and complete their life cycle during the 
intense rainy months before the next dry 
period begins. Some taxa in the Marantaceae, 
Costaceae, and Musaceae have also evolved 
this dormancy capability and are found in the 
same habitats with the Zingiberaceae. 
Although these plants can withstand signifi
cant periods of extremely dry conditions, no 
Zingiberales are naturally found in true desert 
habitats.

In contrast to Zingiberales that are able to 
withstand an extended dry period, several 
species are considered to be true aquatics. 
Some Zingiberaceae (e.g., Alpinia aquatica), 
Marantaceae (Schumannianthus, Thalia spp.), 
Heliconiaceae (Heliconia marginata), and Can
naceae (Canna glauca and C. flaccida) are 
always found growing along river margins, 
ponds, and swampy areas with their rhizomes 
rooted underwater for a significant period of 
the year.
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Fig. 1. The single most parsimonious tree resulting from a combined analysis of molecular and morphological data sets. 
Branch lengths are given above the line; bootstrap values (if >50%) and decay indices are provided below the line (from 
Kress et al. 2001 ).
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Fig. 2. “Rhizogram” indicating the basic phylogenetic relationships among the eight families of the Zingiberales (modified 
from Kress 1990a).

Phylogenetic Relationships
Ordinal Level
The most recent investigation of the phyloge
netic relationships among the eight families of 
the Zingiberales (Kress et al. 2001) included 
both parsimony and maximum likelihood 
analyses of four character sets: 1) morphologi
cal features; 2) chloroplast rbcL gene sequence 
data; 3) chloroplast atpB gene seqtience data; 

and 4) nuclear 18S rDNA gene sequence data. 
The closely related Commelinaceae + Phily- 
draceae + Haemodoraceae + Pontederiaceae + 
Hanguanaceae as well as seven more distantly 
related monocots and palaeoherbs were used 
as outgroups. Only slightly different estimates 
of evolutionary relationships resulted from the 
analysis of each character set. The morphologi
cal data yielded a single fully resolved most par-
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Fig. 3. An informal supertree of representative genera of the Zingiberales derived from source trees based on molecular 
and morphological analyses of individual families (see references in text). This topology represents one of multiple equally 
parsimonious trees. A. Musaceae; B. Lowiaceae; C. Strelitziaceae; D. Heliconiaceae; E. Costaceae; F. Zingiberaceae; G. Can- 
naceae; H. Marantaceae.

simonious tree, but none of the molecular data 
sets alone completely resolved interfamilial 
relationships. The analyses of the combined 
molecular data set provided more resolution 

than individual genes and the addition of the 
morphological data restilted in a well-sup- 
ported estimate of phylogenetic relationships 
(Fig. 1, 2). The four banana-families form a 
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paraphyletic assemblage of lineages with lhe 
Musaceae the most basal, Strelitziaceae and 
Lowiaceae sister families, and the Heliconi- 
aceae sister to the remaining four ginger-fami
lies. The derived monophyletic group of the 
four ginger-families are arranged with the Zin- 
giberaceae sister to the Costaceae and the 
Marantaceae sister to the Cannaceae. Based on 
evidence from branch lengths in the parsi
mony analyses of sequence data and from the 
fossil record Kress et al. (2001) suggested that 
the Zingiberales originated in the Early Creta
ceous and underwent a rapid radiation in the 
mid-Cretaceous by which time most extant 
family lineages had diverged.

Family and Generic Level
Recently a number of investigations on phylo
genetic relationships within the various fami
lies of the Zingiberales using molecular 
sequence data have been completed and/or 
published (Musaceae: Liu, Kress & Li unpubl.; 
Lowiaceae: Pedersen 2003; Zingiberaceae: 
Kress et al. 2002; Costaceae: Specht et al. 2001; 
Marantaceae: Andersson & Chase 2001; Prince 
& Kress unpubl.; Cannaceae: Prince & Kress 
unpubl.). In most of these family-level analyses 
previous classifications were shown to be 
incongruent with the new molecular results 
(Zingiberaceae: Kress et al. 2002; Marantaceae: 
Andersson 8c Chase 2001; Prince 8c Kress 
unpubl.) and many large and complex genera 
were demonstrated to be para- or polyphyletic 
(Cos tu.s: Specht et al. 2001; Alpinia, Amomum, 
Curcuma: Kress et al. 2002; Calathea, Phrynium: 
Prince 8c Kress unpubl.). Several analyses at the 
generic level have succeeded in clarifying to 
varying degrees the patterns of evolutionary 
relationships among species (c.g., Roscoea: 
Ngamriabsakul et al. 2000; Globba: Williams et 
al. 2004), but others have been limited in 
breadth of taxon sampling and/or have not 
shown significant resolution between species. 
(Hedychium: Wood et al. 2000; Alpinia:

Rangsiruji et al. 2000a, b; Aframomum: Harris et 
al. 2000; Amomum: Xia et al. 2004; Orchidantha: 
Pedersen 2003). Because of the difficulties 
with sequence alignments across families no 
single analysis has been attempted that com
bines all available sequence data for the order. 
However, an informal “supertree” (Bininda- 
Emonds et al. 2002), which was derived by 
directly combining the individual source trees 
for each family, provides an approximate and 
reasonable picture of overall relationships at 
the generic level in the Zingiberales (Fig. 3).

Time and Place of Evolutionary 
Divergence
Despite the absence of fossilized pollen of this 
order due to its very reduced exine (Kress et al. 
1978), the fossil leaf, seed, and fruit record 
(Boyd 1992; Manchester 8c Kress 1993; 
Rodriguez-de la Rosa 8c Cevallos-Ferriz 1994) 
provide good evidence for the occurrence of 
both the basal family Musaceae and the 
derived family Zingiberaceae in the Santonian 
of the Cretaceous over 80 million years ago 
(Ma). Kress et al. (2001) demonstrated in their 
phylogenetic analyses using sequence data that 
short branch lengths connect families and long 
branch lengths are found in the stems lineages 
of the families. They suggested that these bi
modal branch lengths coupled with the fossil 
evidence indicate a rapid diversification of the 
major family lineages of the Zingiberales in the 
Mid- to Late Cretaceous with most of the within- 
family diversification following in the Tertiary.

Local clock methods (Yoder 8c Yang 2000) 
have been used to more accurately estimate the 
ages of divergence for the eight lineages of the 
Zingiberales, using atpP> sequence data for 
determining branch lengths and the Ensete ore- 
gonense fossil seed as the calibration point for 
converting relative rates to absolute ages 
(Specht 2004). While other fossils are known 
for the Zingiberales, many are based on leaf
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Table 1: Results from the Local Clock and DIVA analyses for the Zingiberales data set.

Node Date of divergence Ancestral distribution*

Outgroup ancestral split 158.28 +/-18.7 AFAM ML

Musaceae - remaining 96.56 +/- 8.74 AM SE

Lowiaceae+Strelitziaceae - remaining 96.56 +/- 8.7 AM, AF AM, AF AM SE

Lowiaceae - Strelitziaceae 49.1 +/-8.7 AFAM SE

Heliconiaceae - ginger group 96.36 +/-8.7 AM

Ginger group 88.48 +/- 8.4 AM

Costaceae - Zingiberaceae 83.03 +/- 11 AF AM ML SE

Marantaceae - Cannaceae 80.08 +/-8.4 AM, AFAM

Musaceae SE

Musa 47.45 +/- 8.69 SE

Musella-Ensete 43.0 +/- 8.69 SE

Lowiaceae (Orchidantha) diversification 2.91 +/-1.5 SE

Strelitziaceae AFAM

Ravenala 25.26 +/- 6.6 AF

Strelitzia-Phenakospermum 25.0 +/- 6 AFAM

Heliconiaceae crown diversification 4.7 +/- 3.4 AM ML

Neotropical Heliconia 1.80 +/-1.8 AM

Costaceae crown diversification 23.23 +/-5.7 AM ML

Neotropical Costus 23.2 +/-5.7 AM

Dimerocostus-Monocostus 2.53 +/- 2.5 AM

Zingiberaceae crown diversification 65.0 +/-15.9 AFSE

Globba 41.5 +/-11.5 SE

Hedychium-Zingiber 34.6 +/-10.6 SE

Cannaceae ( Canna) crown diversification 31.88 +/-7.4 AFAM, AM

Marantaceae crown diversification 56.73 +/- 7.7 AFAM SE

Maranta-Marantochloa 55.7 +/- 7.7 AFAMSE ML

*Ancestral Distributions reconstructed with multiple options separated by commas. Distributions not separated by commas 
indicate presence in more than one area, as optimized by DIVA. AF = Africa, SE = South East Asia, ML = Melanesia, AM = 
Tropical Americas.

characters that have been shown to yield 
uncertainty in taxonomic identification (Man
chester & Kress 1993; Rodriguez-de la Rosa & 
Cevallos-Ferriz 1994). As a check for accuracy 
of calibration one additional reliable fossil, the 
Late Cretaceous/Early Tertiary Zingiberopsis, 

was used. Ancestral distributions were then 
determined by DIVA optimization (Ronquist 
1996) of four general distribution areas 
(Africa, Southeast Asia, Melanesia, and the 
Americas) using a composite Zingiberales phy
logeny representing all currently recognized
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MUSACEAE 
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CANNACEAE 
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MARANTACEAE 
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Fig. 4. Chronogeogram of the Zingiberales based on Figure 1 resulting from the Local Clock and DIVA analyses indicating 
the time of diversification and ancestral areas of the major nodes. Geographic areas given below family names are current 
distributions. AF = Africa, SE = South East Asia, ML = Melanesia, AM = Tropical Americas.

clades (Fig. 4) and a hypothetical outgroup 
coded as present in all four areas. These tan
dem methods enabled the diversification of 
the order to be analyzed in both a spatial and 
temporal context.

The results indicate that the Zingiberales 
originated in the Jurassic, 158 Ma, with an 
ancestral distribution in the Americas, Africa, 
and Southeast Asia (i.e., tropical Gondwana- 
land). If this date is correct, it suggests that this 
specialized group of plants had an early origin 
in angiosperm history with a broad tropical dis
tribution. However, it is known that the reliabil

ity of dating nodes decreases as the distance 
increases from the calibrated node, in this case 
the 43 Ma divergence within the Musaceae. 
Dating the divergence between the ingroup 
and the outgroup is also problematic in this 
type of analysis so this ancient date should be 
considered tentative at this point.

The three main lineages of the banana-fami
lies originated about 97 Ma in the early Creta
ceous although the split between the 
Lowiaceae and the Strelitziaceae did not occur 
until 49 Ma in the middle Eocene (Fig. 4; Table 
1). The ginger-families began to diversity 88 
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Ma with the Costaceae diverging from the Zin- 
giberaceae and Marantaceae from the Can- 
naceae 83 and 80 Ma, respectively. Therefore 
by the end of the Cretaceous six of the eight 
currently recognized families had become 
independent lineages with the final two fami
lies (Strelitziaceae and Lowiaceae) diverging in 
the early Tertiary.

Within-family diversification represented by 
extant taxa in some cases did not occur until 
much later (Fig. 4; Table 1). In the banana
families taxa began to diverge in Musaceae at 
47 Ma, in the Strelitziaceae at 25 Ma, in the 
Heliconiaceae at about 5 Ma, and in the 
Lowiaceae at only 3 Ma. Unlike the first three 
families in which taxon sampling was broad, in 
the Lowiaceae the two sampled species of 
Orchidantha are closely related (Pedersen 
2003) therefore most likely underestimating 
the age of species diversification in this family. 
In the ginger-families within-family lineages 
began to diverge in the Late Cretaceous and 
Teritary at 65 Ma in the Zingiberaceae, 57 Ma 
in the Marantaceae, 32 Ma in the Cannaceae, 
and 23 Ma in the Costaceae. Clearly rates of 
evolutionary divergence are significantly het
erogeneous in this order. Low taxon sampling 
in the molecular analyses as well as undetected 
extinction may influence these results.

The DIVA reconstruction called for 34 dis
persals with no constraints on optimization. A 
variety of most parsimonious solutions resulted 
and the one represented here (Fig. 4; Table 1) 
illustrates the combination of areas best sup
ported for the nodes where more than one 
alternative is optimal. The common ancestor 
of the Zingiberales appears to have had a 
pantropical distribution in a possible Gond- 
wanan configuration, but current distributions 
of the families with wide geographic ranges can 
best be understood as a combination of 
restricted ancestral areas with secondary or 
even tertiary dispersals to new tropical habi
tats, for example, secondary dispersal to the 

neotropics in the Zingiberaceae, to Southeast 
Asia in the Marantaceae, and to Africa and 
Southeast Asia in the Costaceae. Investigations 
currently in progress, which employ an 
expanded molecular data set with additional 
taxa to reconstruct distributions using DIVA 
and calculate divergence times using local 
clock methods, may produce further insights 
into the place and time of these taxonomic 
radiations (Kress & Specht 2005).

Diversification of Floral Biology and 
Pollination Systems
The wide variation in the basic structural orga
nization of the flower among the eight families 
of the Zingiberales (Fig. 5) indicates that a sig
nificant diversity may exist in the floral biology 
and pollination systems as well. The evolution
ary transformation of the five to six fertile, 
pollen-producing stamens in the banana-fami
lies into diverse petal-like organs in the four 
ginger-families provides the morphological 
potential for the evolution of various types of 
pollination mechanisms. Investigations to date 
have proven this suggestion to be true (Fig. 6). 
The variety of pollination systems is first briefly 
summarized below and then an analysis is pre
sented of their evolutionary origin and diversi
fication in the order.

Vertebrates
All of the major groups of known vertebrate 
pollinators have been shown to be important 
floral visitors of various taxa in the Zingib
erales. Both megachiropteran and microchi- 
ropteran nectar-feeding bats pollinate flowers 
of species in several families of the order, espe
cially in the banana-families. In Asia some of 
the earliest accounts of pollination by bats doc
umented the relationship between nectar feed
ing fruit bats and the genus Musa and possibly 
Ensete (van der Pijl 1936; Nur 1976; Itino et al. 
1991). Pollination of South Pacific species of
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Fig. 5. Floral diagrams representing the eight families of the Zingiberales with perianth whorls, fertile stamens, staminodia, 
and carpels (not drawn to scale; taken from Kress 1990a).

the genus Heliconia by other megachiropteran 
bats has also been shown (Kress 1985a). In the 
Neotropics, the Amazonian monotypic 
Phenakospermum of the Strelitziaceae is depen
dent on microchiropteran bats in the family 
Phyllostomidae for successful pollination (Fig. 
6; Kress & Stone 1993). Although actual field 
observations are still lacking, floral characteris
tics such as perianth size and shape, odor, and 
phenology also suggest that some members of 
the Zingiberaceae (e.g, species of Alpinia in 
the Pacific islands) and Cannaceae (e.g., Canna 
liliiflora of Bolivia and Peru) may be primarily 
bat-pollinated (Kress unpubl.).

Pollination by non-flying mammals has been 
demonstrated for some members of the 

Musaceae and the Strelitziaceae. In Madagas
car, the endemic Ravenala madagascariensis is 
pollinated by lemurs, especially the Black and 
White Ruffed Lemur (Varecia variagatd), which 
extract large amounts of nectar from the 
explosive flowers and in so doing transfer 
pollen between anthers and stigma (Fig. 6; 
Kress et al. 1994). In addition it has been docu
mented that tree shrews (species of Tupaia') 
often visit the flowers of wild species of Ensete 
and Musa in Asia (Nur 1976; Itino et al. 1991) 
although their effectiveness as pollinators has 
not been adequately documented. Floral char
acteristics and preliminary observations sug
gest that tree shrews also visit flowers of at least 
one species of the genus Orchidantha ( O. fimbri-
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ata; Lowiaceae) in the lowland wet forests of 
Malaysia (Kress unpubl.), but as in the 
Musaceae data on actual pollination are 
absent. These flowers lack nectaries, but attract 
floral visitors by the specialized medial petal, 
called the labellum, which is expanded into a 
fleshy structure that produces a sweet, sugary 
substance and serves as the attractant and 
reward for these non-flying, crepuscular mam
mals (see below for observations of insect polli
nation in the Lowiaceae).

Birds are the most diverse group of verte
brate pollinators for members of at least seven 
of the eight families of the Zingiberales. Sun
birds (Nectarinidae) pollinate flowers of 
species of Strelitzia in South Africa (Frost & 
Frost 1981) and many species of the genus 
Musa in Asia that have erect, brightly colored 
inflorescences (Itino et al. 1991; Kato 1996; Liu 
et al. 2002b). In Borneo sunbird and spider
hunter pollination has been reported for a 
number of wet forest understory genera of the 
Zingiberaceae, including Amomum, Etlingera, 
Hornstedtia, and Plagiostachys (Classen 1987; 
Kato et al. 1993; Kato 1996; Sakai et al. 1999) 
and possibly Siamanthus as suggested by Larsen 
and Mood (1998). The wattled honeyeater of 
Samoa and Fiji (Melaphagidae: Fulihao carun- 
culatd) are the primary pollinators of the two 
native species of Heliconia in these Pacific 
Islands (Pedersen 8c Kress 1999). Honeyeaters 
have been documented as pollinators of the 
genus Hornstedtia in tropical Australia (Ippolito 
8c Armstrong 1993) and may play a role in the 
pollination of the poorly known genus 
Tapeinochilos in the Costaceae (Gideon 1996).

Hummingbirds (Trochilidae) have evolved 

the most intricate relationships as pollinators 
in several families of the Zingiberales, primar
ily the Heliconiaceae, Costaceae, Zingiber
aceae, and Cannaceae. In the genus Heliconia 
ample documentation has been provided on 
the ecology and evolution of the features of 
both the hummingbirds and the plants that 
link them in a highly coevolved relationship 
(e.g., Stiles 1975; Linhart 1973; Kress 1985b; 
Feinsinger 1983; Kress & Beach 1994; Temeles 
et al. 2000; Temeles 8c Kress 2003). Flower 
length and curvature, position of anthers, phe- 
nological patterns, and nectar amount and 
composition are all closely associated with 
hummingbird bill size and shape as well as the 
pollinator’s energetic requirements. Of all the 
pollination systems in the Zingiberales, the 
relationship between heliconias and their 
hummingbird floral visitors is the most thor
oughly studied and represents an often cited 
example of coevolution and adaptation. Fur
ther fieldwork is needed to investigate the role 
that hummingbirds play as pollinators of 
neotropical members of the Zingiberaceae 
(e.g., Renealmia; Stiles 1975; Maas 1977; Kress 8c 
Beach 1994), Costaceae (Stiles 1975; Maas 
1977; Sytsma 8c Pippen 1985; Kress 8c Beach 
1994), Cannaceae (Kress 8c Beach 1994), and 
even a few Marantaceae (Kennedy 2000).

Insects
Many different groups of insects play impor
tant roles as pollen vectors in six of the eight 
families of the Zingiberales; the Strelitziaceae 
and Heliconiaceae are exclusively vertebrate- 
pollinated. Only recently have beetles been 
conclusively demonstrated to pollinate the 

<r~ Fig. 6. The diversity of pollinators in some representative members of the Zingiberales. A. The Black and White Ruffed 
Lemur (Varecia variegata) visiting the flowers of Ravenala madagascariensis (Strelitziaceae). B. Phyllostomus hastatus pollinat
ing the flowers of Phenakospermum guyannense (Strelitziaceae). C. The Crowned Woodnymph Hummingbird {Thalurania 
furcata) taking nectar from the flowers of Heliconia imbricata (Heliconiaceae). D. A Dung Beetle entering the flower of Orchi- 
dantha inouei (Lowiaceae). E. A euglossine bee hovering at an inflorescence of Calathea latifolia (Marantaceae). F. A car
penter bee visiting the flowers of Alpinia (Zingiberaceae). Photo in D. provided by S. Sakai; all other photos by WJ. Kress.
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flowers of species of the genus Orchidantha in 
the Lowiaceae. These flowers have no nectaries 
and deceive their pollinators by producing a 
foul, dung-like odour and thereby attracting 
dung beetles to the flowers (Fig. 6; Sakai & 
Inoue 1999). It has been suggested that in 
other species of the genus the white labellum 
mimics a fungus that also deceives specialized 
beetles, which normally lay their eggs in fungi, 
to visit the flowers (Pedersen 2003). Another 
species, O. chinensis, also produces foul odors, 
but these flowers attract small dung flies, 
rather than beetles, which mate in the flowers 
and appear to facilitate pollination in the 
process (Kress unpubl.). Fly pollination has 
not been reported in other Zingiberales.

Floral visitation by lepidoptera (butterflies 
and moths) has not been adequately docu
mented in this order of plants. In some genera 
in the Zingiberaceae, such as Hedychium, Hitche- 
nia, and Curcuma, flowers possess long floral 
tubes, open in the evenings, and may produce 
a strong, sweet fragrance, which are all charac
teristics suggesting pollination by long- 
tongued hawkmoths (Mood & Larsen 2001; 
Kress unpubl.). Schumann (1904) citing ear
lier studies suggested that both hawkmoths 
and butterflies pollinate various species of 
Hedychium, but these observations are suspect 
being made on naturalized plants outside their 
native distributions. In the Costaceae, butter
flies of the genus Eurybia have been observed 
visiting the flowers in at least one species in 
South America, Costus scaber (Specht & Hanner 
pers. comm.). Further investigations of pollina
tion by lepidopterans are therefore warranted 
in the Zingiberaceae, Costaceae, and maybe 
some Marantaceae (c.g., Cominsia, Kennedy 
2000).

Bees are by far the most common insect pol
linators at the species-level in the Zingiberales 
and probably are responsible for pollination in 
the majority of genera in the order. Bee polli
nation is only present in one genus of the 

banana-families, Musella in the Musaceae 
where it is clearly secondarily derived from ver
tebrate-pollinated ancestors (Liu et al. 2002a). 
Pollination by a number of families of bees is 
found in all four of the ginger-families and 
probably occurs pan tropically, although it is 
surprisingly poorly documented, especially in 
Africa. Early accounts provided evidence for 
bee pollination of Roscoea (Lynch 1882) and 
Costus, Canna, and Heliconia (Heide 1927) 
although the latter observations were made on 
non-native, cultivated plants in gardens. In 
Southeast Asia, pollination by both small halic- 
tid and medium-sized anthophorid (Amegilla) 
bees has been demonstrated (Kato et al. 1993; 
Kato 1996; Sakai et al. 1999) in a number of 
genera of the Zingiberaceae (Alpinia, Amomum, 
Boesenbergia, Elettaria, Elettariopsis, Globba, Pla- 
giostachys, Zingiber), Costaceae ( Costus), and 
Marantaceae {Phacelophrynium, Stachyphryn- 
iurri). In the neotropics pollination by bees is 
especially common in species of Costus 
(Costaceae; Schemske 1981; Sytsma & Pippen 
1985), Renealmia (Zingiberaceae; Maas 1977; 
Kress & Beach 1994) and at least a few species 
of Canna (Cannaceae; Kress & Beach 1994). 
Members of the Marantaceae possess very spe
cialized and highly complex flowers with explo
sive secondary pollen presentation and are pol
linated primarily by euglossine bees in the 
American tropics (Fig. 6) with Amegilla and hal- 
ictid bees predominant in the Old World trop
ics (Kennedy 1978, 2000). Two staminodia, 
which are petaloid in the flowers of the other 
three ginger-families, have evolved into a trig- 
ger-like mechanism in the flowers of the 
Marantaceae that allows only a single effective 
pollinator visit to a flower and may promote 
out-crossing in these plants (Kennedy 1978).

One of the most unusual floral mechanisms 
found in the Zingiberales has evolved in 
species of Alpinia and Amomum (Zingiber
aceae) pollinated by large bees (e.g., Xylocopa’, 
Fig. 6). Species that exhibit this mechanism, 
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called flexistyly (Li et al. 2001, 2002), have two 
specific floral phenotypes in a population: 
cataflexistyle individuals possess flowers with 
stigmas that are held erect at anthesis and turn 
downward in the late morning after anther 
dehiscence is complete, whereas stigmas of 
anaflexistyle individuals that are turned down
ward and receptive at flower opening become 
reflexed backwards out of the way of the

dehiscing anther of the same flower in the late 
morning. This mechanism promotes pollen 
movement between individuals of the two flo
ral types in the population and has apparently 
evolved to ensure outcrossing. The great floral 
diversity in the family Zingiberaceae suggests 
that many interesting mating systems and floral 
phenomena, such as flexistyly, are yet to be dis
covered in these plants.
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Fig. 7. Chronogram of the Zingiberales as in Figure 4 with major pollinators indicated for each clade. Terminal taxa have 
been replaced with pollinator types known to be found in each family. Incidental or unsubstantiated reports of pollinators 
are not included here, but are discussed in the text. Solid lines indicate vertebrate pollination; broken lines indicate insect 
pollination.
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General patterns of origin and diversification 
of pollination systems
By mapping the types of pollinators onto the 
phylogenetic tree of the Zingiberales a broad 
picture of the evolutionary origins and transi
tions between the different pollinator types 
emerges (Fig. 7). Based on the prevalence of 
vertebrate pollinators (bats, birds, and non-fly
ing mammals) in the three basal banana-fami
lies lineages (Musaceae, Strelitziaceae + 
Lowiaceae, and Heliconiaceae), the parsimony 
criterion suggests that the Late Jurassic and 
Early Cretaceous common ancestor of the 
order was also pollinated by some early verte
brate taxon. It is difficult to envision which ver
tebrates may have been pollinators at that time 
because most vertebrate groups that serve as 
extant pollinators evolved much later in the 
Tertiary (Sibley 8c Ahlquist 1990; Nowak 1991; 
Bleiweiss 1998). Possible candidates include 
the early mammalian multituberculates or 
even small dinosaurs. Although this conclusion 
is not unreasonable, little additional evidence 
exists to support it. An alternative hypothesis 
involving a slightly less parsimonious recon
struction is that the flowers of the common 
ancestor of the Zingiberales were pollinated by 
large insects and that vertebrate pollination 
has been independently derived in the three 
basal lineages of the banana-families as the ver
tebrate lineages themselves diversified (see 
below).

If vertebrate pollination represents the ple- 
siomorphic state in the Zingiberales, then pol
lination by insects appears to be the derived 
condition in the specialized ginger families as 
well as in the genera Musella (Musaceae) and 
Orchidantha (Lowiaceae), and some derived 
species of Canna (Fig. 7). This evolutionary 
pattern, in which the ancestral taxa are polli
nated by vertebrates and the derived taxa by 
insects, contradicts the generally accepted 
notion that insect pollination systems have usu
ally given rise to more specialized bat- and bird- 

pollinated taxa (c.g., Faegri 8c van der Pijl 
1979). In some families and genera in the 
order this latter pattern is indeed the case. For 
example, in three of the families where most 
taxa are pollinated by insects, bird-pollinated 
taxa (Zingiberaceae: Etlingera, Hornstedtia, Amo- 
mum; Costaceae: Costus sect. Ornithophilus, 
Tapeinochilos; and Marantaceae: Calathea timo- 
thei) and bat-pollinated taxa (e.g., Zingiber
aceae: a few species of Alpinid) appear to have 
evolved independently from insect-pollinated 
taxa. Recent studies indicate that shifts in rates 
of speciation may co-occur with these shifts in 
pollination systems (Specht in press). More 
fine-grained phylogenies will help to sort out 
these evolutionary patterns at the generic and 
species levels.

By utilizing both the branching pattern 
within the ordinal phylogeny derived from the 
molecular and morphological data and the 
temporal pattern as revealed by the molecular 
clock analysis, the time of origin and diversifi
cation of particular pollination systems in the 
Zingiberales also can be estimated (Fig. 7). 
The three major lineages containing taxa pri
marily pollinated by vertebrates appear to have 
undergone relatively long periods of stasis 
from their origin at about 96 Ma until the Mid
Tertiary (Musaceae: 49 million year stasis 
period; Strelitziaceae-Lowiaceae: 48 Myr stasis 
period) and even the Quarternary (Heliconi
aceae: 92 Myr stasis period). Although extinc
tion cannot be ignored, these long periods of 
stasis can be compared to the much shorter 
time periods from origin to early diversifica
tion in the crown lineages in the insect-polli
nated ginger-families. For example, the crown 
lineage of the Zingiberaceae-Costaceae clade 
diversified after five million years, the Can- 
naceae-Marantaceae clade after eight million 
years, the family Zingiberaceae after 18 million 
years, and the family Marantaceae after 23 mil
lion years. Within the primarily insect-polli
nated ginger-families the Costaceae and Can- 
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naceae, both with bird-pollinated as well as 
insect-pollinated taxa had relatively long peri
ods of stasis before major episodes of diver
gence occurred, e.g., 60 my and 72 my, respec
tively. In other words, pollination by verte
brates either has not given rise to the same rate 
of diversification as seen in insect-pollinated 
lineages, or vertebrate-pollinated taxa have 
gone extinct much faster.

Another interpretation of the temporal 
analysis of pollination systems is the corrobo
ration of the evolutionary origin of various 
taxa of pollinating animals and the time of ori
gin of their ecological interactions with mem
bers of the Zingiberales. For example, 
although several lineages giving rise to bat-pol
linated taxa extend back into the Cretaceous 
(Musaceae, Strelitziaceae-Lowiaceae, and Heli- 
coniaceae) the within family diversification 
occurred at about the same time as the earliest 
fossil records of both the phyllostomid 
(Miocene) and pteropid (Oligocène) bats 
about 20 and 40 Ma, respectively (Fig. 7; 
Nowak 1991). These ages correspond to the 
origin at 25 Ma of the phyllostomid-pollinated 
taxon Phenakospermum and the 47 Ma origin of 
the pteropid-pollinated taxa Musa and Ensete. 
It is estimated that hummingbirds diverged 
from their common ancestor with the swifts 
58.5 Ma, followed by within-family diversifica
tion beginning about 18 Ma (Bleiweiss 1998). 
This timing of the hummingbird radiation 
roughly coincides with the diversification of 
hummingbird-pollinated taxa in the Zingib
erales, such as Heliconia, Canna, and some 
Costaceae, all of which took place less than 32 
Ma. Because of the limited taxon sampling in 
the analyses, these results are only suggestive 
of the temporal patterns of diversification. 
However, they illustrate a potentially powerful 
analytic tool for understanding the origin and 
diversification of plant-pollinator interactions 
in a quantifiable temporal context. Current 
investigations using additional gene sequences 

and taxa (Kress 8c Specht unpubl.) may pro
vide a more detailed understanding of the 
temporal origin of these plant-pollinator inter
actions.

Conclusion

The brief summary presented above provides 
an overview of the morphological, taxonomic, 
and habitat diversity as well as the extent of pol
linator diversity found in the tropical Zingib
erales, both past and present. Investigations 
are now focusing on the genetic control of flo
ral development in these plants in order to 
obtain a more complete picture of the evolu
tionary origin of plant-pollinator interactions. 
The “floral organ identity” genes, or ABC 
genes, in angiosperms have been proposed as 
the control agents for determining floral pri
mordia (Coen & Meyerowitz 1991; Theissen 
2001). Current studies in progress to identify 
these genes and their transcriptional products 
in a selected number of taxa in the Zingib
erales (Rehse et al. 2003) may provide answers 
to the developmental origin of the highly mod
ified floral structures in these plants, especially 
the evolutionary transformation of the fertile 
stamens in the banana-families to the petal-like 
staminodia in the ginger-families. Unlike the 
experimentally-induced mutant floral types in 
the model organism Arabidopsis that has been 
the focus of much of the work on the ABC 
genes, the ancient origin of fixed floral 
mutants in the Zingiberales provides a natural 
experiment to understand the evolutionary 
patterns of floral development. By combining 
molecular studies of floral development with 
results from phylogenetic analyses and ecologi
cal investigations, such as are now being car
ried out for the tropical Zingiberales, a more 
robust and vibrant model of evolutionary 
diversification will be realized. The results on 
the Zingiberales when coupled with similar
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studies of other taxa will potentially provide 
new insights into the evolution of flowering 
plants.
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Ericaceae are a diverse group of woody plants that span the temperate and tropical regions of the 
world. Previous workers have suggested that Ericaceae originated in Gondwana, but recent phy
logenetic studies do not support this idea. The theory of a Gondwanan origin for the group was 
based on the concentration of species richness in the Andes, southern Africa, and the southwest 
Pacific islands (most of which are thought to be of Gondwanan origin). The Andean diversity is 
comprised primarily of Vaccinieae with more than 800 species occurring in northern South 
America, Central America, and the Antilles. In the Cape Region of South Africa the genus Erica is 
highly diverse with over 600 species currently recognized. In the southwest Pacific islands, Vac
cinieae and Rhodoreae are very diverse with over 290 species of Rhododendron (sect. Vireya) and 
approximately 500 species of Vaccinieae (I)imorphanthera, Paphia, Vaccinium). Recent phyloge
netic studies have also shown that the Styphelioideae (formerly Epacridaceae) are included 
within Ericaceae, thus adding a fourth extremely diverse group (approximately 520 species) in 
areas considered Gondwanan in origin. Phylogenetic studies of the family on a global scale, how
ever, have indicated that these highly diverse “Gondwanan” groups are actually derived from 
within Ericaceae. Both Fitch parsimony character optimization (using MacClade 4.0) and disper- 
sal-vicariance analysis (DIVA) indicate that Ericaceae is Laurasian in origin. Thus, previous sug
gestions that Ericaceae are Gondwanan in origin are not supported. Separate analysis of geo
graphic areas and phylogenetic relationships among the diverse South American Vaccinieae 
using dispersal-vicariance analysis (DIVA) indicate that dispersal has likely played a major role in 
the diversification of the Andean clade of Vaccinieae into Central America and the lower eleva
tions in northern South America. Results of the analysis indicate an Andean origin for this group, 
which comprises most of the ericaceous species diversity described from South America. This 
analysis also indicates that in taxa such as Cavendishia and Satyria s.s., the Central American 
species are the result of relatively recent dispersal from a South American (i.e., Andean) ancestor.
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Introduction

Ecologically and economically important, the 
Ericaceae are a diverse group of woody plants 
that can be found in a variety of habitats 
throughout much of the temperate and tropi
cal regions of the world (Appendix 1). They 
are usually found in acid soils and are associ
ated with mycorrhizal fungi. In the tropics, Eri
caceae are most diverse in mid- to high-eleva
tion montane cloud forests (Luteyn 2002), 
which are also some of the most threatened 
ecosystems in the world (Knapp 2002). The 
most recent classification of the family (Kron et 
al. 2002a) recognizes eight subfamilies and 20 
tribes. The distribution of these groups is gen
erally cosmopolitan in scale, with concentra
tions of species diversity in the tropics, 
Himalayas, Australia, and the Cape Region of 
South Africa (Fig. 1, Appendix 1).

The most recent global treatment of Eri
caceae biogeography is by Raven and Axelrod 
(1974) who presented a general overview of 
the biogeography of angiosperms and sug
gested that Ericaceae (not including Styphe- 
lioideae, then a separate family, Epacridaceae) 
likely originated in Gondwana with direct 
migration from Africa to South America. They 
considered that long distance dispersal from 
North America in the late Miocene had added 
to the diversity of Ericaceae in South America, 
which was already established there via the ear
lier African-South American land connection. 
The Styphelioideae (Epacridaceae) were con
sidered to be of relatively ancient descent 
resulting from long distance dispersal between 
west Gondwana and Australasia (Raven & Axel
rod 1974). Heads (2003) postulated a globally 
widespread complex as ancestral to Ericaceae, 
but his supporting argument was confined to 
descriptions of Malesian ericad distributions.

The most species-rich groups within the Eri
caceae do indeed appear to be concentrated in 
what are now considered to be Gondwanan 

regions of the world. These concentrations of 
diversity occur in four major clades within Eri
caceae: Vaccinieae, Rhodoreae, Ericeae, and 
Styphelioideae (Appendix 1). Vaccinieae are 
most diverse in the montane tropics of South 
America and Asia. Although generic limits 
within Vaccinieae are poorly understood, phy
logenetic studies have shown that of the five 
major clades identified in a molecular system
atic study of the group (Kron et al. 2002b), 
those with the largest number of species are 
tropical and occur in Gondwanan regions (e.g., 
South America, New Guinea). In the Rhodor
eae, Rhododendron section Vireya is the most 
species rich group within Rhododendron. Vireyas 
are tropical and most diverse in New Guinea. 
Africa, another Gondwanan region, also has 
the large and morphologically diverse Erica 
(Ericeae) and one of the highest concentra
tions of species in a single genus in the world in 
the Cape Region. Lastly, Styphelioideae, which 
contain approximately 450 species are most 
diverse in Australia. This group was formerly 
thought to be distinct from Ericaceae, but 
recent phylogenetic studies using molecular 
and morphological data have shown that the 
group is sister to the Vaccinioideae (Kron et al. 
2002a) and therefore derived from within Eri
caceae.

Recent phylogenetic analyses in Ericaceae 
have provided good resolution with strong sta
tistical support of major clades within the fam
ily based on both molecular and morphologi
cal data. With this phylogenetic framework, 
biogeographic patterns may be analyzed with 
the goal of shedding some light on the origins 
of the group. Here we investigate the origin 
and biogeographic patterns of Ericaceae using 
dispersal-vicariance analysis (DIVA; Ronquist 
1997) and Fitch parsimony character optimiza
tion using MacClade 4.0 (Maddison & Maddi
son 2000). In addition, the biogeographic 
areas of the Andean clade within the Vac
cinieae are analyzed using DIVA.
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Enkianthoideae (1/16) Monotropoideae (15/50)

Arbutoideae (4/81) Cassiopoideae 1/12)

Ericoideae (19/1780) Harrimanelloideae (1/2)

Vaccinioideae (45/1593)

Fig. 1. World-wide distribution maps for the eight subfamilies of Ericaceae. A, Enkianthoideae. B, Monotropoideae. C, Arb
utoideae. D, Cassiopoideae. E, Ericoideae. F, Harrimanelloideae. G, Styphelioideae. H, Vaccinioideae.
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Methods

In addition to DIVA and Fitch parsimony char
acter optimization, there are several other 
approaches to biogeographic analysis (c.g., 
COMPONENT; Page 1993,). We chose DIVA 
because it can be used with a single phyloge
netic tree, rather than requiring trees from sev
eral different groups in order to construct area 
cladograms. DIVA does not require any a prior 
knowledge of geologic history and does not 
assume areas have a strictly divergent history 
(Ronquist 1997). DIVA treats areas as charac
ters (in a presence/absence format), but mini
mizes dispersal and extinction events relative 
to vicariance (no cost) events in ancestral state 
(?>., area) reconstruction. Therefore, DIVA 
offers the possibility of identifying potential 
vicariance events at deep branches in the tree. 
However, the deepest nodes within the tree are 
also prone to more error (Ronquist 1997), so it 
is important to evaluate the group of interest at 
more than one taxonomic scale.

Fitch parsimony character optimization uses 
areas as character states and these are mapped 
onto the tree using MacClade 4.0 (Maddison & 
Maddison 2000). This provides a simple way of 
viewing the distribution of current taxa relative 
to the branching patterns in the tree. However, 
Fitch parsimony optimization allows fewer pos
sible ancestral area reconstructions than DIVA 
because only terminals can have more than 
one state (i.e., area).

We investigated the origin of Ericaceae using 
two trees. One tree included Ericaceae and sev
eral other members of the Ericales (APG 1998) 
and the other tree included more taxa within 
Ericaceae, but was rooted with Enkianthus. Phy
logenetic trees for Ericaceae, and for the sub
set of the Ericales were obtained from pub
lished results in Kron et al. (2002a). These trees 
were obtained using molecular data {matK, 
rbcL, nr 18s) for the Ericales tree, and com
bined analysis of molecular (matK, rbcL) and 

morphological (91 characters) data for the Eri
caceae tree. The sampling of ericalean taxa is 
relatively small, but relationships in the tree 
are in general agreement with the recent study 
by Anderberg et al. (2002) that used more 
genes and many more taxa. For the Andean 
clade analysis we used the most recent molecu
lar tree based on three chloroplast 
genes/regions (matK, ndhF, rps4) and the 
nuclear internal transcribed spacer region, ITS 
(Powell 8c Kron 2003). All of the trees used for 
biogeographic analysis exhibited moderate to 
strong bootstrap support for most clades. Few 
polytomies were present in the Ericales and 
Andean trees, and the Ericaceae tree was fully 
resolved. Because DIVA requires fully resolved 
trees, the Ericales tree of Kron et al. (2002a) 
was resolved according to the results of more 
detailed analyses (Kron et al. 2002a; Kron 
1997) and the Andean tree was resolved arbi
trarily. The Ericales tree was modified to 
include an additional taxon (i.e., Clethra 
arborea, authors of species names are given in 
Appendices 2-4) in order to better represent 
the geographic distribution of the Clethraceae. 
The placement of C. arborea sister to C. alnifolia 
was based on the analysis of Anderberg et al. 
(2002) which provided better statistical sup
port and resolution for nodes basal to the Eri
caceae. Two widespread species were removed 
from the Andean clade to facilitate the DIVA 
analysis.

In the biogeographic analysis of Ericaceae 
(both the Ericales tree and the Ericaceae 
tree) different scorings of areas for DIVA and 
Fitch parsimony character optimization were 
used. The broadest scoring (largest scale) 
used geologic information and present day 
distribution to define a Laurasian area and a 
Gondwanan area. The designation of a pre
sent day location as Laurasian or Gondwanan 
was determined by geologic reconstructions 
that place current regions in previously exist
ing supercontinents (c.g., Hallam 1994;
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Scotese 2000). A smaller scale designation of 
areas used present day distributions on exist
ing continents as areas. In the Andean clade 
analysis, five areas were recognized: Central 
America, Chocô (NW Colombian lowlands), 
Andean highland arc, an eastern lowland arc, 
and the Antilles.

Terminals in the biogeographic analyses are 
species, the same terminals as those in the mol
ecular and molecular plus morphological phy
logenetic analyses used to obtain the trees 
(Kron et al. 2002a; Powell & Kron in press). 
Although using species as terminals may not 
include the entire geographic range of the 
clade of interest, it avoids the same problems 
encountered when using higher taxa as termi
nals in cladistic analyses, such as polymor
phisms and potential lack of monophyly (Kron 
&Judd 1997; Ronquist 1997; Wiens 1998).

For each analysis a matrix was constructed 
in MacClade 4.0. Matrices constructed for the 
DIVA analyses used areas as characters and 
scored taxa as present or absent for each area 
(Appendices 2-4). These matrices were then 
converted to batch files and analyzed using 
the DIVA software instructions outlined in 
Ronquist (1997). The “printrecs” command 
was used to find all of the equally optimal 
reconstructions. Fitch parsimony character 
optimization was performed in MacClade 4.0 
using the trees obtained from Kron et al. 
(2002a) and Powell and Kron (2003). Matri
ces constructed for these analyses (Appen
dices 2 and 3) designated areas as alternate 
states of a single character (z.c., geographic 
distribution).

Results
Both Fitch parsimony character optimization 
and DIVA analyses indicate a Laurasian origin 
for Ericaceae (Figs. 2, 3). DIVA analysis of the 
Ericalean matrix using smaller scale areas 
(Fig. 4) indicated either a North American, or 

North American + Eurasian origin for Eri
caceae. In the Ericales tree, both Fitch charac
ter optimization and DIVA failed to result in 
definitive ancestral areas for some of the 
deeper branches within Ericaceae. DIVA iden
tified several equally optimal reconstructions 
at the Arbutus canariensis to Vaccinium macrocar- 
pon node, as well as the next two nodes lead
ing to the rest of the Ericaceae. Fitch analysis 
using more taxa within Ericaceae (Fig. 5) indi
cated North America as an ancestral area for 
many clades within the family, but was equivo
cal in its assessment of ancestral areas at the 
base of the tree. DIVA assigned North America 
and Asia or North America, Asia, and Europe 
as the Most Recent Common Area (MRCA) in 
two of the three equally optimal reconstruc
tions of ancestral areas at the base of the Eri
caceae tree (Fig. 6). A third equally optimal 
ancestral reconstruction is Africa + North 
America, Asia, and Europe. However, in DIVA 
the reliability of ancestral assignments 
decreases deeper in the tree (Ronquist 1997). 
Taking this into consideration along with the 
fact that the first two optimized areas in the 
Ericaceae tree correspond to the results of the 
DIVA analysis of Ericales, these results clearly 
indicate a Laurasian origin for Ericaceae. 
Within the Ericaceae, Fitch parsimony charac
ter optimization (Fig. 5) indicates North 
America as the ancestral area for much of the 
group. DIVA analysis (Fig. 6) indicates North 
America as a key ancestral area for the origin 
of Vaccinioideae and Ericoideae. Within Vac- 
cinioideae DIVA analysis indicates that there 
have been at least two dispersals into South 
America leading to the Vaccinieae and por
tions of Gaultherieae (Fig. 6). Ancestral area 
reconstruction within Gaultherieae is not 
clear, with DIVA recognizing several equally 
optimal ancestral areas at the Gaultheria-Diply- 
cosia-Tepuia node (Fig. 6). Within the Styphe- 
lioideae the occurrence of Lebetanthus 
myrsinites, endemic to southern Ghile, is indi-
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cated as a dispersal event. North America is 
also indicated as the MRCA of Ericoideae (Fig. 
6). The presence of Bejaria and Ledothamnus in 
South America is indicated as the result of one 
or more dispersal events. Within the Rhodor- 
eae, several equally optimal reconstructions 
are indicated, but all of these suggest a 
Laurasian origin. Nevertheless, the Asian 
diversification of Rhododendron (here repre
sented by R. tsusiophyllum and R. kaempferï) 
appears to be relatively recent. The Ericeae + 
Empetreae clade has a MRCA of North Amer
ica + Europe with a vicariance event indicated 
in the divergence between Ericeae (Europe + 
Asia) and Empetreae (North America). How
ever, these results are likely a simplification of 
more complex biogeographic relationships 
because no representative of Empetrum (wide
spread in boreal latitudes, with disjunct E. 
rubrum in southern South America) was 
included in the analysis. The presence of Arb- 
utoideae (represented by Arbutus canariensis 
and Arctostaphylos uva-ursi) in Africa is indi
cated as a result of vicariance. The 
Monotropoideae are generally widespread and 
DIVA indicates the MRCA of this clade as 
North America + Europe.

Analysis of biogeographic areas in the 
Andean clade of the blueberry tribe (Vac- 
cinieae) resulted in eight equally parsimonious 
reconstructions (Fig. 7). DIVA indicates that 
much of the diversification in Vaccinieae 
occurred in the Andean highland arc. More 
recent speciation may have been the result of 
subsequent dispersal to lower elevations which 
could explain the distribution of Anthopterus 
wardii and Satyria grandifolia in the Chocô, and 
Satyria cerander in French Guiana. The Thibau- 
dia clade is Andean in origin, as is the Cer- 
atostema-Macleania clade. The results also indi
cate dispersal as the primary event responsible 
for the presence of Andean clade species in 
Central America. However, the sampling of 
Vaccinieae must be much more complete 

before any detailed conclusions can be made 
about the role of dispersal in tropical blue
berry speciation.

Discussion
The earliest published fossil evidence for likely 
existence of Ericaceae based on flowers is Pale- 
oenkianthus (Nixon & Crepet 1993). This fossil 
was found in Turonian deposits in North 
America (New Jersey) and, if correctly identi
fied, indicates the existence of Ericaceae in the 
Late Cretaceous (~90 mya). At that time, pale
ogeographic plate reconstructions (Cox 1974; 
Scotese 2000) place eastern North America 
connected to Europe (either directly or 
through a series of islands) and northwestern 
North America proximate, or possibly con
nected, to Asia. The DIVA analyses (Figs. 3, 4, 
6) that indicate a Laurasian origin (either 
North America, or North America + Eurasia) 
for Ericaceae are therefore at least not in con
flict with the geological/tectonic information 
presently available. Based on at least some of 
the equally optimal reconstructions of ances
tral areas by DIVA, a widespread common 
ancestor to the majority of Ericaceae (all Eri
caceae but Enkianthus and Monotropoideae; 
Fig. 3) may have occurred along the coastline 
of the developing Tethyan seaway and subse
quent vicariance may have been a major factor 
in the initial divergence of the ancestors of 
Arbutoideae, Ericoideae, and Vaccinioideae 
due to the continued drifting apart of Africa, 
Europe, and North America. Arbutoideae have 
been postulated as a group that diversified 
along the Tethys seaway (Hileman et al. 2001) 
which makes their occurrence in what is now 
North America, Mediterranean Europe, Asia, 
and Africa comprehensible. However, clue to 
the lack of detailed phylogenetic studies of 
Arbutoideae, Ericoideae, and Vaccinioideae 
these hypotheses remain to be tested.

The occurrence oflarge groups such as Erica 
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spp. and Styphelioideae in regions formerly 
part of Gondwana is explained by dispersal 
events according to DIVA. However, wide
spread occurrence and subsequent extinction 
is an alternative that DIVA does not readily 
indicate (Ronquist 1997). In the case of Sty
phelioideae there is fossil evidence of the 
occurrence of this group in southern Africa in 
the Paleocene (Scholtz 1985) and in several 
sites in northern Europe from the early 
Eocene (~57 mya) to the late Miocene (~6.7 
mya: data from The Paleobiology Database, 
http: www.pbdb.org). DIVA analysis indicates a 
widespread ancestor across Australia and 
North America at the Vaccinioideae-Styphe- 
lioideae node (Fig. 6), but these two areas were 
never in direct contact. It seems more likely, 
given the fossil evidence, that the ancestor to 
Vaccinioideae and Styphelioideae was wide
spread and that vicariance and subsequent 
extinction of Styphelioideae in Europe and 
Africa are the causes of the present day distrib
ution of Styphelioideae. Although the African 
species of heather (Erica) were not included in 
the analyses presented here, the addition of 
these taxa to the tree and subsequent DIVA 
analysis did not alter the hypothesis of disper
sal from Eurasia to Africa (results not shown). 
This is because the African species of Erica are 
monophyletic and derived from within the 
European/W. Asian species of Erica (McGuire 
2003). Other African members of Ericaceae 
include species of Agarista and Vaccinium and, 
based on the results presented here, are likely 
to be attributed to long distance dispersal. 
However, phylogenetic studies of these African 
members of otherwise North American, Euro
pean, or Asian clades are necessary before 
details of the biogeography of African Eri
caceae can satisfactorily be addressed. In addi
tion, other methods of biogeographic analysis 
may provide more insight into the history of 
Ericaceae.

An alternative to the general view that 

groups most diverse in the tropics likely origi
nated there may be found in the boreotropics 
hypothesis. First put into a phylogenetic frame
work by Lavin and Luckow (1993), the hypoth
esis originally referred specifically to diversity 
in tropical North America (Tiffney 1985a, b; 
Wolfe 1975). The general pattern obtained 
from DIVA analysis of the Ericaceae is one that 
supports a boreotropical origin for the group 
with subsequently more recent diversification 
in tropical Asia, southern Africa, and tropical 
South America. In addition, the results pre
sented here support a North American origin 
for some of the major groups within Ericaceae 
such as Vaccinioideae and Ericoideae. Within 
the Vaccinioideae, the MRCA of Gaultherieae 
(Kron et al. 2002b) is difficult to establish, as 
DIVA found seven equally optimal reconstruc
tions for this node (see double asterisk in Fig. 
6). The clarification of phylogenetic relation
ships within Gaultherieae is obviously a prereq
uisite for understanding the biogeographic his
tory of this clade. Gaultheria (including at least 
Pernettya and possibly Diplycosia, see Powell & 
Kron 2001) is a complex group with the diver
sity of species concentrated in tropical Asia and 
around the Pacific rim. This is in contrast to 
most of the rest of the groups within Ericaceae 
which tend to have a Laurasian pattern of dis
tribution. A more detailed knowledge of the 
relationships among Gaultherieae would be 
helpful in the analysis of its biogeographic his
tory, but the present study would indicate that 
dispersal is likely a major factor in the history 
of diversification of the clade, at least in the 
case of species occurring in Tasmania and 
South America. Within the Ericoideae the 
common ancestral area for both the Rhodor- 
eae and Ericeae is North America. Ericeae is 
indicated as European in origin and the 
African species by extension a more recent 
diversification.

The Andean clade represents a group of taxa 
that contain many genera whose greatest 
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species diversity occurs at higher elevations in 
the Andes of northern South America. Inter
estingly, this clade does not include any sam
pled species of Vaccinium (Kron et al. 2002b) 
and some genera such as Orthaea and Notopora 
also fall outside of the Andean clade. DIVA 
analysis of the Andean clade indicates that the 
ancestor to the Andean + Mesoamerican- 
Caribbean clades may have been widespread in 
the Andes and the mountains of Central Amer
ica and the Antilles (Fig. 7). If this is the case, 
then the diversification within the Andean 
clade is very recent (since the late Miocene) 
and the taxa that are currently found in Cen
tral America (e.g., some species of Cavendishia 
and Satyria) are recent introductions via dis
persal from the northern Andes.

The biogeographic pattern (i.e., recent 
diversification in areas of Gondwanan origin) 
found in our analysis of the Andean clade of 
Vaccinieae is representative of a more general 
pattern found within Ericaceae. Based on cur
rent phylogenetic studies (Kron et al. 2002a) 
the occurrence in Gondwanan regions of 
groups such as Rhododendron and Erica that 
exhibit a wide range of morphological diversity 
and large numbers of closely related species 
are recent evolutionary phenomena rather 
than the result of ancient diversification. This 
is supported by the results of this study that 
indicate a Laurasian origin for the Ericaceae.
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Appendix 1 . Classification of Ericaceae. Taxonomy of subfamilies, tribes, and genera follow Kron et al. (2002a); genera and 
species numbers follow Stevens et al. (in press) and E. Brown (pers. comm.).

ERICACEAE (incl. Empetraceae, Epacridaceae, Monotropaceae, Pyrolaceae, Vacciniaceae) 121/4084
Subfam. Enkianthoideae 1/16

Enkianthus 16, E Asia, (Japan, Taiwan), Himalayas, N Indochina

Subfam. Monotropoideae 15/50

Tribe Pyroleae 4/38 (Chimaphila 5, Boreal-N temperate, North America south to Panama and Hispaniola, Europe, Asia; 
Moneses 2, N temperate North America, N Europe; Orthilia 1, Circumboreal, south to Mexico, Guatemala; Pyrola 30, Cir- 
cumboreal-N temperate, south to Guatemala, Himalayas to E China, N Sumatra)

Tribe Monotropeae 9/10 (Allotropa 1, Pacific United States and Canada (California to S British Columbia); Cheilotheca 2 
NE India (Assam), W Maleysia (Malay Peninsula, Perak and Sumatra); Hemitomes 1, Pacific United States and Canada 
(California to S British Columbia); Hypopitys 1, North America south to Guatemala, Europe to Asia (Japan, Korea, C 
China), Himalayas; Monotropa 1, N temperate North America south to Colombia, E Asia (Japan, Korea, E China), 
Himalayas; Monotropastrum 1, E Asia (Japan, Korea, C-SW China), Himalayas, Sumatra; Monotropsis 1, SE United States; 
Pityopus 1, Pacific United States (California and Oregon); Pleuricospora 1, Pacific United States and Canada (S British 
Columbia)

Tribe Pterosporeae 2/2 (Pterospora 1, W North America south to N Mexico, Great Lakes region; Sarcodes 1, Pacific 
United States (California and Oregon) south to N Mexico (Baja California)

Subfam. Arbutoideae 4/81

Arbutus 10, Pacific North America to Mexico, Europe, N Africa, Middle East, Canary Isl.; Arctostaphylos (incl. Arctous, 
Xylococcus) 60, Circumboreal, esp. W North America, Mexico to Guatemala; Comarostaphylis 10, W United States (Cali
fornia) to W Panama; Ornithostaphylos 1, United States (S California) to Mexico (N Baja California)

Subfam. Cassiopoideae 1/12

Cassiope 12, Circumboreal, Pacific North America, Japan, Himalayas (Kasmir to Yunnan)

Subfam. Ericoideae 19/1780

Tribe Ericeae 3/863 (Calluna 1, Europe, Asia Minor; Daboecia 2, Ireland to Spain and Azores; Erica (incl. 32 “minor gen
era”) 860 Europe, scattered N Africa and Middle East, esp. southern Africa, Madagascar)

Tribe Empetreae 3/5 (Ceratiola 1, SE United States; Corema 2, E North America, SE Europe, Azores; Empetrum 2, N tem
perate and arctic, S Andes, Falkland Isl., Tristan da Cunha)

Tribe Bejarieae 3/23 (Bejaria 15, SE United States, Cuba, Mexico to Bolivia, east to Guyana; Bryanthus 1, E Siberia, Kam
chatka, Japan; Ledothamnus 7, Guayana Highland (Venezuela))

Tribe Phyllodoceae 6/28 (Elliottia (incl. Cladothamnus, Tripetaleia) 4 SE United States, Pacific North America (Oregon 
to Alaska), Japan; Epigaea 3, E North America, E Asia (Japan to Taiwan), Asia Minor, Caucasas; Kalmia (incl. Leiophyllum, 
Loiseleuria) 11, Circumboreal, North America, Cuba; Kalmiopsis 1, W United States (Oregon); Phyllodocel, Circumpolar, 
N temperate (esp. W United States); Rhodothamnus 2, European Alps, E Turkey)

Tribe Rhodoreae 4/861 (Diplarche 2, E Himalayas, SW China; Menziesia 7, Japan and Sakhalin, W North America, E 
United States; Rhododendron (incl. Azalea, Ledum, Tsusiophyllum) 850, Temperate Northern Hemisphere, E-SE Asia, esp. 
Himalayas and Malesia, Philippines, south to Australia (Queensland), E North America, mts. Europe, few spp. Circum
boreal; Therorhodion 2, NE Asia, NW North America (W Alaska) )

Subfam. Harrimanelloideae 1/2

Harrimanella 2, Circumboreal (interruptedly), North America, Greenland, N Scandinavia to W Russia, Kamchatka, N 
Japan

Subfam. Styphelioideae 35/520
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Tribe Prionoteae 2/2 (Lebetanthus 1, Patagonia, Tierra del Fuego; Prionotes 1, Australia (Tasmania))

Tribe Archerieae 1/6 (Archeria 6, Australia (Tasmania), New Zealand)

Tribe Oligarrheneae 2/2 (Needhamiella (incl. Needhamid) 1 SW Australia; Oligarrhena 1, SW Australia)

Tribe Richeeae 3/65 (Dracophyllum 48, E Australia, Lord Howe Isl., New Caledonia, New Zealand; Richea 11, SE Aus
tralia; Sphenotoma 6, W Australia; Epacris 50, Australia, New Zealand, New Caledonia; Lysinema 5, SW Australia; Rupicola 
4, Australia (New South Wales); Woollsia 1, Australia (Queensland and New South Wales))

Tribe Cosmelieae 3/27 (Andersonia 22, SW Australia; Cosmelia 1, SW Western Australia; Sprengelia 4, Australia, New 
Zealand)

Tribe Styphelieae 19/357 (Acrotriche 14, Australia; Androstoma 1, New Zealand; Astroloma 28, Australia; Brachyloma 7, Aus
tralia; Coleanthera 3, SW Australia; Conostephium (incl. Conostephiopsis) 7, SW Australia; Croninia 1, SW Western Australia; 
Cyathodes 19, Australia (Tasmania); Cyathopsis 1, New Caledonia; Decatoca 1, Papua New Guinea; Leptecophylla 13, Aus
tralia, New Zealand, Papua New Guinea, W Pacifica; Leucopogon 215, Australia, New Zealand, New Caledonia, SE Asia, W 
Pacifica; Lissanthe 6, Australia; Melichrus 4, Australia; Monotoca 11, Australia; Pentachondra 5, Australia, New Zealand; 
Planocarpa 3, Australia (Tasmania); Styphelia, 11 southern Australia; TrochocarpaQ, Malesia (Papua New Guinea, Borneo, 
Celebes), Australia)

Subfam. Vaccinioideae 45/1593

Tribe Oxydendreae 1/1 (Oxydendrum 1 E United States)

Tribe Lyonieae 4/77 (Agarista (incl. Agaurid) 30, SE United States, SE Brazil, scattered Africa and Madagascar; Craibio- 
dendron (incl. Nuihonid) 5, S China (Yunnan), NE India, Indochina; Lyonia 35, E United States, West Indies, Mexico, E 
Asia (Japan to Pakistan, S to Malay Peninsula); Pieris (incl. Arctericd) 7, E-SE United States, Cuba, E Asia (arc from S 
Kamchatka to Nepal))

Tribe Andromedeae 2/2 (Andromeda 1, Boreal-N temperate in Northern Hemisphere, N Japan; Zenobia 1, SE United 
States)

Tribe Gaultherieae 6/246 (Chamaedaphne 1, Circumboreal-N temperate, E Asia south to N Japan, E North America 
south along Atlantic Coast to South Carolina; Diplycosia (incl. Pernettyopsis) 100, Malesia; Eubotrys 2, E United States; 
Gaultheria (incl. Chiogenes, Pernettyd) 130, Circum-Pacific in North and South Hemisphers, E North America, SE Brazil, 
Himalayas, New Zealand and Tasmania; Leucothoe 6, Japan, Indochina (Burma, N Vietnam), SW China (Yunnan and SE 
Tibet), Pacific NW United States (California and Oregon); Tepuia 7, Guayana Highland (Venezuela))

Tribe Vaccinieae 32/1267 (Anthopteropsis 1, C Panama; Anthopterus 11, Costa Rica to NE Peru; Cavendishia 130, S Mexico 
to Bolivia, east to NW Brazil; Ceratostema (incl. Periclesid) 35, S Colombia to N Peru, Guyana; Costera 9, W Malesia; Demos- 
thenesia 11, C Peru to N Bolivia; Didonica 4, E Costa Rica to C Panama; Dimorphanthera 87, Malesia, mostly New Guinea, 
Philippines, W Pacifica; Diogenesia 13, W Venezuela to N Bolivia; Disterigma (incl. Killipielld) 35, Guatemala to Bolivia, 
east to Guyana; Gaylussacia 50, E North America, Colombia to Paraguay, SE Brazil; Gonocalyx 10, West Indies, Costa Rica 
to N Colombia; Lateropora 3, E Costa Rica to W Panama; Macleania 40, S Mexico to Peru; Mycerinus 3, Guayana Highland 
(Venezuela); Notopora 5, Guayana Highland (Venezuela); Oreanthes 7, Ecuador to N Peru; Orthaea (incl. Empedodesia, 
Lysiclesid) 53, C Mexico to Bolivia, east to Guyana, Trinidad; Paphia (incl. Agapetes p.p.) 16, Malesia, esp. Papua New 
Guinea, W Pacifica, Australia (Queensland); Pellegrinia 5, C Peru; Plutarchia 11, Colombia to N Ecuador; Polydila 1, C 
Bolivia; Psammisia 80, Costa Rica to Bolivia, east to Guianas and Trinidad; Rusbya 1, N Bolivia; Satyria 25, S Mexico to N 
Bolivia, Guianas to NW Brazil; Semiramisia 5, Venezuela to N Peru; Siphonandra 3, C Peru to N Bolivia; Sphyrospermum 25, 
S Mexico to N Bolivia, Guianas, West Indies; Themistoclesia 30, Costa Rica to N Bolivia; Thibaudia (incl. Calopteryx) 70; 
Costa Rica to N Bolivia, Guianas, NW Brazil; Utleya 1, Costa Rica; Vaccinium (incl. Agapetes p.p., Oxycoccus, Symphysid) ca. 
500, Circumpolar-N temperate, Europe, North America, Japan, Himalayas to E-SE Asia, Malesia)
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Appendix 2 . List of species (for more details see Kron et al. 2002a) used in the DIVA and Fitch parsimony character opti
mization of biogeographic areas in the Ericales. DIVA characters are 1 = Africa, 2 = Australia, 3 = N America, 4 = Asia, 5 = 
Europe; Fitch scoring for 4 areas is 0 = Africa, 1 = Australia, 2 = N America, 3 = Eurasia; Fitch scoring for 2 areas is 0 = Laura- 
sia, 1 = Gondwana.

ASpecies DIVA Fitch Fitch

12345 (4 areas) (2 areas)

Actinidia chinensis Planchon 01030 3 0

Arbutus canariensis Duhamel 10000 0 1

Bejaria racemosa Mutis ex L. f. 00100 2 0

Calluna vulgaris (L.) Hull 00001 3 0

Cassiope mertensiana (Bong.) G. Don 00011 2/3 0

Ceratiola ericoides Michaux 00100 2 0

Chamaedaphne calyculata (L.) Moench 00100 2/3 0

Clethra alnifolia L. 00100 2 0

Clethra arborea Vent. 10000 0 1

Cosmelia rubra R. Br. 01000 1 1

Cyrilla racemiflora L. 00100 2 0

Diapensia lapponica L. 00101 2/3 0

Diospyros virginiana L. 00100 2 0

Dracophyllum longifolium (J. R. Forster) Roem. and Schultes 01000 1 1

Enkianthus campanulatus G. Nicholson 00010 3 0

Epacris impressa Labili. 01000 1 1

Gaultheria eriophylla (Pers.) Sleumer 00010 3 0

Pentachondra pumila (Forster and G. Forster) R. Br. 01000 1 1

Promotes cerinthoides (Labili.) R. Br. 01000 1 1

Pyrola rotundifolia L. 00111 2/3 0

Rhododendron hippophaeoides Balf. f. and Forrest 00010 3 0

Symplocos paniculata Miq. 00100 2 0

Vaccinium macrocarpon Ai ton 00100 2 0
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Appendix 3 . List of species (for more details see Kron el al. 2002a) used in the DIVA and Fitch parsimony character opti
mization of biogeographic areas in Ericaceae. DIVA characters are 1 = Africa, 2 = South America, 3 = Australia, 4 = North 
America, 5 = Asia, 6 = Europe; Fitch scorings for 6 areas are: 0 = Africa, 1 = South America, 2 = Australia, 3 = North Amer
ica, 4 = Asia, 5 = Europe; Fitch scorings for 2 areas are: 0 = Laurasia, 1 = Gondwana.

Species Subfamily 123456 6 areas 2 areas
Agarista populifolia (Lam.) Judd Vaccinioideae 000100 3 0
Agarista salicifolia (Comm, ex Lam.) G. Don Vaccinioideae 100000 1 1
Andromeda polifolia L. Vaccinioideae 000101 3/5 0
Arbutus canariensis Duhamel Arbutoideae 100000 0 1
Arctostaphylos uva-ursi (L.) Sprengel Arbutoideae 000100 3 0
Bejaria racemosa Vent. Ericoideae 000100 3 0
Bryanthus gmelini D. Don Ericoideae 000010 4 0
Calluna vulgaris (L.) Hull Ericoideae 000001 5 0
Cassiope mertensiana (Bong.) G. Don Cassiopoideae 000111 3 4 5 0
Ceratiola ericoides Michaux Ericoideae 000100 3 0
Chamaedaphne calyculata (L.) Moench Vaccinioideae 000111 3 1 5 0
Chimaphila umbellata (L.) Barton Pyroloideae 000111 3/4/5 0
Corema conradi Torrey ex Loud. Ericoideae 000101 3/5 0
Craibiodendron yunnanenseW. Smith Vaccinioideae 000010 4 0
Daboecia cantabrica (Hudson) K. Koch Ericoideae 000001 5 0
Diplarche multiflora Hook. f. and Thomson Ericoideae 000010 4 0
Diplycosia acuminata Becc. Vaccinioideae 000010 4 0
Dracophyllum longifolium (J. R. Forster) Roem. and Schultes Styphelioideae 001000 2 1
Elliottia bracteata (Maxim.) Hook. F. Ericoideae 000100 3 0
Enkianthus campanulatus G. Nicholson Enkianthiodeae 000010 4 0
Epacris impressa Labili. Styphelioideae 001000 2 1
Epigaea repens L. Ericoideae 000100 3 0
Erica sicula Guss. Ericoideae 000010 4 0
Erica spiculifolia Salisb. Ericoideae 000010 4 0
Erica tetralix L. Ericoideae 000001 4 0
Eubotrys racemosa L. Vaccinioideae 000100 3 0
Gaultheria miqueliana Takeda Vaccinioideae 000010 4 0
Gaultheria shallon Pursh Vaccinioideae 000100 3 0
Harrimanella hypnoides Cov. Harrimanelloideae 000111 3/4/5 0
Kalmia angustifolia L. Ericoideae 000100 3 0
Kalmia buxifolia (Berg) Gift, Kron and Stevens Ericoideae 000100 3 0
Kalmia procumbens (L.) Gift, Kron and Stevens Ericoideae 000111 3/4/5 0
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Species Subfamily 123456 6 areas 2 areas
Kalmiopsis leachiana (Henderson) Rehder Ericoideae 000100 3 0
Lebetanthus myrsinites Macl. Styphelioideae 010000 1 1
Ledothamnus guyanensis Meissner Ericoideae 010000 1 1
Leucothoefontanesiana (Stendel) Sleumer Vaccinioideae 000100 3 0
Lyonia ferruginea (Walter) Nutt. Vaccinioideae 000100 3 0
Lyonia lucida (Lam.) K. Koch Vaccinioideae 000100 3 0
Menziesia pilosa Pers. Ericoideae 000100 3 0
Orthilia secunda (L.) House Monotropoideae 000111 3/4/5 0
Oxydendrum arboreum (L.) DC. Vaccinioideae 000100 3 0
Pentachondra pumila (Forster and G. Forster) R. Br. Styphelioideae 001000 2 1
Pernettya tasmanica Hook. f. Vaccinioideae 001000 2 1
Phyllodoce caerulea Bab. Ericoideae 000111 3/4/5 0
Phyllodoce empetriformis D. Don Ericoideae 000110 3/4 0
Pieris nana (Maxim.) Makino Vaccinioideae 000010 4 0
Pierisphillyraeifolia (Hook.) DC. Vaccinioideae 000010 3 0
Prionotes cerinthoides (Labili.) R. Br. Styphelioideae 001000 2 1
Pyrola rotundifolia L. Monotropoideae 000111 3/4/5 0
Rhododendron kaempferi Planchon Ericoideae 000010 4 0
Rhododendron tsusiophyllum Sugim. Ericoideae 000010 4 0
Rhodothamnus chamaecistus Rchb. Ericoideae 000001 5 0
Satyria warszewiczii Klotzsch Vaccinioideae 010000 1 1
Sprengelia incarnata W. Smith Styphelioideae 001000 2 1
Tepuia cardonae A. C. Smith Vaccinioideae 010000 1 1
Therorhodion camtschaticum (Pallas) Small Ericoideae 000110 3/4 0
Vaccinium macrocarpon Aiton Vaccinioideae 000100 3 0
Vaccinium meridionale Sw. Vaccinioideae 010000 1 1
Zenobia pulverulenta (Bartram) Pollard Vaccinioideae 000100 3 0
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Appendix 4 . List of species used in the DIVA analysis of the Andean clade of the Vaccinieae (see Powell and Kron in press). 
DIVA characters are: 1 = Central America, 2 = Chocô, 3 = Andean Highlands Arc, 4 = eastern Lowland Arc, 5 = Antilles.

Species 1 2 3 4 5
Anthopterus wardii Ball 1 1 0 0 0
Cavendishia bracteata (Ruiz and Pav. Ex J. St.-Hil.) Hoer. 1 0 1 0 0
Cavendishia capitulata]. D. Smith 1 0 1 0 0
Cavendishia complectens Hemsl. 1 0 1 0 0
Cavendishia grandifolia Hoer. 0 0 1 0 0
Cavendishia martii (Meissner) A. C. Smith 0 0 1 0 0
Ceratostema lanigerum (Sleumer) Luteyn 0 0 1 0 0
Ceratostema rauhii Luteyn 0 0 1 0 0
Ceratostema reginaldii (Sleumer) A. C. Smith 0 0 1 0 0
Ceratostema silvicola A. C. Smith 0 0 1 0 0
Demosthenesia pearcii (Britton) A. C. Smith 0 0 1 0 0
Diogenesia racemosa (Britton) Sleumer 1 0 1 0 0
Disterigma alatemoides (Kunth in H.B.K.) Niedenzu 0 0 1 0 0
Disterigma ovatum (Rusby) S. F. Blake 0 0 1 0 0
Disterigma pernettyoides (Wedd.) Niedenzu 0 0 1 0 0
Disterigma rimbachii (A. C. Smith) Luteyn 1 0 0 0 0
Disterigma trimerum Wilbur and Luteyn 0 0 1 0 0
Macleania bullata Yeo 0 0 1 0 0
Madeania coccoloboides A. C. Smith 0 0 1 0 0
Macleania cordifolia Benth. 0 0 1 0 0
Macleania insignis M. Martens and Galeotti I 0 0 0 0
Polyclita turbinata A. C. Smith 0 0 1 0 0
Psammisia dolichopoda A. C. Smith 1 1 1 0 0
Psammisia ecuadorensis Hoer. 0 0 1 0 0
Psammisia sodiroi Hoer. 0 0 1 0 0
Psammisia ulbrichiana Hoer. 1 0 1 0 0
Satryia vargasii A. C. Smith 0 0 1 0 0
Satyria allenii A. C. Smith 1 0 0 0 0
Satyria boliviano Luteyn 0 0 1 0 0
Satyria cerander (Dunal) A. C. Smith 0 0 0 1 0
Satyria grandfolia Hoer. 0 1 1 0 0
Satyria leucostoma Sleumer 0 0 1 0 0
Satyria meianthaj. D. Smith 1 0 0 0 0
Satyria polyantha A. C. Smith 0 0 1 0 0
Satyria sp. nov. 1 0 0 0 0
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Species 1 2 3 4 5

Satyria ventricosa Luteyn 1 0 0 0 0

Satyria warszewiczii Klotzsch 1 0 0 0 0

Semiramisia speciosa (Benth.) Klotzsch 0 0 1 0 0

Sphyrospermum ellipticum Sleumer 1 0 1 0 0

Symphysia racemosa (Vahl) Stearn 0 0 0 0 1

Themistoclesia costaricensis Luteyn and Wilbur 0 0 1 0 0

Themistoclesia epiphytica A. C. Smith 0 0 1 0 0

Thibaudia costaricensis Hoer. 1 0 0 0 0

Thibaudia densiflora (Herzog) A. C. Smith 0 0 1 0 0

Thibaudia diphylla Dunal 0 0 1 0 0

Thibaudia floribunda Kunth in H. B. K. 0 0 1 0 0

Thibaudia inflata Luteyn 0 0 1 0 0

Thibaudia litensis Luteyn 0 0 1 0 0

Thibaudia macrocalyx Remy 0 0 1 0 0

Thibaudia martiniana A. C. Smith 0 0 1 0 0

Thibaudia pachyantha A. C. Smith 0 0 1 0 0

Thibaudia parvifolia (Benth.) Hoer. 0 0 1 0 0

Thibaudia tomentosa Hoer. 0 0 1 0 0

Vaccinium poasanumJ. D. Smith 1 0 0 0 0
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Patterns of vascular plant diversity at 
continental to global scales

Jens Mutke and Wilhelm Barthlott

Mutke, J. & Barthlott, W. 2005. Patterns of vascular plant diversity at continental to global 
scales. Biol. Skr. 55: 521-531. ISSN 0366-3612. ISBN 87-7304-304-4.

The studies presented in this paper analyse diversity patterns of land plants (mosses, ferns, gym
nosperms, and angiosperms) at continental to global scales. A revised version of our earlier world 
map of vascular plant species richness and the first maps of species richness of mosses and gym
nosperms on a global scale are presented. Diversity patterns of vascular plants are correlated with 
different measures of geodiversity (the diversity of the abiotic environment). Global centres of 
vascular plant diversity coincide with highly structured, geodiverse areas in the tropics and sub
tropics. These are the Choco-Costa Rica region, the tropical eastern Andes and the north western 
Amazonia, the eastern Brazil, the northern Borneo, and New Guinea, as well as the South African 
Cape region, southern Mexico, East Himalaya, western Sumatra, Malaysia, and eastern Madagas
car. Constraints imposed by the physical environment, such as the length of the thermal vegeta
tion period or water availability, shape large scale trends of biodiversity. However, important cen
tres of species richness and endemism can only be explained when taking into account the his
tory of the floras. The main diversity centres in SE Asia are the same for gymnosperms as for all 
other vascular plants, but in other parts of the tropics and subtropics there is low gymnosperm 
diversity. The exceptions to this pattern are Mexico and California, which have almost as many 
species of gymnosperms as SE Asia. The increase in the number of species and genera published 
during the last 250 years is documented, based on data from the Index Kewensis. The first conti
nental maps of Cactaceae diversity at species and genus level are used to show how choice of the 
taxonomic level affects the analysis and its implications for priority setting in biodiversity conser
vation. In this context, global biodiversity hotspots are discussed and an alternative world map of 
hotspots is proposed.

Jens Mutke, Nees Institute for Biodiversity of Plants, University of Bonn, Meckenheimer Allee 170, D- 
533115, Bonn, Germany. E-mail: mutke@uni-bonn.de

'Wilhelm Barthlott, Nees Institute for Biodiversity of Plants, University of Bonn, Meckenheimer Allee 170, D- 
533115, Bonn, Germany.
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Introduction
Knowledge on spatial distribution of biodiver
sity is crucial for its further exploration, use, 
and conservation. The relevance of this - in 

the context of politics and conservation - is 
demonstrated by large research programmes 
of several international environmental NGOs. 
The hotspot analyses of Myers and Conserva
tion International (Myers et al. 2000), the 
Global 200 programme by the WWF (Olson & 
Dinerstein 1998), or the Endemic Bird Areas 
by Birdlife International (Bibby et al. 1992;
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Stattersfleld et al. 1998) may be the most 
prominent examples. Extensive assessments of 
the knowledge of spatial distribution of biodi
versity on earth were performed by the WCMC 
(Groombridge 1992; Groombridge & Jenkins 
2002), in the context of the Global Biodiversity 
Assessment (Heywood 1995), or by WWE & 
IUCN (Davis et al. 1994-1997). Gaston (1998) 
presented a review of diversity mapping analy
ses for a large range of organisms.

In this paper we give an overview on conti
nental to global patterns of land plant diversity. 
We focus on vascular plants, comparing diver
sity patterns of large sub-groups like ferns, 
gymnosperms, or angiosperms, but we also 
present a preliminary map of the diversity of 
mosses on a global scale.

History of large scale plant diversity 
mapping
Despite the increasing importance of these 
analyses, biodiversity maps on continental to 
global scale are still scarce. In general, there 
are two basic approaches to generate quantita
tive diversity maps. The first approach is taxon
based (Barthlott et al. 1999c), where distribu
tional information for single species or taxa 
(e.g., plant collection localities or polygon 
maps drawn by specialists) are overlaid to gen
erate synoptical maps of their species richness 
or, e.g., endemism. The second approach is 
inventory-based (Barthlott et al. 1999c), where 
summary data on the floras of operational geo
graphical units, such as the species numbers of 
different countries, islands, mountain ranges, 
or national parks are used for the analyses.

Both approaches use different ways to 
reduce the amount of information to be 
processed. The taxon-based approach requires 
very detailed information, and there are even a 
few examples (mostly at microhabitat scale) 
where every single individual of a plant species 
has been recorded. More often, the occur

rence in a larger geographical unit is docu
mented - which might be a political unit, an 
ecoregion or a grid cell. The advantage of the 
taxon-based approach in comparison to the 
inventory-based approach is the much wider 
range and detail of possible analyses. Further
more, only taxon-based datasets can be used 
for complementarity based priority setting 
analyses (Balmford et al. 2001; Burgess et al. in 
press). The disadvantage is the extremely large 
amount of data to be processed. In the context 
of the BIOTA Africa framework (www.biota- 
africa.de), we established a database on the dis
tribution of approximately 6,200 African vascu
lar plant species. This dataset is the result of a 
close co-operation with Jon Lovett, Peter Lin
der and many others (compare Küper et al. 
2004; Burgess et al. in press; Linder et al. 2005). 
Though the database contains more than 
200,000 distribution records (status as of Janu
ary 2004), reliable distribution data are simply 
not available yet for several areas such as the 
northern Congo (Brazzaville), the Ethiopian- 
Sudanian border region, vast areas in the 
southern and eastern part of the Congo basin, 
in Angola and Mozambique (Küper et al. in 
prep.). Since these artificial gaps influence 
subsequent analyses (Kier et al., in press), they 
have to be overcome by range modelling tech
niques, e.g., based on climate.

Thus, inventory-based approaches still seem 
to be the only possibility for the mapping of 
groups of organisms as large as the 300,000 vas
cular plant species, at least at a global scale. 
Analyses and maps that can be classified as 
inventory-based date back at least to the work 
of Alexander von Humboldt (Humboldt 1815, 
1817). In these works, Humboldt was the first 
to discus quantitative differences in the floras 
of various regions on earth regarding total 
species numbers as well as the relative impor
tance of different families. However, his data 
were only published on a map 20 years later, in 
1838, in “Dr. Heinrich Berghaus Physikalischer 
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Atlas” (Berghaus 1837-1847) and in the famous 
Kosmos Atlas (Bromme 1851/1852). The 
Berghaus Atlas also includes diversity maps for 
birds and reptiles and graphs showing the 
importance of different plant families at differ
ent latitudes. A detailed discussion on the his
tory of plant distribution maps is given by Friis 
(1999).

A first inventory-based world map of vascular 
plant species numbers showing some 140 
species richness figures for almost all areas on 
earth was published by Wulff (1935). Though 
the most important trends are already visible, 
species numbers on this map are difficult to 
compare, as they refer to units of different area 
sizes (Fig. 1). Lebrun (1960) presented a map 
of African plant species richness, which - in 
contrast to Wulff’s map - referred to a stan
dard area size on the basis of c. 70 species rich
ness figures. Species richness has been stan
dardized for this map by the use of a modified 
version of the species-area model of Evans et al. 
(1955). A world map of vascular plant species 
richness referring to standard areas of 100,000 
km2 was presented by Malyshev (1975) on the 
basis of c. 400 species richness figures and a 
standardisation by the use of the classical 
species-area model of Arrhenius (Arrhenius 
1920, 1921). In 1996 we published a new world 
map referring to standard areas of 10,000 km2 
based on a much larger dataset of almost 1800 
species richness figures from which 1030 were 
selected as suitable for this mapping approach 
(Barthlott et al. 1996). In contrast to the 
methodology used for the complete revision of 
this map, which is presented here, Barthlott et 
al. (1996) used the species-area model of 
Lebrun (1960) for the standardisation of the 
species richness figures. Recently, the raw 
dataset has been revised and expanded, and it 
includes now more than 3150 species richness 
figures. Also the methodology has been further 
developed (see below and compare, e.g., Mutke 
et al. 2001 and Kier et al., in press).

The comparison of Figs 1 and 3 demon
strates the fact that the most important global 
patterns of plant species richness have been 
known at least since the work of Wulff (1935). 
His map already showed such important fea
tures as the humid tropics of South-East Asia 
and the Neotropics as global maxima of plant 
diversity. However, a look at the details, espe
cially for many tropical areas, reveals that the 
data available at that time were still incom
plete.

Fig. 2 shows the increasing number of plant 
species and genera published during the 250 
years since Linnaeus (1753). This analysis 
(Mutke et al. in prep.) is based on the CD-ROM 
version of the Index Kewensis (Royal Botanic 
Gardens Kew 1993) and refers only to the c. 
550,000 new species excluding the 330,000 new 
combinations documented in that dataset. The 
highest rates of new names published were 
reached in the 1820s and 1830s for genera and 
between the 1880 and 1940 for species. For 
example, in 1912 more than 8,000 new plant 
species were published while the mean rates 
for the 1980s and 1990s were 2,000 to 3,000 
species per year. At the time when Humboldt 
(Humboldt & Bonpland 1805-1839) began to 
publish his analyses, only 2% of the plant 
species included in the Index Kewensis had been 
named. At his death, in 1859, this figure had 
increased to 15%. During his lifetime, more 
than 50% of all known plant genera had been 
described. In 1935, when Wulff published his 
map, more than 70% of the current species 
had been published, whereas this figure had 
reached about 90% at the time of the analysis 
of Malyshev (1975).

Global patterns of plant diversity
Background
The world map of species richness of vascular 
plants presented in Fig. 3 has been generated 
with the inventory-based methodology. It is a
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Fig. 2. Increase in numbers of published names of species 
and genera during the last 250 years (after Mutke et al. in 
prep., based on the CD-ROM edition of the Index Kewen- 
sis (Royal Botanic Gardens Kew 1993)).

preliminary version of a complete revision of 
our earlier map (Barthlott et al. 1996, 1999a). 
More than 3,270 species richness figures for 
more than 2,460 different operational geo
graphical units, such as countries, provinces, 
mountains, islands, national parks, and others 
were collected on a global scale. On the basis 
of criteria such as area size, spatial homogene
ity of the operational unit, and quality and 
completeness of data, 1,480 of these species 
richness figures were selected as suitable for 
our mapping approach and the standard area 
size of 10,000 km2. The species richness was 
standardized to the standard area by use of the 
species-area model of Arrhenius (1920, 1921). 
The final map was interpolated on the basis of
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Global Biodiversity: Species Numbers of Vascular Plants

Fig- 3. World map of species richness of vascular plants after Barthlott et al. (1996, 1999a) - preliminary version of a com
plete revision (Mutke et al. in prep.).

GIS layers of the suitable geographical units 
and additional data on vegetation, climate, 
topography, and other parameters. For details 
on the dataset and methodology, compare 
Mutke et al. (2001), Mutke (2002) and Kier et 
al. (in press).

The analyses on diversity patterns of mosses 
(Mutke et al. in prep.) use more or less the 
same inventory-based approach and are based 
on c. 570 species richness figures referring to 
more than 450 operational units.

In contrast, the world map of species rich
ness of gymnosperms (Mutke et al. in prep) is 
based on a detailed taxon-based information 
system comprising distribution maps for all c. 
860 gymnosperm species. These data have 
been digitized from a range of published 
sources (e.g. Farjon 1984, 1990, 1998; Jones 
1993; Gölte 1993, and others).

The latitudinal gradients of vascular plant 

species richness given in Fig. 6 and the correla
tion to climate in Fig. 7 have been based on the 
same dataset as used for the map in Fig 3. For 
Fig. 6, the latitude of the geographical mid
points of the suitable operational units is plot
ted against the species density per 10,000 km2. 
In Fig. 7, mean values of potential evapotran
spiration and maxima of number of wet days 
per operational unit were queried using GIS 
and plotted against species density per 10,000 
km2 (Mutke 2002, Mutke et al. in press).

Global patterns of angiosperm diversity
Even though the map presented in Fig. 3 shows 
species richness of all vascular plants, the pat
terns mainly reflects angiosperm diversity. Fig. 
4 shows that the absolute maximum of gym
nosperm diversity peaks at less than 60 species 
per 10,000 km2. The proportion of fern species 
within floras reaches maxima of approximately 
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15% only on some oceanic islands or in mon
tane rainforests (see below). Thus, 85 to 99% 
of the patterns shown in Fig. 3 are patterns of 
angiosperm diversity.

As discussed in the first paragraphs, many 
important trends in the geographical distribu
tion of vascular plant species richness have 
been known at least since the work of Wulff 
(1935). However, during the last decade we 
have greatly improved our understanding of 
these patterns. Some of the most prominent 
examples, like the latitudinal gradient of 
species richness, are further discussed below in 
the section “Biodiversity vs. Geodiversity”.

Areas representing global maxima of vascu
lar plant species richness are the Choco-Costa 
Rica region, tropical eastern Andes and north 
western Amazonia, eastern Brazil, northern 
Borneo, and New Guinea, as well as the South 
African Cape region, southen Mexico, East 
Himalaya, western Sumatra, Malaysia, and east
ern Madagascar.

In general, regions of high geodiversity 
(Barthlott et al. 1996, see below), especially in 
mountain areas of the humid tropics and sub
tropics, harbour the highest species numbers. A 
comparison of species richness of biomes as de
lineated, e.g., by WWF (Olson et al. 2001), shows 
that tropical broadleaf forest reaches species 
numbers up to 10,000 species per 10,000 km2, 
e.g., in the mountain ranges of Costa Rica (Davis 
et al. 1997) or c. 5,000 species on 1,200 km2 at 
the Mt. Kinabalu, Borneo (according to Bea
man in this publication). These absolute maxi
ma are closely linked to mountainous areas. 
However, also lowland forests, e.g., in the west
ern Amazon basin, harbour very high plant di
versity. A high number, 473, of tree species and a 
total of 1,000 vascular plant species are docu
mented in 1 ha lowland rainforest in the Ama
zonian part of Ecuador (Valencia et al. 1994), 
and 3,000 species have been found in 24 ha in 
the Chribibiquete-Araracuara-Cahuinari re
gion of Colombian Amazon (Davis et al. 1997).

Tropical and subtropical coniferous forests 
and Mediterranean climate areas are also very 
species rich. In contrast, Tundra and Taiga 
regions harbour lowest mean species richness, 
whereas absolute minima can be found in 
hyperarid areas of the Sahara and Atacama 
desert, as well as in Arctic and Antarctic envi
ronments.

Global patterns of gymnosperm diversity 
Though new genera are still being described 
(Farjon et al. 2002), the gymnosperms might 
be one of the best documented groups of land 
plants (e.g., Jones 1993; Farjon 1998; Farjon & 
Page 1999). However, until now, there has 
been no global map of total gymnosperm 
diversity. Thus, in Fig. 4 we present a first draft 
of a species richness map of all gymnosperms 
at the global scale.

The most important centres of gymnosperm 
diversity are located in SE Asia. Especially the 
forests of the Chinese provinces of Yunnan and 
Sichuan with almost 60 species co-occurring on 
an area size of 10,000 km2 are very species rich. 
Other centres with more than 30 species per 
10,000 km2 are SE China in general (with more 
than 100 species in total), New Caledonia, 
northern Borneo with Mt. Kinabalu, the cen
tral range of New Guinea, southern Mexico, 
and California. Large areas of the southern 
hemisphere harbour no or only few gym
nosperm species. Exceptions are New Caledo
nia with more than 40 species, eastern Aus
tralia, Tasmania, and New Zealand, the South 
African Drakensberg area, and parts of the 
South American Andes. The largest contiguous 
coniferous forests of the world, the northern 
hemisphere boreal forests or taigas, harbour 
only few species with only 5 to 10 species co
occurring in an area of 10,000 km2. Less than 
15 species in total can be found in the almost 
10 Mio. km2 of Siberia as delineated in the 
TDWG scheme (Hollis & Brummitt 1992).

Only few gymnosperm species are found in
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Fig. 4. Global patterns of gymnosperm species richness on area sizes of 10,000 km2 (Mutke et al. in prep.)

tropical Africa. The whole continent harbours 
c. 90 species, which are mainly concentrated in 
southern Africa and the Mediterranean. There 
are, e.g., only two species documented for West 
Tropical Africa and less than 15 species in the 
rainforests of the central Congo basin. Areas 
without or with very few species are large parts 
of the Sahara, southern parts of the Arabian 
penninsula, the western part of the Amazon 
basin and parts of the Cerrado and Caatinga 
regions in South America, and the central dry 
lands of Australia.

Global patterns of fern and bryophyte 
diversity
The diversity patterns of the approximately 
10,000 to 15,000 species of ferns are not as well 
documented as those of the gymnosperms. 
There are still many new species to be discov
ered, especially in the tropical humid moun
tain forests (see a case study from Bolivia, 

Kessler 2001). However, Hassler and Swale 
(2001) provide statistics on species numbers at 
regional and national scale based on their 
“Checklist of World Ferns”. Global maxima of 
fern species richness seem to coincide with 
centres of overall vascular plant species rich
ness. At (sub-) continental scale, South Amer
ica and the area of the Flora Malesiana show 
highest species richness with 3281 and 3227 
documented species, respectively. Highest 
species numbers at the national scale can be 
found in China, the tropical Andean countries 
of Colombia, Ecuador, Venezuela, and Peru, as 
well as Brazil, Borneo, and New Guinea (Has
sler & Swale 2001, after various sources).

Integrating additional data from our own 
dataset which has been used for the map in Fig. 
3, data from Groombridge (Groombridge 
1992), and from checklists such as the Flora 
Europea (Tutin et al. 1964-1980) or the 
PLANTS database (USDA & NRCS 2001), 
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some general trends become visible. Looking 
at the well documented fern floras of Europe 
and North America, there is a clear latitudinal 
gradient of fern diversity. Total fern species 
richness per country or state increases both in 
Europe and North America with decreasing lat
itude. On the other hand, the proportion of 
ferns in the overall vascular plant flora 
decreases, e.g., from c. 5% in the Scandinavian 
countries to less than 2.5% in southern 
Europe. In general, the highest proportions of 
fern species can be found on many oceanic 
islands with, e.g., more than 10% at the Azores 
Islands (after data in Tutin et al. 1964-1980), or 
15 to 20% at the West Indies (Groombridge 
1992). Other centres of high fern diversity are 
humid mountain forests in the tropics and sub
tropics. At the eastern slopes of the Peruvian 
Andes, the proportion of fern species in the 
total vascular plant flora is about 15% (after 
Young 1991). In contrast, low fern diversity 
with regard to total species numbers and the 
ratio to the overall vascular plant flora can be 
found especially in arid regions of Africa and 
the Middle East with, e.g., only 12 fern species 
documented from Egypt (Hassler & Swaile 
2001, after various sources). However, it is also 
interesting that South Africa - together with 
China the most important non-tropical centre 
of vascular plant diversity - shows only moder
ate fern diversity. Though having at least 380 
fern species (Groombridge 1992), this is only 
slightly more than 1.6% of the overall vascular 
plant flora.

Unfortunately, the documentation of pat
terns of bryophyte diversity is still very incom
plete. A few years ago, a world checklist of 
mosses with 12,800 accepted names was pub
lished (Crosby et al. 1999). There are some 
national and regional checklists such as the 
List of Mosses of China by Redfearn (Redfearn 
1994), the LATMOSS catalogue of Neotropical 
Mosses (Delgadillo et al. 1995), or the list for 
Sub-Saharan Africa (O’Shea 1997). Though 

these lists allow some floristic comparisons, the 
overall known distribution of bryophyte 
species still reflects a pattern of research inten
sity rather than a pattern of genuine diversity 
(Fig. 5). The unrealistically low figure of only 
eight documented species in Benin (O’Shea 
1997), or two species known from the Bolivar 
state of Colombia (Churchill & Linares C. 
1995), reveals the lack of adequate available 
information on mosses. At the regional scale, 
total species numbers for mosses as, e.g., more 
than 3,500 documented species in South 
America (Delgadillo et al. 1995), 2,800 in Trop
ical Africa (O’Shea 1997), 2,500 in China 
(Redfearn 1994), 1,320 species in North Amer
ica (Vitt & Buck 1992), and around 1,400 
species in Europe (Frahm, pers, comm.), 
might give a first idea about the magnitude of 
diversity.

Biodiversity vs. geodiversity: Large 
scale trends of vascular plant diversity
Looking at the diversity of landscapes or 
ecosystems, one can differentiate between 
their biological diversity and their geodiversity 
- the diversity of abiotic parameters like topog
raphy, climate, or soils (Barthlott et al. 1996, 
2000; Faith & Walker 1996; Jedicke 2001; 
Braun et al. 2002).

Diversity patterns of vascular plants are cor
related with different measures of geodiversity 
(Barthlott et al. 1996, 2000). Global centres of 
vascular plant diversity coincide with highly 
geodiverse areas in the tropics and subtropics. 
In addition to the spatial heterogeneity, 
absolute values of limiting parameters are 
important. In cold and temperate zones high 
correlation can be found, e.g., with potential 
evapotranspiration (PET), mean annual tem
perature, or the length of the thermal vegeta
tion period (Fig. 7). 78% of the spatial varia
tion of species richness of North American 
ecoregions is statistically explained by PET and
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Global Biodiversity: Documented Species Numbers of Mosses

university ot Bonn

Fig. 5. World map of species richness of mosses as documented in literature (Mutke et al., in prep., after various sources). 
Please note that total species numbers per country/state are given without referring to a standard area.

spp /10,000 km2
Fig. 6. Latitudinal gradients of vascular plant species richness (Mutke 2002). Each dot represents one operational geo
graphic unit used as raw data for the map in Fig. 3. Mean species number per 10,000 km2 is plotted against latitude of the 
geographic midpoint of the operational unit.
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Potential Annual Evapotranspiration [mm] Max of Days with >0.1 mm Precipitation

Fig. 7. Statistical relationship of vascular plant species richness to climatic parameters. Species richness of a) North Ameri
can ecoregions vs. mean potential evapotranspiration within each ecoregion, b) South American operational units vs. max
imum number of days with precipitation (Mutke 2002 and Mutke et al. in press, based on CRU climate data by New et al. 
1999).

topodiversity (Mutke 2002). For the Neotrop
ics (Fig. 7) and Africa we found close correla
tion, e.g., to water balance, topodiversity and a 
negative correlation to different aspects of sea
sonality (Mutke et al. 2001; Mutke 2002). How
ever, important centres of species diversity and 
endemism can only be explained to a minor 
degree on the basis of today’s climate without 
taking the history of the floras into account. 
This has been documented, e.g., for the South 
African Cape region by Cowling and Proche^ 
(in this publication). At the global scale, Jans
son (2003) showed that number of endemics 
per country can be explained by climatic stabil
ity of a given area.

There has always been - and still is — a vivid 
discussion, to which degree current environ
ment on the one hand, and its history on the 
other hand, shapes the biodiversity of a given 
area. McGlone (1996) argues that the most 
important process for diversity patterns at 
regional to continental scale - speciation - acts 
far too slowly in comparison to historic climatic 

changes to shape a given flora on the basis of 
the current climate. Many papers in this vol
ume show how current diversity of different 
taxa has been developed during their evolu
tionary history. On the other hand, especially 
during the last decade, many analyses have 
been published that document correlations 
between current climate and total diversity of 
various groups of organisms (Lauer & Franken
berg 1979; Currie & Paquin 1987; Linder 1991; 
Currie 1991; Woodward & Rochefort 1991; 
O’Brien 1993, 1998; Carroll & Pearson 1998; 
Wohlgemuth 1998; Mutke 2000; Rahbek & 
Graves 2001; Kerr et al. 2001; Olff et al. 2002; 
Mutke et al. 2001; Mutke 2002; Francis & Cur
rie 2003). McGlone (1996) argues that this 
relationship is found because current and past 
climates of an area are often correlated. In 
contrast, Tuomisto and Ruokolainen (1997), 
Kerr and Currie (1999), and Hawkins and 
Porter (2003) argue that in most analyses cur
rent environmental parameters, especially the 
climate, show more consistent relations and 
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stronger statistical correlations to species rich
ness patterns than historical factors do. With a 
process-based modelling approach, Kleidon 
and Mooney (2000) tested the performance of 
a large number of theoretical plant functional 
types under different climates at a global scale. 
Using a 2.8 x 2.8° grid, their map of growth 
strategy diversity reproduces most of the 
important trends and centres of plant diversity 
shown in Fig. 3. This led them to the conclu
sion that constraints imposed by the physical 
environment may be a dominant force in shap
ing the observed species richness patterns.

Strongest correlation of climatic parameters 
and species diversity can be found where there 
is one important limiting factor, i.e., energy or 
water. This is the case in Europe and North 
America where influence of frost, a restriction 
of the thermal vegetation period, or energy 
availability in general are strong predictors of 
plant species richness. Further south, where 
energy is abundant, water availability becomes 
more important. A good example is the gradi
ent from the West African moist forests to the 
Sudanian savannahs, the Sahel, and the 
Sahara, showing an increasing limitation and 
seasonality of the water available on the one 
hand and decreasing plant species diversity on 
the other hand. In these areas with strong cli
matic gradients in a more or less north-south 
direction, a strong correlation of plant diver
sity with latitude can be found (Fig. 6). This 
correlation is relatively tight, e.g., in Europe 
and northern Africa, where important features 
like the Alps, the Mediterranean Sea, or the 
Sahara are oriented in east-west direction. The 
resulting low spatial heterogeneity of the cli
mate per latitudinal belt seem to explain to 
some extend the low variation of species rich
ness at a given latitude. In contrast, the Sierra 
Madre in Central America and the South 
American Andes with their mainly North- 
South direction cause great climatic differ
ences, especially of the water balance, within 

single latitudinal belts. This might be the most 
important factor for the high variance of 
species densities of Central and South Ameri
can geographical units compared to Europe 
and northern Africa. The fact that the graph 
presented for the Americas in Fig. 6 resembles 
the one published for New World birds by Gas
ton (2000) might serve as an indication that 
this variation is more than an artefact based on 
uneven sampling of the respective floras.

Comparing the diversity patterns of 
different groups of plants and animals
If we want to understand the patterns of overall 
biodiversity, we have to know, how diversity pat
terns of various groups of organisms coincide. 
At the global scale, Barthlott et al. (1999b) 
demonstrated that there is close correlation 
between vascular plant species numbers per 
country and vertebrate richness (R'=0.73, n = 
124) and between vascular plant and insect 
diversity (R‘2=0.93, n = 14; based on insect data 
published by Gaston 1996). However, animal 
diversity is often closely related to structural 
diversity of the vegetation instead of plant 
species richness, at least in small study plots 
{e.g., Pianka 1967). The comparison of Figs 3 
and 5 shows important differences between 
diversity patterns of the main groups of land 
plants, while important centres like SE Asia 
coincide. This is especially true when looking 
at the diversity patterns of smaller sub-groups, 
e.g., within the gymnosperms (Mutke et al. in 
prep.). These differences are very important 
for priority setting analyses for conservation 
purposes. In the past, many of these analyses 
were based on single groups of organisms {e.g., 
Balmford et al. 2001). Trying to incorporate 
the maximum of floristic as well as of faunistic 
diversity in the proposed protected areas 
unfortunately results in much larger areas 
needed. This is especially true, if patterns of 
endemism differ between these groups.
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Quality of biodiversity

An important question for the evaluation of 
biodiversity patterns is: which aspect of biodi
versity is measured? Barthlott et al. (1999c) dis
cussed a list of possible indicators. The most 
important are species number, different mea
sures of rarity including endemism, phyloge
netic or taxonomic diversity, intactness of 
ecosystems and species composition, relevance 
for ecosystem functioning, and current and 
potential economic value.

As shown in Fig. 8, diversity patterns might 
change considerably with taxonomic level. 
Centres of species richness of cacti are located, 
e.g., in Mexico, SW U.S.A., and the Bolivian

Andes. On the other hand, areas like the 
Brazilian Caatinga, Cuba, or Southern Central 
America are more important at the genus level 
(Barthlott et al. in prep.). Though often corre
lated, there might be important differences 
between patterns of species richness and 
endemism (Kier & Barthlott 2001). Qian and 
Ricklefs (1999), Mutke and Barthlott (2000) 
and Mutke (2002) have shown for the United 
States that different measures such as species 
richness, family richness, endemism, percent
age of rare species or of non-natives result in 
considerably different spatial patterns. This 
has important implications for conservation 
planning.

Fig. 8. Comparing diversity patterns at different taxonomic levels. Species richness and generic richness of Cacti in the new 
world (after Barthlott et al. in prep.).
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Human impact on biodiversity

Since the early 1990s, the threat to global bio
diversity has played an increasingly important 
role in political discussions. The Convention 
on Biological Diversity, which was one result of 
the Earth Summit in Rio de Janeiro 1992, 
obliges the member countries to protect biodi
versity and support further research on this 
topic. It was also in the 1990s that the interna
tional environmental NGOs started large scale 
priority setting programmes to focus conserva
tion action. Most prominent examples are the 
Endemic Bird Areas (EBAs) and Important 
Bird Areas (IBAs) of Birdlife International 
(Bibby et al. 1992; Stattersfield et al. 1998), the 
Biodiversity hotspots by N. Myers and Conser
vation International (Myers 1988; Myers et al. 
2000) and the Ecoregion approach and Global 
200 programme of the WWF (Olson & Diner- 
stein 1998; Olson et al. 2001).

Due to the simplicity of the main messages, 
the hotspots approach has been very popular 
in political discussions. The basic approach 
was to search for areas containing at least 
0.5% of global plant diversity being endemic 
to that area and with a loss of 70% or more of 
its primary vegetation (Myers et al. 2000). An 
important reason for the frequent use of 
hotspots in public discussion is probably that 
the main centres are so evident that only 
details would change if the methodologies for 
identifying the hotspots were changed. This is 
shown, e.g., in Fig. 9 which compares the 
hotspots as published by Myers et al. (2000) 
with areas with more than 3000 species per 
10,000 km2 (on the basis of Fig. 3) and higher 
than mean human impact as measured by the 
“human footprint index” of Sanderson et al. 
(2003).

An important drawback of these approaches 
is that areas without centres of diversity but 
with other unique features are completely 
neglected. To include highest complementar

ity of floras, faunas, and ecosystems, one 
approach is, e.g., to include at least one region 
per biome and biogeographic realm in the 
selection, as done for the Global 200 pro
gramme of the WWF (Olson & Dinerstein 
1998).

On regional to continental scales increas
ingly more data have become available for 
complementarity analyses on the basis of 
detailed species list, e.g., per 1° grid cells 
(Küper et al. 2004; Linder et al. 2005) or ecore- 
gions (Krupnick & Kress 2003).
Kirkpatrick (1983) described the first system
atic algorithm for area selection for nature 
conservation based on species distribution 
data (Pressey 2002), and such algorithms have 
since been further developed and, e.g., incor
porated in the now widely used WORLDMAP 
computer programme (Williams 1997).

It is quite clear that analyses with spatial res
olutions of 1° or referring to large scale ecore- 
gions are still far from applicable at the scales 
where most of the practical work of nature pro
tection is done. However, analyses by Bibby et 
al. (1992), Davis et al. (1994-1997), Olson and 
Dinerstein (1998), Myers et al. (2000) and oth
ers have drawn attention not only to areas 
where biodiversity is most threatened, but also 
to the problems of conserving the biodiversity 
of our planet in general.
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Introduction
This paper presents results from several sepa
rate, yet inter-connected, analyses of patterns 
of diversity for different taxonomic scales, and 
also patterns of distribution, focusing at the 
level of genus, on a global scale for all 
angiosperms. By patterns of diversity, I mean 
taxonomic richness, or counts of all taxa (of 
the same rank) naturally occurring within an 

area, compared between separate areas. Pat
terns of distribution therefore refer to the 
comparison of all native occurrences for collec
tions of taxa, throughout different areas. Since 
most genera show distributions which extend 
outside any single one of the regions used for 
this study, the set of taxa occurring within a 
particular geographical region can be thought 
of as the intersection of many different pat
terns of distribution. Therefore, it is argued
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that the diversity within that region depends 
not only on features unique to that region 
itself, but also on the wider distributions out- 
with the region of those taxa found there.

The Vascular Plant Families and 
Genera Database
At the Royal Botanic Gardens, Kew, a taxo
nomic database of all genera of vascular plants 
has been continuously maintained since its ini
tial publication over a decade ago (Brummitt 
1992). To this database have recently been 
added distributions of all taxonomically- 
accepted genera (14,724 genera). These distri
butions have been recorded as verbal text as 
well as scored by each of the 52 Level 2 geo
political regions of the Taxonomic Databases 
Working Group (TDWG) world geographical 
scheme for recording plant distributions 
(Brummitt 2001; Table 1; Fig. 1). Distributions 
have been compiled primarily from records of 
herbarium specimens held at Kew, and these 
have been extensively supplemented with addi
tional literature records from standard 
regional Floras (reviewed by Frodin 2001), 
from major taxonomic monographs, and from 
innumerable revisions of individual genera. Of 
70,550 distribution records, 2,560 (3.63%) are 
from literature sources only, while very many 
individual records that were represented either 
by only a few or by doubtfully-determined spec
imens were further corroborated with litera
ture records.

The Kew Herbarium is therefore jttdged to 
be comprehensive enough to give accurate dis
tributions at this taxonomic and geographical 
scale, since a single reliably-identified speci
men from a particular region is sufficient to 
stand as a distribution record. Inevitably there 
is some geographical bias in the numbers of 
specimens held (it is better represented in the 
former tropical British colonies and areas of 
more recent activity by Kew) - however, over 

97% of all accepted genera are represented by 
at least one or some specimens, and over 96% 
of distribution records were supplied by speci
men data. This database is updated on an 
almost-weekly basis, with new genera added 
and existing taxonomy revised in line with 
major new publications. Additional new 
generic names, which are published at the rate 
of about 110 per year, are entered either as 
accepted genera or as synonyms largely on the 
advice of herbarium staff at Kew. Distributions 
of genera are then modified as necessary in the 
light of these taxonomic changes, and com
piled again from re-curated herbarium speci
mens and/or new publications as appropriate.

The database therefore contains a pres- 
ence/absence data matrix of 52 regions x 
14,724 genera. Collectively, the 52 regions are 
an amalgam of multiple small countries, or 
groups of islands, or multiple states within sin
gle countries, or single countries in their 
entirety (Fig. 1) - all are defined by hard polit
ical boundaries, and consequently none are of 
exactly equivalent size or shape. The geo
graphic resolution is obviously extremely 
coarse, yet nevertheless this database repre
sents a rich source of biogeographic data. 
Whilst many detailed local and regional Floras 
have been compiled, and many detailed distri
bution records compiled and biogeographic 
studies performed for particular taxa or areas, 
these have all been done individually and inde
pendently - there is no comparable compre
hensive data source on a global scale. The 
main strength of this database is thus the com
prehensive treatment of each genus in a com
prehensive, standardised way.

Three obvious criticisms can be levelled at 
the design of the database and which may be 
thought detrimental. Firstly, the regions by 
which distributions have been scored are very 
large compared to the actual distributions of 
most taxa. Secondly, the regions have geo-polit
ical boundaries, which generally do not follow 
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any recognised biogeographical, ecological or 
climatic pattern. Thirdly, the regions vary 
greatly in size, from just over 200 square kilo
metres (Middle Atlantic Ocean - the islands of 
St. Helena and Ascension) to well over 12 mil
lion square kilometres (Antarctic Continent). 
However, even at this coarse scale, it took two 
years for one person fulltime to compile the 
whole database; the problems with compiling, 
and maintaining, more detailed geographical 
information for many poorly-known taxa 
would have been very much greater. Further 
work aims to capture genera with small distrib
utions at finer geographical scales.

The second of these drawbacks may in fact 
be a strength of the database. The aim is to 
establish what are the distribution patterns - 
any biogeographic, ecological or climatic 
interpretations of these patterns must come 
secondarily, without this having a priori influ
enced the compilation of the data. If the data 
had instead been scored by pre-determined 
biomes or floristic regions, any subsequent 
analysis of the reality or authenticity of those 
regions would then be hopelessly circular 
since the existence of such areas would have 
been an assumption behind the compilation 
of the data in the first place. Geo-political 
boundaries, for all their arbitrariness, are 
much more sharply defined than are biomes 
or vegetation types or floristic regions: a plant 
either is in Brazil or it is not, and herbarium 
specimen labels which may well omit the vege
tation type or the biogeographic region will 
almost certainly note the country. It was 
decided at the outset that distributions should 
be compiled from specimen records - litera
ture records are simply not comprehensive 
enough to record distributions in a systematic 
way, whereas the Herbarium at Kew houses at 
least some material of more than 97% of 
accepted genera. This decision was borne out 
in compiling the data, when it was usually 
additional specimen records which were 

found to augment distributions quoted in the 
literature, and not vice versa.

Notwithstanding the interest in the biogeog
raphy of pteridophytes and gymnosperms, in 
this paper all the analyses presented will refer 
solely to angiosperms (14,304 genera). 
Angiosperms represent a highly diverse crown 
group of established monophyly (Soltis et al. 
1999; Savolainen et al. 2000) and increasing 
species number (Niklas 1988; Niklas & Tiffney 
1994), rather than a formerly more diverse 
group now restricted in its size. Furthermore, 
many pteridophyte genera show highly scat
tered and irregular distributions when com
pared with angiosperm genera, presumably 
due to their spores being easily wind-dispersed, 
which makes the interpretation of the kind of 
analyses presented here considerably more dif
ficult.

Patterns of genus richness
Accounting for area
The obvious differences in size within the set of 
TDWG regions (Fig. 1) complicate the initial 
comparison of their absolute taxonomic diver
sities. The first step in this study is therefore to 
examine the relationship between the size of 
an area and the number of species present in 
that area, which is so ubiquitous that it has 
been described as ‘one of the most important 
patterns in biogeography’ (Lomolino 1989). 
Although the exact form of the relationship is 
still not universally agreed upon (Connor & 
McCoy 1979), the relationship is convention
ally expressed by the model

S = cAz,

where S = number of species, A = area and c 
and z are fitted constants, usually interpreted 
as the intercept and the slope of the relation
ship on a double-logarithmic plot, respectively 
(Rosenzweig 1995).
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Table 1. The 52 TDWG Level 2 regions, with counts of generic richness, size and relative generic richness after accounting 
for area given for each region; relative generic richness is represented on an arbitrary scale between 0 and 1, relative to the 
richness of the richest region, Western South America (83).

TDWG Region No. of genera Area (km2) Relative no. of genera

10 Northern Europe 578 1620215 0.24

11 Middle Europe 708 1080825 0.31

12 Southwestern Europe 1030 1158137 0.45

13 Southeastern Europe 1094 1056193 0.48

14 Eastern Europe 807 4690405 0.29

20 Northern Africa 972 5713373 0.34

21 Macaronesia 493 13998 0.40

22 West Tropical Africa 1574 6063089 0.75

23 West-Central Tropical Africa 1856 4120263 0.68

24 Northeast Tropical Africa 1582 5690458 0.56

25 East Tropical Africa 1861 1773068 0.77

20 South Tropical Africa 1807 3298998 0.68

27 Southern Africa 1874 2675954 0.72

28 Middle Atlantic Ocean 44 232 0.07

29 Western Indian Ocean 1404 602411 0.68

30 Siberia 610 9855164 0.20

31 Russian Far East 576 3063473 0.22

32 Central Asia 922 3974323 0.34

33 Caucasus 877 438212 0.45

34 Western Asia 1485 3845970 0.54

35 Arabian Peninsula 891 2789669 0.34

36 China 2438 9268483 0.79

37 Mongolia 480 1558842 0.20

38 Eastern Asia 1342 628999 0.63

40 Indian Subcontinent 2595 4423703 0.94

41 Indo-China 2096 1932370 0.85

42 Malesia 2174 2128984 0.86

43 Papuasia 1557 906147 0.70

50 Australia 1892 7704687 0.63

51 New Zealand 352 268760 0.19

60 Southwestern Pacific 910 57339 0.61

61 South-Central Pacific 265 4081 0.26

62 Northwestern Pacific 341 2640 0.35
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TDWG Region No. of genera Area (km2) Relative no. of genera
63 North-Central Pacific 242 16920 0.18
70 Subarctic America 336 7526750 0.11
71 Western Canada 521 2899891 0.21
72 Eastern Canada 521 3111341 0.20

73 Northwestern U.S.A. 715 1544658 0.30
74 North-Central U.S.A. 699 1842281 0.28
75 Northeastern U.S.A. 639 968634 0.28
76 Southwestern U.S.A. 1085 1207900 0.46
77 South-Central U.S.A. 1030 1000684 0.45
78 Southeastern U.S.A. 1023 1371180 0.43
79 Mexico 2236 1961910 0.90

80 Central America 1955 519581 0.95
81 Caribbean 1545 235202 0.85

82 Northern South America 2069 1355352 0.88
83 Western South America 2731 3783883 1.00
84 Brazil 2519 8506150 0.83
85 Southern South America 1714 4104401 0.62
90 Suban tarctic Islands 90 24542 0.07
91 Antarctic Continent 2 12093000 0.00

A log-log graph of numbers of families, gen
era and species for each region against the area 
of that region is presented in Fig. 2; family- and 
genus-level data from the Vascular Plant Fami
lies and Genera database (absolute numbers of 
genera are given in Table 1) has here been 
augmented by species-level data extrapolated 
from figures provided by Rafaël Govaerts (cf. 
Govaerts 2001, 2003). At all taxonomic scales, 
the relationship between diversity and area is 
roughly linear in log-log space. The data and 
regression statistics presented in Fig. 2 exclude 
the data point for the Antarctic Continent, a 
recognised TDWG region of more than 12 mil
lion square kilometres but with only two native 
angiosperm genera {Colobanthus Bartl, in the 
Caryophyllaceae and the grass genus Deschamp- 
sia P.Beauv.). Including data for Antarctica 

considerably reduces the slope of each regres
sion line but without being informative of 
global diversity patterns.

Looking at Fig. 2, there is an obvious cluster 
of points towards the right hand edge. This 
reflects the efforts made in the TDWG Geo
graphical Scheme to divide the world up into 
equal-sized political subdivisions, as far as is 
possible; most areas are within one order of 
magnitude, from 1 to 10 million square kilo
metres. At each taxonomic rank, the spread of 
points around the line is due to latitude. Trop
ical areas are spread along the top, in a gently 
arcing line, from small tropical island systems 
(Middle Atlantic Ocean [St. Helena and Ascen
sion I.], 28) to large continental areas (Brazil, 
84); the arcing is due to the geographically 
scattered (non-nested) relationships between
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log Area (km2)
Fig. 2 Relationship between area and diversity for families (open triangles; r2 = 0.37), genera (closed diamonds; r = 0.48) 
and species (open squares; r2 = 0.36) worldwide; regions are identified by their 2-digit code. Graph and regressions do not 
include data for the Antarctic Continent (91).

the regions (Rosenzweig 1995). Below that, 
there is a steady increase in latitude to the 
areas farthest from the equator (Siberia, 30; 
Subarctic America, 70), which are the least 
diverse continental areas. This can also be seen 
among the smaller island regions: the Sub- 
antarctic Islands (90) are much less diverse 
than comparably-sized tropical islands (North- 
Central Pacific [Hawaiian Islands], 63); the 
same is true for New Zealand (51) versus the 
Caribbean (81).

It is possible to detect geographic factors 
within the distribution of tropical regions. 
Neotropical areas are most diverse, with tropi
cal Asian areas slightly below and African 
regions slightly below them (see also Fig. 3). 
Regions both directly north (34, 36, 38) and 
south (27, 50, 85) of the tropics have greater 
diversity than would be expected purely from 
their latitude; this is due to ‘spill over’ of essen

tially tropical genera found in geographically 
adjacent regions. Below that, there is a band of 
‘warm-temperate’ regions which is clustered in 
two distinct groups: southern Europe (12, 13) 
with southern U.S.A. (76, 77, 78), and North
ern Africa (20), Middle Asia (32) and Arabian 
Peninsula (35) with Eastern Europe (14). In 
the case of Northern Africa and the Arabian 
Peninsula, this is presumably due to great arid
ity over most of these areas suppressing the 
diversity expected at that latitude (much lower 
than Eastern Europe and Middle Asia); how
ever, it may be argued that it is the aridity itself 
which is expected at that latitude, and not high 
diversity (Archibold 1995). Below these clus
ters is a diffuse group of north temperate 
regions, both Old and New World (10, 11, 30, 
31, 37, 70, 71, 72, 73, 74, 75).

Comparing the three taxonomic scales, pat
terns of relative diversity within a region are
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Fig. 3. Re-scaled generic richness for TDWG regions, independent of the relative sizes of regions. Generic richness is pre
sented as an arbitrary scale on the y axis relative to that of the richest region (83); regions on the xaxis are identified by 
their 2-digit code. Graph does not include data for the Antarctic Continent (91).

highly correlated, irrespective of the sizes of 
the regions (Spearman’s rs: between species 
richness and genns richness, 0.97; between 
genus richness and family richness, 0.96; 
between species richness and family richness, 
0.93; n = 52, p< 0.01 in each case), confirming 
that higher taxonomic levels may indeed be a 
reasonable surrogate for species richness (Gas
ton 1996; La Ferla et al. 2002; but see also 
Prance 1994). The spread of points in Fig. 2 
obviously increases from family- to genus- to 
species-level, with the exponent of the species 
area relationship likewise increasing from 0.12 
to 0.26 to 0.35, respectively. The increasing 

exponent values simply reflect the structure of 
the taxonomic hierarchy: there can be several 
species within one genus or genera within one 
family, but not vice versa; therefore the num
bers of taxa will inevitably increase with 
decreasing taxonomic rank. However, the 
increasing spread of data points with decreas
ing taxonomic rank reflects the increase in the 
proportion of tropical taxa at lower ranks: 
there are not only more tropical species than 
temperate species, or tropical species than 
tropical genera, but there are more tropical 
species compared with temperate species than 
there are tropical genera compared with tem- 
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perate genera. That is to say, the strength of 
the latitudinal gradient of diversity increases 
with decreasing taxonomic rank.

Richness rescaled for area
Since differences in the absolute taxonomic 
diversity between regions are greatly influ
enced by differences in their size, a first task is 
therefore to first standardise the number of 
taxa within regions by the area of those 
regions; then relative diversity may be com
pared independently of the confounding influ
ence of area. Simply dividing species number 
by area to give unsealed species-area ratios 
leads to highly spurious results (Connor & 
McCoy 1979; Brummitt & Nic Lughadha 2003) 
- they have the effect of over-estimating the 
diversity of small areas. In dividing number of 
species by area there lies an implicit assump
tion of a simple linear relationship between 
area and diversity, whereas ecologists have long 
known that such a linear relationship does not 
exist (Arrhenius 1921; Williams 1943; 
MacArthur & Wilson 1967). As already stated 
above, and shown in Fig. 2, the correct rela
tionship is the power function model of S = cAz. 
So if S = cAz, then c = S/Az, and thus the con
stant cis the ratio of diversity (S) to Az (Rosen
zweig 1995). So in order to obtain realistic 
scores of relative diversity, area needs to be 
scaled by a suitable exponent value (z), and rel
ative values of c for areas of different size are 
then calculated with S/Az. In this study an expo
nent (z) value of 0.14 was chosen as being 
within the range of empirical z values given for 
non-isolated island or mainland areas (0.12 - 
0.17) by MacArthur and Wilson (1967), and 
the results from this analysis then compared 
with those from a comparable analysis with z = 
0.25, a value both within the range of values for 
isolated mainland regions (0.20-0.35; 
MacArthur & Wilson 1967) and also predicted 
theoretically (Preston 1962; Brown et al. 2000). 
The results for z = 0.14 and for z = 0.25 were 

highly correlated (Spearman’s rs 0.97; n = 51, p 
< 0.01); scores for relative generic richness 
when z = 0.14 are given in Table 1 and Fig. 3.

Several salient points can be inferred from 
Fig. 3. Firstly, three areas of tropical diversity 
can be clearly made out, for Africa (+ Madagas
car) , SE. Asia and the Neotropics, increasing in 
that order. The western Pacific is also markedly 
diverse, though this is only apparent from the 
rescaled data: the small areas of these regions 
mask their true diversity. Comparison between 
absolute and re-scaled rankings of China (36) 
and Indian Subcontinent (40) shows that very 
high genus richness scores for these regions 
have been inflated by their huge size. In addi
tion, West Tropical Africa (22), West-Central 
Tropical Africa (23) and Northeast Tropical 
Africa (24) are all of considerably lower rela
tive diversity than are other tropical regions; in 
fact comparable to southern Europe (South
western Europe, 12; Southeastern Europe, 13), 
to SW Asia (Caucasus, 33; Western Asia, 34) 
and to southern U.S.A. (Southwestern U.S.A., 
76; South-Central U.S.A., 77; Southeastern 
U.S.A., 78). Again, this is masked in the 
absolute genus richness scores for these 
regions. This surprising result may be partly 
explained by the almost-barren Sahara Desert 
covering large expanses of West Tropical Africa 
(22) and Northeast Tropical Africa (24), giving 
lower generic diversities than would be 
expected for regions of that size.

For the Neotropical regions a similar story is 
revealed: in absolute terms it appears that the 
large regions Mexico (79) and Brazil (84) are 
very diverse in ntimbers of genera (Fig. 2); in 
fact, however, it is clear from Fig. 3 that West
ern South America (83) is the most diverse 
region of all for both absolute and relative 
numbers of genera, followed by Central Amer
ica (80). The two smallest Neotropical regions, 
Central America (80) and Caribbean (81), 
which do not appear to be particularly diverse 
in terms of absolute numbers of genera, are 
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revealed as surprisingly diverse when numbers 
of genera are scaled by area, and four of the 
five most diverse regions are in the Neotropics, 
(Western South America, 83; Central America, 
80; Mexico, 79; Northern South America, 82, 
in descending order of relative diversity) the 
exception being the Indian Subcontinent (40).

Latitudinal gradient of diversity
The latitudinal gradient of diversity has been 
described as “one of the most prominent fea
tures of the natural world” (Rohde 1992; Tay
lor & Gaines 1999), but also as (still) “the 
major, unexplained pattern in natural history” 
(R. E. Ricklefs, quoted in Lewin 1989). For, 
despite early descriptions of tremendous tropi

cal diversity by such explorers as von Hum
boldt and Wallace (Whitmore 1990), and 
decades of subsequent ecological research, an 
adequate understanding of the cause(s) of the 
latitudinal gradient of diversity remains lack
ing. Greater numbers of species are found in 
the tropics for almost all groups of organisms 
and in almost every type of habitat, both terres
trial and aquatic, and so, if we are searching for 
a comprehensive understanding of the latitudi
nal gradient, the explanation must then apply 
equally well to nearly all organisms and envi
ronments - something which has not always 
been the case for different groups (Rohde 
1992).

Fig. 4 plots genus richness of each TDWG 
region against minimum distance from the
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equator of that region (taken as minimum lati
tude of that region). Since any genus record 
will be included for that region if it barely 
crosses over the border, and diversity is known 
to decline away from the equator, this should 
have the effect of under-estimating the latitudi
nal gradient of diversity, if anything. The values 
plotted in Fig. 4 are re-scaled genus richness 
for regions against latitude; both northern and 
southern hemispheres are shown. Re-scaled 
genus richness values, calculated after correc
tion by the species-area relationship (assuming 
z = 0.14), standardise for the effects of differ
ent sizes of regions. It is clear that there is a 
strong relationship between the latitude of a 
region and its genus richness. Thus the latitu
dinal gradient in diversity evident from Fig. 4 is 
independent of any considerations of land 
area.

The circumference of the scatter graph is 
roughly parabolic: diversity increases at the 
same rate in either hemisphere towards the 
equator. Regions falling below the apex of the 
distribution (that is, not as diverse as would be 
expected) can mostly be explained on a case- 
by-case basis. Northern Africa (20) and Ara
bian Peninsula (35) are both covered by exten
sive deserts; their low diversity is surely a prod
uct of their excessive aridity. Middle Atlantic 
Ocean (28), South-Central Pacific (61) and 
North-Central Pacific (63) are all isolated 
island systems. However, the low diversities of 
West Tropical Africa (22) and Northeast Tropi
cal Africa (24) remain difficult to explain, 
excepting that the Sahara Desert also occupies 
large expanses of the northern portions of 
these regions.

Patterns of generic endemism
Patterns of generic diversity and patterns of 
generic endemism are less well correlated than 
is diversity at different taxonomic ranks (Spear
man’s rs 0.80, n = 46, p < 0.01) Though all the 

regions with highest genus richness have mod
erate degrees of generic endemism, those 
regions with the highest degree of endemism 
(Southern Africa, 27 [31%]; Western Indian 
Ocean, 29 [29%] and Australia, 50 [35%]) 
have themselves moderate genus richness. It is 
notable that amongst tropical regions, no trop
ical African region has generic endemism 
greater than 10%; indeed West Tropical Africa 
(22); East Tropical Africa (25); and South 
Tropical Africa (26), all have levels of generic 
endemism (2.2%, 2.8% and 1.9%, respectively) 
lower than that for Southwestern Europe (12; 
3.0%). In SE Asia and the Neotropics, on the 
other hand, Malesia (42; 10.8%) and all of 
Mexico (79; 11.8%); Caribbean (81; 12.6%); 
Western South America (83; 10.8%); Brazil 
(84; 15.7%); and Southern South America (85; 
13.6%) have values for generic endemism 
greater than 10%. Assuming still that patterns 
in the distribution of genera truly reflect 
underlying patterns in species distribution, this 
implies that levels of speciation have been far 
greater in extra-African tropical regions, and 
in the Neotropics in particular (Richardson et 
al. 2001), unless extinction of whole genera 
has been greater in Africa than in both SE Asia 
and the Neotropics.

Amongst temperate regions, some (Central 
Asia [32; 6.0%]; Western Asia [34; 6.6%]; 
Southwestern U.S.A. [76; 8.4%]) have levels of 
generic endemism greater than many tropical 
regions (all of tropical Africa; Indian Subconti
nent [40; 6.1%]; Papuasia [43; 5.7%]; Central 
America [80; 3.7%]; and Northern South 
America [82; 4.7%]). Other, cold-temperate 
regions, however, have absolutely no endemic 
genera (Northern Europe, 10; Middle Europe, 
11; Western Canada, 71; Eastern Canada, 72; 
North-Central U.S.A., 74; and, not surprisingly, 
the Antarctic Continent, 91) - and Eastern 
Europe (14) and Subarctic America (70), have 
only a single one apiece. Several isolated island 
regions (Middle Atlantic Ocean, 28; New 
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Zealand, 51; North-Central Pacific, 63) have 
moderate degrees of endemism but relatively 
low genus richness. In fact, Middle Atlantic 
Ocean (by far the smallest TDWG Region at 
only 232 km2, and at least one order of magni
tude smaller than the next smallest region), 
has a remarkable 11 endemic genera out of 
only 44 native angiosperm genera. However, 
conclusions from patterns of generic 
endemism remain tentative, since these genera 
are likely to be subject to future taxonomic 
change. Many endemic genera, particularly 
from isolated oceanic islands (c.g. St. Helena) 
or ecological islands (c.g. mountain tops) in 
temperate regions, contain only one or a few 
species marked by strong morphological adap
tation to isolated, localised, often extreme, 
environments. The monophyletic status of 
many of these genera, the small temperate 
endemic genera in particular, has not yet been 
assessed; they may be shown to nest within 
other genera.

The potential number of possible 
distribution patterns
With 52 regions, and any individual genus able 
to occur or not occur in each of those regions, 
there will be a total of 2’2 possible unique com
binations of those regions making up the com
plete set of distribution patterns. The maxi
mum distribution range is obviously a genus 
present in every region (although this is not 
actually shown by any genus); the minimum 
distribution is not those genera endemic to a 
single region, but a null distribution absent 
from every region, since in theory this is also a 
potential distribution. However, since recently- 
extinct genera are here treated as native in 
their former range, and intergeneric hybrids 
have been excluded from this analysis, in prac
tice no genus actually shows this null distribu
tion. Asstiming therefore that we are not inter
ested in the single empty (null) distribution 

pattern containing no genera, then this still 
leaves 252-l potential generic distribution pat
terns - or more than 4.5x1012 possible distribu
tions! Fortunately, for angiosperm genera only 
2817 separate combinations of regions are 
actually found. This huge reduction in actual 
versus potential numbers of distribution pat
terns reveals that there must be a high degree 
of structure to the total set of genus distribu
tions, and that some distribution patterns must 
be shown by many genera.

Of these 2817 distributions, c. 2200 are uni- 
cate (shown by only one genus) ; only c. 600 dis
tributions are shown by more than one genus, 
but collectively these 600 distributions account 
for about 11000 genera. Respectively, there
fore, only just over 20% of distribution pat
terns account for just over 80% of genera, 
while just under 80% of distribution patterns 
account for only about 20% of angiosperm 
genera. That is to say, the frequency distribu
tion of genus distribution patterns is extremely 
right-skewed, with a modal (most common) 
value of only one genus per distribution pat
tern. This ‘hollow-curve’ frequency distribu
tion (Willis 1922; Williams 1964) of distribu
tion patterns is also shown by the frequency 
distribution of range-sizes, a pattern found in 
many groups (Colwell & Lees 2000; Gaston 
2003). Some 38% of genera are endemic to a 
single region, but there is no genus found in 
every region, and only three genera (Carex L. 
and Cyperns L., both Cyperaceae; and Plantago 
L., Plantaginaceae) found in every region 
except Antarctica.

Floristic relationships
What are these repeating distribution patterns 
which account for such a high proportion of 
the total diversity of angiosperm genera? Since 
the total set of endemic distributions only 
numbers 46 separate regions (endemic genera 
are not found in all regions), the majority of 
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the 600 distribution patterns must therefore be 
shared between different regions. As a first step 
towards analysing the distribution patterns 
themselves, the strength of floristic relation
ships between regions was investigated using 
both clustering and ordination techniques. 
Firstly, all records from the Antarctic Conti
nent (91) were again excluded, since the only 
two native genera are very widespread outside 
of Antarctica. Genera occurring in only one 
region were also excluded from the analysis, 
since they cannot be informative of relation
ships between regions but will increase dissimi
larity between regions. Floristic relationships 
between regions were investigated using hier
archical cluster analysis by UPGMA and flexi
ble beta clustering. Beals smoothing (Beals 
1984) was applied to the data to draw out the 
structure within the matrix and reduce the 
associated noise for ordination analysis by non
metric multidimensional scaling (Kruskal 
1964a, 1964b), again using the Sørensen simi
larity coefficient, to group regions in a non- 
hierarchical framework. All analyses of floristic 
relationships were carried out using PC-ORD 
Version 4.0 (McCune & Mefford 1997).

Clustering
Cluster analysis was undertaken with the UPG
MA linking algorithm, using both Sørensen’s 
andjaccard’s similarity coefficient (to assess the 
influence of selecting the coefficient); cluster
ing was also undertaken with the flexible beta 
linking algorithm, using beta 
-0.25 (which emulates Ward’s linking method 
for Euclidean distance measures) and beta = 0. 
The dendrogram for UPGMA clustering with 
Sørensen’s coefficient is given in Fig. 5 (lack of 
space precludes showing each of the other 
three dendrograms). There is strong agree
ment in the topologies of all four dendrograms; 
the differences between them are minor. In
deed, there is no difference at all in the topolo
gies of the dendrograms between UPGMA clus

tering with Sørensen’s coefficient and UPGMA 
clustering with Jaccard’s coefficient; the only 
difference is in the percentage information re
maining, with Jaccard’s coefficient consistently 
accounting for more information with each 
stage of the clustering process. This is because, 
whereas Sørensen’s similarity coefficient is 
twice the shared abundance divided by total 
abundance, Jaccard’s similarity coefficient is 
the shared abundance divided by the total non
shared abundance, creating greater distances 
between groups (McCune & Grace 2002).

Ordination
Ordination by non-metric multidimensional 
scaling, after transformation with the Beals 
smoothing function, was carried out under the 
‘Autopilot’ mode in PC-ORD. Since non-metric 
multidimensional scaling is a re-iterative tech
nique which converges on an optimal solution, 
the ‘Autopilot’ function sequentially calculates 
each successive stage of the analysis, stepping 
down in dimensionality before re-running a fi
nal ordination with the co-ordinates from the 
optimal number of dimensions as its starting co
ordinates (McCune & Grace 2002). The analy
sis was run with the following settings: Distance 
measure = SØRENSEN; Number of axes (max. 
- 6) = 6; Maximum number of iterations = 400; 
Starting coordinates (random or from file) = 
RANDOM; Reduction in dimensionality at each 
cycle = 1; Step length (rate of movement toward 
minimum stress) - 0.20; Random number seeds 
(use time vs. user-supplied) = USE TIME; Num
ber of runs with real data = 40; Number of runs 
with randomized data = 50; Autopilot = YES; 
Stability criterion, standard deviations in stress 
over last 15 iterations = 0.00001; Speed vs. thor
oughness = THOROUGH.

The final solution found by NMDS reached a 
low stress value of 2.47, with an instability value 
of 0.00001. These values are both remarkably 
low, and indicate a very strong ordination of 
highly structured data. Stress value, instability
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Table 2. Stress value, 
instability value, 
number of iterations 
and percentage of 
variance accounted 
for by each axis of 
the final best run of 
the non-metric mul
tidimensional scal
ing ordination of 
floristic relationships 
between regions.

value and the proportion of variation 
explained by each axis (r2 value) are given in 
Table 2. Although the amount of variation 
explained by the first axis is very small (only 
6%), 98% of variation has been accounted for 
after three axes have been constructed. The 
plot of iteration vs. stress (not shown here) 
demonstrates that as the number of iterations 
increases beyond 20, stress suddenly drops very 
sharply until levelling off at beyond about 40 
iterations. By about 65 iterations there is no 
further decline in stress, and the analysis termi
nated at 80 iterations. Clarke (1993) recom
mended an ideal stress value of about 5, 
although McCune and Grace (2002) claim this 
is ‘rarely achieved’ with ecological data. The 
value of 2.47 obtained here, however, is almost 
equal to the indication of the ‘excellent’ qual
ity of non-metric multidimensional scaling 
ordination proposed by Kruskal (1964a) of 2.5. 
Similarly, the instability value obtained here is 
below that recommended by McCune and 
Grace (2002) of 0.001.

From the NDMS ordination five large, well- 
defined groups are apparent (see Fig. 6), 
which are: an ‘Africa and Madagascar’ group, a 
distinct ‘Neotropical’ group, a diverse group of 
eastern and southern Asian regions, then a 
‘North American’ group, and lastly there is a 
group of ‘Temperate Northern Eurasian’ 
regions. Several regions, however, do not fall 
neatly into any of these groups: Middle Atlantic 

Ocean (28), Arabian Peninsula (35) and Sub- 
antarctic Islands (90). These strong continen
tal clusters of regions, which are in broad 
agreement in both the clustering and ordina
tion analyses, are a product of the highly- 
skewed frequency distribution of distribution 
patterns: the majority of generic distributions 
are within individual continents. The five 
groups recovered by non-metric multidimen
sional scaling correspond largely to the conti
nental groups found by UPGMA cluster analy
sis at the level of 50% similarity or less. The 
‘Africa and Madagascar’ group and the 
‘Neotropical’ group are both identical in the 
two analyses. In the ordination, Subarctic 
America (70) shows greater similarity to other 
North American regions than it does in the 
cluster analysis, but otherwise this North Amer
ican group is identical in composition also. 
Macaronesia (21), which grouped with north
ern temperate regions with cluster analysis, 
and Arabian Peninsula (35) group more 
strongly with the ‘Temperate Northern Eura
sia’ group under ordination. The biggest single 
difference between the two analyses is with the 
position of the Pacific regions (61, 62, 63), 
which lie peripherally to the large group of 
eastern, tropical and Australasian regions by 
ordination analysis but as a distinct group with 
other ‘island’ regions by cluster analysis. How
ever, some differences are to be expected, 
since the 3-dimensional, non-hierarchical
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Fig. 6. Non-metric multidimensional scaling ordination diagram from analysis of floristic relationships; five broad groups 
are evident.

framework of the ordination reveals stibsidiary 
floristic links between regions which are lost 
when the results are constrained onto a 2- 
dimensional dendrogram, which can only 
show the relationships of maximum similarity. 
The ordination results therefore more truly 
reflect the complexity of the underlying distri
bution patterns, but are correspondingly less 
easy to interpret.

Analysing distribution patterns
The strength of floristic relationships between 
regions of the same continent suggests that 
these common, repeating distribution patterns 

are themselves confined to areas within single 
continents, an idea reinforced by the shape of 
the range-size frequency distribution. Return
ing therefore to the bigger question suggested 
by the frequency distribution of genus distribu
tion patterns, we can ask: what actually are 
these distribution patterns, and how frequently 
are they found; and, furthermore, is there an 
optimal number of different distribution pat
terns for all angiosperm genera? However, 
defining just what is meant by ‘different distri
bution patterns’ proves to be no easy task. For 
a heterogeneous collection of overlapping dis
tribution patterns, where should the disconti
nuities between them be drawn? For example, 
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if widespread distributions differ only in the 
presence or absence of a genus in a single extra 
region, then can these separate distribution 
patterns be treated as essentially ‘the same’ dis
tribution pattern? If so, then what about a dis
tribution pattern which differs from this one 
by only one region, and then where should the 
line be drawn between ‘different’ distributions 
when, for the totality of the data, there is so 
much overlap? If not, then are we left with hav
ing to deal with all 2817 unique distributions? 
If the latter, then we have made little progress 
with trying to analyse distribution patterns 
themselves, the actual data underlying all of 
the previous analyses, and questions of plant 
distribution will therefore remain essentially 
intractable.

In order to tackle this question, a non-hier- 
archical clustering approach was implemented 
using k-means partitioning (Lance & Williams 
1968; Bailey & Gatrell 1995; Legendre & Gal
lagher 2001), a technique for dividing a set of 
values into a pre-determined number of 
groups based on the similarity between those 
values. The main advantage of using this tech
nique was in the lack of structure imposed on 
the data: forcing overlapping distributions into 
a discrete hierarchical framework, such as by 
UPGMA clustering, had previously caused the 
arbitrary resolution of similar disjunct distribu
tions into one or another, but seldom the 
same, group; this artefact was avoided within a 
non-hierarchical framework. Since the number 
of partitions being sought was unknown 
beforehand, the chosen partition was that with 
the maximum value of the Calinski-Harabasz 
pseudo-F-statistic (Calinski & Harabasz 1974). 
This statistic is in effect a ratio between the 
within-group homogeneity of all groups and 
the between-group heterogeneity of all groups; 
in simulation studies this is the optimality crite
rion which has been found to most closely 
return the optimum number of groups (Milli
gan & Cooper 1985).

However, since k-means partitioning can 
only be applied to values within a Euclidean 
geometric space, distributions first needed to 
be transformed from categorical data in a non- 
Euclidean geometric space in 52 dimensions 
(the raw data matrix) to continuous data in a 
lesser number of dimensions in Euclidean 
space, for example by ordination. Genera 
endemic to a single region were first excluded 
from the analysis, on the assumption that each 
endemic distribution would remain a distinct 
pattern from the others, while speeding com
putation time considerably. After then running 
Beals’ smoothing, a non-metric multidimen
sional scaling ordination was used; ordination 
settings were the same as for ordination of 
regions, except that this time the thoroughness 
setting was reduced to ‘MEDIUM’. The k- 
means partitioning analysis was then carried 
out (using a program downloaded from 
http://www.fas.umontreal.ca/biol/legendre/i 
ndexEnglish.html) on the taxon scores for the 
ordination axes, and group membership was 
outputted as simple ASCII text files, which 
could then be imported back into the Vascular 
Plant Families and Genera database to inspect 
the geographical distributions of each cluster.

Since the initial k-means partition was into 
only a small number of geographically-diverse 
groups, this stage was implemented recursively, 
saving the partition (number of groups) with 
the maximum value of the Calinski-Harabasz 
pseudo-F-statistic from each pass and subse
quently running separate partitions on each of 
these groups. The initial assignment of objects 
to groups was at random, with 100 replicates of 
each random assignment for each partition; 
since the input data were the ordination 
scores, these were treated as unweighted and 
unstandardized, the ordination itself already 
having standardised the raw data. A non-para
metric test of statistical significance (a multi
response permutation procedure) was applied 
to each pair of groups formed ( Biondini et al.
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1988), and the next round of k-means parti
tioning undertaken until further groups 
formed failed the test of statistical significance 
between group membership (i.e. they had 
become too similar to tell apart).

Ordination results
The final solution found by the non-metric 
multidimensional scaling was a 3-dimensional 
ordination; this gave the optimal reduction in 
stress - with additional dimensions there was 
little subsequent reduction. Although a decline 
in stress was seen until 30 iterations, the degree 
of stress showed no sign of stabilising before 
the maximum number (200) of iterations was 
reached. Ordination statistics for the final solu
tion are given in Table 3: despite the continu
ing fluctuations in stress, the final solution

does seem to be stable, with a low instability 
value of 0.028. The stress value for the final 
solution is 9.76, still below 10 and so with ‘no 
real risk of drawing false inferences’ (Clarke 
1993), and still below stress values of between 
10 and 20 quoted by McCune and Grace 
(2002) as typical for ecological community 
data. Each axis represents roughly equal pro
portions of the variation, with a total cumula
tive variance of 91% explained. Results from a 
Monte Carlo test of significant difference 
between real and randomised data are given in 
Table 4, with stress values for each dimension 
significantly different from those for ran
domised data. It seems remarkable that this 
ordination technique can give such a robust 
and stable solution with such a large and com
plex data set.

Number of distribution oatterns
Fig. 7. Relationship between diversity of a region and number of distribution patterns shown by genera from that region (f 
= 0.68); regions are identified by their 2-digit code. Graph and regression does not include data for the Antarctic Conti
nent (91).
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Table 3. Stress value, 
instability value, 
number of iterations 
and percentage of 
variance accounted 
for the final best run 
of non-metric multi
dimensional scaling 
ordination of
generic distribution 
patterns.

Stress value

Instability value

N
o. of iterations

Axis 1 (r)

5'
d
so3

(Z)

increm
ent

cum
ulative

cCM 
__________________

?
increm

ent

cum
ulative 

eo 
_____

_________
___

9.76 0.028 200 0.27 0.42 0.87 0.11 0.98

Table 4. Results of Monte Carlo test for significant difference in stress between real and randomised data of non-metric 
multidimensional scaling ordination of generic distribution patterns, p = proportion of randomised runs with stress < 
observed stress, i.e. p= (1 = no. permutations < observed)/(1 = no. permutations).

No. axes

Stress in real data (15 runs) Stress in random data (30 runs)

Pminimum mean maximum minimum Mean minimum

1 31.70 41.40 46.92 56.46 56.52 56.56 0.0323
2 17.62 19.49 23.17 38.77 41.13 41.50 0.0323
3 9.76 13.82 22.32 29.59 30.01 32.40 0.0323
4 7.76 12.46 22.98 26.72 26.74 26.75 0.0323

Table 5. The 12 distribution patterns most frequently shown by angiosperm genera, as found by Å-means partitioning of 
ordination scores from the non-metric multidimensional scaling ordination.

Distribution pattern Number of genera

Tropical South America 683
Endemic to Australia 669
Endemic to Southern Africa 587
Throughout tropical Africa 501
Endemic to Brazil 414
Endemic to Madagascar or Mascarene Is. 403
Throughout the Neotropics 319
Central America and Caribbean and tropical South America 318
Endemic to Western South America 311
Endemic to Mexico 270
S. China and throughout tropical Asia 264
Endemic to Malesia 236

k-means partitioning
The complete breakdown of k-means partition
ing is too large to present in full here. How
ever, Table 5 shows the 12 most frequent distri
bution patterns for angiosperm genera found.

Determining the optimum number of groups 
was to a certain extent arbitrary, by inspecting 
the geographical composition of the clusters 
and subjectively deciding to either continue or 
halt k-means partitioning depending on 
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whether or not they showed either too much or 
too little internal geographical variability. A 
non-parametric multi-response permutation 
procedure (MRPP) was also employed in a 
pair-wise fashion, testing for statistically signifi
cant between-group differences. With initial 
passes of the data, groups were, not surpris
ingly, highly significantly different. However, as 
partitioning progressed through successive 
passes, groups became progressively less statis
tically distinct until, on the 5th pass, a large 
proportion of groups no longer satisfied the 
test of statistical distinctness. These groups 
were then re-combined manually and k-means 
partitioning halted. Including endemic genera 
as separate distribution patterns 194 distribu
tion patterns were found for c. 14304 
angiosperm genera. Distributions throughout 
one tropical region or endemic to a single 
region remain the most common (see Table 
5). Not only is tropical South America the most 
common distribution pattern found by this 
analysis, but two other widespread Neotropical 
patterns are within the top twelve. As both 
Western South America (83) and Brazil (84) 
are also in Table 3, each of these regions is rep
resented by four distribution patterns out of 
the 12 most common.

Trying to summarise the results of such a 
large and complex analysis in simple terms is 
extremely difficult. Even after k-means parti
tioning has reduced the size of the data from 
2817 unique distribution patterns to fewer 
than 200 distinct geographical clusters, how
ever, the shape of the frequency distribution is 
still extremely skewed - the majority of diver
sity is still accounted for by only a few distribu
tion patterns. Only 38 distribution patterns out 
of 194 are shared by 100 genera or more; 
together these account for 8785 genera, or two- 
thirds of the total number for all angiosperms. 
Furthermore, if we then pose the question ‘Is 
there a relationship between floristic richness 
and floristic complexity?’, the answer seems to 

be: ‘yes’. Fig. 7 shows a strong correlation 
between the number of genera in a region, and 
the number of distribution patterns (as pro
duced by k-means partitioning) shown by those 
genera - what we might refer to as the ‘com
plexity’ of the floristic composition of a region. 
Not surprisingly, there is considerable scatter 
in this graph. Indicating the identity of these 
regions and superimposing a crude geographi
cal classification on top, however, as has been 
done for Fig. 7, reveals a striking uniformity 
within the evident clusters of the graph. 
Regions within each cluster are not necessarily 
geographically adjacent, or even geographi
cally close, but do share important geographi
cal characteristics. Some of these groups, fur
thermore, are essentially the same as those 
found in the analysis of floristic relationships 
presented earlier (see Fig. 5).

Moving up Fig. 7, at the bottom is a diffuse 
cluster of regions consisting only of islands: 
Macaronesia (21); Middle Atlantic Ocean (28); 
New Zealand (51); South-Central Pacific (61); 
Northwestern Pacific (62); North-Central 
Pacific (63); Subantarctic Islands (90). Island 
floras are not large (since most islands are 
small) and generally consist of a mixture of 
endemic elements and cosmopolitan elements, 
hence both the diversity and the complexity of 
these floras are low. This group of island 
regions was found repeatedly in the analysis of 
floristic relationships. Immediately above this 
is a large group of northern temperate regions; 
to the left of the group the most floristically 
depauperate of these: Russian Far East (31); 
Mongolia (37); Subarctic America (70) show 
considerably fewer distribution patterns than 
do the rest: Northern Europe (10); Middle 
Europe (11); Eastern Europe (14); Siberia 
(30); Middle Asia (32); Caucasus (33); Western 
Canada (71); Eastern Canada (72); Northwest
ern U.S.A. (73); North-Central U.S.A. (74); 
Northeastern U.S.A. (75).

Next come a group of more southerly but 
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still predominantly temperate regions which 
are here labelled ‘Mediterranean; Southern 
U.S.A.’ The North American component of 
this group is truly the southern U.S.A.: South
western U.S.A. (76); South-Central U.S.A. 
(77); Southeastern U.S.A. (78) while the 
‘Mediterranean’ component (Southwestern 
Europe, 12; Southeastern Europe, 13; North
ern Africa, 20) is missing one Mediterranean 
region (Western Asia, 34) hut has gained 
another (Arabian Peninsula, 35). Though this 
group consists of two geographically separate 
entities, these two entities are very similar in 
their latitude. Collectively, they show many 
more distribution patterns (have a more ‘com
plex’ flora) than the regression line would pre
dict for regions of such generic richness.

A large and diffuse group of tropical regions 
follows, representing all three of the tropical 
areas of Africa (West Tropical Africa, 22; West- 
Central Tropical Africa, 23; Northeast Tropical 
Africa, 24; East Tropical Africa, 25; South Trop
ical Africa, 26); SE. Asia (Indo-China, 41; Male- 
sia, 42; Papuasia, 43); and the Neotropics 
(Central America, 80; Caribbean, 81; Northern 
South America, 82), with many more genera 
but with correspondingly more distribution 
patterns. To the right of these, with similar 
numbers of genera but with many more distrib
ution patterns, is a group of three geographi
cally disparate but biogeographically inter
related regions: Southern Africa (27); Aus
tralia (50); Southern South America (85). The 
existence of pan-Southern Hemisphere taxa 
has long been known (Hooker 1853), but in 
this study only now, with the analysis of distrib
ution patterns, have these shared floristic ele
ments been revealed. In the analysis of floristic 
relationships, the influence of greater tropical 
diversity meant that the greatest similarity of 
each of these regions was with adjacent tropical 
areas, whereas now, their more complex bio
geographic relationships with distant areas are 
highlighted. Each of these regions is so large, 

however, that at their northernmost limit they 
each extend into the tropics, so it is perhaps a 
moot point whether or not they should really 
be labelled as ‘South temperate’.

Three regions, indicated by arrows in Fig. 7, 
do not ‘fit’ into this simple geographical classi
fication: they have both more genera and more 
distribution patterns than they ‘ought to’ from 
their geographic location. Southwestern 
Pacific (60) falls within the ‘Mediterranean; 
Southern U.S.A.’ cluster, not with the group of 
‘Island’ regions at the base of the graph; how
ever, it did not group with these ‘Island’ 
regions in the analysis of floristic relationships 
either. The reasons for the anomalous position 
of the Southwestern Pacific region in Fig. 7 
include: catching the tail end of the distribu
tions of many SE. Asian genera which reach no 
further into the Pacific; New Caledonia within 
this region is a continental fragment derived 
from Gondwanaland, and shows not only an 
exceptional degree of generic endemism but 
also many floristic relationships with other 
regions (New Guinea, Australia, New Zealand) 
which are not shown by any other islands in the 
vicinity. Then within the tropical group are two 
predominantly temperate Asian areas: Western 
Asia (34) and Eastern Asia (38).

Finally, at the top of the graph is a group of 
what I have labelled ‘mega-diversity’ regions 
(China, 36; Indian Subcontinent, 40; Mexico, 
79; Western South America, 83; Brazil, 84), 
which have much greater numbers of genera 
than do the other regions. These same regions 
were revealed as especially diverse both with 
respect to area and to latitude. One of them 
(Brazil, 84) may be regarded as exclusively 
tropical; three of the others (China, 36; Indian 
Subcontinent, 40; Mexico, 79) cross the impor
tant temperate-tropical boundary, so accumu
lating both exclusively temperate and exclu
sively tropical taxa; the final region (Western 
South America, 83) is the richest region at 
genus-level both in absolute and in relative 
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terms, but, as might Indian Subcontinent (40), 
it might be though of as crossing the temper- 
ate/tropical divide in elevation rather than 
strictly by latitude, as these two regions are also 
by far the most mountainous, containing the 
bulk of, respectively, the great mountain chains 
of the Andes and the Himalaya.

Discussion
If genus-level patterns really are acceptable sur
rogates for species-level diversity (Gaston 1996; 
La Ferla et al. 2002), perhaps inferences drawn 
from these analyses may also be applicable at 
species-level. For example, the Neotropics in 
general, and in particular western South Amer
ica and Central America, consistently emerge 
as the most diverse areas of the world for 
plants, at all spatial scales. At small scales, this 
was previously shown by Gentry (1988), in a 
global analysis of species-richness data from 
standard-sized 0.1-ha wet forest plots, where 
only one out of the five richest sites was not 
found in the Neotropics (Semengoh Forest in 
Sarawak [Borneo]); of the Neotropical sites, 
two were in Colombia and two in Peru. It has 
also been shown by a similar re-analysis of the 
raw data from Davis et al. (1994-1997) and from 
Mittermeier et al. (1999), again in each case re
scaling absolute species numbers by the 
species-area relationship where z = 0.14 (Brum
mitt & Nic Lughadha 2003). For the data from 
Davis et al. (1994-1997), the richest areas were 
found to be La Amistad (Costa Rica / 
Panama), the region of the upper Rio Negro 
(Brazil / Colombia / Venezuela) and Braulio 
Carillo - La Selva (Costa Rica). Similarly, re
analysing the ‘hotspots’ data of Mittermeier et 
al. (1999) reveals the Tropical Andes and 
Mesoamerica hotspots to be by far the most 
diverse for both total vascular plant species and 
endemic vascular plant species. Furthermore, 
in the pioneering study by Barthlott et al. 
(1996), three of the six areas where vascular 

plant diversity was estimated to exceed 5,000 
species/10,000 km2 were found in the 
Neotropics: the Choco-Costa Rica centre; the 
Tropical Eastern Andes centre; and the 
Atlantic Brazil centre. Notwithstanding that 
this result might prove to be dependent on the 
scale of analysis (Rahbek & Graves 2001), here 
again it is western South America which is the 
richest region of the world, this time for gen
era of flowering plants.

That Central America is among the most 
diverse was not expected, the small area of this 
region masking its apparent diversity. However, 
this may be due to Central America being both 
the southern limit of distribution for many 
northern hemisphere taxa, and the northern 
limit of distribution for many tropical and 
southern hemisphere taxa, given that degree 
of generic endemism is not especially high for 
Central America (3.7%). That is to say, Central 
America straddles different biogeographic 
regions, in addition to there also being many 
pantropical taxa or taxa from throughout the 
Neotropics there. This same argument applies 
to Mexico just to the north, although the flora 
of Mexico shows a more pronounced northern 
bias (many North American genera do not 
reach south beyond Mexico, while many South 
American genera do not reach north beyond 
Central America). Geologically, the mountains 
today forming the backbone of the Central 
American isthmus have their origin in the 
Andean orogeny caused by the meeting of the 
North American and South American plates, 
with a recent period of uplift under the north
western Andes from approximately 5 million 
years ago (mya), and a growing series of vol
canic islands between the two continents then 
coalescing to form the Isthmus of Panama in 
the Pliocene, approximately 3.5 mya (Marshall 
et al. 1980; Coates & Obando 1996).

Gentry (1982) proposed that the exception
ally high floristic diversity of the northwestern 
Andean and southern Central American 
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region was principally due to rapid, sympatric 
in situ speciation caused by the uplift of the 
Andes mountains, on top of an already-rich 
tropical flora, and he estimated that this explo
sive speciation might account for approxi
mately half of the total number of Neotropical 
species. Gentry (1982) distinguished three 
broad floristic elements within the Neotropics 
as a whole (notwithstanding the tremendous 
floristic complexity of such a large area at more 
detailed scales): Laurasian taxa, which were 
originally absent from the isolated South 
American continent but which migrated south 
from North America as the Isthmus of Panama 
closed; Gondwanan, Amazonian-centred trees 
and lianas with almost half of their species 
complement in Amazonia; and Gondwanan, 
Andean-centred taxa with only a minority of 
species present in Amazonia. Plant groups with 
a northern-Andean-centred distribution tend 
to be the abundant guilds of epiphytes, under
story shrubs and palmettos that are less promi
nent in the Palaeotropics, which are charac
terised by numerous local endemic species in 
small habitat patches subject to frequent dis
turbance, with rapid generation times and spe
cific pollinator relationships, all factors pro
moting rapid speciation (Gentry 1982). This 
hypothesis remained untested until borne out 
in a recent study of the species-rich genus Inga 
(Leguminosae), where molecular estimates of 
the mean divergence time of all species from 
the most-recent common ancestor of the genus 
from two separate gene regions were between 
3.5 and 5.9 mya, respectively (after application 
of non-parametric rate smoothing; Richardson 
et al. 2001).

Gentry (1982) further hypothesized consid
erable floristic interchange between Northern 
and Southern America following the closing of 
the Panamanian isthmus, though he suggests 
that in this case the interchange occurred with
out significant amounts of speciation (at least 
for woody taxa) in either the northern or 

southern elements. Also, there seems to be 
some ecological differentiation between the 
two elements, with many Laurasian (northern) 
taxa today confined to the montane Andes and 
absent from lowland South America, and 
Gondwanan, Amazonian-centred (southern) 
taxa dominant in lowland forest types (Gentry 
1982). Furthermore, the woody Laurasian taxa 
show a higher proportion of wind-pollination, 
longer generation times and low numbers of 
species. Gondwanan, Amazonian-centred trees 
and lianas, however, show restricted allopatric 
distributions within a widespread lowland rain 
forest habitat, with species of unrelated groups 
found in the same small areas which have been 
proposed as Pleistocene forest refuges within a 
(then) more widespread savannah (Prance 
1973; Gentry 1982) or seasonally-deciduous 
forest habitat (Pennington et al. 2000).

This scenario of both northern and south
ern migrations into Mexico, Central America 
and western South America may also apply to 
Region 81, the Caribbean. The proto-Antilles 
was created at the junction of the Northern 
and Southern American plates, and was then 
isolated by the pinching of the Caribbean plate 
from the easternmost section of the East 
Pacific plate when North and South America 
eventually joined, forming the Greater Antilles 
we know today (Gentry 1982; Hedges 2001). 
Gentry (1982) emphasised the dual northern 
and southern affinities of the Caribbean flora, 
which Rosen (1975) had suggested was due to 
the original vicariant stocking of a proto-Antil- 
lean island arc which was located between sep
arate North and South American continents. 
The age of the Greater Antilles (Cuba, Hispan
iola, Puerto Rico and Jamaica) is estimated at 
about 60 - 45 mya and for the Lesser Antilles at 
about 10 mya (Rosen 1975, 1985; MacPhee & 
Grimaldi 1996; Hedges 2001). Rosen (1975) 
identified two major terrestrial elements of the 
Caribbean biota, between each of North Amer
ica and South America, and the Caribbean, 
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respectively, which ‘represent extensions of the 
original biotas into the Caribbean region’, as 
well as two marine elements between both the 
eastern Atlantic and the eastern Pacific, and 
the Caribbean. In this vicariance model, the 
biotic interchange occurred primarily through 
the proto-Antilles archipelago, not the mod
ern-day Greater and Lesser Antilles, as it later 
became. However, a series of recent studies on 
zoological taxa (reviewed in Hedges 2001) cal
culate divergence times for Caribbean lineages 
which are too young to have been the product 
of vicariance and which imply later (Cenozoic) 
over-water dispersal from modern-day conti
nents to various Caribbean islands.

The Caribbean also shows relatively higher 
generic endemism (12.6%) than do either 
western South America (10.8%) or Central 
America (3.7%), and in this case one might 
think the fragmentary nature of the region is 
contributing to increased generic diversity. In 
fact, however, this is not so; some two-thirds of 
Caribbean genera (134 of 201) are confined to 
either or both of only two islands: Cuba and 
Hispaniola. It is the isolation of this region 
from the continental Americas that is impor
tant, not the fragmented nature of the region 
itself, and the predominance of endemic gen
era on only the oldest islands of the Caribbean 
archipelago furthermore might perhaps give 
more weight to a vicariant rather than a disper- 
salist origin for these endemics, in contrast to 
zoological taxa, where the distribution of mod
ern-day higher-level taxa is often widespread, 
but diversity of both modern-day and fossil 
higher-level taxa is low (Hedges 2001).

A single tectonic episode, the fusion of the 
two American continents, would therefore 
have allowed floristic interchange between two 
isolated floras across what became the most- 
diverse Neotropical regions, 79 (Mexico), 80 
(Central America), 81 (Caribbean), and 83 
(Western South America). However, this inter
change would have occurred at different times: 

in the late Mesozoic / early Cenozoic for the 
Caribbean (Rosen 1975 1985; Hedges 2001); 
during the Pliocene for Central America and 
western South America (Gentry 1982; Richard
son et al. 2001). In the former case, the sce
nario is one of initial floristic interchange fol
lowed by isolation and then additional later 
dispersal to the Caribbean, resulting in high 
endemism. In the latter case, this initial diver
sity from floristic interchange is then thought 
to have been coupled with high speciation 
rates following isolation of populations by the 
successive phases of the Andean Orogeny in 
the Central American / northwest South 
American region. In each case, however, since 
the endemic genera are only ever a small com
ponent of the total generic flora, what is under
pinning the diversity within that region is the 
number and strength of floristic relationships 
between that region and the regions beyond it. 
The greater the number of the floristic ele
ments within that region, the greater is the 
diversity of that region.
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worldwide network of large plots

Richard Condit, Peter Ashton, Henrik Balslev, Nicholas Brokaw, 
Sarayudh Bunyavejchewin, George Chuyong, Leonard Co, 

Handanakere Shivaramaiah Dattaraja, Stuart Davies, Shameema 
Esufali, Corneille E.N. Ewango, Robin Foster, Nimal Gunatilleke, 
Savi Gunatilleke, Consuelo Hernandez, Stephen Hubbell, Robert

John, David Kenfack, Somboon Kiratiprayoon, Pamela, Terese Hart, 
Akira Itoh, James V. LaFrankie, Innocent Liengola, Daniel

Lagunzad, Suzanne Loo de Lao, Elizabeth Losos, Else Magård, Jean- 
Remy Makana, N. Manokaran, Hugo Navarrete, Supardi Mohammed 
Nur, Tatsushiro Okhubo, Rolando Pérez, Cristian Samper, Lee Hua 

Seng, Raman Sukumar, Jens-Christian Svenning, Sylvester Tan,
Duncan Thomas, Jill Thompson, Martha Isabel Vallejo, Gorky Villa 

Munoz, Renato Valencia, Takuo Yamakura and Jess K. Zimmerman

Condit, R., Ashton, P., Balslev, H., Brokaw, N., Bunyavejchewin, S., Chuyong, G., Co, L., Dat
taraja, H.S., Davies, S., Esufali, S., Ewango, C.E.N., Foster, R., Gunatilleke, N., Gunatilleke, S., 
Hernandez, C., Hubbell, S., John, R., Kenfack, D., Kiratiprayoon, S., Halt., P., Hart, T., Itoh, A., 
LaFrankie, J., Liengola, I., Lagunzad, D., Lao, S., Losos, E., Magard, E., Makana, J., Manokaran, 
N, Navarrete, H., Mohammed Nur, S., Okhubo, T., Pérez, R., Samper, C., Hua Seng, L., Sukumar, 
R., Svenning, J.C., Tan, S., Thomas, D., Thompson, J., Vallejo, M., Villa Munoz, G., Valencia, R., 
Yamakura, T. & Zimmerman, J. 2005. Tropical tree a-diversity: Results from a worldwide network of 
large plots. Biol. Skr. 55: 565-582. ISSN 0366-3612. ISBN 87-7304-304-4.

We assembled data on the diversity of tree species, genera, families, and orders in 13 large-scale 
forest inventory plots across the tropics. Each plot included at least 16 ha where every individual 
> 1 cm in stem diameter was censused, providing a much more thorough measure of a-diversity 
than the typical 0.1- or 1-ha inventories. Amazonian and Southeast Asian plots had more than 
1000 tree species, double the highest prior estimate of a-diversity. Not all plots were so diverse, 
though, and there was 16-fold variation in species richness across the sites. By subsampling the 
larger plots, we evaluated species richness at smaller scales and found that it generally predicted 
richness in the larger plots quite well. There were exceptions, however. African plots had low 
diversity in single hectares, but reasonably high diversity in 20 ha. This can be attributed to the 
high degree of dominance in African plots: a few abundant species occupied a higher proportion 
of the forest than in other plots. Finally, based on the recent APG phylogeny, we evaluated diver
sity at higher taxonomic levels, and found that plots that were richest in species were also richer 
in genera, families, orders, species per genus, and genera per family. High richness at all taxo
nomic levels in the most diverse forests demonstrates that at least some of the variation in tropi
cal forest diversity is ancient. However, high species-genus ratios in the richest forests also suggest 
that recent speciation has contributed to the variation in diversity across tropical forests.
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Introduction
Tropical forests are known for high a-diversity, 
with hundreds of tree species found on single 
hectares. This diversity hinders the under
standing of diversity, though, because small 
plots are poor at uncovering the rare species. 
Single hectares are filled with singletons - 
species occurring only once - and clearly miss 
many local species. The Center for Tropical 
Forest Science has sought to remedy this by 
much larger-scale studies at a few key sites 
(Condit 1995, 1998, Ashton 1998). These large 
plots are expensive and labour-consuming, and 
cannot be done in many places, but they pro
vide a window into the details of tropical tree 
diversity. Here we present a comparison of 

species abundance and diversity at 13 sites 
where large inventories are complete. We focus 
on two basic issues. First, how well to the typical 
small inventories, 0.1 or 1 ha, represent a- 
diversity at a site? By how much do they under
estimate local diversity? Given the underesti
mate, can they be used to predict patterns of 
diversity across sites? This is crucial to studies 
of variation in diversity, since all are based on 
small plot inventories (Gentry 1992, Phillips et 
al. 1994, ter Steege et al. 2000). Second, how do 
forests compare in diversity at higher taxo
nomic levels? Few studies have considered this 
topic before (Enquist et al. 2002), but recom
mendations to utilize criteria based on phy
logeny, not just species, for assessing conserva
tion needs are now surfacing (Webb et al. 2002,
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Mace et al. 2003). Moreover, hypotheses about 
evolutionary patterns and the origin of diver
sity depend on deep phylogénie divisions 
(Richardson et al. 2001, Bermingham & Dick 
2001, Enquist et al. 2002).

Methods
Large plot inventories are now completed at 13 
sites on three different continents. At each site, 
all individuals > 1 cm in diameter (or dbh, 
diameter-breast-height) were mapped, mea
sured, and identified to species over at least 16 
ha. Two of the sites are in the Congo, 40 km 
apart; all others are widely separated (Table 1). 
Each of the two Congo sites includes two sub
plots of 500 X 200 m, with a 500 m gap 
between, but we treat these as single plots of 20 
ha. All other plots are contiguous rectangles 
(1040 X 500, 1000 X 500, 500 x 500, 400 x 400, 
or 320 x 500 m). Details of census methods are 
described in Condit (1998). Sites were deliber
ately chosen to span major biogeographic and 
climatic realms; however, all but one are < 500 
m elevation (the La Planada site in Colombia is 
1800 mASL).

Species, genus, and family richness were tal
lied in complete plots and in subquadrats 
within plots. In all cases, tallies of different taxa 
in a subquadrat were carried out by randomly 
choosing a pair of coordinates x and y, then 
considering a rectangular region whose lower- 
left corner was x, y (lower-left was based on 
general plot orientation; in most but not all 
plots, lower-left meant southwest). Unless oth
erwise specified, subquadrats were square with 
dimensions of 5, 10, 20, 25, 50, 100, or 200 m. 
Random quadrats were placed 100 times, and 
the mean and standard deviation of counts of 
individuals and taxa (species, genera, families, 
orders) were tallied.

Species abundances are crucial to under
standing diversity estimates, since rare species 
are easily missed in inventories. Complete 

abundance distributions from all plots were 
compared with histograms. To more precisely 
compare the proportion of rare species, abun
dances were recalculated in exactly 20 ha from 
all plots larger than 20 ha, and the proportion 
of species with < 0.3 individuals per ha was used 
as a rare species count. In the 25-52 ha plots, 
the standard deviation and confidence limits 
for this proportion were calculated from 100 
random subquadrats of 20 ha; in 50 ha plots, 
subquadrats were 1000 x 200 m (close to the 
shape of the Congo plots), whereas in 25 ha 
plots, the subquadrats were 500 x 400 m. (In 
larger plots, we compared 1000 x 200 m and 
500 x 400 m subquadrats and found little dif
ference in the percentage of rare species.) In 
the Congo, confidence limits were not avail
able, since each site had only a 20 ha sample.

Generic, family, and order designations for 
each species were based on the classification of 
APG II (the Angiosperm Phylogeny Group 
2003). This is based on the most recent evi
dence available and attempts to reflect 
angiosperm phylogeny as closely as possible. 
Across all 13 plots, there were 1080 genera, 
and we were able to place nearly all of them in 
APG II. In cases where we could not place a 
genus, we did not assign a family unless we 
were certain that it belonged to a group unal
tered by the APG classification. There remain 
unidentified morphospecies in most of the 
plots - trees that could be consistently distin- 
guised from other known species, but are not 
matched (yet) to herbarium specimens. Most 
of the these morphospecies have been assigned 
generic designations, and thus can be classi
fied, but 10% of all species at the plot in Thai
land, 8% in Ecuador, and 6% in Cameroon 
could not be assigned genera (all other plots 
had < 4% unassigned). Estimates of genus, 
family, and order richness at these sites are 
biased downward, but probably by < 5% (since 
many of the unassigned species are likely to be 
in already tallied genera).
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Total diversity

Previous studies have found 300 or even 500 
species of trees in small plots of forest (Phillips 
et al. 1994, Valencia et al. 1994). Our largest 
plots show that these are substantial underesti
mates of true «-diversity: more than 800 
species of trees > 10 cm dbh were found 
within 25 ha squares in the Lambir plot in 
Borneo and the Yasuni plot in Ecuador (Table 
1 ). Both sites had >1100 species of trees plus 
treelets > 1 cm dbh. The Yasuni plot had over 
350 species of understory treelets on 9 ha of 
topographically homogeneous ridge-top 
(Valencia et al. 2004). Diversity was broadly 
associated with climate: the three richest sites 
had no dry season, while the poorest site was 
also the driest (Table 1).

Diversity in single hectares vs. large 
plots
Single hectares from the 13 plots included a 
wide range of species diversity of trees >10 cm 
dbh, from a mean of 22 in southern India to 
254 in Amazonian Ecuador (Table 1 ). Expand
ing plots to 25 or 50 ha greatly increased 
species counts, and including smaller trees (1- 
10 cm dbh) increased counts further (Table 
1). Across plots, the magnitude of the aug
mentation was consistent: for instance, in 
Thailand, Sri Lanka, India, and Panama, the 
increase in species from 1 ha (> 10 cm dbh) to 
25 or 50 ha (> 1 cm dbh) was very close to 3- 
fold; at the very diverse sites in Malaysia and 
Ecuador, it was closer to 4-fold. The consis
tency of this increase suggest that small plots 
are a valid way to judge patterns of relative 
diversity (Gentry 1992, ter Steege et al. 2000), 
but that they substantially underestimate «- 
diversity.

The plots in Africa, especially the monodom
inant sites in the Congo, deviated most from 
this pattern: the increase in species count from 

a single hectare to the larger plot was 5- to 7- 
fold. The contrast is clear when comparing, for 
instance, the Congo monodominant site with 
the Panama site. A single hectare in the former 
had barely half the species >10 cm dbh as a sin
gle hectare in Panama, yet 20 ha in the Congo 
had more species than 50 ha in Panama among 
trees > 1 cm dbh.

The standard deviation in diversity was low, 
always substantially below the mean. As a 
result, given the large size of the plots, confi
dence intervals in diversity estimates were very 
narrow, usually <5% of the mean (Appendices 
1-3).

Species accumulation
Species-area curves illustrate the increase in 
diversity from small to large plots in all forests 
at once (Fig. 1). To the extent that all the 
curves in Fig. 1 have the same shape, small 
plots accurately assess relative diversity differ
ences among forests (but underestimate total 
«-diversity). Indeed, species-area curves from 
all plots were quite similar in general form, 
roughly parallel to one another (Condit et al. 
1996b). Nearly all differences between plots in 
diversity at all plot sizes were statistically signifi
cant (confidence limits were omitted from Fig. 
1 to avoid clutter, but are given in Appendices 
1-3).

The species-area curves were not precisely 
parallel, however, and in cases where they 
intersected, small plots are misleading. The 
two dashed green curves in Fig. 1 represent the 
two 20-ha plots in the Congo; both curves 
started well below the Sri Lanka and Panama 
curves but intersected them and rose higher. 
The plot in Thailand also had a curve inter
secting those from several other plots. Differ
ences in shape of the curves are most likely due 
to differences in abundance distributions (He 
& Legendre 2002).
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area
Fig. 1. Species accumulation as a function of the area of successfully larger square subquadrats within tropical forest plots. 
Asian sites are indicated in red, American in blue, and African in green.

Abundance distributions
Large plots provide detailed descriptions of 
species-abundance distributions because large 
number of individuals are sampled over many 
species. That abundance distributions from dif
ferent forests had similar shapes led Hubbell 
(2001) to derive a general theory relating 
species accumulation to species abundance. In 

eight plots, species-abundance distributions 
were similar and nearly log-normal (Fig. 2A). 
All deviated in the same way, with a left skew
ness that indicates more rare species than com
mon. Hubbell’s (2001) neutral model predicts 
this skewness, but McGill (2003) argued that 
the log-normal is still the best description.

Five other plots had abundance distributions 
that were quite different, having more rare

Fig. 2. Species abundance distributions in large tropical forest plots. The vertical axis shows the fraction of species in the —> 
entire plot falling in various abundance categories. The horizontal axis gives density of individuals > 1 cm dbh per ha, on a 
logarithmic scale; bin size increases exponentially with abundance, as usual in log-transformed abundance distributions. 
The 13 different plots are split into two groups to make it easier to see individual lines. The division was post-hoc, based on 
similarity in form: A) eight plots which had symmetrical, nearly log-normal abundance distributions; B) five which had 
wider and flatter distributions. Asian sites are indicated in red, American in blue, and African in green.
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Table 2. Percent of rare species (those with < 0.3 individuals per ha) at each of the plots, and relative abundance of the 
dominant species. Both are given as mean ± 95% confidence limits, based on replicate 20-ha subquadrats. Confidence lim
its for Congo sites could not be calculated, since the plots were only 20 ha; for sites marked with an asterisk, the estimates 
are based on the full 16 ha, and also lack confidence limits.

Plot % rare species % dominance dominant species

Lambir, Borneo, Malaysia 14.9 ± 3.7 2.6 ± 1.0 Dryobalanops aromatic
Gaertner (Dipterocarp-)

Huai Khae Khaeng, Thailand 44.8 ± 1.5 10.0 ±5.2 Croton oblongifolius
Roxb. (Euphorbi-)

Mudumalai, India 41.7 ±4.8 22.8 ± 6.5 Kydia calycina
Roxb. (Malv-)

Pasoh, Peninsular Malaysia 19.2 ±3.5 2.7 ± 0.3 Xerospermum noronhianum
Blume (Sapind-)

Sinharaja, Sri Lanka 16.6 ±0.9 12.1 ±0.4 Humboldtia laurifolia 
M. Vahl (Fab-)

Palanan, Philippines * 37.9 5.6 Nephelium lappaceum
Poiret (Sapind-)

Barro Colorado, Panama 25.6 ±2.7 15.7 ± 1.9 Hybanthus prunifolius
Schulze-Menz (Viol-)

La Planada, Colombia 24.2 ± 2.9 15.6 ±0.1 Faramea caffeoides
C.M. Taylor (Rubi-)

Yasuni, Ecuador 31.1 ±0.6 3.1 ±0.1 Matisia oblongifolia 
Poeppig & Endl. (Malv-)

Luquillo, Puerto Rico * 40.7 19.6 Palicourea riparia 
Benth. (Rubi-)

Korup, Cameroon 29.2 ± 2.6 8.3 ± 1.5 Phyllobotryum spathulatum
Müll. Arg. (Salic-)

Ituri, D.R. Congo:
Lenda (monodominant)

48.4 45.0 Scaphopetalum dewevrei
Wildem. & Th.Dur. (Malv-)

Edoro (mixed) 52.2 41.8 Scaphopetalum dewevrei

species and no distinct mode of abundance 
(Fig. 2B). The Congo plots had the highest 
fraction of species with < 0.3 individuals per ha: 
the percentage at both Congo plots exceeded 
the upper 95% confidence limit from all other 
plots (Table 2). The two plots in drier climates 
(Thailand and India) and the Puerto Rico plot 
also had high percentages of rare species. The 
India and Puerto Rico plots are the only two 
subjected to major human disturbance in the 
past century, and the latter suffers hurricane 
disturbance regularly (Zimmerman el al.

1994). Coupled with rarity, the Congo plots 
also had the most abundant species at any site 
(Table 2): Scaphopetalum deiuevrei had a density 
of > 2000 treelets per ha, more than double the 
density of any other species in the 13 plots (it 
appears as the rightmost tail in Fig. 2B).

Monodominance
Species-area and species-abundance compar
isons indicate that the Congo plots deviated in 
two ways from other plots: they had a steeper 
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increase in species richness from small to large 
samples (Table 1, Fig. 1), and they had more 
rare species as well as the most abundant 
species (Table 2, Fig. 2B). The latter reflects 
monodominance, where a single species occu
pies a high proportion of the trees in a forest; 
Congo plots had the highest degree of domi
nance among the 13 plots (Table 2). We sug
gest that monodominance is also responsible 
for the form of the species-area curve (He & 
Legendre 2002). High numbers of rare species 
mean that species counts from small plots are 
low, because rare species are inefficiently sam
pled; small plots thus represent true «-diversity 
poorly. Rare species in all tropical forests are a 
problem for species-sampling, but the problem 
is accentuated in monodominant African plots.

Monodominance in African forests has been 
widely discussed (Connell & Lowman 1989, 
Hart 1990, Newbery et al. 2000), but usually in 
terms of abundance or basal area of large trees. 
One of the two plot sites in the Congo was cho
sen to represent monodominance by a large 
Caesalpinoid tree, Gilbertiodendron dewevrei (De 
Wild.) Leonard. The other site in the Congo 
(just 40 km from the first) was chosen as 
“mixed forest”, where Gilbertiodendron was 
much less common. It was not, however, only 
Gilbertiodendron that dominated the Congo 
plots, indeed, Scaphopetalum was numerically 
far more important. Understory dominance, 
and the fact that heavy dominance extends 
even to the so-called “mixed forests” of the 
Congo, has not been widely recognized (Hart 
1990, Makana et al. 2004).

Do monodominance and rarity go hand-in- 
hand? The Congo example suggests so, and 
there is a consistent relationship between low 
dominance and few rare species (Table 2). The 
Thai plot was exceptional, though, having 
many rare species — comparable to the Congo — 
without dominance (Table 2, Fig. 2B). The 
species-area curve for the Thai plot had a tra
jectory parallel to those from the Congo, start

ing with very low richness but exceeeding sev
eral other plots in the full 50 ha. We conclude 
that Congo and Thai plots had “inefficient” 
species-accumulation curves (with poor esti
mates of diversity in small samples) due to 
large numbers of rare species, not due to mon
odominance. The analytical approach of He 
and Legendre (2002) could be used to further 
test this assertion.

Diversity of higher taxa
Genus, family, and order accumulation curves 
closely resembled species-area curves in form: 
on log-log axes, the slope was initially steep, 
but quickly declined (data not shown). Species
genus ratios also increased with sample-size, 
but the form was not consistent (Fig. 3). At 
some plots, the increase resembled the form of 
the species-accumulation curve, but in other 
plots (Philippines and Cameroon), the 
increase was linear (on log-log axes), and in Sri 
Lanka, it was asymptotic. In Panama, we also 
tallied genera in larger areas, and the species
genus ratio continued to increase beyond 50 
ha, with the steepest increase at much larger 
scales; the behavior of the curve within 50 ha 
did not predict behavior beyond 1000 ha.

The generalization is that species-genus 
ratios are underestimated in small plots. Inter
estingly, the species-genus ratio increased 
within plots between 1 ha and 25 ha along the 
same line as it increased between plots (Fig. 4) ; 
two exceptions were in Sri Lanka and Puerto 
Rico, where the species-genus ratio barely 
changed between 1 and 25 ha. Appendices 1-2 
show species-genus and genus-family ratios at 
two scales, along with confidence limits, in all 
plots.

Richer forests were richer at every taxo
nomic level (Fig. 5): they had more orders, 
families, and genera, as well as more genera 
per family and more species per genus, and 
these differences were all significant statisti- 
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cally (see Appendices 1-2 for confidence lim
its). The correlation were not exact, however, 
and the number of genera per family, in par
ticular, was only weakly related to species rich
ness (Fig. 5). Weakness of the correlations 
means that different regions varied in details 
regarding the source of species diversity. For 
example, the Borneo and Ecuador plots were 
similar in family and order richness, but the 
Ecuador site was richer in genera-per-family 
while the Borneo plot was richer in species- 
per-genus (all differences highly significant if 
measured at the 1-ha scale; see Fig. 5, Appen
dices 1-2). The reversals just cancelled, so that 
the two plots were similar in species richness.

Also, African plots were rich in genera-per- 
family but poor in orders and families relative 
to other plots with similar species richness 
(Fig. 5).

Conclusions
One broad result from the large inventories 
should be heartening - single hectares accu
rately represented general trends of relative a- 
diversity. For example, the large and well- 
known difference in diversity between asea- 
sonal wet forests (Southeast Asia and Amazo
nia) and seasonal forests (Central America and 
South Asia) are revealed by small plots as well

area
Fig. 3. Species-per-genus as a function of the area of successively larger square subquadrats within tropical forest plots. 
Asian sites are indicated in red, American in blue, and African in green.
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Fig. 4. Species-per-genus as a function of total species richness across tropical forest plots, with both axes logarithmic. 
Open circles indicate 1-ha samples; closed circles 25 ha (or from the entire plot when smaller than 25 ha). Dashed lines 
connect the 1-ha and 25-ha points from the same plot. Asian sites are indicated in red, American in blue, and African in 
green.

as large. Likewise, the low diversity on island 
plots (Puerto Rico, Sri Lanka, the Philippines) 
has been widely established by smaller invento
ries. The assumption that single hectares ade
quately judge relative diversity underlies nearly 
all discussions of variation in a-diversity but has 
seldom been stated.

In Africa, though, single hectare plots are 
misleading, and ecologists have failed to prop
erly assess a-diversity. African forest diversity 
has been judged low by tropical forest stan
dards (Richards 1973, Connell & Lowman 
1989), but these judgments have been based 
on small plots. In fact, African forests are per

fectly respectable in a-diversity when judged by 
our larger plots (Table 1, Fig. 1). Still, plots in 
Congo and Cameroon did not approach the 
very high richness found in Amazonia and 
Southeast Asia, and we doubt any Africa site 
will.

We believe that high family and genus diver
sity in Amazonia and Southeast Asia demon
strates that some of the extraordinary richness 
there is ancient. On the other hand, the 
species-per-genus ratio was also consistently 
related to species richness, suggesting that 
some of the diversity variation in the tropics is 
due to recent speciation. Both the museum
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species

Fig. 5. Richness of higher taxonomic levels as a function of species richness across large tropical forest plots. Both axes are 
logarithmic. The horizontal axis is identical in all 4 panels. All five of the relationships have a regression line (from log- 
transformed variables) drawn; all five regressions were significantly positive.

hypothesis and the recent-speciation hypothe
sis are supported (Richardson et al. 2001, 
Bermingham & Dick 2001). The fact that the 
species-genus ratio increases with sample size 
within plots along the same line as it does 
between forests suggests that extinction has 
been blind to genus-level taxonomy, randomly 
removing species without regard to their genus 
affiliation. The results do not prove random 
extinction, but they are consistent with it.

Increasing species-genus ratio with increas
ing generic richness is consistent with two alter

native hypotheses about diversity: increased 
speciation in rich sites, or increased extinction 
in low-diversity sites. There is one major 
hypothesis not consistent with these results: 
that the high speciation rate has been entirely 
recent. If speciation rate has been higher at 
some sites, it must have been going on for 
more than 70 million years, which is the age of 
many angiosperm families.

Classification schemes at all taxonomic lev
els, from species to orders, whether based on 
DNA or morphology, reflect taxonomists’ 
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biases as well as true relationships. It is possi
ble, for instance, that African forests are poor 
in families and rich in genera per family solely 
because African taxonomists split genera more 
often than American taxonomists do. We 
doubt, though, that biases in classification 
account for the overall patterns in diversity of 
higher taxa shown in Fig. 5. It seems clear that 
species-rich forests are also richer at deeper 
phylogenetic divisions. Better-resolved molecu
lar phylogenies of more angiosperm genera 
and families will soon provide more precise 
estimates of deep diversity (Webb et al. 2002).

Fortunately, variation in generic richness 
and the species-genus ratio were (mostly) cor- 
rectlyjudged in smaller plots. For this reason, a 
much larger study of species-genus ratios and 
generic and family diversity across continents 
could be done with the large number of 0.1- 
and 1-ha plots now assembled (Enquist et al. 
2002). We emphasize, though, that the large 
plots have allowed us to check assumptions 
about how well small plots assess diversity.

Acknowledgments
The Center for Tropical Forest Science wishes 
to thank the large number of funding agencies, 
adminstrative staff, and field workers that have 
made it possible to collect and collate this large 
amount of data from all over the world. We 
thank especially I. Rubinoff and the Smithson
ian Tropical Research Institute, the U.S. Na
tional Science Foundation, and the MacArthur 
Foundation, for consistent support. The work
shop that allowed us to assemble these data was 
supported by NSF grant DEB-0090311.

Literature cited

Angiosperm Phylogeny Group. 2003. An update of the 
Angiosperm Phylogeny Group classification for the 
orders and families of flowering plants: APG II. Bot. J. 
Linn. Soc. 141: 399-436.

Ashton, PS. 1998. A global network of plots for under

standing tree species diversity in tropical forests. In: 
Dallmeier, F. & Comiskey, J.A. (eds.), Forest Biodiversity 
Research, Monitoring and Modeling: Conceptual Background 
and Old World Case Studies. UNESCO and Parthenon Pub
lishing Group, Paris and New York. Pp. 47-62.

Bermingham, E. & Dick, C. 2001. The Inga - newcomer or 
museum antiquity? Science 293: 2214-2216.

Bunyavejchewin, S., Baker, P.J., LaFrankie, J.V. & Ashton, 
P.S. 2001. Stand structure of a seasonal dry evergreen 
forest at Huai Kha Khaeng Wildlife Sanctuary, Western 
Thailand. Nat. Hist. Bull. Siam Soc. 49: 89-106.

Condit, R. 1995. Research in large, long-term tropical for
est plots. Trends Ecol. Evol. 10: 18-22.

Condit, R. 1998. Tropical Forest Census Plots. Springer-Verlag 
and R. G. Landes Company, Berlin, Germany and 
Georgetown, Texas.

Condit, R., Ashton, P.S., Manokaran, N., LaFrankie, J.V., 
Hubbell, S.P. & Foster, R.B. 1999. Dynamics of the forest 
communities at Pasoh and Barro Colorado: comparing 
two 50 ha plots. Philos. Trans., Ser. B354: 1739-1748.

Condit, R., Hubbell, S.P. & Foster, R.B. 1996a. Changes in a 
tropical forest with a shifting climate: results from a 50 
ha permanent census plot in Panama. J. Trop. Ecol. 12: 
231-256.

Condit, R., Hubbell, S.P., LaFrankie, J.V., Sukumar, R., 
Manokaran, N., Foster, R.B. & Ashton, P.S. 1996b. 
Species-area and species-individual relationships for 
tropical trees: a comparison of three 50 ha plots. J. Ecol. 
84: 549-562.

Connell, J.H. & Lowman, M.D. 1989. Low-diversity tropical 
rain forests: some possible mechanisms for their exis
tence. Amer. Naturalist 134: 88-119.

Enquist, B.J., Haskell, J.P. & Tiffney, B.H. 2002. General 
patterns of taxonomic and biomass partitioning in 
extant and fossil plant communities. Nature 419: 610- 
613.

Gentry, A.H. 1992. Tropical forest biodiversity: distribu
tional patterns and their conservational significance. 
Oikostt: 19-28.

Hart, T.B. 1990. Monospecific dominance in tropical rain 
forests. Trends Ecol. Evol. 5: 6-11.

He, F. & Legendre, P. 2002. Species diversity patterns 
derived from species-area models. Ecology 83: 1185-1198.

Hubbell, S.P. 2001. The Unified Neutral Theory of Biodiversity 
and Biogeography. Princeton University Press, Princeton, 
NJ-

Hubbell, S.P. & Foster, R.B. 1983. Diversity of canopy trees 
in a neotropical forest and implications for conserva
tion. In: Sutton, S.L., Whitmore, TC. & Chadwick, A.C. 
(eds.), Tropical Rain Forest: Ecology and Management. 
Blackwell Scientific Publications, Oxford. Pp. 25-41.

Lee, H.S., Davies, S.J., LaFrankie, J.V., Tan, S., Yamakura, 
T., Itoh, A. & Ashton, P.S. 2002. Floristic and structural 



580 BS 55

diversity of 52 hectares of mixed dipterocarp forest in 
Lambir Hills National Park, Sarawak, Malaysia. J. Trop. 
Forest Sei. 14: 379-400.

Mace, G.M., Gittleman, J.R. & Purvis, J.R. 2003. Preserving 
the tree of life. Science 300: 1707-1709.

Makana, J.-R., Hart, T.B. & Hart, J.A. 1998. Forest structure 
and diversity of lianas and understory treelets in mon
odominant and mixed stands in the Ituri Forest, Democ
ratic Republic of the Congo. In-. Dallmeier, F. & 
Comiskey, J.A. (eds.), Forest Biodiversity Diversity Research, 
Monitoring, and Modeling. UNESCO, the Parthenon Pub
lishing Group, Paris. Pp. 429-446.

Makana, J.-R., Hart, T.B., Hibbs, D.E. & Condit, R. 2004. 
Stand structure and species diversity in the Ituri forest 
dynamics plots. In: Losos, E. & Leigh Jr., E.G. (eds.), 
Results from Tropical Forest Dynamics Plots of the CTFS: A 
Long-Term Ecological Research Network in the Tropics.

Manokaran, N., LaFrankie, J.V., Kochummen, K.M., Quah, 
E.S., Klahn, J., Ashton, P.S. & Hubbell, S.P. 1992. Stand 
table and distribution of species in the 50-ha research plot at 
Pasoh Forest Reserve. Forest Research Institute of Malaysia, 
Kepong, Malaysia.

McGill, BJ. 2003. Does Mother Nature really prefer rare 
species or are log-left-skewed SADs a sampling artefact? 
Ecology Letters ft: 766-773.

Newbery, D.M., Alexander, I J. & Rother, J.A. 2000. Does 
proximity to conspecific adults influence the establish
ment of ectomycorrhizal trees in rain forest? New Phytol. 
147: 401-409.

Phillips, O.L., Hall, P, Gentry, A.H., Sawyer, S.A. & 
Vasquez, R. 1994. Dynamics and species richness of trop
ical rain forests. Proc. Natl. Acad. USA 91: 2805-2809.

Richards, P.W. 1973. Africa, the ‘Odd Man Out’. In: Meg
gers, B.J., Ayensu, E.S. & Duckworth, W.D. (eds.), Tropi
cal Forest Ecosystems in Africa and South America: A Compar
ative Review. Smithsonian Institution Press, Washington 
DC. Pp. 21-26.

Richardson, J.E., Pennington, R.T., Pennington, T.D. & 
Hollingsworth, P.M. 2001. Rapid diversification of a 

species-rich genus of neotropical rain forest trees. Science 
293: 2242-2245.

Romoleroux, K., Foster, R., Valencia, R., Condit, R., Balslev, 
H. & Losos, E. 1997. Especies lenosas (dap >1 cm) 
encontradas en dos hectareas de un bosque de la Ama
zonia ecuatoriana. In: Valencia, R. & Balslev, H. (eds.), 
Estudios Sobre Diversidad y Ecologia de Plantas. Pontificia 
Universidad Catôlica del Ecuador, Quito. Pp. 189-215.

Sukumar, R., Dattaraja, H.S., Suresh, H.S., Radhakrishnan, 
J., Vasudeva, R., Nirmala, S. & Joshi, N.V. 1992. Long
term monitoring of vegetation in a tropical deciduous 
forest in Mudumalai, southern India. Curr. Sei. 62: 608- 
616.

ter Steege, H., Sabatier, D., Castellanos, H., van Andel, T, 
Duivenvoorden, J., de Oliveira, A.A., Ek, R., Lilwah, R., 
Maas, P. & Mori, S. 2000. An analysis of the floristic com
position and diversity of Amazonian forests including 
those of the Guiana Shield. J. Trop. Ecol. 16: 801-828.

Thompson, J., Brokaw, N., Zimmerman, J.K., Waide, R.B., 
Everham III, E.M., Lodge, D.J., Taylor, C.M., Garcia- 
Montel, D. & Fluet, M. 2002. Land use history, environ
ment, and tree composition in a tropical forest. Ecological 
Applications 12: 1344-1363.

Valencia, R., Balslev, H. & Paz y Mino, G. 1994. High tree 
alpha-diversity in Amazonian Ecuador. Biodiversity and 
Conservation 3: 21-28.

Valencia, R., Foster, R.B., Villa, G., Condit, R., Svenning, 
J.C., Hernândez, C., Romoleroux, K., Losos, E., Magård, 
E. & Balslev, H. 2004. Tree species distributions and local 
habitat variation in the Amazon: a large forest plot in 
eastern Ecuador. J. Ecol. 92: 214-229.

Webb, C.O., Ackerly, D.D., McPeek, M.A. & Donoghue, 
MJ. 2002. Phylogenies and community ecology. Annual 
Rev. Ecol. Sy st. 33: 475-505.

Zimmerman, J.K., Everham, E.M.I., Waide, R.B., Lodge, 
D.J., Taylor, C.M. & Brokaws, N.V.L. 1994. Responses of 
tree species to hurricane winds in subtropical wet forest 
in Puerto Rico: implications for tropical tree life histo
ries .J. Ecol. 82: 911-922.



BS 55 581
A

pp
en

di
x 1

. D
iv

er
sit

y 
pe

r h
a (

m
ea

n 
± 9

5%
 co

nf
id

en
ce

 li
m

its
) a

t s
ev

er
al

 ta
xo

no
m

ic
 le

ve
ls 

in
 13

 la
rg

e f
or

es
t p

lo
ts;

 al
l i

nd
iv

id
ua

ls
 >

 1 c
m

 d
bh

 in
cl

ud
ed

.

ge
n/

fa
m

 1 
ha

2.
88

 
± 

0.
03

2.
25

 
± 

0.
03

1.
62

 
± 

0.
04

3.
01

 
± 

0.
02

1.
91

 
± 

0.
02

2.
14

 
± 

0.
03

2.
43

 
± 

0.
03

2.
04

 
± 

0.
03

3.
34

 
± 

0.
04

1.
68

 
± 

0.
05

3.
12

 
± 

0.
05

2.
90

 
± 

0.
09

3.
03

 
± 

0.
08

sp
p/

ge
n 1

 ha
3.

05
 

± 
0.

04
1.

23
 

± 
0.

01
1.

10
 

± 
0.

01
2.

37
 

± 
0.

02
1.

75
 

± 
0.

02
1.

79
 

± 
0.

03

1.
39

 
± 

0.
01

1.
66

 
± 

0.
02

2.
70

 
± 

0.
03

1.
34

 
± 

0.
02

1.
60

 
± 

0.
02

1.
52

 
± 

0.
02

1.
45

 
± 

0.
02

or
de

rs
/1 

ha
25

.7
 

± 
0.

4
17

.7
 

± 
0.

5
9.

7 
± 

0.
2

26
.5

 
± 

0.
3

20
.9

 
± 

0.
4

21
.2

 
± 

0.
5

22
.0

 
± 

0.
3

24
.6

 
± 

0.
5

28
.0

 
± 

0.
4

18
.3

 
± 

0.
6

18
.9

 
± 

0.
3

14
.8

 
± 

0.
6

14
.5

 
± 

0.
5

fa
m

ili
es

/1 h
a

68
.8

 
± 

0.
9

37
.6

 
± 

1.
1

15
.4

 
± 

0.
7

69
.7

 
± 

0.
8

43
.2

 
± 

1.
3

52
.4

 
± 

0.
9

49
.6

 
± 

0.
6

44
.3

 
± 

0.
8

73
.4

 
± 

0.
9

34
.5

 
± 

1.
1

47
.4

 
± 

0.
8

37
.5

 
± 

0.
9

39
.7

 
± 

1.
1

ge
ne

ra
/1 

ha
19

8.
4 

± 
3.

0
84

.4
 

± 
2.

4
24

.9
 

± 
1.

3
20

9.
5 

± 
2.

4
82

.6
 

± 
2.

6
11

2.
0 

± 
1.

9

12
0.

3 
± 

1.
5

90
.5

 
± 

1.
7

24
5.

3 
± 

3.
0

57
.9

 
± 

1.
7

14
7.

7 
± 

2.
9

10
8.

7 
± 

4.
9

12
0.

2 
± 

3.
9

sp
ec

ie
s/1

 ha
60

6.
3 

± 
13

.3
10

3.
9 

± 
3.

0
27

.4
 

± 
1.

5
49

5.
6 

± 
5.

8
14

4.
1 

± 
3.

9
20

0.
8 

± 
4.

6

16
7.

6 
± 

2.
5

15
0.

0 
± 

3.
0

66
3.

3 
± 

10
.2

77
.6

 
± 

2.
2

23
6.

03
 

± 
6.

1
16

5.
6 

± 
13

.1
17

4.
7 

± 
5.

2

pl
ot â g 31 i I 

C Jh P
►-i c fy7C .p P-IP Z)

BC
I 

La
 P

la
na

da
 

Y
as

un
i 

Lu
qu

ill
o

K
or

up
 

Le
nd

a 
Ed

or
o

w
ith

 <
 25

 ha
, n

o 
co

nf
i- 

n e
xa

ct
ly

 25
 ha

 (T
ab

le

ge
n/

fa
m

 25
 h

a
3.

27
 

± 
0.

07
2.

58
 

+ 
0.

22

o o
T—1
Ô Ô

+1 +1 +1 +1

O !N CO 1C 
(N CO (N CO
CM CO CM CM 2.

95
 

± 0
.1

1
2.

28
 

±
3.

91
 

±
2.

19
 

±

3.
80

 
± 

0.
23

3.
90

 
±

3.
40

 
±

fo
re

st 
pl

ot
s. 

Fo
r p

lo
ts 

se
, f

ig
ur

es
 ar

e b
as

ed
 o

sp
p/

ge
n 

25
 h

a o 
o' o

+1 -H

Tf Tf o it
r— 1.

25
 

± 
0.

09
2.

77
 

± 
0.

06
1.

77
 

±
2.

16
 

±

1.
60

 
± 0

.0
3

1.
78

 
±

3.
33

 
±

1.
36

 
±

1.
92

 
± 

0.
03

1.
79

 
±

1.
60

 
±

i 1
6-

25
 h

a w
ith

in
 la

rg
e 

id
 o

n <
 25

 ha
; o

th
er

w
i

or
de

rs
/2

5 
ha

31
.4

4 
± 

3.
60

24
.4

2 
± 

2.
97

11
.0

0 
± 

0.
00

31
.8

9 
± 

1.
36

23
 

±
25

 
±

rH ...

+1 +1 +1 4-1

CO

co co
CM CM CO CM 21

.6
1 

± 
1.

61
21

 
±

18
 

±

■r
al

 ta
xo

no
m

ic
 le

ve
ls 

it 
ith

 an
 as

te
ris

k 
ar

e b
as

t

fa
m

ili
es

/2
5 h

a
84

.8
4 

± 
4.

78
56

.8
3 

± 
7.

07
24

.8
2 

± 
1.

18
84

.8
2 

± 
1.

90
52

 
±

66
 

±

58
.1

0 
+ 2

.8
2

54
 

±
85

 
±

47
 

±

61
.3

2 
± 

1.
98

52
 

±
45

 
±

ifi
de

nc
e l

im
its

) a
t s

ev
e 

is 
fro

m
 si

te
s m

ar
ke

d 
w

ge
ne

ra
/2

5 
ha

27
7.

15
 ± 

13
.1

6
14

6.
28

 ± 
6.

88
54

.5
5 

± 
6.

75
28

1.
87

 
± 

6.
32

11
6 

±
15

5 
±

17
1.

34
 

± 5
.6

6
12

3 
±

33
2 

±
10

3 
±

23
2.

74
 ± 

9.
26

20
3 

±
15

3 
±

:rs
ity

 (m
ea

n ±
 9

5%
 co

t 
d b

e c
al

cu
la

te
d.

 Fi
gu

r«
 

> 1
 cm

 d
bh

 in
cl

ud
ed

.

sp
ec

ie
s/2

5 h
a

11
18

.4
9 ±

 
52

.0
0

22
5.

91
 ± 1

2.
22

68
.2

8 
± 

6.
69

77
9.

50
 

± 
7.

22
20

5 
±

33
5 

±

27
4.

79
 

± 8
.7

3
21

9 
±

11
04

 
±

14
0 

±

44
6.

94
 ± 

22
.9

2
36

4 
±

37
9 

±

A
pp

en
de

x 2
. D

iv
t 

de
nc

e l
im

its
 co

ul
 

1 
) ;

 al
l i

nd
iv

id
ua

ls

pl
ot

e i

M
ud

um
al

ai
 

Pa
so

h
Si

nh
ar

aj
a 

Pa
la

na
n * BC

I 
La

 P
la

na
da

 
Y

as
un

i 
Lu

qu
ill

o *
K

or
up

 
Le

nd
a *

 
Ed

or
o *



582 BS 55

Appendix 3. Diversity (mean ± 95% confidence limits) of 
species >10 cm dbh in both 1 ha and 25 ha within large 
plots. Sites marked with an asterisk did not have 25 ha, and 
the second column is based on the full 16 ha in those cases.

plot species/1 ha species/25 ha

Lambir 245.70 ± 5.92 854.46 ± 137.49
HKK 65.62 ± 2.91 182.78 ± 26.53

Mudumalai 22.04 ± 0.88 60.44 ± 6.57
Pasoh 207.32 ± 4.75 609.66 ± 13.35

Sinharaja 71.20 ± 5.04 167.00 ±
Palanan * 98.86 ± 6.43 262.00 ±

BCI 90.68 ± 1.73 210.10 ± 11.59
La Planada 84.98 ± 2.38 172.00 ±

Yasuni 253.56 ± 6.65 820.00 ±
Luquillo * 42.20 ± 2.30 87.00 ±

Korup 85.42 ± 3.44 259.76 ± 35.40
Lenda * 49.09 ± 8.65 211.00 ±
Edoro * 66.98 ± 2.69 212.00 ±
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Historical and ecological dimensions of global 
patterns in plant diversity

Robert E. Ricklefs

Ricklefs, R.E. 2005. Historical and ecological dimensions of global patterns in plant diversity. 
Biol. Skr 55: 583-603. ISSN 0366-3612. ISBN 87-7304-304-4.

Prior to the development of population and community ecology in the 1960’s, global patterns of 
species diversity, particularly the increase in diversity towards the equator, were explained by the 
greater age and more stable environment of the tropics or by a combination of age and area. 
Ecologists later envisioned competitive and consumer-resource interactions among populations 
as regulating the number of species in local ecological communities. The expression of these 
interactions in patterns of species richness would require that ecological limits to local coexis
tence depend on the physical environment. Advocates of local and regional processes have been 
unable to reconcile their views, partly because of traditions in ecological research and partly 
because of problems of scale in time and space. Resolution of these issues will require (i) atten
tion to the scale at which patterns in diversity are established, (ii) models of the way in which 
local and regional processes interact with the physical environment and geography to influence 
diversity, (iii) testable predictions arising from both viewpoints (e.g., community convergence as a 
consequence of local determinism), (iv) historical reconstruction of regional and local biotas, 
and, ultimately, (v) a new concept of interactions between populations and their environments 
over a hierarchy of temporal and spatial dimensions from the local habitat to entire regions. 
Approaches to understanding patterns of diversity include comparisons of local and regional tax
onomic richness, which typically show a close correspondence between the two, and comparisons 
of richness in areas of similar climate but different regional diversity, which often exhibit regional 
effects. Phylogenetic reconstructions and calibrated molecular clocks now provide a means to 
estimate ages and rates of diversification, both of which contribute to global patterns of diversity. 
Finally, interactions between populations take place over regions as well as within communities. 
On balance, regional comparisons of patterns of species richness suggest that large-scale 
processes (i.e., species formation) and unique historical and geographic circumstances have had 
a strong impact on patterns of plant diversity. Moreover, the correlation between diversity and 
environment may reflect, perhaps to a large extent, the history of ecological diversification of 
plants from primarily wet tropical origins.

Robert E. Ricklefs, Department of Biology, University of Missouri-St. Louis, 8001 Natural Bridge Road, St. 
Louis, Missouri 63121-4499, USA. E-mail: ricklefs@umsl.edu.

Introduction: A history of 
ideas about diversity

Large-scale patterns of plant diversity have 
been known in general terms since early nat
ural history explorations of the earth in the 

18th and 19th centuries (Huston 1994; Rosen
zweig 1995). The most conspicuous of these 
patterns is the decrease in species richness with 
increasing latitude, although diversity also fol
lows strong trends in relation to primary pro
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ductivity and certain stress factors in the envi
ronment. Explanations for diversity patterns 
are of two kinds that often are distinguished as 
alternative rather than complementary. On 
one hand, regional processes responsible for 
the production of new species tend to increase 
diversity within large areas. On the other hand, 
local population processes, including competi
tion and various interactions with predators, 
parasites, and pathogens, tend to limit mem
bership within local ecological communities. A 
reasonable view is that diversity represents a 
balance between local and regional processes 
and that the relative dominance of one or the 
other depends on the scale at which diversity is 
considered (Rahbek & Graves 2001; Willis & 
Whittaker 2002).

Until the 1960’s, explanations for diversity 
patterns focused almost exclusively on large- 
scale processes and were mostly historical in na
ture. For example, Alfred Russel Wallace (1878) 
attributed the greater diversity of the tropics to 
the greater age of tropical regions and their hav
ing escaped the catastrophic extinctions caused 
by glacial climates at higher latitudes.

“The equatorial zone, in short, exhibits to us the 
result of a comparatively continuous and 
unchecked development of organic forms; while 
in the temperate regions there have been a series 
of periodical checks and extinctions ... In the 
one, evolution has had a fair chance; in the other, 
it has had countless difficulties thrown in its way. 
The equatorial regions are then, as regards their 
past and present life history, a more ancient world 
than that represented by the temperate zones, ...”

John Willis (1922) believed that diversity was 
primarily related to species production, which 
he surmised would produce greater numbers 
of species in larger and older regions, hence 
the title of his book, Age and Area. As recently as 
1960, A. G. Fischer postulated that rates of 
species production were higher in tropical 

compared to temperate regions, a difference 
that could be attributed to the greater energy 
input and temperature of tropical systems, 
which hastened all biological processes (Rohde 
1992). Additional regional-scale processes that 
contribute to patterns of diversity on a global 
scale include the mixing of regional biotas 
when barriers to dispersal are removed (e.g., 
Vermeij 1991) and regional extinctions owing 
to catastrophic events or rapidly changing cli
mates and landforms.

The eclipse of history
The emphasis in explanations for diversity pat
terns shifted away from regional and historical 
factors in the 1960’s with the infusion of popu
lation approaches into ecology. The develop
ment of population models (Lotka 1925, 1932; 
Volterra 1926) and experiments with interac
tions between species in microcosms (Gause 
1934) provided a foundation for interpreting 
the ecological distributions of organisms, par
ticularly the concept of the niche (Hutchinson 
1957, 1959; Vandermeer 1972; Prinzing et al. 
2001), and the observation of ecological isola
tion, or resource partitioning, between species 
(Lack 1944, 1947). The competitive exclusion 
principle that no two species could coexist on 
the same limiting resource (Hardin 1960) was 
extended to entire communities of organisms 
to establish limits (limiting similarity) to the 
packing of species within ecological space, 
which ultimately limited the diversity of the 
local community (Elton 1927, 1946;
MacArthur & Levins 1967; May 1975). Finally, 
ecologists could claim patterns of species rich
ness as a problem amenable to population 
modeling and experimentation within the tem
poral and spatial scales of ecological thinking 
at the time (MacArthur 1972). The adoption of 
this powerful paradigm to explain diversity has 
been referred to as the “eclipse of history” 
(Kingsland 1985) because historical and 
regional explanations were largely set aside.
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Fig. 1. The connection between regional and local diversity through the habitat breadth of individual species and the 
turnover of species between habitats (beta diversity) (after Ricklefs & Schluter, 1993).

Local, regional, and beta diversity
When membership in local communities is lim
ited by species interactions, variation in diver
sity must result from differences between com
munities in the total niche space available or in 
the way species partition niche space through 
specialization and niche overlap (MacArthur 
1965). Furthermore, these differences must be 
related to conditions of the physical environ
ment if patterns of diversity are to become 
established. This could work through a num
ber of mechanisms. For example, higher pro
ductivity could lead to greater habitat structure 
and complexity (Orians 1969; Connell 1978); 
less variable environments might allow more 
specialization and smaller population sizes 
(Connell & Orias 1964; Pianka 1966); physi
cally benign environments might allow greater 
diversification of life styles, thereby providing 
the potential for creating more niche axes 
(Dobzhansky 1950; Terborgh 1973; Kleidon & 
Mooney 2000). The theory of stochastic popu

lation changes would additionally suggest that 
larger populations are more resistant to extinc
tion (Goodman 1987; Boyce 1992; Lande 
1993), creating a connection between produc
tivity and diversity (Currie 1991; Wright et al. 
1993).

Even population biologists realized that the 
ultimate source of diversity must be species 
production, which generally takes place within 
large regions. Robert H. MacArthur (1965), 
one of the architects of the revolution in com
munity ecology of the 1960’s, recognized the 
importance of the region as the crucible of 
species production. However, he maintained 
that local diversity was independently limited 
by constraints on coexistence of populations of 
different species.

“If the patterns [of species diversity] were wholly 
fortuitous and due to accidents of history, their 
explanation would be a challenge to geologists 
but not to ecologists. The very regularity of some 
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of the patterns for large taxonomic groups sug
gests, however, that they have been laid down 
according to some fairly simple principles, ...”

"... if the areas being compared are not satu
rated with species, an historical answer involving 
rates of speciation and length of time available 
will be appropriate; if the areas are saturated with 
species, then the answer must be expressed in 
terms of the size of the niche space ... and the 
limiting similarity of coexisting species.”

Thus, MacArthur recognized both the connec
tion between local and regional diversity and 
their independence. This connection is shown 
in a simple diagram in Fig. 1, where factors 
that influence regional and local diversity are 
indirectly connected through habitat special
ization - the “beta” component of species 
diversity. Accordingly, where two regions differ 
in diversity but matched local habitats have 
the same diversity, the discrepancy is recon
ciled by differences in habitat specialization. 
Where local diversity within habitats is con
served, higher regional diversity must be 
accompanied by increased habitat specializa
tion.

This principle was elaborated by Martin 
Cody (1975) who used Whittaker’s (1972) con
cept of beta diversity, that is, turnover of 
species along habitat gradients, to link ecologi
cally constrained local diversity to historically 
differentiated regional diversity.

“These species-packing levels [local diversity] can 
be adequately explained by competition theory 
and by the constraint of a limiting similarity, 
between species on a resource gradient, that can
not be exceeded ... Thus patterns in oc-diversity 
conform well with simple theoretical expectations 
that ignore history.”

“However, diversity differences, and in particu
lar the marked differences in ß-diversity between 
continents, must have explanations with a strong 
component of history and chance, both in the 

production and distribution of various habitat 
types and in the buildup through time of their 
respective bird faunas.”

The broadening of community concepts
Although most ecologists would not dispute 
the influence of large-scale processes on 
regional diversity, fewer accept that these 
processes also leave their imprint on species 
richness within local communities. Certainly 
the ecological concept of the community has 
changed considerably since the 1960’s. Indeed, 
the strong stance over local determinism taken 
by some ecologists was rather ironic in view of 
trends in community ecology at the time. For 
example, although a Clementsian view of dis
crete community structure (Clements 1936) 
was largely abandoned by the 1950’s (Gleason 
1926; Whittaker 1953; McIntosh 1967), the 
development of community theory in the 
1960’s and 1970’s was largely based on a closed 
community concept (the “community matrix”) 
and lacked an evolutionary context 
(MacArthur & Levins 1967; May 1975; Morton 
et al. 1996). In addition, while R. H. MacArthur 
was rejecting regional and historical influences 
in favor of local constraints on community 
diversity, he also developed, with E. O. Wilson, 
the equilibrium theory of diversity on islands, 
which is driven by the “external” process of col
onization (MacArthur & Wilson 1963, 1967). 
These inconsistencies illustrate the general 
schizophrenia of ecology at that time, torn as it 
was between its natural history background 
and the development of a rigorous theoretical 
and experimental program (Kingsland 1985; 
McIntosh 1985).

The I980’s saw a broadening of the ecologi
cal concept of the community with the devel
opment of metapopulation models that 
emphasized the spatial structure of popula
tions and movement of individuals between 
patches of suitable habitat (Hanski 1982, 
1997), and source-sink relationships between 
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populations in habitats of high and low pro
ductivity (Pulliam 1988) leading to mass effects 
whereby the diversity of local communities is 
influenced by immigration of individuals from 
neighboring communities (Shmida & Wilson 
1985; Stevens 1989). This theme of the distrib
ution of populations among habitats has been 
developed theoretically by Robert Holt and 
others (Holt 1996, 2003). Thus, for many ecol
ogists the community concept currently 
encompasses gradients of habitat conditions or 
mosaics of habitat patches within landscapes 
(Turner 1989). Still, evolutionary changes in 
populations and the production of new species 
are not a part of the community equation. Eco
logical systems, whether they are homoge

neous habitats or more complex habitat 
mosaics, still come into equilibrium rapidly as a 
result of individual movements and population 
interactions. Ecological communities, by what
ever definition, are seen as samples of the 
regional species pool filtered by ecological tol
erances of individuals to local conditions and 
interactions among coexisting members of the 
ecological association (Zobel 1992, 1997; Wei
her & Keddy 1999).

Testing hypotheses about diversity
Ideas about the establishment and regulation 
of diversity at any scale can be tested only when 
they make unique predictions. Demonstrating

Time

Ecological zone 
of origin

Fig. 2. An illustration of how the diversity of a clade can vary with respect to ecological conditions because of evolutionary 
constraints on adaptive transitions between different habitats or ecological zones. Adapted from Farrell and Mitter (Farrell 
& Mitter, 1993).
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Fagales (Betulaceae, Juglandaceae, Fagaceae)
Rosales (Rosaceae [Prunus], Ulmaceae)
Fabales {Cereis, Gleditsia, Clad rast is, Robinia)
Malpighiales (Salicaceae)
Sapindales {Acer, Aesculus, Ailanthus)
Malvales {Tilia)
Myrtales
Saxifragales {Hamamelis, Liquidamber)
Lamiales {Catalpa, Fraxinus, Osmanthus, Paulownia)
Solanales
Gentianales
Dipsacales (Adoxaceae)
Apiales
Aquifoliales {Ilex)
Cornales {Cornus, Nyssa)
Ericales (Ericaceae)
Caryophyllales
Monocots
Lau rales {Cinnamomum, Lindera, Litsea, Phoebe)
Magnoliales {Magnolia)
Piperales
__ primarily tropical
— tropical with imbedded temperate
___ primarily temperate

Fig. 3. Phylogenetic relationships among orders of angiosperm plants that comprise most of the tree floras of the New 
World. Prominent clades of temperate trees are indicated, along with the inferred region of each of the branches. The phy
logenetic tree is based on Soltis et al. (2000).

the existence of competition and other interac
tions within communities, which was a major 
task of the 1970’s and early 1980’s (Pianka 
1973; Schoener 1974; Brown 1981), is not suffi
cient reason to assign control over diversity to 
local factors (Connor 8c Simberloff 1979). Use
ful tests must address diversity directly, examin
ing predictions about patterns in diversity in 
relation to local and regional factors. The 
strongest predictions arising from hypotheses 
about local ecological control over diversity are 

(1) that species richness is correlated with 
physical conditions in the environment and 
(2) that local species richness is independent 
of variation in the size of the regional pool of 
species (the principle of convergence).

The correlation of diversity with the local 
environment
The first prediction has been addressed by 
many studies relating diversity to various 
aspects of the environment, often climate vari- 
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ables or indices of moisture or heat flux calcu
lated from temperature and precipitation (e.g., 
Currie 1991; O’Brien 1998; Kaspari et al. 2000; 
Whittaker & Field 2000; Francis & Currie 
2003). Such relationships often account for a 
substantial portion of variation in species rich
ness over many scales of analysis, although 
which environmental variables are the most 
important may vary with the dimension of the 
study (Rahbek & Graves 2001; Willis & Whit
taker 2002). However, the diversity-environ
ment correlation can also result from historical 
(evolutionary) factors, as diagrammed in Fig. 
2.

Each lineage of organisms arises within a 
particular ecological zone to which it is 
adapted. With time, the lineage may diversify 
to form a clade within the ecological zone of 
origin, but over time some branches may make 
evolutionary transitions into different environ
ments (Farrell et al. 1992; Latham & Ricklefs 
1993b). Examples of such transitions would 
include the evolution of freezing tolerance and 
the invasion of temperate latitudes or the 
much less frequent evolution of tolerance to 
the high salt concentrations and anoxic sedi
ments of mangrove environments. During the 
early Tertiary, when most families of modern 
plants initially diversified, the world was largely 
tropical, even at high latitudes (Wolfe 1975, 
1978; Behrensmeyer et al. 1992). From this 
beginning, an evolutionary scenario could eas
ily account for the latitudinal gradient of diver
sity between present-day tropical and temper
ate latitudes.

More than half the families of flowering 
plants (52%) are restricted to the tropics, and 
only 15% are distributed primarily in temper
ate latitudes (Ricklefs & Renner 1994). Most 
clades of exclusively temperate (frost tolerant) 
plants are relatively recent in origin and are 
imbedded in larger clades with predominately 
tropical distributions. This is indicated for lin
eages that constitute temperate forest trees in 

Fig. 3. The most prominent, primarily temper
ate lineages of trees comprise the orders 
Fagales and Rosales, which are imbedded 
within the largely tropical rosid clade. How
ever, each of the other orders within this 
clade, except for the Myrtales, has a few tem
perate arborescent representatives, for exam
ple, willows (Salicaceae) within the 
Malpighiales, maples (Acer) within the Sapin
dales, and linden (Tilia) within the Malvales. 
Thus, the transition from frost-sensitive to 
frost-tolerant has occurred many times among 
woody plants, but not often enough to build 
diversity in temperate tree floras to the levels 
found in the tropics. Adaptive barriers may 
restrict lineages to more stressful, less produc
tive environments as well as to the tropics. 
Many clades found only in temperate areas 
have diversified there but have not reinvaded 
tropical areas (Judd et al. 1994), plausibly 
because their adaptations for tolerating freez
ing make them poor competitors in tropical 
environments. Some temperate clades, such as 
the oaks (Fagaceae), enter tropical latitudes, 
but only at high elevation.

Of course, taxonomic richness is a function 
of the rate of diversification of lineages as well 
as the number and age of lineages within an 
ecological zone (Cardillo 1999; Ricklefs, in 
press). As better phylogenetic hypotheses and 
time calibrations are developed for plants (e.g., 
Renner et al. 2000; Renner & Meyer 2001), it 
will be possible to estimate the age and average 
rate of diversification (speciation minus extinc
tion) within clades (Eriksson & Bremer 1992; 
Magallon & Sanderson 2001). Among passer
ine birds, for example, for which a broadly 
sampled phylogeny based on DNA hybridiza
tion is available (Sibley & Ahlquist 1990), the 
greater diversity of the South American avi
fauna compared to that of North America is 
due, in part, to a single old endemic clade of 
suboscine passerines (flycatchers and their rel
atives) represented by more than 900 species 
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(nearly a tenth of all birds!), and in part to the 
more rapid diversification of younger clades in 
South America compared to North America 
(Ricklefs, in press). Thus, the diversity discrep
ancy between North and South America is due 
to both the age and rate of diversification of 
the avifauna. Whether the rate difference is 
related to the extensive area of tropical envi
ronments in South America or to other fea
tures, such as the Andean orogeny (Fjeldså & 
Lovett 1997; Rahbek & Graves 2001), remains 
to be determined (e.g., Chown & Gaston 2000; 
Buzas et al. 2002).

Regional diversity anomalies
The role of regional and historical factors in 
shaping patterns of regional diversity is well 
known for plants. One of the most striking 
examples comes from the deciduous forests of 
the North Temperate Zone. The climates of 
eastern North America, Europe, and eastern 
Asia are similar and their tree floras share 
many of the same genera. Yet Europe has fewer 
species of trees (ca. 150) than North America 
(ca. 250) and, especially, eastern Asia (ca. 750). 
Historically, these floras show quite a different 
pattern (Fig. 4). Focusing only on tree genera,

Europe East Asia West NA East NA
Fig. 4. Number of genera of extant and fossil trees in Europe, eastern Asia, and western and eastern North America. The 
proportion of the extant genera in Tertiary floras (second bar relative to the first) is a measure of the completeness of the 
fossil record, which is excellent for Europe and western North America. The proportion of fossil genera that survive 
(fourth bar relative to the third) provides an indication of extinction resulting from late-Tertiary and Pleistocene climate 
cooling. Extinction was pronounced in Europe and western North America but less so in eastern North America and, espe
cially, eastern Asia. Data from Latham and Ricklefs (1993a).
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Residuals from regression of 
species richness on area and AET

• Eastern Asia
O Eastern North America
□ Western North America
A Europe

-0.2 J

O O O

O O O O

Fig. 5. An analysis of covariance (ANCOVA) relates the number of species in tree floras in moist temperate areas of eastern 
Asia and North America to flora area and actual evapotranspiration (AET), with a significant additional effect of region 
(Fs,20 = 34, P< 0.0001). Residuals from the regression of species richness on area and AET are shown at right, and indicate 
that diversity in eastern Asia is 1.9 times greater than in eastern North America and 4.1 times greater than in western North 
America (ANCOVA model explains 94% of variance in species richness among floras). Unpublished analysis of data in 
Latham and Ricklefs (1993b, Table 1).

Table 1. Ages of the earliest fossils of mangrove genera with cosmopolitan distributions or restricted to the Indo-West 
Pacific (IWP) region. Most of the early Tertiary fossils are from the Tethys region of Europe while more recent first occur
rences appear in the present-day IWP. From data compiled by Ellison et al. (1999).

Age Cosmopolitan taxa Old World endemics

Upper Cretaceous 
Paleocene

Nypa 
Rhizophora Sonneratia

Lower Eocene Avicennia Bruguiera

Middle Eocene

Pelliciera
Palaeo/Weatherellia 

Acrostichum 
Lumnitzera/Laguncularia Brownlowia

Upper Eocene 
Oligocène 

Lower Miocene 
Middle Miocene

Ceriops 
Kandelia 

Barringtonia

Camptostemon
Excoecaria 
Aegialitis
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which can be distinguished in the fossil record, 
it is apparent that the mid-Tertiary diversity of 
trees in Europe was much greater than at pre
sent and perhaps as high as that of eastern 
Asia. Species disappeared from Europe with 
late-Tertiary climate cooling and the onset of 
glacial climates (Sauer 1988), and most of the 
genera that were lost belonged to lineages with 
more tropical distributions, such as members 
of the Lauraceae (Latham & Ricklefs 1993a; 
Svenning 2003). Surprisingly, North America 
had lower tree generic richness during the mid 
Tertiary than either Europe or eastern Asia, 
suggesting a Eurasian origin for many clades of 
temperate trees combined with a failure to dis
perse to North America (Donoghue et al. 2001; 
Manos & Stanford 2001). However, fewer gen
era were lost in North American than in 
Europe as a result of climate cooling and 
glaciation, probably owing to the presence of 
adequate refuges in the southern part of the 
region (Elenga et al. 2000; Prentice & Jolly 
2000; Williams et al. 2000; Yu et al. 2000).

Historical factors may also explain the 
extreme diversity anomaly in mangrove vegeta
tion between the Indo-West Pacific (IWP) and 
the Atlantic-Caribbean-East Pacific (ACEP) 
regions (Chapman 1976; Saenger et al. 1983; 
Duke 1992, 1995; Ricklefs & Latham 1993; 
Morley 2000). The mangrove flora of the ACEP 
consists of 7 species in 4 genera that are 
pantropical in distribution, either at present or 
in the Tertiary fossil record. In contrast, the 
IWP region harbors at least 40 species in 17 
genera; 14 of the genera are endemic to the 
region. Neither area nor local environment 
can explain the regional anomaly, which trans
lates to a 2- to 3-fold difference in local (i.e., 
hectare scale) diversity (Chapman 1976). It is 
likely that mangrove lineages arising from ter
restrial progenitors during the early Tertiary 
did so in the Tethys region of what is now 
Europe and spread both eastward into the IWP 
and westward into the ACEP regions (Ellison et 

al. 1999). At that time, the known mangrove 
flora was pantropical, at least at the genus level. 
However, from the Eocene on, most appear
ances of new genera in the mangrove fossil 
record refer to IWP endemics and come 
increasingly from the IWP region itself. This 
suggests that the IWP has been the primary 
cradle of new mangrove lineages for the past 
20-30 million years. No early first appearances 
of mangroves are known from the ACEP 
region and extant lineages have not diversified 
within the region. The difference may be 
related to the IWP region’s extensive areas of 
shallow continental shelf with numerous 
islands in close proximity to extremely wet ter
restrial environments, which are largely lack
ing from the ACEP region. Thus, diversity in 
this case would be related to geographical and 
historical factors affecting the evolutionary 
transition from terrestrial to mangrove envi
ronments, and diversification within the man
grove environment, rather than the conditions 
of the local mangrove environments. Time is 
also a factor, as diversification within the 15 
clades of mangroves increases significantly with 
age as judged by taxonomic differentiation 
from terrestrial sister taxa (Ricklefs & Latham 
1993).

Diversity anomalies that can be related to 
regional and historical factors emphasize the 
importance of large-scale influences in under
standing patterns of diversity. In most cases, 
regional effects are not as great as the differ
ences illustrated above for temperate trees and 
mangroves. Moreover, some “region” effects 
may be caused by general differences in the 
local environments between continents. For 
example, Morton (1993) has argued that dif
ferences in the diversity of several groups of 
animals in Australian deserts compared to 
other arid environments reflects the unique 
history of Australia, but primarily through the 
effect of history on local environmental condi
tions that include nutrient-depleted soils and 
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highly variable rainfall (see also Pianka 1986).
Considering the potential confounding 

effect of region and environment, it is impor
tant to separate the two statistically. An initial 
attempt at this uses an analysis of covariance 
(ANCOVA) in which differences in diversity 
between regions is tested with the influence of 
variation in environmental conditions con
trolled statistically. The approach is applied to 
the tree species richness of local floras in east
ern Asia and eastern North America in Fig. 5 
(Latham & Ricklefs 1993a). In this example, 
both flora area and actual evapotranspiration 
(a synthetic variable derived from temperature 
and precipitation and closely related to pri
mary productivity) influence species richness, 
together accounting for 94% of the variance. 
However, when these factors are accounted for, 
floras in eastern Asia have on average almost 
twice as many species of trees as floras of simi
lar size and climate in North America. By way 
of caveats, unmeasured variables, such as local 
topographic heterogeneity, might underlie the 
region effect, and statistical inference is 
clouded by non-independence of the diversity 
of floras within a region. Nonetheless, Qian 
and Ricklefs (2000) emphasized the impor
tance of the geographic heterogeneity of east
ern Asia, comparatively small areas of Pleis
tocene glaciation (Yu et al. 2000), and the 
broad connections between temperate and 
tropical forests as regional and historical fac
tors responsible for the eastern Asia-eastern 
North America diversity anomaly.

Differences in diversity can be placed in a 
phylogenetic framework when the biotas of dif
ferent regions share a common evolutionary 
ancestry. The temperate floras of eastern Asia 
(EAS) and eastern North America (ENA) are 
ideally suited for such comparisons because of 
the large number of shared genera of plants, 
including many disjunct genera that are found 
nowhere else (Li 1952; Hsü 1983; White 1983). 
If the representatives of a genus in Asia and 

North America have a sister relationship, then 
one can assume that the lineages have the 
same age and initially exhibited generally simi
lar ecological relationships. Accordingly, differ
ences in diversity can then be related to differ
ent rates of diversification (Farrell & Mitter 
1993). In the case of the EAS-ENA disjuncts, 
most of these genera have greater species rich
ness in eastern Asia (Qian & Ricklefs 2000). 
Exceptions are found only in ENA genera 
whose distributions extend to the western part 
of the continent, where topographic and cli
mate heterogeneity promote diversification. 
This comparison again underscores the impor
tance of unique historical and geographical 
attributes of regions.

The relationship between local and regional 
diversity
Although regional and historical effects have a 
demonstrated influence on regional diversity, 
it is less clear that this influence extends down 
to the level of the local community. This seems 
to be the case for mangrove floras, as we have 
seen, and local forest plots in Japan harbor 
more species of trees than plots in similar envi
ronments in North America (Latham & Rick
lefs 1993b). Another approach to the connec
tion between local and regional diversity is to 
plot local diversity as a function of regional 
diversity for sampling areas having similar con
ditions but occurring in different regions. Ter- 
borgh and Faaborg (1980) used this approach 
with respect to bird diversity in selected habi
tats on islands in the West Indies. They found 
that local (within habitat) diversity increased 
with regional (island) diversity up to a point 
and then leveled off, which they interpreted as 
evidence for local limitation of community 
membership by interactions between species. 
Similar studies by Cox and Ricklefs (1977) and 
Wunderle (1985), employing censuses of birds 
within nine matched habitats on islands and 
nearby continental locations within the 
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Caribbean Basin, showed that local diversity 
increased as approximately the square root of 
regional (island) diversity, with beta diversity 
making up the remaining discrepancy between 
the two (Ricklefs 2000). Cornell (1985) used a 
similar approach for examining the diversity of 
gall wasps on oaks in California, in which case 
oak species were considered as regions and 
localities within a species’ range were consid
ered as communities. Many studies have fol
lowed upon these, and they generally support a 
connection between local and regional diver
sity (Cornell 1999), although Srivastava (1999) 
has cautioned against many pitfalls in this tech
nique, including definitions of region and 
independence of samples.

That local diversity is sensitive to regional 
diversity has been shown in several empirical 
analyses, but the foundation for this conclu
sion is weakened by a number of considera
tions. The first is the quality of the data. Few 
diversity surveys have been conducted with the 
explicit purpose of testing the local-regional 
relationship (Caley & Schluter 1997), and 
these analyses have mostly relied on data gath
ered for other purposes and lacking a statisti
cally efficient sampling structure. An excep
tion to this is the survey of local species rich
ness of birds in carefully matched habitats in 
the Caribbean Basin, which shows particularly 
well an increase in both local diversity and 
turnover of species over a habitat gradient in 
response to increasing regional diversity (Rick
lefs 2000).

The second problem is the definition of 
‘local’ and ‘regional’, which are necessarily 
arbitrary points along a continuous scale. In 
fact, however, the important aspect of the com
parison is that the two are sufficiently sepa
rated that the local scale neither approaches 
the regional scale closely enough to generate a 
correlation between the two nor is so small as 
to result in insensitivity owing to inadequate 
sampling (Loreau 2000). More important is 

the difficulty of obtaining statistically indepen
dent samples of the relationship between local 
and regional diversity. Because life arose once 
on earth, no region is strictly independent, and 
the lack of independence increases as compar
isons between ‘regions’ are restricted to pro
gressively smaller areas. Ideally, one would 
limit sampling to one local plot per continent 
(Schluter & Ricklefs 1993; Caley 8c Schluter 
1997), but this would be self-defeating and 
would additionally pose the problem of defin
ing ‘region’ for a particular locality.

The so-called regional species pool is usually 
considered as the set of species that potentially 
could occur in a particular local environment, 
taking into account the geographic distribu
tion, habitat distribution, and dispersal abili
ties of species within a region. Membership in a 
local community is then restricted primarily by 
interactions between species. A broader con
cept of region allows for evolutionary shift of 
habitat and geographic range and thus 
increases the potential membership in a local 
community but extends the time scale over 
which local diversity is allowed to develop. As 
pointed out below, this problem of scale has 
been a major sticking point in understanding 
the continuity between local and regional 
processes.

A third problem related to the local-regional 
relationship is the direction of causation. A sig
nificant correlation between diversity at local 
and regional scales could arise from the diver
sity-generating influence of regional processes. 
However, one could reasonably entertain the 
idea that regional diversity merely sums ecolog
ically constrained local diversity over a large 
area. Distinguishing these hypotheses hinges 
on beta diversity - the turnover of species 
between habitats. Control of diversity solely by 
local interactions makes no prediction about 
the relationship between beta diversity and 
local diversity. Conversely, when diversity is bal
anced between regional and local factors, local 
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and beta diversity should vary in direct relation 
to each other, as shown in the few cases in 
which both have been measured over defined 
habitat gradients.

Reconciling the time scales of local 
and regional processes
The major difficulty for ecologists who wish to 
integrate local and regional processes is the 
problem of temporal and spatial scale. We have 
been brought up on a long tradition of theo
retical and experimental population biology, 
which has taught us that ecological processes 
attain steady states within a few tens of genera
tions - far too quickly for local ecological sys
tems to bear the imprint of processes playing 
out over longer time scales (Ricklefs 1989). Yet 
many data indicate that local and regional sys
tems are directly connected on a continuum. 
Reconciling the problem of scale has two solu
tions. The first of these arises from Steve 
Hubbell’s (2001) concept of zero-sum ecologi
cal drift, which eliminates the possibility of 
exclusion from a community by competitive 
disadvantage, thereby reducing local processes 
to random factors whose time course is propor
tional to the number of individuals in the sys
tem. The second arises from the achievement 
of demographic equivalence within regions 
through adjustment of habitat distribution and 
within-habitat niche breadth.

Hubbell’s zero-sum ecological drift model 
Hubbell’s insight is grounded in the amazing 
diversity of tropical trees: up to 300 species per 
hectare, practically a different species encoun
tered with every other individual in a local for
est plot. Hubbell sees little opportunity for 
habitat partitioning and considers the possibil
ity that species are ecologically equivalent. He 
then explores the implications of this idea 
through a zero-sum model in which each indi
vidual death is replaced by one individual that 

is the offspring of a randomly selected tree. 
New species arise through a random process of 
speciation, which can range from a mutation
like event arising from a single individual to 
the partitioning of the population of a single 
species into mother and daughter species. 
According to this theory, and using the muta
tion model of speciation, diversity is deter
mined only by the number of individuals in the 
so-called metacommunity (fi) and the rate of 
speciation (v), such that S ~ -2JmV ln(2v). 
Extinction is stochastic. Thus, in Hubbell’s 
model, diversity in a metacommunity of a given 
size is determined strictly by the rate of a large- 
scale process - speciation - and diversity within 
small areas is a random sample of the total 
diversity of the metacommunity. Hence, there 
is a perfect relationship between local and 
regional (metacommunity) diversity and no 
limit to membership in a local ‘community’ 
other than the number of individuals.

Appealing as Hubbell’s model may be, it 
does not apply well to real systems. First, 
although appropriate data are hard to come 
by, the model predicts a particular distribution 
of ages for splitting events (speciation) in the 
phylogenies of clades that make up the meta
community. In this respect, theory and obser
vation do not appear to match closely (Ricklefs 
2003a). In particular, the fission model of spe
ciation produces new species with long 
expected times to extinction and the metacom
munity reaches a steady state level of diversity 
well above observed values. The problem with 
Hubbell’s model is that it predicts too much 
diversity. Furthermore, differences in steady 
state diversity within metacommunities of simi
lar size must be matched by equivalent differ
ences in the rate of speciation. It is difficult to 
conceive of a ten-fold difference in the rate of 
speciation of forest trees between Amazonia 
and temperate eastern North America, 
although phylogenetic reconstructions will 
soon provide the information on intervals 
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between speciation events needed to test this 
idea (Ricklefs 2003b).

Second, Hubbell’s model presupposes that 
species do not differ ecologically so as to have 
refuges from competitive exclusion. There is 
no frequency or density dependence in the 
model. Such ecological equivalency is contra
dicted by virtually all studies of habitat and 
microhabitat distribution in tropical plants to a 
degree that considerably weakens the premise 
of ecological drift (Ashton 1969; Tuomisto & 
Ruokolainen 1994; Tuomisto et al. 1995; Clark 
et al. 1999; Svenning 1999, 2001; Wright 2002). 
Thus, we are faced with the difficulty of balanc

ing two opposing points of view, one of which 
sees numerous species of trees growing side by 
side under the same ecological conditions, the 
other of which sees turnover of species along 
habitat gradients, including fine distinctions 
among soils within the same local area. One 
might argue that the tropics are subdivided 
into many metacommunities defined by 
edaphic and climatic conditions, and a com
munity drift process determines diversity 
within each of these. However, there is a much 
simpler way to resolve this issue that fully inte
grates both points of view.

Environments -------------- ►

Ranges expand 
and contract to 
maintain equal 
competitive abilities 
across species.

Fig- 6. A diagram of the evolutionarily and ecologically dynamic distribution of species over environmental gradients 
within a region. Distributions of species are maintained stably by density-dependent competitive interactions, but may 
undergo expansion or contraction following changes in the environment or evolutionary changes in traits affecting 
species interactions.



BS 55 597

Table 2. Variance apportionment among taxonomic levels for the log-transformed abundance of trees on the BCI forest 
dynamics plot averaged over censuses made in 1982, 1985, and 1990. Data from the Center for Tropical Forest Science 
website (http://www.ctfs.si.edu/data/data/data.htm/); taxonomy according to the Angiosperm Phylogeny Group website 
(http://www.mobot.org/MOBOT/Research/APweb/welcome.html).

Source of variance
Percent of variance in population size

Sample Observed data Randomized data

Orders within angiosperms 
Families within orders 
Genera within families 
Species within genera

22 7 1
32 0 0

130 22 0
124 71 99

The integration of local and regional processes 
The idea is this. Species production within 
regions and population interactions having 
demographic consequences within local com
munities are well-established processes in ecol
ogy and evolutionary biology. However, 
because individuals move across the landscape 
more rapidly than population interactions 
come into a steady state locally, interactions 
between species occur within regional land
scapes rather than being limited to local areas. 
The outcome of changes in these interactions 
caused by environmental change or by evolu
tion within one or more populations is more 
frequently an expansion or contraction of eco
logical and geographic breadth, than the 
exclusion of a species from a region. These 
adjustments of distribution result in the equal
ization of average regional population growth 
rates close to zero, similar to the manner in 
which Hubbell (2001) imagined that life-his
tory trade-offs might equalize population 
growth rates locally. Thus, all species become 
demographically, if not ecologically, equiva
lent. Because the populations of all species are 
stabilized by density dependence, extinction 
can only follow upon broad-scale environmen
tal change or evolution of species relation
ships. Thus, extinction takes place over the 
whole region rather than within local commu
nities, and the time between events is brought 
onto the same scale as the production of new 

species. Local interactions provide a driving 
force for ecological specialization and thus 
limit membership in local communities more 
stringently than the random sampling process 
inherent to Hubbell’s model. However, local 
interactions do not set rigid upper limits to 
local diversity (community saturation) and 
thus diversity patterns are connected over a 
continuum between local and regional scales.

Shifts in the regional array of species as well 
as membership in local communities comes 
about through environment change, on one 
hand, and evolutionary changes in popula
tions, on the other hand. The first of these 
influences drives diversity patterns externally 
while the second comprises internal drivers of 
diversity, potentially linking the species rich
ness of a region to time. Evolutionary changes 
in populations have been postulated as causes 
of taxon cycles, referring to phases of expan
sion and contraction of populations ecologi
cally and geographically (Wilson 1961; Ricklefs 
& Cox 1972; Ricklefs & Bermingham 2002). 
Ricklefs and Cox (1972) suggested that such 
cycles were driven by evolutionary interactions 
between consumer and resource populations 
(predator-prey, pathogen-host), which would 
result in a continual reshuffling of the distribu
tions of species over the regional landscape. 
However, because the selective forces on these 
interactions are frequency dependent, favor
ing the consumer when it is rare, the end result 
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of such evolutionary-ecological dynamics 
rarely is extinction.

The relative importance of such intrinsic 
processes is revealed by the apportionment of 
most of the variance in population size or eco
logical and geographical distribution at low 
taxonomic levels (i.e., species within genera) 
(Ricklefs & Cox 1972; Brown et al. 1996; Gaston 
& Blackburn 1996; Gaston 2003). For example, 
87% of the variance in the total population size 
and 85% of the variance in south-north (warm 
cold) midpoint position of European passerine 
birds resides at the level of species within gen
era (Scheuerlein & Ricklefs 2004). In contrast, 
80% of the variance in position along a wet-dry 
habitat gradient resides at the level of genera 
within families, reflecting greater conservatism 
of habitat specialization. At a more local scale, 
71% of the variance in abundance of trees on 
the 50-ha forest dynamics plot on Barro Col
orado Island (BCI), Panama, resides at the 
level of species within genera, with an addi
tional 22% among genera within families. 
According to Hubbell’s mutation model of spe
ciation (Hubbell 2001), population size has no 
heritability and all its variance should occur 
only on the level of species within genera, as 
shown for the randomized BCI data in Table 2. 
Thus, relative abundances do carry a phyloge
netic signal, most likely arising from variation 
in ecological relationships of taxa to their envi
ronments.

Clearly distribution and abundance are 
highly labile, but do not closely match adapta
tions of trophic ecology or habitat specializa
tion that are conserved at higher taxonomic 
levels. Reasonable candidates driving this vari
ance are relationships with consumer and 
resource populations, although more conserv
ative attributes of species-environment rela
tionships also might be important. Indeed, the 
influence of some extrinsic drivers, such as 
global climate change, on species distribution 
and abtindance are more likely to be expressed 

at higher taxonomic levels, reflecting common 
adaptations to environmental conditions and 
selective extinction. For example, late Tertiary 
extinctions of trees from Europe were concen
trated in orders, such as the Laurales and Mag- 
noliales, with primarily tropical distributions 
(Latham & Ricklefs 1993a; Svenning 2003).

Ecologists accept all the components of this 
regional view of diversity, including metapopu
lation dynamics, source-sink relationships, and 
mass effects within landscapes. Ecologists have 
also argued for an open community concept 
with species distributed more or less indepen
dently over ecological gradients within regions 
(Gleason 1926; Whittaker 1953). A consider
able body of theory has developed around the 
problem of dispersal and habitat specialization 
in competitive systems (Holt 1996; Chesson 
2000; Holt 2003). Why, then, have ecologists 
been reluctant to accept the influence of 
regional processes on local ecological systems 
and to make these processes a part of the eco
logical research paradigm? This inertia seems 
rooted in part on the practical scale of ecologi
cal investigation, which has not been able to 
deal with regional patterns and evolutionary 
time scales. The establishment of programs 
such as the 50-hectare plots and ancillary stud
ies in tropical forests around the world (Condit 
1995) is a wonderful initiative in the direction 
of producing comparable data on diversity on 
a global scale.

Another part of the inertia of local ecology 
has been the long tradition of local studies with 
homogeneous model systems or microcosms, 
which are valuable for exposing strong interac
tions but misleading with respect to the 
immense complexity of natural systems. Most 
community theory developed from a bounded 
community concept that could be described by 
a matrix of interactions and solved for the out
come of invasions by species with random 
attributes (Vandermeer 1969, 1972; May 1975; 
Roughgarden 1989). For the most part, these 
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studies did not account for spatial variation in 
the environment, except for the provision of 
refuge from predation (Werner & Hall 1976; 
Wellborn et al. 1996). Nor did they allow for 
evolution. For example, community invaders 
in natural systems are mostly well adapted to 
the local conditions and bear a close evolution
ary relationship to species already present. 
Thus, they cannot be modeled as species hav
ing random interaction coefficients with others 
in the community (Roughgarden 1989; Mor
ton et al. 1996). Invasion of local communities, 
which occurs through ecological and geo
graphical expansion of the invading popula
tion, is supported by movement of individuals 
from productive populations elsewhere and 
often accompanied by evolutionary adjustment 
of the invading and resident species. Thus, 
while model systems are instructive in a gen
eral qualitative way, they overestimate the 
structuring influence of local interactions on 
communities relative to regional and evolu
tionary factors. I believe that in order for this 
attitude to change, ecologists must abandon 
local concepts of communities and regard 
(that is, design research with respect to) 
species interactions as playing out within 
regions. This will integrate a continuum of 
processes on scales from local to the entire 
region and ranging in time from the intervals 
between birth and death events to the intervals 
between speciation and extinction events.

Conclusions
The most important point to be made with 
regard to the generation and maintenance of 
patterns of biodiversity is that the concept of 
the community has no local validity. Species 
interactions play out over entire regions. Move
ment of individuals between habitats connects 
the locality to the broader region and links 
local and regional diversity. Because of habitat 
specialization, the competitive abilities of 

species within whole regions are approximately 
equivalent and therefore competitive exclu
sion within a region is infrequent. Competitive 
equivalence is maintained by variation in habi
tat breadth; the resulting demographic equiva
lence of species places the time scale of extinc
tion on the same order as that for species pro
duction. Thus, regional and historical factors 
shape the size of the regional species pool, and 
local diversity is sensitive to the size of the 
regional pool of species. To determine how 
large-scale processes have influenced diversity, 
ecologists must incorporate regional, histori
cal, and phylogenetic perspectives in the 
design of biodiversity sampling across different 
spatial dimensions, environmental gradients, 
and regions.
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Sources of Molecular Data
Overall phylogeny: Panero & Funk (2002)
Barnedesieae: Gustafsson et al. (2001)
Mutisieae s.L: Kim & Jansen (2003), Panero & Funk (2002)
Cardueae: Garcia-Jacas, Garnatje, Susanna & Vilatersana (2002)
Cichorieae (Lactuceae): Gerneinholzer & Bachmann (unpublished)
Arctoteae, Gundelieae, Eremothamneae: Funk, Keeley & Chan (2004)
Vernonieae: Keeley & Chan (unpublished)
Liabeae: Kim, Funk, Vlasek & Zimmer (2003); Funk (unpublished)
Gnaphalieae & Calenduleae: Bayer et al. (unpublished)
Senecioneae: Bain & Golden (2000); Coleman et al. (in press); Kadereit & Jeffrey (1996);

Knox 1996; Pelser et al., 2000; Swenson & Manns, 2003
Astereae: Cross, Quinn & Wagstaff (2002); Noyes & Rieseberg (1999)
Anthemideae: Watson, Evans & Boluarte (2000); Watson (unpublished)
Inuleae: Bayer (unpublished)
Heliantheae s.l.: Baldwin, Wessa & Panero (2002); Panero & Funk (2002)
Eupatorieae: Schmidt & Schilling (2000); Schilling (unpublished)

Abbreviations
OG = Out Groups 
St = Stifftia clade 
Goc = Gochnatieae 
He = Hecastocleideae 
Hec = Hecastocleioideae 
Die = Dicomeae 
Old = Oldenbergia 
Tar = Tarconantheae 
Per = Pertyeae 
Pert = Pertyoideae 
Gy = Gymnarrheneae 
Gym = Gymnarrenoideae 
Gu = Gundelieae 
Co = Corymbieae 
Cory = Corymbioideae 
Calen = Calenduleae 
At = Athroismeae 
Core = Coreopsideae 
Ne = Neurolaeneae 
Chae = Chaenactideae 
Po = Polymineae 
Mill = Millerieae 
Perity = Pertyleae
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Fig. 4. A supertree of the Compositae, branches and internodes are colored according to the distribution of the terminal taxa or the optimization of those distributions. Abbreviations and references are listed at the base of the figure.
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