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PREFACE

Biogeography, the study of the distribution of organisms over the surface of
the earth, plays a central role in our understanding of virtually all aspects of the
biology of primates and other animals. Biogeography is critical for determining
systematics and mechanisms of speciation and for evaluating population genetics
and demography. The distribution of primates relative to aspects of climate and
habitat, including altitude, forest type, and food availability, form the basis
for our understanding of ecological and behavioral adaptations. Likewise, the
biogeography of primates in the past is a major component of our understanding
of their evolutionary history. Despite the importance of biogeography in our
understanding of primate evolution and biology, and the broad representation
of research on this subject in journals, field guides, and edited volumes on
different regions of the world, Primate Biogeography has never before been
the focus of a single volume.

Our goal in bringing together these papers on the biogeography of primates,
past and present, is to provide an introduction to Primate Biogeography as a dis-
cipline, to draw attention to the many factors that may influence the distribution
of primates, and to demonstrate the wide range of approaches that are available
to understanding the distribution of this order. In many ways, primates are an
ideal subject for studies of biogeography. The systematics of the group is well
documented and is the subject of constant, ongoing revision. Compared with
many other groups of mammals, primates are relatively large, colorful, noisy,
mostly diurnal, and relatively easy to locate and identify in the field. Unlike birds
or fishes, their movement patterns are relatively easy to document. Moreover,
in recent years, the genetics of many primate species have been widely studied
and published. In addition, primates are relatively abundant in the fossil record
of most continents and the broad outlines of their evolutionary history are well
established. Thus the raw data for studies of primate biogeography are more
abundant and available than for virtually any other group of mammals.

vii



viii Preface

Except for the introductory chapter and the final section, which provide his-
torical and evolutionary overviews of primate biogeography, we have organized
the volume by major geographical regions. This organization reflects the fact
that living primates are largely restricted to the tropics and that the faunas of
the Neotropics, Africa, Madagascar, and Asia, respectively, are unique to each
region. This organization also highlights the diversity of approaches that can
be used to reconstruct the biogeography of the primates in a single part of
the world. Each of the sections begins with a short introduction to the major
geographical features of the region and a summary of the primates in the area.

Chapter 1, “Primate Biogeography: A Review”, provides a broad review
of primate biogeography in the context of its development as a discipline. It
provides an introduction to the many approaches used in the study of biogeog-
raphy and a context for subsequent chapters. The biogeography of primates
in Central and South America are the subject of Chapters 2, 3, and 4. Each
of these chapters demonstrates a different approach to the subject including,
statistical analysis of distribution patterns, studies of genetic similarities, and
multivariate analysis of field surveys. African primates are the subject of Chap-
ters 5, 6, and 7. Again, each of the chapters reflects a different approach to
understanding the biogeography of primates and its many aspects, including
genetics, comparative ecology, and comparative anatomy. Chapters 8, 9, and
10, are devoted to the primates of Madagascar, perhaps the most unique fauna
of primates anywhere on earth. The authors of these chapters provide insights
based on an overview of field research, detailed studies of molecular systemat-
ics, and a broad consideration of environmental variables. Chapters 11 and 12
discuss factors that have influenced the distribution of primates in two different
regions of Asia—mainland Southeast Asia and the Sunda Shelf. The authors
emphasize the roles of geological history and human activity in generating cur-
rent patterns of primate distribution. Chapters 13, 14, 15, and 16 extend our
perspective into the evolutionary past and look at primate biogeography and
phylogeny over the past 55 million years.

This project has been possible only with the help of many people. Some of
the contributions were initially presented in a symposium sponsored by The
American Association of Physical Anthropologists. All of the papers benefited
greatly from the time and insights offered by numerous reviewers. Jason Kamilar
and Luci Betti provided invaluable organization and artistic skills, respectively.
At Kluwer /Plenum/Springer we owe a special debt to Andrea Macaluso, Krista
Zimmer, and the Series Editor Russ Tuttle.
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CHAPTER ONE

Biogeography and
Primates: A Review
Shawn M. Lehman and John G. Fleagle

ABSTRACT

In this paper, we present an introduction to primate biogeography at a continental
level and then review the literature as it pertains to primate studies. Primate species di-
versity is highest in the Neotropics and Asia. Most primates range into rain/humid
forests in Africa, Asia, and the Neotropics. Asia contains the highest total number
of primate species (N = 38) that are considered to require conservation attention,
followed closely by the Neotropics (N = 33 species). These biogeographic patterns
reflect complex phylogenetic, geologic, and ecological processes. The various biogeo-
graphic theories and models used to explain these patterns can be organized into sev-
eral broad categories (1) descriptive studies, (2) comparative-quantitative approaches,
(3) refugia theory, (4) phylogenetic approaches, (5) community ecology, and (6) con-
servation biology. Descriptive models have been derived from distribution data ob-
tained during collecting expeditions. These models focused on geographic variations in
species characteristics and barriers to dispersal (e.g., Gloger’s Rule, Bergmann’s Rule,
Allen’s Rule, river barrier hypothesis). With the advent of digitized statistical proce-
dures, these barriers became testable biogeographic hypotheses using comparative-
quantitative models. Thus, many researchers have noted the importance of rivers as

Shawn M. Lehman e Department of Anthropology, University of Toronto, Toronto, Ontario M5S
3G3 John G. Fleagle e Department of Anatomical Sciences, Health Sciences Center, Stony Brook
University, Stony Brook, NY 11794-8081
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2 Primate Biogeography

geographical subdivisions of populations of a species. Comparative-quantitative mod-
els have also involved studies of species-area and distribution-abundance relationships.
Generally, larger areas are more species rich and widely distributed primates tend to
exist at higher densities. Many researchers have also investigated various ecological
correlates (e.g., rainfall, latitude) to patterns of primate species richness. There has
been considerable debate regarding the importance of Pleistocene Refugia for under-
standing the historical biogeography of primates. Phylogenetic or cladistic biogeogra-
phy focuses on shared derived characters, which can be used to reconstruct biogeo-
graphical history. The presence or absence of species within a geographic area has
been investigated extensively through studies of community ecology. Similarities be-
tween primate communities are most likely if they share a common biogeographic
history. Composition of primate communities can also reflect evolutionary niche dy-
namics. Finally, researchers studying primate conservation biology have synthesized
methods from various biogeographic models to understand and predict primate rar-
ity and extinction events. Much of the renewed interest in primate biogeography
tends to focus on the spatial and temporal patterns that influence species origins and
diversity.

Key Words: Primates, ecological biogeography, historical biogeography, diversity,
Neotropics, Africa, Madagascar, Asia.

INTRODUCTION

Biogeography is the study of the distribution and diversity of organisms in space
and time (Cox and Moore, 2005). There are two main approaches to produc-
ing and testing hypotheses of species distribution and diversity: (1) ecological
biogeography and (2) historical biogeography (Lomolino et al., 2005). Eco-
logical biogeography is used to investigate distribution and diversity patterns
based on the interactions between an organism and its physical and biotic en-
vironment (Huggett, 2004 ). Historical biogeography determines the series of
events that led to the origin, dispersal, and extinction of tropical taxa (Crisci
et al., 2003). Using this approach, researchers have explained the biogeogra-
phy of plants and animals as the result of the appearance of barriers and the
disappearance of barriers (Wiley, 1988). The biogeography of many organisms
is likely the result of a complex relationship between ecological and histor-
ical factors (e.g., Bush, 1994; Tuomisto and Ruokolainen, 1997; Lomolino
et al., 2005). In this paper, we present an introduction to primate biogeogra-

phy at a continental level and then review the literature as it pertains to primate
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studies in order to put the papers from this volume in a broader historical
perspective.

Primate Biogeography at the Continental Level

There are approximately 348 exant primate species in the world (Appendix 1),
although this number varies depending on which taxonomy is used (e.g., Ry-
lands ez al., 2000; Groves, 2001; Grubb ez al., 2003; Brandon-Jones et al.,
2004; Isaac et al., 2004). Morever, there have been at least 46 new species dis-
covered or redescribed in the last 10 years (Rylands, 1998; Silva and Noronha,
1998; van Roosmalen, 1998; Kobayashi and Langguth, 1999; Rasoloarison et
al., 2000; Thalmann and Geissmann, 2000; van Roosmalen et al., 2000; Ry-
lands et al., 2002; van Roosmalen ez al., 2002; Mayor et al., 2004; Jones et al.,
2005). Extant primates are found almost exclusively in one of the following
four tropical regions: Neotropics (Central and South America), Africa, Mada-
gascar, and southern and eastern Asia. In an effort to obtain a broad overview
of primate ecology in a biogeographical perspective we have summarized broad
patterns of primate ecology of living primates by continent (Table 1). In our
overall semi quantitative review of primate adaptations and biogeography, we
have relied heavily on secondary sources (e.g., Rowe, 1996) because they pro-
vide a breadth of data reduced to a common format.

Species diversity is highest in the Neotropics and Asia. At higher taxonomic
levels, the most genera are located in Africa whereas the most families are found
in Madagascar and the Neotropics. The high taxonomic diversity for Madagas-
car is remarkable because it is considerably smaller in area (587,040 km?) than
any of the other regions (Reed and Fleagle, 1995) and only 10-20% of the orig-
inal forest cover remains in this country (Green and Sussman, 1990; Du Puy

Table 1. Primate species, genera, and family
diversity in four main biogeographic regions

Region Species Genera Families
Neotropics 116 18 5
Africa 83 21 4
Madagascar 59 14 5
Asia 90 16 4

Total 348 69 18
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and Moat, 1998). There are also extremely high levels of endemicity (81%—
100%) for primates, vascular plants, reptiles, and amphibians in Madagascar
(e.g., Ganzhorn et al., 1999; Garbut, 1999; Goodman and Benstead, 2005).

Most primates range into rain/humid forests in Africa, Asia, and the
Neotropics (Table 2). Patterns of forest use are somewhat different for lemurs.
Of the 48 lemur species for which there are habitat data, 64.0% (N = 31) range
into dry forests. Exploitation of woodlands and wooded grasslands is most
common among African primates, which allows these animals to range over a
wider area than that covered only by forests. Neotropical and African primates
use riparian habitats more often than taxa in either Madagascar or Asia. Use
of swamp and montane habitats is common among Neotropical and Asian pri-
mates. In the Neotropics, numerous primate species, particularly those in the
Callitrichidae, exploit secondary/edge habitats.

Fruit is exploited by many primate species in each region, and particularly
in the Neotropics where all species studied to date eat at least some fruit (Ta-
ble 3). Leaves are eaten by many primates in all regions, but are exploited by
only a few taxa in the Neotropics. Conversely, a higher proportion of primates
exploit gums and tree exudates in the Neotropics. Insects and fauna are eaten
commonly by primates in the Neotropics, Africa, and Asia; but infrequently by
those in Madagascar. Although few lemurs exploit seeds as food, many species
cat flowers.

Primate conservation priorities at the species level differ between regions
(Table 4). Asia contains the highest total number of primate species (N =
38) that are considered to require conservation attention, followed closely by
the Neotropics (N = 33 species). The Neotropics contain 42.8% (N = 9) of
the 21 total primate species that are critically endangered worldwide (Azeles
hybridus, Brachyteles hypoxanthus, Callicebus barbarabrownae, C. coimbrai, Ce-
bus xanthosternos, Leontopithecus caissara, L. chrysopygus, Oreonax flavicanda,
and Saguinus bicolor). There are six primate species listed as critically endan-
gered in Asia (Hylobates moloch, Macaca pagensis, Pongo abelii, Rbinopithecus
avunculus, Trachypithecus delnconrs, and T. poliocephalus). There are four crit-
ically endangered primates in Madagascar (Eulemur albocollaris, Hapalemur
awnreus, Prolemur simus, and Propithecus tattersalls) and two in Africa (Pilio-
colobus rufomitratus and P. tephrosceles). Of the 51 primate species considered
to be endangered, 21 are located in Asia and 13 in Africa. The Neotrop-
ics contain 33.3% (N = 14) of the 42 primate species listed as vulnerable

worldwide.
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6 Primate Biogeography

Table 4. Number of primate species at three levels of conservation risk in the
Neotropics, Africa, Madagascar, and Asia

% total
No. critically No. No. recognized

Region endangered endangered vulnerable Total species
Neotropics 9 10 14 33 284
Africa 2 13 7 22 26.5
Madagascar 4 7 10 21 35.6
Asia 6 21 11 38 422
Total 21 51 42 114 32.8

The above biogeographic patterns reflect complex phylogenetic, geologic,
and ecological processes (Eisenberg, 1979; Terborgh and van Schaik, 1987;
Ayres and Clutton-Brock, 1992; Reed and Fleagle, 1995; Fleagle and Reed,
1996; Pastor-Nieto and Williamson, 1998; Wright, 1999; Harcourt, 2000b;
Laws and Eeley, 2000; Harcourt ¢z al., 2005). For organizational structure, we
have grouped biogeographic theories and models into several broad categories
(1) descriptive studies, (2) comparative-quantitative approaches, (3) refugia
theory, (4) phylogenetic approaches, (5) community ecology, and (6)conser-
vation biology. Historically, descriptive models have been derived from distri-
bution data obtained during collecting expeditions (e.g., Wallace, 1853; Dar-
win, 1859; Bates, 1863; Wagner, 1868). These models focus on differences
in species distribution and abundance due to barriers to dispersal at the con-
tinental level. The comparative and quantitative models enable researchers to
narrow the geographic focus to patterns of local species richness. Two pri-
mary variables have been extensively examined in these models: species num-
ber and some ecological characteristic(s) of the environment (e.g., area, lat-
itude, and rainfall). An especially important series of biogeography theories
have emphasized the importance of Pleistocene refugia. The phylogenetic ap-
proach to biogeohraphy developed from Hennig’s (1966) method of analyzing
taxa with respect to shared characters which have been derived from an ances-
tor common only to themselves. In phylogenetic or cladistic biogeography,
shared characters were replaced by shared geographic regions. The resulting
area cladograms could then be used to reconstruct the biota of a historic re-
gion. Community ecology incorporates the perspective on how species compo-
sition and interactions relate to biogeographic processes. Conservation biology
synthesizes methods from other biogeographic approaches to understand and
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predict primate rarity and extinction events at various levels (e.g., species, sites,
landscape, regions, continent, and global). From these models, precise pre-
dictions of the distribution and diversity of species could be generated and
tested.

Descriptive Models

There has been an explosion of research interest on the identification, clas-
sification, and study of mammals during the last 150 years (Wallace, 1853;
Darwin, 1859; Grandidier, 1875-1921; Hesse ¢z al., 1937; Mayr, 1942; Dar-
lington, 1957; Simpson, 1965; Futuyma, 1998; Groves, 2001). As researchers
catalogued and analyzed new species, they began to develop rules and general
descriptive models to explain biogeographic processes. For example, geographic
differences in climate were used to explain clinal variations in skin pigmentation
(Gloger’s Rule), body size (Bergmann’s Rule), and appendage length (Allen’s
Rule). Increased research interest into allopatric speciation led researchers to
investigate how barriers, such as rivers, caused geographical subdivision of pop-
ulations of a species. Rivers have long been thought to influence the biogeogra-
phy of tropical taxa (e.g., Wallace, 1853; Darwin, 1859; Bates, 1863; Wagner,
1868). Wallace (1853) is credited with first proposing that rivers influence the
geographic distribution of tropical species:

During my residence in the Amazon district, I took every opportunity of
determining the limits of species, and I soon found that the Amazon, Rio
Negro and the Madeira formed the limits beyond which certain species never
passed (p. 5).

Observations such as this led to the formulation of the river theory of bio-
geography. River theory holds that differentiation of tropical biota occurred as
the result of populations being split into isolated subpopulations by networks
of rivers. The constant processes of erosion and silt deposition cause changes
in the course of a tropical river. Forest habitats along the riverbanks are also
altered as a river changes course. The combination of meandering rivers and
mosaic forests creates habitat heterogeneity, which is associated with increased
opportunities to specialize and avoid interspecific competition (Salo ez al.,
1986; Risinen et al., 1987). River based explanations have been used by
researchers studying the distribution and diversity of birds (e.g., Sick, 1967;
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Remsen and Parker, 1983; Caparella, 1992), reptiles (Rodrigues, 1991), and
non-volant mammals (Eisenberg, 1981; Eisenberg, 1989). However, recent
studies of patterns of genetic population differentiation in rodents (Patton ez
al., 1994) and frogs (Gascon ¢t al., 1996, 1998) along the Jurua River in Brazil
do not support the river barrier hypothesis. Although the population structure
for some loci in the rodents and frogs were consistent with differentiation along
opposite river banks, the results were due largely to substantial differentiation
at one or a few collecting localities. Gascon and co-workers (1998) concluded
that patterns of geographic variation in four frog species were the result of the
sampling region being a zone of secondary contact.

Rivers and their floodplains have been shown to influence the adaptive ra-
diation and distribution of Malagasy strepsirhines (Martin, 1972; Tattersall,
1982; Meyers et al., 1989; Thalmann and Rakotoarison, 1994; Goodman
and Ganzhorn, 2003), New World monkeys (Hershkovitz, 1968; Hershkovitz,
1977, Eisenberg, 1979; Hershkovitz, 1984; Ayres, 1986; Hershkovitz, 1988;
Cheverud and Moore, 1990; Froehlich et al., 1991; Ayres and Clutton-Brock,
1992; Peres et al., 1996; Wallace ez al., 1996; Peres, 1997; Lehman, 1999;
Lehman, 2004 ), Old World monkeys (Booth, 1958; Grubb, 1990; Colyn and
Deleporte, 2002), and apes (Hill, 1969; Gonder ¢t al., 1997). For exam-
ple, Ayres and Clutton-Brock (1992) conducted a preliminary biogeographic
survey of the distribution of Amazonian primates and found that similarity
of species across riverbanks was negatively correlated with river discharge,
length /discharge, and width. There was also a negative correlation between
the distance from the headwaters of the Amazon River and the similarity of pri-
mate species between its banks. However, some studies of Old World monkeys
do not support the river barrier hypothesis. Colyn (1988) and Oates (1988) re-
viewed data on the distribution of guenons in western Africa and in Zaire. They
concluded that although rivers may somewhat impede gene flow in guenons,
there is little evidence that rivers are major barriers to the dispersal of forest
monkeys in western and central Africa (but see Colyn and Deleporte, 2002).
Similarly, Meijaard and Groves (this volume) emphasize that the effect of spe-
cific rivers as biogeographic barriers is influenced by a variety of other factors,
including their history.

In the mid-20th century, new data on tropical geology and animal distri-
bution lead to the theory of panbiogeography. Panbiogeography focuses on
the coevolution of geographic barriers and biotas (Croizat, 1958, 1976). This
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theory employs the notion that biotas evolve together with barriers (Cracraft,
1988; Cracraft and Prum, 1988b). Thus, the barrier cannot be older than
the disjunction. Darwin (1859) recognized the role of vicariance in evolution
when he proposed that: “barriers of any kinds, or obstacles to free migration,
are related in a close and important manner to the differences between the pro-
ductions of various regions” (p. 347). If populations are isolated by vicariance
events for extended periods of time, then speciation may occur via allopatry
(reviewed in Wiens and Graham, 2005). The basic method is to plot the dis-
tributions of organisms on maps and connect the disjunct distribution areas
together with lines called tracks. A track is the spatial coordinates of a species
or groups of species. If the superimposed tracks of unrelated species overlap,
the resulting overlapped lines indicate the presence of ancestral biotas that were
fragmented by geologic or climatic change. For example, Croizat (1976) sug-
gested that faunal differences to the east and west of the Andes are due to the
uplift of this mountain range.

Comparvative-Quantitative Approaches

Quantitative approaches developed since the middle of the mid-20™ century
have vastly improved our understanding of biogeography. One of the first and
best examples of ecological patterns that grew out of analyses of these data
was the relationship between species number and area (Rosenzweig, 1995).
Species-area relationships predict that there is a positive relationship between
the number of species and the size of an area (Preston, 1962; Williams, 1964;
MacArthur and Wilson, 1967). This relationship is expressed as the equation:

S = CA*
which is usually expressed in the log-transformed form,
logS =logC + zlog A

where § is the number of species, Ais the area, z the slope of the line, and
C is a constant usually referred to as the intercept. Species-areas relationships
have been investigated at various biogeographic levels in primates (Reed and
Fleagle, 1995; Jones, 1997; Bates et al., 1998; Ecley and Laws, 1999; Har-
court, 1999; Laws and Eeley, 2000; Lomolino, 2000; Biedermann, 2003;
Lehman, 2004; Harcourt and Doherty, 2005). For example, Reed and Fleagle
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(1995) documented a high correlation (R? = 0.87) between the number of
primate species and the area of rain forest for major continents (South Amer-
ica, Africa, and SE Asia) and large islands (Madagascar, Borneo, Sumatra, and
Java).

Increased understanding of species-area relationships and the role of behav-
ior and diet in determining an animal’s ability to persist in habitats of varying
size led to the ecological specialization hypothesis (Hanski, 1982; Brown, 1984;
Hanski et al., 1993; Hanski and Gyllenberg, 1997; Irschick et al., 2005). Ac-
cording to this hypothesis (Brown, 1984), species that exploit a wide range
of resources (generalists) are both locally common (high density) and widely
distributed, whereas species that exploit a narrow range of resources (special-
ists) have a limited distribution and tend to be locally uncommon (low den-
sity). Studies of ecological specialization in primates have provided conflicting
results (Arita et al., 1990; Jones, 1997; Eeley and Foley, 1999; Peres and Jan-
son, 1999; Harcourt ¢t al., 2002; Harcourt, 2004; Lehman, 2004; Harcourt
et al., 2005). At the global level, Wright and Jernvall (1999) found a “re-
markably linear” relationship between the geographic range of primates and
habitat breadth, but not dietary breadth. Conversely, Harcourt et al. (2002)
found that dietary breadth was the only trait to covary with rarity in primate
genera. Finally, Eely and Foley (1999) documented positive relationships be-
tween species range size and both habitat breadth (» = 0.851) and dietary
breadth (» = 0.634) in African anthropoid primates. Recent studies have re-
vealed the need to refine methods used to test species-area relationships and
associated models, such as ecological specialization (Vazquez and Simberloft,
2002; Fernandez and Vrba, 2005a; Irschick et a/., 2005). For example, dietary
niche breadth is often measured by summing the total number of food cat-
egories (fruit, leaves, flowers, insects, etc.) exploited by a species (Eeley and
Foley, 1999; Wright and Jernvall, 1999; Harcourt ez /., 2002). It is important
to note that this dietary categorization does not discriminate between dietary
type breadth (number of food categories exploited) and dietary species diver-
sity (number of plant species exploited). For example, a hypothetical primate
species could be a dietary type specialist if it exploits only two food categories
(e.g., fruits and leaves) but a dietary species generalist if it exploits hundreds of
plant species within each of these two food types. Irschick ez al. (2005) argued
that specialization should be measured using data on resource availability and
exploitation, and that researchers should integrate phylogenetic data into their
models.
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Ecological gradients also influence the biogeography of many tropical or-
ganisms. Many abiotic and biotic factors form a gradient within the environ-
ment (Hutchinson, 1957). Although some species are eurytopic (ecologically
tolerant) and others are stenotopic (ecologically intolerant), each can survive
within only a certain environmental range (range of optimum). This range is
bounded at both ends of the gradient by zones of physiological stress, which
are areas where a species finds it increasingly difficult to survive. Thus, a va-
riety of environmental gradients (e.g., temperature, humidity, and latitude as
well as geological features) may influence primate biogeography (Stevens and
O’Conner, this Volume; Kamilar, this volume).

Correlates between rainfall and primate diversity have been investigated
at the continental level (Reed and Fleagle, 1995; Cowlishaw and Hacker,
1997; Kay et al., 1997; Peres and Janson, 1999). Reed and Fleagle (1995)
tound a high correlation between species diversity and mean annual rainfall for
Africa (R? = 0.75), Madagascar (R? = 0.70), and South America (R? = 0.67).
They concluded that although more data are needed on specific abiotic and
biotic factors, primate diversity at the global and continental levels is highly
correlated with geography and climate. In another example, Kay et al. (1997)
found that primate species richness in South America exhibits a unimodal
relationship with rainfall; peaking at ca. 2500 mm and then declining. They
then reanalyzed Reed and Fleagle’s (1995) data for Asia and found similar
results. Kay and co-workers (1997) concluded that in areas with very high
rainfall, soil leaching depletes nutrient levels and cloud cover reduces the light
available for solar radiation for plants. Thus, plant productivity and primate
species richness actually decline in areas of highest rainfall. Peres and Janson
(1999) conducted a zoogeographical review of primate species distribution
and environmental factors at 185 forest sites in the Neotropics. Their data did
not support the hypothesis that primate richness is correlated with rainfall.
Instead, they suggested that this relationship holds only in deciduous (dry)
closed canopy forests where precipitation may be a limiting abiotic factor. In
evergreen rain forests, where rainfall is not a limiting factor, precipitation is not
a major determinant of primate richness in the Neotropics. Many researchers
have cited geographic variation in rainfall as the proximate factor influencing
lemur evolutionary ecology (Albrecht ez al., 1990; Godfrey et al., 1990; Al-
brecht and Miller, 1993; Ravosa ez al., 1993, 1995; Wright, 1999; Ganzhorn,
2002; Godfrey et al., 2004; Lehman ez al., 2005). For example, resource
seasonality may apply to some extant Indriidae (Indri, Avahi, and Propithecus)
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in that the largest Propithecus are found in the eastern humid forests with
progressively smaller forms being found in the dry forests of western, northern,
and southern Madagascar (Albrecht ez al., 1990; Ravosa et al., 1993, 1995).
Seasonal fluctuations in rainfall are more pronounced and the length of the dry
season tends to be longer in dry forests compared to humid forests (Ganzhorn,
1994; Ganzhorn et al., 1997; Ganzhorn, 2002). Based on these biogeographic
data, low annual rainfall and a long dry season should produce strong selective
pressures for larger adult body size in indriids (Ravosa ez al., 1995). However,
Lehman ez al., (2005) investigated ecogeographic size variations in sifakas
and found a positive rather than negative correlation between body size and
rainfall. This positive relationship may reflect reduced leaf and fruit quality due
to nutrient leaching from soils in areas of high rainfall in Madagascar.
Latitudinal gradients have been suggested to influence primate richness and
diversity (Cowlishaw and Hacker, 1997; Gaston et al., 1998; Peres and Janson,
1999; Harcourt, 2000b; Bohm and Mayhew, 2005). The mechanisms control-
ling latitudinal variation in species richness and range size are poorly understood
(for review, see Gaston et al., 1998 and Willig, 2003). Brown (1984) argued
that range size decreases in areas of high species richness because of increased
levels of interspecific competition. Conversely, Stevens (1989) suggested that
greater ecological flexibility of high-latitude species enables them to exist in
ephemeral populations at lower altitudes. Many researchers have linked patterns
of species richness to the combined effects of latitude and rainfall (Schall and
Pianka, 1978; Stevens, 1989; Pagel ez al., 1991; Ruggiero, 1994; Cowlishaw
and Hacker, 1997; Kay et al., 1997; Pastor-Nieto and Williamson, 1998; Con-
roy et al., 1999; Harcourt, 2000b; Harcourt and Schwartz, 2001; Harcourt et
al., 2002; Fernandez and Vrba, 2005b). Regions close to the equator exhibit
increased habitat heterogeneity and rainfall, which tend to result in more niches
and higher mammalian species richness (Emmons, 1999). However, in a recent
study, Bohm and Mayhew (2005) used historical biogeography techniques to
investigate patterns of species richness for primates in Africa and Asia. They
found that these patterns result from the passage of time since colonization and
rates of cladogenesis rather than latitude. Cowlishaw and Hacker (1997) tested
Rapoport’s rule, that latitudinal ranges of species become progressively smaller
toward the equator, using the distribution and diversity of 64 species of African
primates. Although latitude only influenced the geographical range of species
south of the equator, rainfall was a better predictor of the geographic range
of African primates north of the equator and south of the equator. Peres and
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Janson (1999) reviewed the effect of latitudinal gradients on primate species
richness in the Neotropics. They found that within latitudinal belts the num-
ber of primate species found in Central and South America was very weakly
correlated with latitude.

Dispersal biogeography developed from attempts to correlate present day dis-
tribution patterns with dispersal of ancestral species (i.e., historical biogeogra-
phy). Dispersal biogeography holds that species move from a center oforigin and
undergo jump dispersal across pre-existing barriers to outlying areas (Cox and
Moore, 2005). Understanding the distribution of fossils is essential because
the oldest fossils are presumed to be located near the center of origin. This
model requires dispersal to occur after the development of isolating barriers
(Gaston, 1994). These barriers are often polarized, allowing migration in only
one direction (Por, 1978). Polarization is due to ecological conditions, such
as species richness and composition on either side of the barrier(s). Coloniz-
ing individuals may become isolated for such an extended period of time that
they undergo speciation. Dispersalism relies on biotic factors, such as differ-
ential abilities of some species to colonize an outlying area (Myers and Giller,
1988).

Dispersal biogeography has been used to explain the distribution and diver-
sity of primates in eastern Venezuela, Guyana, Suriname, and French Guiana
(Eisenberg, 1989; Norconk ¢t al., 1997). For example, Eisenberg (1989) pro-
posed dispersal of primates into Venezuela and Guyana via two routes: (1)
from the SW through western Amazonia (Brazil and Colombia); and (2) across
the Andes bordering Venezuela and Colombia. Norconk et al. (1997) elabo-
rated further on this theory by suggesting that widespread tropical savannas,
rivers, and mountain ranges represent contemporary barriers to the dispersal
of primates in Guyana. There have been many criticisms of the dispersalist
approach (Craw and Weston, 1984). Dispersal explanations for species distri-
bution often constitute untestable hypotheses that do not provide a general
framework for the analyses of multiple taxa. Thus, ad hoc explanations for
the disjunct distribution of one taxon cannot be applied to other taxon or
taxa.

Refugin Theory

Increased understanding of the historical biogeography of tropical flora and
fauna led to the formation of the refuge hypothesis (Mayr and O’Hara, 1986;
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Brown, 1987; Prance, 1987). Analyses of several groups of South Ameri-
can plants and animals showed overlapping areas of endemism as well as hy-
bridization zones located between these areas (Vanzolini and Williams, 1970;
Haffer, 1982). Haffer (1969) and Vanzolini and Williams (1970) hypothe-
sized that varying humid and arid conditions since the Quaternary period re-
sulted in speciation and subspeciation among tropical organisms. Forest ar-
eas contracted whereas savannas expanded during arid periods. In humid peri-
ods, the forest refuges re-expanded and joined. Some animal populations that
became isolated in the restricted forest areas differentiated at the species or
subspecies level before geographical overlap was reestablished with other iso-
lated populations (Haffer, 1982). The resulting species then colonized new
habitats following expansion of forest biota. This theory has four assump-
tions: (1) allopatry is required for geographic differentiation; (2) allopatry
leads to differentiation; (3) differentiation takes many thousands of genera-
tions; and (4) differentiating characters are selectively neutral (Prance, 1987).
The refuge theory has been used to model species diversity in numerous taxa
and biogeographic regions (Kingdon, 1971; Diamond and Hamilton, 1980;
Prance, 1987; Avise and Walker, 1998). However, the refuge hypothesis has
been criticized by many researchers (Endler, 1982; Colinvaux, 1987; Cracraft
and Prum, 1988b; Bush et al., 1990; Bush, 1994; Colinvaux et al., 1996;
Knapp and Mallet, 2003; Bridle ez al, 2004). Colinvaux (1987) and Bush
(1994) reviewed data on the paleoecological record in the Amazon basin
of South America. They concluded that glacial cooling and reduced atmo-
spheric COjcaused disturbance of refuge areas. Thus, it was proposed that
refugia were areas of maximal disturbance rather than areas of minimal dis-
turbance. Furthermore, the refuge theory has, at times, been supported using
biased or inadequate patterns of endemism and character change across ge-
ographic areas (Mayr and O’Hara, 1986; Prance, 1987; Gentry, 1989; Nel-
son et al., 1990). Researchers have found that species level diversification for
many tropical organisms occurred before the Pleistocene (Endler, 1977; Heyer
and Maxson, 1982; Cracraft, 1988; Cracraft and Prum, 1988a; Bush ¢t al.,
1990).

There is considerable debate regarding the influence of forest refugia on pri-
mate biogeography (e.g., Kinzey and Gentry, 1979; Kinzey, 1982; Froehlich
et al., 1991; Evans et al., 2003). For example, Kinzey and Gentry (1979)
suggested that the distribution of dusky titi monkeys (Callicebus moloch) and
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collared titi monkeys (Callicebus torquatus) are the result of these taxa being
restricted to different forest refugia during the Pleistocene and that they conse-
quently developed species-specific adaptations to flora and fauna associated with
different soils that have persisted. However, the habitat differences have been
questioned (Defler, 1994). Researchers conducting genetic studies of chim-
panzees ( Pan troglodytes) have also questioned the role of Pleistocene refugia in
primate biogeography in Africa (Morin et al., 1994; Goldberg, 1996; Gonder
etal., 1997). Morin et al. (1994) documented that populations of chimpanzees
exchanged genes across large geographic regions regardless of forest refugia.
Collins and Dubach (2000) found similar results for Azeles, in that most spe-
ciation events predated the Pleistocene in the Neotropics, and Disotell and
Raaum (2002) suggest dates for many guenon taxa in the Miocene, well before
Pleistocene climatic fluctuations.

Phylogenetic Approaches

Phylogenetic or cladistic biogeography focuses on shared derived characters
which can be used to reconstruct biogeographical history (Brooks, 1990; Hov-
enkamp, 1997; Humphries and Parenti, 1999). Phylogeography uses results
of molecular systematics to infer biogeography (Avise, 2000). Brooks (1990)
suggests two reasons why a species lives where it lives: (1) it may live in an area
because its ancestor lived in that area and the descendant evolved there; or (2) it
may have evolved elsewhere and dispersed into the area where it now resides. If
the first case holds true, then the history of the species should coincide with the
history of the area (association by descent). In the second case, there should no
relationship between species history and area history (association by coloniza-
tion). Thus, areas that have been connected most recently share more species
and characters in common than those areas that have been separated for longer
periods of time.

Cladistic biogeography has been used extensively in studies of living and fos-
sil primates (Froehlich et al., 1991; Albrecht and Miller, 1993; Da Silva and
Oren, 1996; Goldberg and Ruvolo, 1997; Grubb, 1999; Ron, 2000; Jensen-
Seaman and Kidd, 2001; Cortés-Ortiz et al., 2003), and is well-represented
in this collection of articles (Ellsworth and Hoelzer, this volume; Gonder

and Disotell, this volume; McGraw and Fleagle, this volume; Yoder and
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Heckman, this volume; Heesy et al., this volume; Beard, this volume; Rossies
and Seiftert, this volume). Phylogenetic studies of primate biogeography have
employed many types of data. Froehlich ez 2l (1991) analyzed 76 cranio-
dental measurements on 284 spider monkeys. They concluded that the cran-
iodental morphology of spider monkeys is the result of a complex relation-
ship among dispersal from Pleistocene refugia, adaptation to non-flooded for-
est near seasonal swamp forest, and isolation by rivers and habitat barriers.
However, other investigations of the distribution of Amazonian primates with
cladistic methods revealed that diversity patterns do not match those pre-
dicted by the refugia model (Da Silva and Oren, 1996; Ron, 2000). In-
stead, there was consistent support for rivers acting as barriers to disper-
sal that ultimately led to allopatric speciation. In another example, Grub
(1999) theorized that speciation that occurred due to cladogenesis required
more than one vacariance event. Thus, the evolutionary history of large-
bodied primates may have been in response to a series of vicariance events
in Africa. If this theory finds support from, for example, molecular data,
then researchers must consider determining environmental conditions be-
fore, during, and after a sequence of variance events (Hovenkamp, 1997).
Researchers have often looked at only one vicariance event when studying
the evolutionary biology of primates (e.g., Brandon-Jones, 1996; Medeiros
et al., 1997; Cropp et al., 1999). Moreover, researchers investigating col-
onization abilities in extant taxa tend to have utilized a constant dispersal
rate or distance (e.g., Zagt et al., 1997; Losos et al., 1998; Berggren et
al., 2002). Grubb (1999) hypothesized that expansion and contraction of
African biomes led to changes in dispersal rates for many species. Finally,
Grubb (1999) theorized that increased forest fragmentation actually leads
to heightened geographical variation in species. He suggested that primate
data support this model in that the number of taxa within zoogeographi-
cal primate species seem to be significantly positively correlated with total

range.

Community Ecology

The presence or absence of species within a geographic area has been investi-
gated extensively through studies of community ecology (Gee and Giller, 1987
Schoener, 1988; Wiens, 1989; Findley, 1993; Ricklefs and Schluter, 1993;
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Thiollay, 1994; Pugesek et al., 2002). Species may rely on each other, or one
upon another, for a variety of things (e.g., food, shelter, predator detection, and
parasite protection). Thus, the biogeography of one species may be positively
influenced by the distribution and density of another species (Huston, 1996).
In other cases, competitive exclusion may occur whereby the presence of one
species prevents one or more species from occupying an area (Lotka, 1925;
Volterra, 1926; Gause, 1934). This phenomenon can occur naturally or as the
result of native species being displaced by an invader (Connell, 1961; Silander
and Antonovics, 1982).

There have been numerous biogeographic studies of primate commu-
nity structure (Fleagle and Mittermeier, 1980; Bourliere, 1985; Soini, 1986;
Waser, 1986; Terborgh and van Schaik, 1987; Peres, 1988; Ganzhorn, 1992;
Peres, 1993a, b; Fleagle and Reed, 1996; Ganzhorn, 1997; Godfrey et al.,
1997; Peres, 1997; Tutin et al., 1997; Julliot and Simmen, 1998; Cowlishaw
and Dunbar, 1999; Fleagle et al., 1999; Fleagle and Reed, 1999; Janson
and Chapman, 1999; Peres and Janson, 1999; Reed, 1999; Lehman, 2000,
Peres and Dolman, 2000; Ganzhorn and Eisenbeiss, 2001; Fleagle and Reed,
2004; Haugaasen and Peres, 2005). Similarities between primate communi-
ties are most likely if they share a common biogeographic history (Fleagle
and Reed, 1996; Ganzhorn, 1998). Composition of primate communities
can also reflect evolutionary niche dynamics (e.g., Webb et al., 2002; Des-
devises et al., 2003; Wiens and Graham, 2005). For example, the presence
of species in a primate community, such as those in eastern Madagascar, can
represent assemblages of functional groups of omnivores, frugivores, and foli-
vores (Ganzhorn, 1997). Species entering a community following extinctions
or climatic changes seem to fill adaptive or functional gaps. These cycles of
adding new species continue until each functional group is represented in a
community.

Many researchers have noted that the collections of species in relatively de-
pauperate communities are not random subsets of larger assemblages. Rather
they are often ordered, nested subsets of species from species-rich sites (Dar-
lington, 1957; Patterson, 1987). Different communities of a faunal area are
considered to be nested if each species in community A, which has few species,
is also represented in the larger, more species-rich community B. The size and
isolation of the habitat plays a critical role in determining nestedness (Yim-
ing et al., 1998). A large habitat will tend to contain more species than, for
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example, three small habitats of the same total size. Nestedness is thought to
be due to three mechanisms: (1) differential colonization abilities of species, (2)
nested distribution of habitats, and (3) differential extinction of species associ-
ated with reduced habitat area (Patterson and Atmar, 1986; Boecklen, 1997).
For example, Ganzhorn (1998) documented that species-poor communities
tend to represent nested subsets of species-rich communities in Madagascar
and Lehman (this volume) provides a similar analysis of the primates of Guyana.
However, there have been no other studies of nestedness patterns in primate
communities.

Conservation Biology

Although specifics of primate evolutionary ecology are widely debated, there
is consensus that primate evolution is closely linked to the use tropical forest
habitats (e.g., Cartmill, 1972; Sussman, 1991; Cartmill, 1992; Martin, 1993).
Forest-dwelling primates are increasingly threatened by logging, agriculture,
and hunting (Cowlishaw and Dunbar, 2000; Chapman and Peres, 2001). Nu-
merous studies have provided insights into how primates respond to habitat
disturbances and hunting pressures (Johns and Skorupa, 1987; Mittermeier
et al., 1994; Ganzhorn et al., 1996/1997; Ganzhorn, 1997; Chiarello, 1999;
Peres, 1999; Lehman and Wright, 2000; Onderdonk and Chapman, 2000;
Peres, 2000; Peres and Dolman, 2000; Radispiel and Raveloson, 2001; Lau-
rance et al., 2002; Goodman and Raselimanana, 2003; Marsh, 2003; Sussman
et al., 2003; Paciulli, 2004; Johnson ¢t al., 2005; Lehman et al., this volume).
For example, frugivorous lemurs may be particularly susceptible to habitat dis-
turbance because there are few fruiting trees in Madagascar (Ganzhorn et al.,
1999). Of the fruiting trees available, most tend to produce small crops with
long intervals between fruiting periods (Ganzhorn, 1997). In southeast Mada-
gascar, White ez al. (1995) found that density estimates for Varecia variegata
variegata dropped from 1.6 individuals/ha in primary forests to 0.01 individ-
uals/ha in disturbed forests. Sympatric Eunlemur fulvusand E. rubriventer were
less affected by forest disturbance because of their greater locomotor flexi-
bility for vertical clinging and leaping, and because they exploit smaller fruit
trees than V. ». variegata. This disparity in the size of feeding trees is im-
portant because one of the consequences of fragmentation is a reduction in
the number of large trees, particularly near fragment edges (Laurance ez al.,
1997).
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Many researchers have investigated the effects of forest fragmentation on
primate biogeography (Jones, 1997; Estrada ez al., 1999; Oka et al., 2000;
Onderdonk and Chapman, 2000; Passamani and Rylands, 2000; Ganzhorn
et al., 2001; Ganzhorn and Eisenbeiss, 2001; Evans ¢t al., 2003; Ganzhorn
et al., 2003; Marsh, 2003; Norconk and Grafton, 2003; Sussman ez /., 2003;
Baranga, 2004; Mbora and Meikle, 2004; Chapman ¢z al., 2005; Harcourt
and Dobherty, 2005). Larger fragments tend to have more habitats and larger
total population limits, which in turn allow them to host more species (Rosen-
zweig, 1995). However, this positive relationship between fragment size and
species richness can mask important ecological information when species are
lumped together without regard to variations in rarity, habitat requirements,
or range limits (Zanette, 2000). Ideally, species should be categorized accord-
ing to several ecological variables, which provide more deterministic analyses
and predictions. This approach is important because there is not a consistent
positive relationship between species richness and fragment size (Matthiae and
Stearns, 1981; Onderdonk and Chapman, 2000; Harcourt and Doherty, 2005).
For example, Ramanamanjato and Ganzhorn (2001) found that capture rates
and population characteristics of Microcebus rufus were not aftected by frag-
ment size in the littoral forests of southern Madagascar. Harcourt and Do-
herty (2005) investigated how forest fragmentation influenced primate rich-
ness at global, continental, and site scale. They found that primate richness
declined with fragment area at all spatial scales, except in Africa. Most im-
portantly for conservation biology, Harcourt and Doherty (2005) noted that
estimates of minimum area requirements for primate species tend to exceed
the size of most forest fragments. Moreover, a recent edited volume contains
data that indicates that there is species-specific or even individual flexibility in
how primates respond to forest fragmentation (Marsh, 2003). Clearly, more
data are needed to understand why and how some primate species do bet-
ter than others in terms of their population dynamics in fragmented forest
landscapes.

Forest fragmentation causes a dramatic increase in the amount of habitat
edge (Lovejoy et al., 1986; Laurance and Yensen, 1991; Chen et al., 1992).
Edges are dynamic zones characterized by the penetration, to varying depths
and intensities, of abiotic conditions (e.g., wind, temperature, humidity, so-
lar radiation) from the matrix into the forest interior (Chen ez al., 1992;
Malcolm, 1994). The penetration of abiotic factors into the forest interior

results in changes to vegetation structure, microclimate, and food resources
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(Lovejoy et al., 1986; Laurance and Yensen, 1991; Malcolm, 1994; Murcia,
1995; Laurance et al., 1997; Woodrofte and Ginsberg, 1998; Fagan ez al.,
1999; Cadenasso and Pickett, 2001). For example, trees in forest edges are
prone to higher rates of canopy-gap formation, damage, and mortality because
of microclimatic changes and increased wind turbulence (Laurance et a/., 1997;
Laurance, 2000). When the total area of a forest fragment decreases linearly, the
relative amount of interior forest decreases more rapidly than forest edge (e.g.,
Laurance and Yensen, 1991; Murcia, 1995; Zheng and Chen, 2000). Thus,
smaller fragments will contain a relatively higher proportion of edge to interior
forest than larger fragments. Although there have been numerous studies of
the influence of forest edges on tropical taxa (Murcia, 1995; Ries ez al., 2004;
Harper et al., 2005), there are relatively few studies of edge effects on primates
(e.g., Norconk and Grafton, 2003; Lehman ¢z al., 2006a; Lehman ez al.,
2006b). Increased use of secondary forests/edges in Neotropical primates
is driven largely by habitat selection in the speciose Callitrichidae (Cebenlla,
Mico, Callithrix, Saguinus, Leontopithecus, and Callimico). Callitrichidae may
exploit these habitats because they contain an abundance of insect prey (Ry-
lands and de Faria, 1993). Conversely, use of edge habitats may be an ar-
tifact of the number of studies conducted in these habitats versus those on
conspecifics in natural habitats (Rylands, 1996). Edge effects are particularly
relevant to lemurs. Madagascaran forests are highly fragmented and, there-
fore, may be prone to extreme edge effects (Green and Sussman, 1990; Du
Puy and Moat, 1998; Lehtinen et al., 2003; Watson ¢t al., 2004). Lehman
et al. (2006a) found that density estimates for Avahi laniger and Microce-
bus rufus were higher in edge habitats in SE Madagascar. Clinal variations
in food quality rather than abundance represents a possible covariate to the
distribution and abundance of A. laniger. Specifically, Ganzhorn (1995) doc-
umented higher protein concentration in leaves near forest edges. Thus, the
quality of leaves may be highest near forest edges which results in higher A.
laniger densities in these habitats. The density and distribution of M. rufus and
their food trees were positively correlated. Preference for edge habitats can have
significant negative impacts on primate conservation. For example, there is ev-
idence for increased hunting pressures by humans in edge habitats, which may
place edge tolerant lemurs at greater risk for species extirpations (Lehman, in
press).

Conservation biologists have applied biogeographic models to questions
on rarity and extinction patterns in primates (Arita et al., 1990; Jones, 1997,
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Jernvall and Wright, 1998; Mittermeier ez al., 1998; Harcourt, 1999; Mitter-
meier et al., 1999; Wright, 1999; Myers et al., 2000; Harcourt and Schwartz,
2001; Harcourt et al., 2002; Ratsimbazafy, 2002; Dehgan, 2003; Harcourt,
2004; Whittaker et al., 2005). Harcourt and Schwartz (2001) investigated
what biological traits distinguish taxa susceptible to extinction from less sus-
ceptible taxa among primates in SE Asia. They found that traits associated with
extinction risk appear to be large body mass, low density, large annual home
range, and low maximum latitude. Expected traits that did not correlate with
susceptibility were low interbirth interval, high percent frugivory, high group
mass, low altitudinal range, and small geographic range. Jernvall and Wright
(1998) sought to answer this question by analyzing the ecological character-
istics of extant primates in various categories of endangerment of extinction.
They used these data to predict the ecological integrity of communities in the
future, assuming extinctions proceed according to current rankings of endan-
germent. The most severe change in ecological range is projected to happen in
Madagascar, while Africa has less severe, but ecologically specific extinctions.
Loss in the ecological range of Asian primates is severe but only a little more
severe than would be expected based on the decline in Asian primate species
richness. South American extinctions affect taxonomic more than ecological
aspects of diversity. Despite advances made in applying biogeographic models
to primate conservation, we have few longitudinal data on correlates to species
rarity (Coppeto and Harcourt, 2005). For example, Chapman ez al. (2005)
analyzed primate survey data collected over 28 years in Kibale, Uganda. They
found that primate recovery in logged areas was either slow or did not occur for
some species. Thus, future biogeographic studies should investigate how forest
fragmentation, habitat loss, and edge effects operate synergistically to influence
the survival and extinction patterns of primates.

Biodiversity hotspots are used by some conservation biologists to as-
sign conservation priorities when a lack of resources requires maximiza-
tion of thediversity of biological features (Prendergast et al., 1993; Pressey
et al., 1996; Mittermeier et al., 1998; Mittermeier et al., 1999; Myers
et al., 2000; Hamilton ez al, 2001; Meijaard and Nijman, 2003; Watson
et al., 2004). Although definitions of hotspots vary widely, they are typ-
ically defined as geographic areas characterized by high numbers of rare,
endemic species (Myers, 1988; Vane-Wright et al., 1991). Application of
hotspot methodology indicates that 34 biogeographic regions, which com-
prise only 2.3% of the Earth’ surface, contain approximately 75% of the
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world’s most threatened mammals, birds, and amphibians (Mittermeier ¢z al.,
2005).

There has been considerable debate regarding the practical value of as-
sessing conservation priorities based solely on unweighted indices of species
biodiversity (e.g., Prendergast ez al., 1993; Harcourt, 2000a; Brummitt and
Lughadha, 2003). The biodiversity hotspot approach assumes that each en-
demic species has equal weight or value in terms of conservation priorities.
Numerous theoretical and empirical studies have revealed that phylogenetic re-
lationships among taxa are also an important measure for conservation biology
(May, 1990; Vane-Wright et al., 1991; Williams et al., 1991; Faith, 1992a, b,
1993, 1994a, ¢, 1996; Croizer, 1997; Heard and Mooers, 2000; Owens and
Bennett, 2000; Faith, 2002). For conservation purposes, these relationships
can be measured as indices of phylogenetic diversity. Phylogenetic diversity
of a species can be measured either as the inverse proportion of the relative
number and closeness of its phylogenetic relatives (Vane-Wright ez al., 1991)
or by summing the lengths of all those phylogenetic branches spanned by a
data set (Faith, 1994b). For example, a novel application of hotspot and phy-
logenetic diversity methods revealed that lemurs represent the world’s high-
est conservation priority for primates (Sechrest ez al., 2002). Furthermore,
Lehman (in press) found that the phylogenetic component of lemur diver-
sity is greatest for Dawubentonia madagascarviensis, Allocebus trichotis, Lepile-
mur septentrionalis, Indri indri, and Mirza coquereli. It is unfortunate that
many of these high-priority lemur taxa are also amongst the least-studied of all
primates.

Numerous studies have been conducted on the behavioral ecology of a few
species at well-established sites, with relatively little attention paid to determin-
ing the geographic distribution for each species (Scott et al., 2002). Despite
a lack of data on the distribution of many tropical mammals, range maps are
often produced in articles and books. Ultimately, distribution limits represent
hypotheses that must be tested with fieldwork (MacArthur, 1972). As such,
many researchers have investigated methods for determining the geographi-
cal range of species (e.g., Fortin ez al., 1996; Lidicker, 1999; Peterson, 2001;
Bauer and Peterson, 2005). Range limits for some species are abrupt and can be
demarcated by a barrier to dispersal (Caparella, 1992). However, many species
exhibit a clinal decrease in their distribution, with no observable barrier to dis-
persal (Terborgh, 1971). Fortin ez al. (2005) reviewed methods for quantifying
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distribution patterns and suggested that the following questions need to be ad-
dressed for many species: (1) how large are geographic ranges?; (2) how can
geographic range boundaries be identified?; (3) are range boundaries grad-
ual or sharp transitions?; (4) are the shapes of species’ boundaries jagged or
smooth?; (5) how much variation in the use of the landscape is found within
range boundaries?; (6) are there internal boundaries?; and (7) is the range frag-
mented? Furthermore, it is important to realize that range limits for a species
are not static and tend to change through time. Many primate species have
experienced a drastic reduction in their geographic distribution within the
last 2,000 years (e.g., Jungers et al., 1995; Godfrey et al., 1997; Godfrey et
al., 1999; Harcourt and Schwartz, 2001; Miller et al., 2004; Lehman et al.,
2006c¢). For example, skeletal remains of Indri indri have been recovered
from sites thousands of kilometers past the range limits of extant conspecifics
(Jungers et al., 1995). Range contractions in mammals are often the direct re-
sult of human disturbance (Channell and Lomolino, 2000), although global
warming can also alter habitat structure and primate distributions (Jungers
et al., 1995; Dunbar, 1998). The question arises as to the long-term conse-
quences of range contraction on population dynamics of primates (Cowlishaw,
1999).

Current Issues

Primate biogeography is entering a period of intense research and synthe-
sis. Much of this interest tends to focus on documenting the spatial pat-
terns of species in the world today and changes that can be reconstructed
from records of the past in an effort to identify past trends and predict pat-
terns for the future (e.g., Wright and Jernvall, 1999). Hoever our ability
to reconstruct the processes that drive primate biogeography depend heav-
ily on our understanding of several basic, but poorly aspects of primate
biology:

1. The dispersal abilities of individual primate taxa and the factors that
influence these abilities.

All primate taxa (except possibly humans) are surrounded by areas where

the species cannot maintain a population because of different physical

conditions or a scarcity of required resources (Fortin et al., 1996; Legendre
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et al., 2002; Fagan ez al., 2003; Bauer and Peterson, 2005; Stevens and
O’Connor, this volume). These dispersal barriers may be related to a vari-
ety of topographic and ecological conditions. For example, species can be
limited in their distribution by topographic barriers. Thus, mountain ranges
act as efficient barriers because their elevation can present conditions too
cold for most primates that have adapted to the warmer conditions found
at lower elevations. The ultimate barrier to primate dispersal is the phys-
iology of primate species, which tends to be adapted to a limited range
of environmental conditions. Researchers tend to invoke the multidimen-
sional niche concept (MNC) when discussing dispersal patterns and limi-
tations of a species. The MNC is a theoretical explanation of how differ-
ent environmental factors limit abundance and distribution (Hutchinson,
1957). Because each species has a range of tolerances and preferences along
every niche axis (habitat, diet, rainfall, etc.), a species can only occur in
those areas where niche axes are within ranges of tolerance. Population
growth rates are highest where the greatest number of niche axes is clos-
est to most optimal conditions (Brown, 1995). Thus, there is great interest
in determining how the physical limitations of a primate species and envi-
ronmental gradients interact to form historical and ecological patterns of

dispersal.

. Reconstructing the history and influence of disturbances upon primate

taxa.

Reconstructive studies place our understanding of distribution patterns
of primate species, and the habitats they range into, in a temporal context.
In biogeography, a disturbance is any ecological or human-related process
that disrupts the structure and /or composition of a habitat type. The effects
of the disturbance can be either temporary or permanent. It is informative
to divide disturbances into two classes: (1) those that influence the struc-
ture of a ecosystem, and (2) those that affect primate community structure
within a habitat, region, and/or ecosystem. For example, primatologists
tend to focus on how anthropogenic disturbances (e.g., fire, logging, and
human land-clearing activities) influence primate community structure. Dis-
turbances can also influence extinction and extirpation patterns of certain
species. Although anthropogenic disturbances are often cited in discussions
of primate biogeography and conservation, the effects of natural disturbances
(e.g., flooding regimes, tree falls) on primate community structure have

rarely been studied.
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Neotropics

eotropical primate habitats extend through almost 60 degrees

of latitude and 19 countries, from Mexico to the subtropical re-

gions of northern Argentina and southern Brazil (Terborgh and

Andresen, 1998). Mountains and rivers dominate primate habi-
tats throughout the Neotropics. The northern mountains of Central America
are an extension of the western mountain system of North America while the
ranges in southern Central America are outliers of the Andes Mountains of
South America. The central region of Central America is an active zone of
volcanoes, and contains the Nicaraguan Depression, which includes lakes Man-
agua and Nicaragua. Forest habitats vary from low-altitude coastal dry forests
to the central high-altitude cloud forests. Rivers are important biogeographic
barriers in South America (Ayres and Clutton-Brock, 1992). The major rivers
of South America flow from headwaters in the West to a mouth in the East,
the largest being the Amazon with its many tributaries, but also the Orinoco
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of Venezuela and the Parana and Plata in the South. However, the main rivers
of the Guianan Shield run South to North. The Guianan Shield represents a
unique biogeographic region on the Atlantic seaboard of South America. Its
landmass of 1,800,000 km? is defined by the Orinoco River, the Amazon River,
and the Atlantic Ocean. Most of the Shield is covered by the Venezuelan High-
lands, Guyana, Suriname, and French Guiana; but it also includes small part of
Columbia and northern Brazil.

Neotropical primates are classified as the infraorder Platyrrhini. Platyrrhines
are typically divided into two families: Cebids and Atelids. The number of
species and phylogenetic relationships among taxa are sources of ongoing revi-
sions (e.g. Rylands ez a/., 2000). However, primate diversity tends to be highest
in western Amazonia and then decreases moving eastwards into the Guianas and
Central America (Peres and Janson, 1999).

The papers in this section address questions concerning the historical bio-
geography and distribution of primates in Central America and Guyana. In “Ge-
netic Evidence on the Historical Biogeography of Central American Howler
Monkeys,” Julie Ellsworth and Guy Hoelzer test the hypothesis that a small
number of howlers colonized Central America unidirectionally from northern
South America. Their analyses support the colonization of Central America by
mantled howler monkeys from northern South America via a series of founder
events. Contrary to previous research, Ellsworth and Hoelzer suggest that man-
tled and black howler monkeys probably represent independent invasions into
Central America. These data are important for understanding the historical
biogeography of many Neotropical mammals.

In “Nested Distribution Patterns and the Historical Biogeography of the
Primates of Guyana,” Shawn Lehman sought to determine if primate diver-
sity reflects a hierarchical pattern of species composition in Guyana. Lehman
documented a strong pattern of nestedness as well as a significant correlation
between species composition and intersite distances. Thus, there may be inter-
specific differences in the ability of primates to cross rivers and then colonize
habitats. However, the observed pattern may also represent species extinctions
due to climatic variation in western Guyana.

In “Ecological Biogeography of Primates in Guyana,” Shawn Lehman,
Robert Sussman, Jane Phillips-Conroy, and Waldyke Prince examine the re-
lationship between primate diversity and abundance as a factor of habitat se-
lection and interspecific associations. Their analyses indicate the biogeographic

importance of riparian forests, which are prone to human disturbance, for six of
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the eight primate species in Guyana. They suggest that contrary to other South
American forest sites, terra firme forests may not contain enough fruiting trees
to support all eight species during periods of fruit scarcity in Guyana. They also
documented that brown and wedge-capped capuchins have a negative pattern
of interspecific association, which may indicate high levels of interspecific com-
petition. The complexity of biogeographic patterns for such a small country
has important implications for researchers considering biogeographic studies at
broader levels in the Neotropics.
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CHAPTER TWO

Nested Distribution
Patterns and the
Historical Biogeography
of the Primates of Guyana
S. M. Lelman

ABSTRACT

I investigated if primate species assemblages exhibit nestedness in Guyana. In a nested
pattern, individual species have a strong tendency to be present in all assemblages of
equal or greater size than the smallest one in which they occur. I conducted 1,725 km
of surveys to determine primate species composition and distribution patterns at sixteen
survey sites in Guyana. The resulting dataset showed a strong pattern of nestedness in
the distribution of Guyanese primates, and differed significantly from random species
assemblages generated using Monte Carlo simulations. Species similarities between sites
was significantly but weakly negatively correlated with distance between sites. These
assemblage patterns may be due to interspecific variations in the ability of some primate
species to cross rivers as well as to species extirpations in western Guyana. The absence
of wedge-capped capuchins at four sites, which the model predicted should be occupied
by this species, may be due to interspecific competition with brown capuchins.
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INTRODUCTION

Numerous studies have revealed that variations in species assemblages can re-
flect nested distribution patterns at the landscape level (Cook and Quin, 1995,
1998; Boecklen, 1997; Ganzhorn, 1998; Hansson, 1998; Wright ¢t al., 1998;
Yiming ez al., 1998; Bruun and Moen, 2003; Heino and Soininen, 2005; Sada
et al.,2005). In a nested pattern, individual species have a strong tendency to be
present in all assemblages of equal or greater size than the smallest one in which
they occur (Atmar and Patterson, 1993). Nestedness results from selective ex-
tirpations such that species will disappear from different habitats in roughly the
same order (Patterson, 1991). Conversely, Cook and Quin (1995) suggested
that nested patterns represent differential colonization abilities of species. For
example, Ganzhorn (1998) documented that species-poor lemur communities
represent nested subsets of species-rich communities in both eastern humid
and western dry forests in Madagascar. However, there was a distance effect of
species similarity only for lemur communities in western Madagascar. Ganzhorn
(1998) suggested that this pattern of differential colonization reflected selec-
tive species extinctions from a common species pool in eastern Madagascar. In
western dry forests, lemurs dispersed north and south from the SW part of the
island. Subsequent genetic and biogeographic analyses of mouse lemurs sup-
ports a north-south pattern of speciation and dispersal in western dry forests
(Yoder et al., 2000). Thus, nestedness models can provide important infor-
mation on both ecological and historical biogeographic processes. However,
no studies have investigated nestedness as a model for primate assemblages in
South America.

Although nestedness has been detected in numerous species assemblages
(e.g., Fernandez-Juricic, 2000; Puyravaud et al., 2003; Greve ez al., 2005),
there tends to be some species that are either present at sites not predicted by
the model or absent at sites where they are predicted to exist (Cook and Quin,
1998; Wright et al., 1998; Puyravaud et al., 2003). Four ecological mechanisms
are responsible for these species-specific departures from the model predictions
(Atmar and Patterson, 1993). First, postisolation immigration of new species
into the site may generate idiosyncratic distributions. Second, these distribu-
tions may also be the result of competitive exclusion. For example, generalist
primates may be excluded from larger sites dominated by competitively superior
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Table 1. Primate species found in Guyana

Species Common name Local name(s)

Alonatta seniculus Red howler monkey Baboon

Ateles paniscus Guianan red-faced spider monkey Kwatta

Cebus albifrons” White-fronted capuchins Unknown

Cebus apelln Brown capuchin Blackjack, corn monkey
Cebus olivaceus Wedge-capped capuchin Ring tail

Chiropotes satanas Brown bearded saki Besa

Pithecia pithecin White faced saki Moon monkey, hurawea
Saguinus midas Golden handed tamarin Marmoset

Saimiri scinveus Common squirrel monkey Monkey-monkey, squirrel

# Not used in further analyses due to lack of data on distribution or density.

specialists (Thiollay, 1994; Ganzhorn, 1997). These generalist species may then
be relegated to small peripheral sites. Third, the distributions may result from
the presence of a fundamental disjunction in the historical evolution of com-
munity structure. Last, the presence of unique ecogeographic features, such as
rivers, in the region of some sites may influence species closely associated with
such features.

The primates of Guyana represent a unique opportunity to test the nestedness
model. Of' the nine primate species in Guyana (Table 1), only three—red howler
monkeys, wedge-capped capuchins, and white faced sakis—are found through-
out the country (Muckenhirn ¢z a/., 1975; Sussman and Phillips-Conroy, 1995;
Norconk ez al., 1997; Lehman, 2004b). The other six species are found in only
some parts of Guyana. This biogeographic pattern is remarkable given that some
primate species, such as brown capuchins ( Cebus apelln) and squirrel monkeys
(Sasmiri sciurens), with limited distributions in Guyana are amongst the widest
ranging of all platyrrhines (Thorington, 1985; Eisenberg, 1989; Brown and
Zunino, 1990; Wallane ez al., 1996).

In this paper I investigate if primate species assemblages reflect nestedness
in Guyana. Specifically, I address the following questions: (1) if patterns of
nestedness do occur, are they the result of primate extirpations or colonization
and (2) how do the observed distribution patterns of Guyanese primates relate

to historical biogeographical processes?

METHODS

Guyana is a small country of 215,500 km? situated on the northeastern coast
of South America, between 56° 20’ and 61° 23’ west and 1° 10’ and 8° 35’
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Figure 1. Location of study sites used in the analyses of nested subsets for primates

in Guyana.

north (Figure 1). The climate is tropical with a high mean daily temperature of
25.7 °C (ter Steege, 1993). Temperature is highest in September and October
and is lowest in December and January. Mean annual precipitation is between
2,000 and 3,400 mm, and is neither evenly distributed throughout the year
or throughout the country (ter steege, 1993). There are generally two wet
seasons and two dry seasons. Much of the annual rainfall comes during the
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summer rainy season, from May to mid-August. There is a shorter rainy season
from November to January. The long dry season begins in mid-August and runs
through to November or December. This season is characterized by monthly
rainfall of less than 200 mm. The short dry season is usually from February to
April.

I surveyed the distribution and diversity of primates in forests and along
rivers at sixteen sites in Guyana (Figure 1). Complete description of each site
can be found in Lehman (1999, 2000, 2004b). Survey data were collected
during three periods: (1) November 1994 to June 1995, (2) September 1995
to June 1996, and (3) June to August 1997. These periods cover all four seasons
in Guyana. Surveys were conducted throughout the day from 0500 to 1900
hours.

While surveying forests, I used randomly selected and predetermined tran-
sect lines. Although most studies on the distribution of animals use only random
selection of transects (e.g., Anderson et al., 1979; Krebs, 1989; Buckland et al.,
1993), T also used predetermined transect lines to ensure that biogeographic
features, such as rivers that may be barriers to dispersal, were included in the
data set (Peres, 1999). Predetermined transect lines often ran along paths in the
forest to maximize survey time in remote areas. Transects were measured and
marked every 10 m with numbered blocks or flagging tape before surveys were
conducted. Two types of surveys were conducted: (1) unique and (2) repeat.
Unique surveys were made along transects, such as trails or riverbanks, where
one to two transits were made during a census. During repeat surveys, I con-
ducted more than two transits of a transect line. Repeat surveys were conducted
along paths at five locations: (1) Timehri; (2) Dubulay Ranch; (3) Kaieteur
Falls National Park; (4) Mabura Hill Ecological Reserve; and (5) Sebai River. I
walked slowly along transects at a rate of 1.0 km/h, stopping every 10 min to
listen for the sounds of movement in the forest. I also surveyed riparian forests
by paddling slowly (1.5-2.0 km/h) along riverbanks, either alone or with the
assistance of local guides. Randomly selected areas were chosen on river banks
for land surveys. However, it is illegal to cut trails in protected areas (e.g., Kai-
eteur Falls National Park, Mabura Hill Forest Reserve, and Iwokrama Forest
Reserve). Thus, established trails were used in these protected areas.

During surveys, data were recorded on: (1) primate species; (2) time of day;
(3) weather; (4) vegetation height; (5) general height of group; (6) number of
animals in group; (7) cue by which animals detected; (8) activity; (9) perpendic-
ular distance from the transect [meters]; (10) sighting angle; and (11) habitat
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type. When a primate group was seen, a standardized time of 10 min was spent
observing the behavior of individuals in the group. Ad Lbitum notes on be-
havior, obvious individual physical characteristics, and vocalizations were also
collected. The location of primate groups seen during surveys was determined
using LANDSAT-5 satellite photographs, 1:50,000 topographic maps of the
region, and a Magellan NAV 5000D GPS. Habitat descriptions were made us-
ing soil features, a vegetation map (Huber ez al., 1995), various monographs
on Guyanese flora (van Roosmalen, 1985; de Granville, 1988; Mennega et al.,
1988; Lindeman and Mori, 1989; ter Steege, 1990; Comiskey et al., 1993; ter
Steege, 1993), and LANDSAT-5 satellite imagery of survey areas.

I created a presence—absence dataset of primate species composition in
Guyana. Because there are few data on the biogeography of white-fronted ca-
puchins in Guyana (Barnett ez /., 2000), they were not used in further analyses.
Following Atmar and Patterson (1993), if two sites contained similar species
composition, the one site was removed from the dataset to avoid unnecessary
duplication of biogeographic data (i.e., South Berbice, Wikki). Thus, presence—
absence data were taken from 14 sites in eastern ( N= 8) and western ( N = 6)
Guyana. NESTCALC software was used to sort the dataset from high to low for
site diversity (top to bottom) and species diversity (left to right). NESTCALC
also calculates a statistical test value T of the order (nestedness) or disorder
(lack of nestedness) in the dataset (Atmar and Patterson, 1993). The test value
T ranges from 0 (complete order) to 100 (complete disorder). In an ordered
dataset, every site contains a proper subset of the species at all of the sites above
it. As T increases, complete disorder approaches and the biogeography of the
sites or species in question become unpredictable. The observed T value was
then compared to a distribution of values generated by Monte Carlo simulations
(Atmar and Patterson, 1993). Every program was run 1000 times to generate
1000 random primate faunas.

A geometric extinction line, which represents the line of smoothest transition
(Figure 2),was calculated for the dataset. This line separates the occupied area of
the dataset from the unoccupied area. Species absence above the line is defined
as unexpected, as is a species presence below the line (Atmar and Patterson,
1993).

NESTCALC was then used to calculate idiosyncratic T values by site and
by species (Atmar and Patterson, 1993). Unexplained species presence or ab-
sence lead to specifically higher 7" values than the complete dataset. Such el-
evated 7 values may indicate that the species in question was influenced by a
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Figure 2. Example of a perfectly nested (ordered) dataset.

biogeographic event different from that affecting the other species. Following
Ganzhorn (1998), pairwise similarities of species composition between sites
were described using Jaccard’s index ( J). This index is given by

. t
J= a+b—t
where ¢ is the number of species occurring in both sites, # is the number of
species at site A and & is the number of species at site B.

Spearman rank correlations (7;) were used to determine the relationship
between species similarities and intersite distance. Statistical analyses were con-

ducted using SPSS 11.5 and the alpha level was set at 0.05 for all analyses.

RESULTS

Figure 3 shows the dataset and idiosyncratic temperatures for eight primate
species at 14 sites in Guyana. The dataset has a T value of 14.04, indicating a
pattern of nestedness in the distribution of Guyanese primates. The observed
dataset differs significantly from random species assemblages generated using
Monte Carlo simulations (mean 7 of 1000 simulations = 44.61 + 8.51, p =
0.0001). One primate species (C. olivacens) and four sites (Canje, Dubulay,
Timehri, and Abary) exhibited 7 values that departed from the total metric for
the dataset.

Communities of primates at all sites in Guyana exhibited similarities between
0 and 100% (mean and SD of Jaccard’s index: 0.48 & 0.22; N = 98). Figure 4
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shows the relationship between community structure and distance between sites
in Guyana. Species similarities was negatively correlated with distance between
sites in Guyana (7, = —0.270, N=97, p = 0.007).

DISCUSSION

The primates of Guyana exhibit a strong pattern of nestedness, which may be
the result of habitat characteristics. Specifically, eastern and western Guyana
contained all species of the common species pool (i.c., eight species) but sites
in western Guyana began losing species. Climatic fluctuations may also re-
late to species extirpations in western Guyana. Reduced rainfall and lower
world temperatures occurred during the last glacial period (Colinvaux, 1987;
Colinvaux et al., 1996). Palynological studies by van der Hammen and col-
leagues (van der Hammen, 1963; Wijmstra and van der Hammen, 1966; van
der Hammon and Absy, 1994) found that coastal areas of northern Guyana
and Suriname were covered with dry grass savanna during the Pleniglacial pe-
riod (ca. 21,000-14,000 year B.P.). Models of rainfall and forest area during
this period indicate that large tracts of rain forest existed only in extreme NW
Guyana and the middle section of eastern Guyana (Figure 5). Despite the pres-
ence of a forest refuge in NW Guyana, it is unlikely that most primates could
have existed in the area. This refuge may have been flooded swamp forest and
swamp woodlands, as it is today. Few primates in NE South America exist
in these habitats (Mittermeier and van Roosmalen, 1981; Eisenberg, 1989;
Lindeman and Mori, 1989). Thus, the forest refuge in eastern Guyana may be
the site in which primates survived climatic fluctuations during the Pleniglacial
period.

The statistically significant but weak distance effect on species similarities
indicates that there may have been colonization of some sites in Guyana from
a species pool (i.e., forest refuge) in the eastern portion of the country. Pri-
mates may have dispersed into Guyana from areas outside the country, such as
northern Brazil (Lehman, 1999). Despite the possibility for recolonization of
sites in western Guyana from the refuge in eastern Guyana and from north-
ern Brazil, rivers may have limited the colonization abilities of many primate
species. Rivers have an important role in delimiting the distribution of pri-
mates in Guyana (Lehman, 2004b). Primates dispersing out of eastern Guyana

would have been faced with a series of large rivers (e.g., Essequibo, Rupununi,
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Figure 5. Location of heaviest rainfall and approximate rain forest in Guyana during

Pleniglacial period (based on van der Hammen and Absy, 1994).

and Mazaruni) that must be crossed to recolonize western Guyana. The body
weight and foraging behavior of a primate are important factor sinfluencing
its ability to cross a river. Ayres (1986) found a positive correlation between

the size of a river and the maximum body weight of the largest primate whose
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distribution was limited by a river. Thus, large rivers can limit the distribution
of all primates, but small rivers may not limit the distribution of large-bodied
primates. Once a river has been crossed successtully, a primate must also be
able to cope with a variety of vegetation types within the new region. Although
forest habitats in eastern Guyana tend to be similar across major rivers, there
is considerable habitat variation between river banks in western Guyana (ter
Steege, 1993; Funk, 1995; Huber ez al., 1995; Ek, 1997; Barnett ez al., 2000).
These habitat variations are due to elevational changes that occur from SW
Guyana up through the Pakaraima Mountains and then down into the alluvial
floodplains of NW Guyana. Generalized foragers should be most likely to sur-
vive river crossings into western Guyana because they are not limited in their di-
etary requirements (Ayres and Clutton-Brock, 1992; Goodman and Ganzhorn,
2003; Lehman, 2004b). Therefore, primate species with most generalized diets
are found throughout much of the country (e.g., A. seniculus and S. sciurens)
whereas primates with more specialized dietary and habitat requirements have
a smaller geographic distribution limited to eastern Guyana (e.g., S. midasand
C. satanas).

Other biogeographic factors relate to differences in primate assemblages be-
tween western and eastern Guyana. Reduced rainfall during the Pleniglacial
period may have enlarged savannas in present-day western Guyana (Rupununi
and Pakaraima savannas). Eastern Guyana contains fewer and smaller savanna
regions. Furthermore, western Guyana is considerably more mountainous than
eastern Guyana. High montane habitats (500-800 m elevation) and shrub-
land /scrub habitats (1000-2400 m elevation) in this region support few pri-
mates (Lehman, 1999). These habitats may have expanded downslope as the
climate dried during the Late Pleistocene, further reducing forest areas in west-
ern Guyana. The stochastic fluctuation of rain forest and monkey populations
in western Guyana may have resulted in local extirpations and brought about
the present pattern of discontinuous primate distribution in this country. This
scenario is supported by the fact that in western Guyana, species diversity de-
creases northward, with only three species (red howler monkeys, wedge-capped
capuchins, and white faced sakis) surviving in the extreme northwest region of
the country (Lehman, 1999). Therefore, climatic variation during the Pleis-
tocene may have reduced forest habitats in Guyana and ultimately reduced
the number of primate species found in the western half of the country. Cli-
matic change during the Pleniglacial period described herein has been cited
as a significant force in the biogeography of primate taxa in South America,
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Africa, Asia, and Madagascar (Froehlich ez al., 1991; Brandon-Jones, 1996;
Ganzhorn, 1998; Jablonski, 1998). For example, Brandon-Jones (1996) ana-
lyzed the biogeography of Asian colobines and concluded that Quaternary cli-
matic change played an essential role in delimitating primate populations in this
region.

Despite the strong nestedness for primate assemblages in Guyana, there was
an unexplained absence for wedge-capped capuchins at four sites (Dubulay
Ranch, Canje River, Timehri, and Abary River). It is doubtful that the ab-
sence of wedge-capped capuchins from these sites was the result of postiso-
lation immigration or disjunct historical evolution. Forests in some parts of
eastern Guyana were not adversely effected by Quaternary climatic changes. In
fact, the four survey sites where wedge-capped capuchins were absent are lo-
cated near to the proposed castern forest refuge (Figure 5). Thus, it is doubtful
that wedge-capped capuchins would be absent from regions that experienced
the least forest disturbance since the Quaternary. Unique ecogeographic fea-
tures, such as rivers, are also unlikely to have caused the observed idiosyncratic
temperatures. Wedge-capped capuchins are found in forests bordering rivers,
such as the Essequibo River, that are much larger than the Berbice River, where
it is absent. Moreover, survey results are unlikely to be related to sampling error
(i.e., animals present but not seen). I conducted repeat surveys at two of the
sites (Timehri and Dubulay Ranch). Furthermore, other researchers have noted
the absence of wedge-capped capuchins at these sites (Sussman and Phillips-
Conroy, 1995). Instead, the unexpected absence of wedge-capped capuchins
from sites in eastern Guyana may be due to competitive exclusion. My data
on the community ecology of the primates of Guyana indicate that a negative
pattern of interspecific association exists between wedge-capped capuchins and
brown capuchins (Lehman, 2000). Furthermore, sighting rates for both species
were reduced in areas of sympatry compared to allopatric areas Lehman ez al.
(this volume). Therefore, the absence of wedge-capped capuchins may be the
result of interspecific competition with brown capuchins.

If wedge-capped capuchins and brown capuchins are competing at sympatric
sites, then the question arises as to which competitive process, contest or scram-
ble, is involved (Terborgh, 1986; Janson, 1987; van Schaik and van Noordwijk,
1988). Contest competition typically involves agonistic interactions over access
to scarce food resources (Koenig et al., 1998; Ganzhorn, 1999; Iwanaga and
Ferrari, 2002). This form of competition has been observed rarely between
wedge-capped capuchins and brown capuchins in French Guyana, Surinam,
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and Guyana (Muckenhirn et al., 1975; Mittermeier, 1977; Sussman and
Phillips-Conroy, 1995; Simmon and Sabatier, 1996; Lehman, 1999). Between
group scramble competition results in resource depression or depletion (Janson
and van Schaik, 1988). Scramble competition may have a negative impact on pri-
mate densities because of low food availability. This impact may be particularly
pronounced in the Guianas because the forests are located on nutrient poor soils
(ter Steege, 1993). As a result, the forests are characterized by low plant species
diversity as well as low fruit and leaf production compared to other sites in South
America (ter Steege, 1993; Chale, 1996; Terborgh and Andresen, 1998; Tori-
ola et al., 1998). A recent study of primate species richness in South America by
Kay et al. (1997) found that plant productivity was the ecological variable most
strongly correlated with primate species richness. Thus, low plant productivity
in Guyanese forests may reduce the diversity of feeding niches and result in
scramble competition between wedge-capped and brown capuchins. Further
studies of the diet and habitat use of these capuchins are needed to test this
hypothesis.

SUMMARY

The primates of Guyana exhibit a strong pattern of nestedness. Specifically,
individual species are present in all assemblages of equal or greater size than the
smallest one in which they occur. This nestedness may be the result of species
extirpations in western Guyana during the last Pleniglacial period (ca. 21,000-
14,000 year B.P.). Colonization may have occurred for primates dispersing
from eastern to western Guyana. However, large rivers and montane habitats
would have limited primate dispersal to generalized foragers (e.g., A. seniculus
and S. sciurens) in western Guyana. The unexpected absence of wedge-capped
capuchins from sites in eastern Guyana may be due to competitive exclusion by
brown capuchins.
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CHAPTER THREE

Genetic Evidence on the
Historical Biogeography
of Central American

Howler Monkeys
Julie A. Ellsworth and Guy A. Hoelzer

ABSTRACT

The study described in this chapter aimed to elucidate the historical biogeography of
howler monkeys in Central America. We expected to find evidence supporting an in-
vasion from a common ancestor of the three species proceding northward from South
America into Central America, with mantled howlers and black howlers being sister
species that diverged after the northward invasion of a common source population. We
examined patterns of variation at eight microsatellite loci across three populations of
mantled howler monkeys ranging from Southern Mexico to Panama, and one popu-
lation each of black howlers (Belize) and red howlers (Venezuela). The data reveal a
broad pattern of declining genetic variation from south to north in mantled howlers,
and a closest relationship between the two most northerly sampling sites, consistent
with the hypothesis of an historical invasion from the south. These populations are also
genetically distinctive, indicating limited gene flow among them. Another result that
matched our a priori expectations was that the red howler population exhibited the
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greatest genetic diversity in our comparisons. We were surprised, however, to find that
black howlers were the most genetically distinctive population in our data set, suggest-
ing that they are not the sister species of mantled howlers. We suggest to hypotheses
that could explain this result. First, black howlers may have decended from a different
invasion of Central America that predated the one leading to mantled howlers. Sec-
ond, black howlers may have arrived in Central America via a different route than that
taken by the ancestors of matled howlers. Specifically, they may have used the islands
of the Caribbean archipelago as stepping stones to reach their current location without
moving up the Isthmus of Panama.

Key Words: Historical biogeography, microsatellites, howler monkeys, Alouatta

New World monkeys diverged from the Old World primate lineage over 35
million years ago. It is most probable that their ancestors rafted across the
South Atlantic from Africa to the New World (Fleagle, 1988; Flynn ez al.,
1995; Trtkova et al., 1995). The modern howler monkey clade is estimated
to have arisen in the last five million years (Schneider ez al., 1993). There are
eight frequently recognized species of howler monkeys (genus Alouatta): the
red-handed howler (A. belzebul), the black-and-gold howler (A. caraya), the
brown howler (A. fusca = guariba, see Rylands and Brandon-Jones, 1998),
the Bolivian red howler (A. sara), the red howler (A. seniculus), the Coiba
Island howler (A. coibensis), the black howler (A. pigra), and the mantled
howler (A. palliata; Woltheim 1983, Groves 1993, Rowe 1996; but see Groves,
2001, and Cortes-Ortiz et al., 2003). Five of these species have relatively large
ranges in South America, two are restricted to small areas of Central America
(A. coibensis and A. pigra), and only the mantled howler is found in both
Central and South America (Woltheim, 1983; Groves, 1993; Rowe, 1996;
Figure 1).

Mantled howler monkeys range throughout most of Central America, from
southern Mexico south through Panama, into northern South America west of
the Andes mountains along coastal Ecuador and Colombia, and possibly into
northwestern Peru (Groves, 1993; Rylands ¢z al., 1995; Rowe, 1996). The
mantled howler monkey species is divided into three subspecies corresponding
to the northern (A. p. mexicana in Mexico and Guatemala), central (A. p. pal-
linta in Nigaragua, Honduras, El Salvador, Costa Rica, and western Panama),
and southern (A. p. aequatorialis in eastern Panama, Colombia, Ecuador, and
Peru) extents of its range (Rylands ez a/., 1995). The other Central American
howlers (i.e., the Coiba Island howler and the black howler) were at one time
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Figure 1. Map showing the estimated ranges of the eight howler monkey species
(genus Alouatta).

considered subspecies of the much wider ranging mantled howler. The Coiba
Island howler was elevated from a mantled howler subspecies based on dif-
ferences in the dermal ridges of the hands and feet (Froehlich and Froehlich,
1987), however, the species designation is controversial (Rowe, 1996; Cortes-
Ortiz et al., 2003). Its range includes Coiba Island (518 km?) and Jicaron
Island (13 km?) off the coast of Panama (A. coibensis coibensis), and the Azuero
peninsula on the adjacent mainland (A. cozbensis trabeata, Rylands et al., 1995).
Both islands have been subjected to extreme hunting and logging and com-
plete clear-cutting was predicted by 2000 (Froehlich and Froehlich, 1987).
Although recent surveys have recorded howlers on both Coiba Island and the
Azuero peninsula (E. Bermingham and L. Cortes-Ortiz, personal communica-
tion), the species is listed as critically endangered by IUCN (Rowe, 1996).
The black howler monkey is restricted to a relatively small area in the Yucatan
peninsula of Mexico, central and northern Guatemala, Belize, and perhaps into
Honduras (Wolftheim, 1983; Rylands ez al., 1995; Figure 1). This range overlaps
somewhat with that of the mantled howler monkey (Smith, 1970; Woltheim,
1983; Rylands ez al., 1995). Black howlers were elevated from a subspecies
of mantled howlers based on differences in cranial morphology, dentition, and
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pelage; they have bigger heads, different tooth cusp patterns, and darker, softer
hair than mantled howlers (Smith, 1970; Groves, 1993). Although the taxo-
nomic distinctiveness of the black howler monkey has been disputed (Rowe,
1996), recent studies of mtDNA have supported its distinctiveness (Cortes-
Ortiz et al., 2003). Black howlers have undergone a series of recent population
crashes since the 1930s due to hurricanes and a yellow fever epidemic (James
et al., 1997; Behie and Pavelka, 2005) and are listed as vulnerable by IUCN
(IUCN, 2005).

Central American howlers are believed to have originated via range expansion
of northern South American populations into the region following the forma-
tion of the Isthmus of Panama (Fleagle, 1988). The final closure of the Isthmus
of Panama, which unites the American continents, is estimated to have occurred
about 3 million years ago (Coates et al., 1992). However, recent research sug-
gests that the rise of the isthmus “was not as much an event as a process”
(Knowlton and Weigt, 1998), which has probably resulted in intermittent pe-
riods of divided and connected lands possibly over the past 18 million years.
Of the howler species endemic to South America, the red howler is believed
to be the most closely related to the Central American howler clade because it
is the most widespread and inhabits northern South America (Figure 1; Rowe,
1996) including east of the Andes mountains in Colombia, Venezuela, Guyana,
Suriname, French Guiana, Ecuador, Peru, and Brazil (Rylands et al., 1995;
Rowe, 1996).

In this study, microsatellite markers (Ellsworth and Hoelzer, 1998) were
used to investigate the degree of genetic variability and relatedness among
mantled howler monkey populations across Central America. These intraspe-
cific patterns can be influenced by both ancient and recent processes (Avise,
2000). For example, current genetic relationships among populations can be
explained by analysing how the populations originally formed (e.g., historical
vicariance or colonization pattern) and/or by using contemporary processes,
such as studying the extent of recent genetic exchange (e.g., gene flow or disper-
sal patterns) or fluctuations in effective population size (Hartl and Clark, 1997).
Based on their suspected colonization history, we expected mantled howlers to
exhibit a northward clinal loss of genetic variation, and that the northernmost
and the southernmost populations would be the least similar. These expecta-
tions were based on three suppositions: (1) mantled howlers colonized Cen-
tral America unidirectionally from northern South America (i.e., the source
gene pool is in the south, if it remains at all); (2) small numbers of migrants
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were involved in the northward colonization (i.e., a series of founder events
would have reduced genetic variability in a south to north cline); and (3) the
Central American populations have not attained large enough population sizes
or have not had sufficient time, to regenerate high levels of genetic variabil-
ity. Furthermore, unless gene flow into and throughout Central America has
been high and /or the colonization history is different from the above scenario,
variation in the mantled howler monkey gene pool should be geographically
structured.

The same microsatellite loci (Ellsworth and Hoelzer, 1998) were used to
survey mantled howlers, black howlers, and red howlers. The controversy con-
cerning the taxonomic distinctiveness of black howlers revolves, in part, around
the assumption of a single howler monkey invasion into Central America.
Although black and mantled howlers have distinguishing morphological fea-
tures, this assumption has led to the hypothesis that black howlers are a very
recent offshoot of northern mantled howler populations (Fleagle, 1988; Rowe,
1996). If black howlers were recently isolated from mantled howlers, these
species should be genetically similar. Black howlers should be particularly linked
to northern mantled howler populations in phylogenetic analyses. Furthermore,
if mantled howlers and black howlers were part of a single Central American
invasion, and if these lineages evolved at the same rate, then both species would
differ genetically from red howler monkeys by the same degree.

METHODS
Samples

Samples were obtained from 8 Mexican mantled howlers (mex), 89 Costa Rican
mantled howlers (cr), 20 Panamanian mantled howlers (pan), 28 Belizean black
howlers (blk), and 6 Venezuelan red howlers (red) for a total of 151 adult
individuals. The Mexican samples came from two locations, Cascajal (7 = 4)
and Villa Isla (z = 4). The Costa Rican mantled howlers, the Panama mantled
howlers, and the black howler samples each came from single locations (see
Figure 2). The red howler samples came from two locations, El Frio (n = 3)
and Pinero (z» = 3). Samples were collected from those captured between 1994
and 1998.

We obtained several different tissue samples of wild howler monkeys from
numerous sources. Hair and /or blood samples were collected from Vera Cruz,
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Figure 2. Map of the sampling sites (see Methods).

Mexico (A. pallinta mexicana; Site 1; E. Rodriguez Luna and L. Cortes-
Ortiz, personal communication), La Pacifica, Costa Rica (A. palliata palliata,
Site 2; K. Glander, personal communication), Barro Colorado Island, Panama
(A. palliata palliata; Site 3; D. DeGusta and K. Milton, personal communica-
tion), Bermuda Landing, Belize (A. pigra; Site 4; R. James and K. Glander,
personal communication), and Hato Masaguaral, Venezuela (A. seniculus;
Site 5; T. Pope, personal communication; Figure 2).

Genotyping

DNA was obtained from tissue samples of wild howler monkeys using stan-
dard extraction methods (Sambrook ez. al., 1989 for blood, and Morin et al.,
1994 for hair). Each were genotyped at eight microsatellite loci (Ellsworth and
Hoelzer, 1998). PCR reactions contained the following: 50 ng DNA template,
4 pmol of each primer, one of which was either radioactively labeled (y —33P
dATP) or fluorescently labeled, 4 nmol of each ANTP, 0.625 units of AmpliTaq
Gold (PE Applied Biosystems), 60 mM Tris-HCI, 15 mM (NH4)SOy, and
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1.5 mM MgCl,. PCR reactions were heated to 95°C for 10 min, and then
subjected to 30 cycles of 1 min at 95°C, 1 min at the optimal annealing tempera-
ture (determined by the OLIGO® program), and 1 min at 72°C. PCR products
were either run manually on 6% denaturing polyacrylamide gels or on an au-
tomated sequencer (ABI 310) until single base differences in length could be
resolved.

Analyses of Genetic Variability

To assess genetic variability, we calculated the number of alleles, the allele fre-
quencies, the numbers and frequencies of unique alleles, and the heterozygosi-
ties for all populations at each locus. Our null expectation for heterozygos-
ity assumed a random, frequency-weighted association of the observed alleles
(Nei, 1987). Deviations from Hardy-Weinberg equilibrium were investigated
for each locus using an exact test based on a Markov chain iteration (Guo and
Thompson, 1992), as conducted by GENEPOP (web version) with the null
hypothesis being equilibrium (Raymond and Rousset, 1995).

Analyses of Genetic Differentiation, Phylogeny, and Gene Flow

Estimations of genetic differentiation among populations were conducted
in three ways, using Fst (Wright, 1965), Rsr (Slatkin, 1995), and (Au)?
(Goldstein ez al., 1995). F-statistics, their confidence intervals, and their
significance values were calculated using FSTAT (Versions 1.2 and 2.8; Goudet,
1995). Fsr, Fis, and Fip were estimated with modifications recommended by
Weir and Cockerham (1984), which corrects for incomplete sampling of indi-
viduals within populations. F-statistic values estimated with this method can
range from —1 to 1. Bootstrap 95% confidence intervals were calculated for each
by resampling the data with replacement 15,000 times. While bootstrapping
cannot yield confidence intervals in the traditional sense, these ranges inform
us about the stability of the estimation when the data are perturbed. F-statistic
significance values were calculated via 1000 random permutations of the data.
This method estimates the probability of obtaining by chance a value as large
or larger than the observed value, given the genetic variation in the data set
(Goudet, 1995).

Rho, an unbiased estimator of Slatkin’s (1995) Rgr that corrects for dif-
terences in variance between loci and differences in sample sizes among
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populations, was calculated using RSTCALC (Version 2.2, Goodman, 1997;
Rho values also range from —1 to 1). Rgr was developed specifically to ana-
lyze microsatellite data and incorporates relative allele sizes into the analysis by
assuming a step-wise model of microsatellite length evolution (Slatkin, 1995).
The Fst analysis assumes the infinite alleles model (IAM) of evolution. Random
permutations (7 = 1000) were used to determine if Rho values across loci were
significantly different from zero and bootstrapping was used to calculate 95%
bootstrap confidence intervals (Goodman, 1997).

The RSTCALC software (Goodman, 1997) also was used to estimate (Apu?),
the squared difference of the mean allele sizes between populations (Goldstein
et al., 1995). This genetic distance measure assumes a stepwise model of mi-
crosatellite length evolution. Mutations of microsatellite loci usually make small
changes to the number of repeat copies in the sequence; thus the similar-
ity in microsatellite length between alleles can provide information about the
amount of time that has passed since two populations shared a common ances-
tor (Goldstein et al., 1995). PAUP* version 4.0b2 for the Macintosh was used
to construct neighbor-joining trees representing the evolutionary relationships
among the populations based on the (Au?) genetic distance matrix.

Rates of gene flow were estimated by calculating the effective number of
migrants per generation between population pairs (Nm) in two ways, using Fsr
(Wright, 1951) and private alleles data (Slatkin, 1985). According to Wright’s
Island Model of migration, the number of migrants per generation is related to
Fsr via the formula Fst = 1/4 Nm+ 1, where N is the effective population size
and m is the effective migration rate; the product Nm: is the effective number
of migrants per generation. However, this model assumes large subpopulations
of equal size and that the population is at equilibrium between genetic drift
and gene flow. Slatkin’s (1985) method uses private alleles at multiple loci to
estimate the effective number of migrants. This method is based on the idea
that private alleles are likely to attain high frequency within a population only
when Nm is low. Nm was estimated from the frequencies of private alleles with
modifications recommended by Barton and Slatkin (1986) that correct for dif-
ferences in sample sizes of populations. The Island Model suggests that values
of Nm greater than one indicate the homogenizing influence of gene flow that
has overridden the diversifying effects of mutation and genetic drift, whereas
Nm less than one suggests the converse (Avise, 2000). Recent simulation-based
studies suggest that values of Nm as great as six can permit substantial diver-
gence under a model of isolation-by-distance (Gavrilets ez a/., 2000).
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RESULTS
Genetic Variability

Between 6 and 12 alleles were found per locus across five populations (mex, cr,
pan, blk, red), for a mean of 8.9 alleles per locus and a total of 71 alleles across
eight loci. There were four instances (out of 63 possible) in which sequentially
ordered allele sizes were separated by more than one repeat unit. For individual
populations, between 1 and 8 alleles were found per locus, for a mean of 3.8
alleles per population per locus (# = 40). Mexican mantled howlers exhibited 1-
5 alleles per locus (mean 1.6) and mean heterozygosity of 0.14. The Costa Rican
population had 3-6 alleles per locus (mean 4.4) and a mean heterozygosity of
0.33. The Panama population had 3-7 alleles per locus (mean 4.9) and a mean
heterozygosity of 0.51 (Tables 1 and 2).

Comparing groups at the species level, mantled howler monkeys exhibited
between four and nine alleles per locus (mean 6.3), and a mean heterozygosity of
0.35. Black howler monkeys had between one and seven alleles per locus (mean
3.8) and a mean heterozygosity of 0.45. Red howler monkeys had between
one and eight alleles per locus (mean 4.3) and a mean heterozygosity of 0.56
(Tables 1 and 2).

Costa Rican mantled howlers deviated significantly (p < 0.05) from Hardy-
Weinberg equilibrium expectations at two loci (D6S260 and D14S51), Panama
deviated at one locus (D14S51), black howlers at two loci (Ap74 and D5S111),
and red howlers at one locus (D65260).

The mean number of alleles found per locus per individual was calculated for
each species to assess the relative allelic diversities among species. Red howler
monkeys exhibited significantly higher allelic diversity than mantled or black
howlers, with a mean of 0.71 alleles found per locus per individual, compared
to 0.165 and 0.134 for mantled and black howlers, respectively (Figure 3).

Relationship among Mantled Howler Populations

Fst and Rho values were relatively consistent with each other and when eval-
uated across all eight loci indicated significant partitioning of genetic variation
among mantled howler monkey populations (Fsr = 0.280, p < 0.001, and
Rho = 0.118, p < 0.001; Table 3).

Estimates of the effective number of migrants (N) between population pairs
suggest higher gene flow between the Mexican and Costa Rican mantled howler
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Table 1. The total number of alleles, the mean number of alleles per locus, the number
of unique alleles, and the mean observed and expected heterozygosity across eight
microsatellite loci for three populations of mantled howlers, one population of black
howlers, and one population of red howlers

Costa
Mexican Rican Panama All
mantled mantled mantled mantled Black Red

(n=8) (n=89) n=20) (n=117) (n=28) (n=0)

Total number of alleles 13 35 39 50 30 34
Mean number of 1.6 4.4 4.9 6.3 3.8 4.3
alleles per locus
Number of unique 1 3 4 8 8 13
alleles
Mean observed 0.14 0.33 0.51 0.35 0.45 0.56
heterozygosity
Mean expected 0.14 0.34 0.59 0.37 0.50 0.65
heterozygosity
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Figure 3. Mean and standard deviation of the number of alleles found per individual
sampled averaged across eight microsatellite loci for mantled howlers (three populations
sampled at eight loci, » = 24), black howlers (7 =8 loci), and red howlers (z=8
loci), there is a significant difference among groups, p < 0.001, one-way ANOVA;
red howlers are significantly different from mantled and black howlers, Tukey multiple

comparisons).
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Table 2. Fst and Rho values across three mantled howler populations (mex, cr, and
pan) for eight microsatellite loci. All values are significant (p < 0.003)

Ap6  Ap68 Ap74 D5S111 D6S260 D8S165 DI14S51 DI17S804 All loci

Fsr 0.696 0.243 0.336 0.021 0.093 0.096 0.450 0.124 0.280
Rho 0406 0.017 0437 0.062 0.045 0.162 0.134 0.077 0.118

monkeys than between the Costa Rican and Panamanian populations, or be-
tween the Mexican and Panamanian populations (Table 4).

Relationships among Howler Species

Fst and Rho values were relatively consistent with each other and when eval-
uated across all eight loci indicated very high and significant genetic structure
among mantled, black, and red howler monkeys (Fst = 0.443, p < 0.001,
Rho = 0.709, p < 0.001; Table 5).

Genetic distance estimates (A )? were low between pairs of mantled howler
monkey populations (ranging between 1.28 and 2.42), higher between man-
tled and red howler population pairs (40.80 and 44.75), and highest between
mantled and black howler population pairs (76.10 and 84.77; Table 6).

There was substantial overlap in the specific alleles found in different popu-
lations and species. The frequency with which populations had the same most
common allele across eight loci ranged between 0.13 and 1.0, depending on
the locus; however, the most common allele was different at every locus when
comparing red and black howler populations (Table 6).

The phylogenetic analyses showed that the three mantled howler monkey
populations (mex, cr, and pan) are tightly clustered. Surprisingly, red howlers
appeared to be more closely related to this cluster than black howlers based on
relative branch lengths (Figures 4 and 5).

Table 3. Estimates of the effective number of migrants per
generation among mantled howler monkey populations based on
Fst (above the diagonal) and private alleles (below the diagonal)

Mexico Costa Rica Panama
Mexico 2.14 0.48
Costa Rica 0.89 0.55

Panama 0.35 0.77
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Table 4. Fsr and Rho values across three species of howler monkey (mantled, black,
and red) for eight microsatellite loci. All values are significant (p < 0.001)

Ap6  Ap68 Ap74 D5S111 D6S260 D8S165 D14S51 D17S804 All loci

Fsr 0.668 0.382 0.236 0.675 0.205 0.764 0.362 0.117 0.443
Rho 0.667 0.393 0.286 0.608 0.044 0.944 0.538 0.408 0.709

DISCUSSION

Geographical Structure in the Gene Pool of Mantled
Howler Monkeys

Mantled howler monkeys were expected to exhibit a northward decline of ge-
netic diversity if their current genetic structure is primarily influenced by their
suspected colonization history. Based on this study, the Costa Rican population
of mantled howler monkeys is clearly less genetically diverse than the Panama
population; in fact, it appears to be one of the least genetically variable, well
sampled, sexually-reproducing populations known. The Costa Rican popula-
tion exhibited fewer total alleles, lower mean number of alleles per locus, fewer
unique alleles, and lower mean heterozygosity than the Panama population,
even though more than four times as many individuals were sampled in Costa
Rica than in Panama (Table 2). These data are consistent with the predicted
clinal loss of genetic diversity in mantled howler monkeys.

Despite the relatively small sample of Mexican howlers analyzed in this study,
the data strongly support the trend of decreasing genetic variation with northern

Table 5. Genetic distance estimates [(A?u); below the diagonal], the number of
shared alleles (above the diagonal), and the frequency of having the same most common
allele across eight loci (above the diagonal in parentheses) between pairs of populations
for eight microsatellite loci

Mexico Costa Rica Panama Red Black
(n=28) (n=289) (n=20) (n=0) (n=128)

Mexico 11 9 2 7
(1.0) (0.38) (0.25) (0.25)

Costa Rica 1.28 25 11 16
(0.38) (0.25) (0.25)

Panama 2.42 1.83 18 16
(0.13) (0.13)

Red 40.80 43.06 44.75 9

(0)
Black 84.77 83.45 76.10 75.31
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blk
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mex
cr Pan

10 changes
Figure 4. Unrooted neighbor-joining tree representing the phylogenetic relationships
among three populations of mantled howler monkeys, one red howler population, and

one black howler population.

latitude. The Mexican howlers exhibited the fewest number of alleles, the low-
est mean number of alleles per locus, the fewest unique alleles, and the lowest
mean heterozygosity among the mantled howler populations (Table 2). Fur-
thermore, the Mexican samples, which were taken from two locations, were
monomorphic at six out of eight microsatellite loci (allele frequency = 1.0,
thus heterozygosity = 0.0; Table 1), which means that the eight sampled in-
dividuals had the same homozygous genotype at six microsatellite loci. Given
our allele frequency estimates for the Costa Rican population, the probability
of a Costa Rican individual being homozygous at the six loci with the high-
est individual allele frequencies is 0.14. The probability of eight sequentially
sampled individuals sharing this six locus homozygous genotype in the Costa
Rican population is very small indeed (7.5 x 107¢). The Mexican population
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Figure 5. Midpoint rooted neighbor-joining tree with corresponding branch lengths
estimating the phylogenetic relationship among three populations of mantled howler

monkeys, one population of red howlers, and one population of black howlers.

of mantled howlers appears to be even less variable than the Costa Rican popu-
lation. Thus, the three sampled mantled howler monkey populations fulfill the
expectation of a northward gradient loss of variability.

The genetic data were also consistent with the expectation that the northern-
most (i.e., Mexico) and the southernmost (i.e., Panama) populations of mantled
howler monkeys are the least genetically similar. This prediction was evaluated
in two ways, based on the number of shared alleles and the degree of genetic
distance between pairs of the sampled populations. The Mexican and Pana-
manian populations shared the fewest alleles (nine, compared to 11 between
Mexico and Costa Rica, and 25 between Costa Rica and Panama) and had
the highest genetic distance between them (2.42, compared to 1.28 and 1.83
for the CostaRica/Mexico and Costa Rica/Panama comparisons, respectively;
Table 5). Furthermore, the Mexican and Costa Rican populations are most
closely related according to the phylogenetic reconstruction, although all three
mantled howler monkey populations are tightly clustered (Figures 4 and 5).

We also expected that a colonization history dominated by a series of founder
events would result in genetic structure among populations of mantled howler
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monkeys. The estimated Fsr and Rho values ( Fst = 0.280, Rho = 0.118),
which indicate high and significant genetic structure among mantled howler
monkey populations, were consistent with this prediction (Table 3). These
measures were approximately two to ten times higher than estimates of genetic
structure among mantled howler social groups at the local scale ( Fst = 0.025,
Rho = 0.046; Ellsworth, 2000). Thus, the genetic variability in mantled howler
monkeys is partitioned among populations across the species range.

Gene flow among mantled howler monkey populations appears to be gener-
ally low. Five out of six estimates of the effective number of migrants per gener-
ation (Nm) between populations were less than one. Estimates from two meth-
ods (i.e., Fst and private alleles) showed Nm to be lowest between Mexico and
Panama and highest between Mexico and Costa Rica (Table 4). These migra-
tion estimates are positively correlated with distances between the populations,
but are perhaps influenced by contemporary patterns of habitat fragmentation,
which have caused population size reductions and genetic drift. Although gene
flow may have been higher across Central America in the past, it was apparently
not sufficient to erode the patterns produced by historical colonization. It is
also important to consider that the historical influence on genetic estimates of
effective migration rates compromises the validity of such estimates regarding
current patterns of migration when the landscape has been recently altered.

Northern populations of the mantled howler monkey exhibited exceedingly
little genetic variability (Tables 1 and 2). Despite the expectation of a northward
gradient in loss of genetic variability in this species, the degree of homogeneity
was surprising. Recent and severe reductions in effective population sizes have
probably exacerbated historically low levels of genetic variation. For example,
the yellow fever epizootic that reduced black howler numbers (James et al.,
1997) also had an extreme impact on mantled howler populations in both
Costa Rica and Panama (Baldwin, 1976; Milton, 1982). However, the defi-
ciency of genetic variability, and high genetic similarity between populations
as geographically distant as Mexico and Costa Rica are so great as to suggest
the very recent spread of mantled howlers throughout this region. If mantled
howler monkeys existed throughout their current range for millions of years,
even a dramatic population crash, or a series of them, is unlikely to have resulted
in the similarly reduced gene pools apparent in these sites.

Evaluating the relative importance of historical vs. recent processes in de-
termining current genetic patterns can be difficult (Avise, 2000). In this case,
while recent reductions in effective population size may help to explain the lack
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of genetic variability in this species, it does not explain the regional patterns
predicted to emerge as a result of colonization history. Thus, the observed in-
traspecific patterns are best explained as the consequence of mantled howler
monkeys colonizing Central America from northern South America via a series
of founder events.

Relationships among Species and the Distinctiveness
of Black Howlers

In contrast with northern populations of mantled howlers, estimates of genetic
variability indicate that red howler monkeys, the alleged most recent common
ancestor to the Central American howlers, are extremely diverse (Pope, 1996).
Despite a relatively small sample size, red howlers exhibited the second highest
total number of alleles and mean number of alleles per locus and the highest
mean heterozygosity (Table 2). When sample size is taken into account, red
howlers have a higher allelic diversity than black or mantled howlers (Figure 3).
This high level of genetic variability is consistent with red howlers having a large
species range with a correspondingly large effective population.

Estimates of Fst and Rho ( Fst = 0.443, Rho = 0.709) indicate that most of
the sampled genetic variability exists among the three sampled howler species
(mantled, black, and red howlers; Table 5), and suggest that these species are
quite different from one another. Phylogenetic analysis, the number of shared
alleles, and the frequency of sharing the same most common allele across loci, all
indicate that black howler monkeys are very distinct from the closely clustered
mantled howler monkey populations (Table 6; Figures 4 and 5). In fact, the
data show that black howlers share the fewest alleles, have the lowest frequency
of sharing the same most common allele, and the greatest genetic distance with
the Mexican, or northernmost, population of mantled howlers (Table 6). These
genetic data support species designation for black howler monkeys.

Mantled and black howlers were predicted to be equally related to red
howlers if they both descended from a single lineage that invaded Central Amer-
ica. However, the data show that mantled and black howlers are much more
different than expected based on that scenario. The black howler population
is approximately twice as genetically distant from red howlers as the mantled
howler populations (Table 6). In our results, mantled and black howlers do

not even form a clade relative to red howlers (Figure 5). The mantled howler
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populations appear more closely related to the sampled red howlers than they
are to black howlers (Figure 5). In this case, the rooted topology appears quite
robust, because there are no nodes in the proximity of the midpoint. However,
our results contrast with those of Cortes-Ortiz et al. (2003) based on mtDNA
who found that the Central American howlers formed a distinct clade. These
contrasting results indicate that our understanding of the biogeographic history
of black howler monkeys remains unresolved.

Central American Colonization History

Our genetic data from microsatellites support the colonization of Central
America by mantled howler monkeys from northern South America via a se-
ries of founder events. However, the degree of genetic distinctiveness between
mantled howlers and black howlers, and the phylogenetic results, argue strongly
against the hypothesis that black howlers were isolated recently from mantled
howlers. Although their current geographic distributions suggest a common
colonization history (see Cortes-Ortiz, 2003), our results suggest that man-
tled and black howler monkeys probably represent independent invasions into
Central America.

If both species arrived in Central America via the Isthmus of Panama, black
howler monkeys probably arrived first. Black howlers, or their ancestors, could
have occupied a larger range throughout the region with subsequent range re-
duction following the invasion of mantled howlers. If monkeys were unable to
cross into Central America until the final closure of the Isthmus of Panama,
mantled and black howlers must have originated from different source pop-
ulations. However, if monkeys were able to colonize the region before the
final formation of the Isthmus, black howlers may have become isolated after
crossing into Central America during an earlier period of land connection or
proximity (Knowlton and Weigt, 1998). A study of the divergence times be-
tween Panamanian and Costa Rican fresh water fishes suggested that reduced
sea levels in the Miocene, five to seven million years ago, may have created
the land connection required by both freshwater fishes and howler monkeys to
invade from South America (Bermingham and Martin, 1998).

Alternatively, black howlers or their ancestors could have reached Central
America via island hopping from northeastern South America through the

Caribbean island archipelago. Fossil evidence shows that monkeys existed on
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at least some of the islands (i.e., Cuba and Jamaica) in the past. However, how
they got there and how the fossil specimens are related to modern Platyrrhines
is debated (Fleagle, 1999). The Caribbean fossils are quite different from extant
Platyrrhines, although they appear most similar to modern Ateles (spider mon-
keys), Cebus (capuchin monkeys), and Alounatta (howler monkeys, MacPhee
and Iturralde-Vincent, 1995). A much broader genetic analysis of extant red
howler populations might provide evidence that black howlers originated from
eastern red howler ancestors via the Lesser Antilles; but, even if this was the
case, subsequent gene flow among red howler populations could have obfus-
cated the historical paraphyly of the species (Avise, 2000). Regardless of how
black howlers came to occupy their current range in Central America, the phy-
logeographic history of this region is more complex than previously thought.

Conservation Implications

We found very little genetic variability in populations of a relatively abundant
and wide-ranging species, the mantled howler monkey (listed as lower risk by
TUCN; Rowe, 1996), north of the Isthmus of Panama. The genetic variability
that does exist in mantled howler monkeys is partitioned among populations
(Table 3), and all populations appear to have unique alleles (Table 2). Thus,
in order to preserve mantled howler genetic diversity, populations from across
the species range will require protection. The lack of genetic diversity in these
mantled howler populations is more severe than in the black howler, a more
range-restricted species with IUCN endangered status.

There are 13 other species of primate sympatric with the mantled howler
monkey in portions ofits geographic range, with four species endemic to Central
America and 2 species endemic to the northern Andes region along coastal
Colombia and Ecuador (Rylands ez al., 1995). If the genetic patterns found
in mantled howlers are representative of patterns in other Central American
primates, northern species and /or populations north of the Isthmus of Panama
should receive special attention of conservationists. In addition to the lack of
genetic variation, the complex colonization history of this region suggested
by the distinctiveness of the black howler monkeys points to the possibility of
other cases in which northern populations thought to be recent oftshoots of
more widely distributed Central American species may be genetically unique
and deserving of species designation and protection.
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CHAPTER FOUR

Ecological Biogeography
of Primates in Guyana

S.M. Lehman, R.W. Sussman,
J. Phillips-Conroy, and W. Prince

ABSTRACT

One of the goals of ecological biogeography is to determine correlates to species diversity
and abundance in biological communities. Although large-scale disturbances, such as
deforestation, have been linked to declining mammal population sizes in tropical forests,
the effects of less severe forms of natural disturbances (flooding, black water swamps) and
anthropogenic disturbances (logging, hunting, and agriculture) are poorly understood.
Moreover, interspecific associations may influence the presence or absence of primate
species. We used data from 2108 km of primate surveys we conducted from 1994—
1997 to determine the ecological correlates of biogeography in eight primate species
in Guyana. Our data indicate the importance of riparian forests for understanding the
biogeography of six of the eight primate species in Guyana. Edge-related variations in
leaf quality may explain higher sighting rates for howler monkeys in agricultural areas.
Insect abundance may relate to the higher sighting rates for golden-handed tamarins
in swamp forests. Sighting rates for brown capuchins were positively correlated with
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flooding intensities, which may be the result of the abundance of palm species used as a
keystone resource in seasonally inundated habitats. Although wedge-capped and brown
capuchins are sympatric at some sites, analyses of species composition across all survey
sites indicate that these monkeys have a negative pattern of interspecific association.
Sighting rates of both species were lower at sites where they were found to be sympatric,
but reduced sighting rates were particularly noticeable in wedge-capped capuchins. The
combined effects of natural disturbances, anthropogenic disturbances, and interspecific
associations strongly influence primate biogeography in Guyana.

Key Words: Ecological biogeography, Guyana, community structure, surveys

INTRODUCTION

The ecological biogeography of many primate species is influenced by natural
(e.g., flooding, tree falls) and anthropogenic disturbances (e.g., logging, agri-
cultural development, and hunting). Natural disturbances occur at many sites
in South America, in that, highly seasonal rainfall increases water level by up
to 15 m in many river systems (Ayres, 1986; Ayres and Clutton-Brock, 1992).
The resulting flooding of forests affects ranging patterns and diet in many
primate species (e.g., Peres, 1997; Peres and Janson, 1999; Lehman, 2000;
Bennett et al., 2001). Furthermore, there may be species-specific responses
to natural habitat disturbance. For example, it has been suggested that spider
monkeys (Ateles sp.) and bearded sakis (Chiropotes sp.) are sensitive to flood-
ing (Johns and Skorupa, 1987; Peres, 1990; Robinson and Bennett, 2000).
Although large-scale disturbances, such as deforestation, have been linked to
declining mammal population sizes in tropical forests, the effects of low intensity
anthropogenic disturbances are poorly understood (Vazquez and Simberloft,
2002). Understanding the manner in which primates respond to changes in
their habitats is of obvious importance for biogeographers and conservation
biologists.

There tends to be spatial variations in the abundance of a primate species. For
example, species-specific sighting rates can vary between sites (Peres and Janson,
1999; Peres and Dolman, 2000). If habitat characteristics do not vary between
sites, then these differences can provide indirect information on community
dynamics (Thiollay, 1994; Ganzhorn, 1997; Davies et al., 2001; Cushman
and McGarigal, 2004). Some Neotropical primates also form interspecific as-
sociations. For example, squirrel monkeys (Saimiri sp.) often form polyspe-
cific associations with capuchins (Cebus sp.) and /or howler monkeys (Alonatta
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sp.) at many sites in South America (e.g., Terborgh, 1983; Podolsky, 1990;
Pontes, 1997; Lehman, 1999). The presumed benefits of positive associations
are greater foraging efficiency and predator avoidance (Terborgh, 1983; Nor-
conk, 1990a, 1990b; Terborgh, 1990). In negative associations, it is assumed
that ecologically similar species cannot coexist because of competition for food
resources (e.g., Lotka, 1925; Gause, 1934; Connell, 1961). Interspecific com-
petition may be particularly intense between species that mutually exploit similar
keystone resources (Tutin ez al., 1997). Although sympatric species employ dif-
ferent dietary strategies and modes of habitat use to avoid interspecific compe-
tition (Fleagle and Mittermeier, 1980; Mittermeier and van Roosmalen, 1981),
evidence still exists for negative association patterns (Rodman, 1973; Terborgh,
1983; Peres, 1993). For example, it has been suggested that C. apella may dis-
place congeners at some sites in Guyana (Sussman and Phillips-Conroy, 1995;
Lehman, 1999; Lehman, 2000).

The aim of our paper was to determine ecological correlates to primate bio-
geography in Guyana. Specifically, we sought to address the following questions:
(1) are there species-specific patterns of habitat selection, (2) how do anthro-
pogenic and natural disturbances affect primate biogeography, and (3) what are
the patterns of community structure and polyspecific associations at the beta
level?

METHODS
Location and Climate

Guyana is a small country of 215,500 km? situated on the northeastern coast
of South America, between 56°20’ and 61°23’ west and 1°10’ and 8°35’ north
(Figure 1). The climate is tropical with a high mean daily temperature of 25.7°C
(ter Steege, 1993b). Mean annual precipitation is between 2,000 and 3,400 mm
(ter Steege, 1993b). There are generally two wet seasons (May to mid-August
and November to January) and two dry seasons (mid-August to November or
December and February to April).

Forest Habitats

We used four habitat types in our analyses of primate habitat use: basimontane,
terra firme, riparian, and swamp forests. These four habitat types were classified
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Figure 1. Location of Guyana and 18 study sites surveyed for primate diversity and

habitat characteristics.

based on specific vegetation types outlined in Huber ez al., (1995). Basimontane
habitats are located predominantly in the highland regions of western Guyana,
near the border with Venezuela and Brazil (Maguire, 1972; Huber ez al., 1995).
Other basimontane forests, similar in general floristic composition, are found
in southern Guyana. The flora of these regions is also characterized as having
extremely high species diversity and abundance (Maguire ez al., 1953; Maguire,
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1972; Hoftman, 1992). Terra firme forest covers approximately 80% of Guyana
(Henkel, 1994). This forest is characterized as tall (2040 m), evergreen low-
land forest dominated by kakaralli ( Eschweilera sp.), kabukalli (Goupin glabra),
kautabali (Licania sp.), baromalli (Castostemma sp.), and greenheart ( Chloro-
cavdium rodiei). Riparian forests are found along the banks of the main rivers
in Guyana (e.g., Essequibo, Berbice, Mazaruni, Cuyuni, and Demarara). These
habitats contain Mora excelsa, Pterocarpus sp., and Carapa sp. Swamp forests
are located primarily in the NW and NE sections of Guyana. These forests are

dominated by corkwood ( Pterocarpus sp.) and white cedar (Tabebuia insignis).

Survey Methods

We used data from 2,108 km of primate surveys that we conducted from 1994—
1997 at 18 sites in Guyana (ter Steege, 1993b; Sussman and Phillips-Conroy,
1995; Lehman, 2000). Table 1 shows the specific survey sites, associated census
distances (km), and estimated disturbance and hunting levels. Disturbance levels

Table 1. Natural and anthropogenic disturbances and survey effort for eighteen survey
sites in Guyana

Key sources of Hunting/Trapping Total census
No. Site disturbance” pressures’ distance (km)
1 Essequibo L (l) - 80
2 Timehri F(h ) BW (h), A (h), L (m) M 203
3 Mahaicony F (h), BW (l), Al L 108
4 Abary F (h), BW (h), A (h), L (h) M 37
5 North Berbice F (m), L (m), A (m) M 120
6 Canje F (m), BW (m), ), A () H 127
7 Dubulay F (m), BW (1) - 270
8 Wikki F (m), L (h) H 51
9 South Berbice F (1) L 136
10 Mabura - - 200
11 Apoteri F (m), L (1) L 171
12 Iwokrama - L 58
13 Annai A (l) L 13
14 Kaieteur L 129
15 Sebai F (h), BW (h), Al L 256
16 Mabaruma F (m), BW (h), L (m), A (m) L 32
17 Arunamai F (h), BW (m), A (m) M 12
18 Pomeroon F (h), BW (1), A (h) H 105
TOTAL 2108

# Indicates most important natural or anthropogenic sources of forest disturbance: (F) prolonged sea-
sonal flooding, (BW) blackwater palm swamps, (L) selective logging, (A) agriculture. Classes of inten-
sity are: none (—), light (1), moderate (m), and heavy (h).

¥ Classes of hunting/trapping pressures are: (—) none, (L) light, (M) moderate, and (H) heavy.
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(flooding, blackwater swamps, selective logging, and agriculture) were assessed
during surveys and repeat visits to the survey areas. Hunting and trapping
pressures were estimated with data collected during interviews with local people
and wildlife trappers, direct observations of hunting/trapping, and accounts
from social scientists working in the survey areas (Lehman, 1999). Following
Peres (1997, 1999), intensities of natural and anthropogenic disturbances were
estimated using a subjective four-point scale: none, light, moderate, and heavy.

Geographic Information System

Detailed maps of the geographic range of each species in Guyana were pro-
duced and then measured with a digitizer tablet (Figure 2). Using published
descriptions of habitat and elevation preferences for each species (Peres, 1997,
1999b; Lehman, 2004), habitats deemed unsuitable for Guyanese primates
were excluded from estimates of range size (savannas and meadows, montane
shrublands, high-tepui forests, upper montane forests, lakes, mining areas, and
urban centers).

Analyses and Statistics

We computed Shannon-Weiner diversity indices ( H') for each primate species
in the four main forest habitats (basimontane, terra firme, riparian, and sea-
sonally flooded blackwater swamps). We used a sighting rate of the number of
groups censused per 100 km surveyed. Sighting distances were used only for
sites at which each species was surveyed rather than using the total sighting
distance. Spearman rank correlations (7;) were used to determine how varia-
tions in species-specific sighting rates covaried with patterns of disturbance at
the beta level. Linear regression analyses were used to determine if survey effort
(i.e., survey distance per site) influenced species diversity and the total number
of group surveyed per site. Thus, the regression models would determine if our
results were an artifact of differential survey intensities rather than disturbance
intensities.

We used two association types in our analysis of ecological correlates to
primate community structure: polyspecific associations and site associations.
Polyspecific groups were defined as two or more groups of different species
feeding or traveling within 20 m of each other (Mittermeier, 1977). The asso-

ciation had to occur for at least 10 min to be scored as a polyspecific group.
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Alouatta seniculus Ateles paniscus

Cebus apella

Figure 3. Distribution of eight primate species in Guyana based on surveys and habitat
use. Lehman 2004.
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Chiropotes satanas Pithecia pithecia
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Figure 3. (Continued)
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Following Schluter (1984), a site association for two or more species was ana-
lyzed if the species were observed during the same census of a transect line at a
site. Site associations were used to produce association indices. A null associa-
tion model which employs a variance ratio ( VR) was used to test for significant

associations between species pairs (Schluter, 1984 ). The variance ratio is given
by:

VR = §%/o2

Where 82 is the total sample variance for the occurrences of the § species in
the sample and o2 is the variance in total species number. If VR > 1, then the
species exhibit a positive association. If V'R < 1, then a negative net association
is suggested. A statistic (W) was then computed to determine if deviations from
1 were significant. This statistic is given by:

W= (N)(VR)

If, for example, the species are not associated, then there is a 90% probability
that W lies between limits given by the following chi-square distribution:

2 2
Xos, N <W <Xg9s5 N

The Ochiai index (O;) was used to measure the degree of association between
pairs of species (Ochiai, 1957). In this analysis, a presence-absence matrix was
computed for each species pair at each survey site. A chi-squared test statistic
was then used to test the null hypothesis of independence in the 2 x 2 table. A
Yate’s correction was calculated to avoid biased values resulting from low cell
expectations.

Statistical analyses were conducted using SPSS 11.5, and the alpha level was
set at 0.05 for all analyses.

RESULTS

A total of 64.1% (N = 141) of primate groups were seen in riparian forests
(Table 2). Of the 220 primate groups for which we have habitat data, 15.4%
(N = 34) were seen in swamp forests and 18.6% (N =41) were censused
in terra firme forests. Few primate groups were seen in basimontane for-
est (N=4 groups). Although most species preferred riparian forests, spider
monkeys and bearded sakis were each sighted most often in zerra firme for-
est. Golden handed tamarins were surveyed most frequently in swamp forests.
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Table 2. Habitat use by eight primate species in Guyana

Group sighting frequency by forest habitat type” Habitat diversity
Species Basimontane Terra firme Riparian Swamp  Total index (H')
A. paniscus 0 4 2 0 6 0.92
A. seniculus 1 16 33 7 57 1.44
C. apelin 0 3 22 5 30 1.09
C. olivaceus 3 6 11 6 26 1.86
C. satanas 0 4 1 0 5 0.72
P, pithecin 0 3 16 2 21 1.02
S. midas 0 4 3 7 14 1.49
S. sciuveus 0 1 53 7 61 0.63
Total 4 41 141 34 220 1.35

# Sighting frequencies listed only for surveys in which habitat type could be accurately determined.
Thus, habitat sighting frequency is sometimes less than total sighting frequency for each species.

Wedge-capped capuchins ( H' = 1.86), golden handed tamarins ( H' = 1.49),
and howler monkeys (H' = 1.44) had the highest habitat diversity indices.
Squirrel monkeys (H' = 0.92) and bearded sakis ( H' = 0.72) were the most
conservative in their use of the four main habitat types.

Squirrel monkeys (5.41 groups/100 km, N = 72) had the highest sight-
ing rates (Table 3). The total sighting rate for brown capuchins (4.09 groups/
100 km, N = 37) was almost double the rate for wedge-capped capuchins (2.29
groups/100 km, N = 31). Red howler monkeys were sighted frequently dur-
ing surveys (3.18 groups/100 km, N = 59). Golden-handed tamarins had a
sighting rate of 2.67 groups/100 km (N = 25). White-faced sakis had a to-
tal sighting rate of 2.05 groups/100 km (N = 24). Sighting rates were lowest
tor spider monkeys (1.21 groups/100 km, N = 11) and bearded sakis (sight-
ing rate = 1.56 groups/10 km, N = 13). The total primate sighting rate was
12.90 groups/100 km (N = 272). There was no correlation between survey
distance and either species diversity (R = 0.407, ANOVA Fyo1,16] = 3.17)
or total number of groups sighted per site (R = 0.422, ANOVA Fjo3[1,16] =
3.46), indicating that biogeographic patterns in our data are not an artifact of
survey effort.

Table 4 shows the ecological correlates to sighting rates in the eight pri-
mate species we surveyed in Guyana. A. seniculus sighting rates were positively
correlated with varying intensities of agriculture. For C. apelia, there was a
significant positive correlation between sighting rates and flooding intensities.
Sighting rates for S. midas covaried with the intensity of swamps.
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Table 3. Sighting rates (number of groups,/100 km surveyed) for eight primate species
at eighteen sites in Guyana

Sighting rate”

Site As Ap Ca Co GCs Pp Sm Ss Total
1 Essequibo 6.25 - - 500 - 125 250 125 16.25
2 Timehri - - - 296 - 197 394 148 10.34
3 Mahaicony 4.63 - - 556 - 10.19 - 1574 36.11
4 Abary - - - 541 - - - 5.41
5 North Berbice 11.67 1.67 8.33 0.83 - 1.67 1.67 14.17 40.00
6 Canje 3.15 - 630 - - 0.79 315 945 22383
7 Dubulay 259 037 370 - 222 - 296 296 14.81
8 Wikki 1.96 - 784 - - - - 9.80
9 South Berbice 221 074 221 - 074 074 074 1.47 8.82
10 Mabura 1.00 1.00 1.00 0.50 1.00 0.50 - - 5.00
11 Apoteri 1.17 234 - - 175 - - 2.34 7.60
12 Iwokrama 1.72 - - 172 172 1.72 - - 6.90
13 Annai - 769 - 7.69 - - - - 15.38
14 Kaieteur 0.78 - - 233 - - - - 3.10
15 Sebai 1.56 - - 078 - - - - 2.34
16 Mabaruma 6.25 - - 313 - 3.13 - - 12.50
17 Arunamai 25.00 - - 833 - - - 8.33 41.67
18 Pomeroon 4.76 - - 190 - 0.95 - 6.67 14.29
Total 318 121 4.09 229 156 2.05 267 541 1290

" As = Alouatta seniculus, Ap = Ateles paniscus, Ca = Cebus apelln, Co = Cebus olivaceus, Cs = Chiropotes
satanas, Pp = Pithecin pithecia, Sm = Saguinus midas, Ss = Saimiri sciureus. - indicates species not
seen at that site.

Table 4. Spearman rank correlations between natural (flooding and swamps) and
anthropogenic (logging, agriculture, and hunting/trapping) disturbance intensities and
primate sighting rates for eighteen survey sites in Guyana

Hunting/
Species” Flooding Swamp Logging  Agriculture Trapping
A. paniscus —0.247 (0.63) —0.655 (0.15)  0.372 (0.46) 0.541 (0.26) —0.525 (0.28)
A. semiculus 0423 (0.11) 0377 (0.16)  0.368 (0.17) 0.683 (0.005) —0.304 (0.27)
C.opelln 0.845 (0.03)  0.034 (0.94)  0.626 (0.18) 0.676 (0.14) —0.706 (0.11)
C. olivacens  0.206 (0.49) 0.194 (0.52) 0.016 (0.95) 0.244 (0.42) —0.153 (0.61)
C.satanas®  0.632(0.25)  0.707 (0.18)  0.354 (0.55) NA —0.289 (0.63)
P pithecin  0.389 (0.23)  0.538 (0.08)  0.272 (0.41) 0.509 (0.11) —0.110 (0.74)
S.midas  0.698(0.12)  0.941 (0.005) 0.359 (0.48) 0.516(0.29) —0.353 (0.49)
S.scimvens 0276 (0.38)  0.101 (0.75) —0.204 (0.52) 0.220 (0.49) —0.067 (0.83)

 Statistically significant correlations in bold.
¥ NA indicates no variation in intensity for C. satanas (all sightings at sites with no agriculture).
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Eighteen polyspecific groups were observed during surveys (Table 5). Al-
though most groups involved only two species, one polyspecific group was
observed that comprised three species (squirrel monkeys, brown capuchins,
and howler monkeys). Squirrel monkeys were observed to form polyspecific
groups more often than the other species, accounting for 94.1% (N = 16) of
total associations. Squirrel monkeys formed polyspecific groups with four pri-
mate species: brown capuchins (N = 10), red howlers (N = 3), wedge-capped
capuchins (N = 2), and white-faced sakis (N = 1). The only polyspecific group
not involving squirrel monkeys was one observed between red howlers and
wedge-capped capuchins. Table 6 shows interspecific association indices for
28 pairwise combinations of primate species in Guyana. There was a signifi-
cant trend towards positive species associations for primates censused at the
eighteen survey sites (Schluter’s variance test for overall association, V =4.12,
W =157.34, p = 0.001). Four primate pairs showed significant positive patterns
of interspecific associations. The highest degree of positive association was be-
tween spider monkeys and brown bearded sakis (O; = 1.00), golden handed
tamarins and squirrel monkeys ( O; = 0.79), and brown capuchins with bearded
sakis (O; = 0.77) and spider monkeys (O; = 0.77). Brown and wedge-capped
capuchins had a significant negative pattern of interspecific associations. Brown
capuchins had a total sighting rate ot 4.28 groups/100 km at the four sites
(Wikki River, South Berbice, Canje River, and Dubulay Ranch) where they
were observed but wedge-capped capuchins were absent (Table 7). Wedge-
capped capuchins had a sighting rate of 2.81 groups /100 km at eleven allopatric
sites (Timehri, Mahaicony, Abary, Essequibo, Iwokrama Rain Forest Reserve,
Kaieteur Falls National Park, Annai, Pomeroon, Arunamai, Mabaruma, and
Sebai). The average sighting rate of brown capuchins (3.75 groups/100 km)
was almost six times greater than that of wedge-capped capuchins (0.63 groups/
100 km) at the two sympatric sites (North Berbice and Mabura).

DISCUSSION

Our data indicate the importance of riparian forests for understanding the bio-
geography of six of the eight primate species in Guyana. Peres (1999), in his
study of the effects of forest type on primate community structure in Amazonia,
reported the pervasive influence of floodplain forests on primate distribution
and ecology. He found that total primate density and biomass in floodplain
forests were twice that of terra firme forests. Ultimately, primate community
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Table 6. Interspecific association indices and test statistics between eight primate
species at eighteen sites in Guyana
Species pair Association type” x2° Yates x2° O
A. seniculus & A. paniscus + 0.97 0.04 0.50
A. seniculus & C. apelln + 2.73 1.07 0.67
A. seniculus & C. olivaceus + 0.14 0.14 0.80
A. seniculus & C. satanas + 0.88 0.42 0.51
A. seniculus & P. pithecin + 3.69 1.64 0.78
A. seniculus & S. midas - 0.01 0.60 0.50
A. seniculus & S. sciuveus + 0.51 0.10 0.69
A. paniscus & C. apelln + 8.12 * 4.66 * 077
A. paniscus & C. olivacens + 0.58 0.04 0.41
A. paniscus & C. satanas + 16.88 * 12.31 *  1.00
A. paniscus & P. pithecia + 0.41 0.00 0.41
A. paniscus & S. midas + 2.16 0.60 0.52
A. paniscus & S. sciureus + 0.53 0.06 0.47
C. apelln & C. olivaceus - 4.75 * 7.85 * 026
C. apelln & C. satanas + 8.12 * 4.66 *  0.77
C. apella & P, pithecia + 2.29 1.02 0.71
C. apelln & S. midas + 2.80 1.19 0.60
C. apelln & S. scinrens + 2.29 0.00 0.47
C. olivaceus & C. satanas - 0.14 1.23 0.33
C. olivaceus & P. pithecin + 1.33 0.33 0.71
C. olivaceus & S. midas - 0.87 2.42 0.39
C. olivaceus & S. sciureus - 0.00 0.33 0.61
C. satanas & P. pithecia + 0.41 0.00 0.41
C. satanas & S. midas + 2.16 0.60 0.52
C. satanas & S. sciureus + 0.26 0.16 0.39
P. pithecia & S. midas + 1.33 0.33 0.53
P, pithecia & S. sciureus + 1.00 0.25 0.63
S. midas & S. sciureuns + 7.27 * 4.65 *  0.79

# Sign indicates direction of the species association (4 = pair of species occurred together more of-
ten than expected if independent, — = pair of species occurred together less often than expected if

independent).
Pindicates significance at p < 0.05 and d.f. = 1.
¢ Ochiai’s index of association.

Table 7. A comparison of sighting rates (# groups/100 km
survey distance) for Cebus apella and Cebus olivacens at
sympatric and allopatric sites in Guyana

Sighting rate
Species Allopatric sites Sympatric sites Total
C. apelin 4.28 3.75 4.09
C. olivaceus 2.81 0.63 2.29

Total 3.34 2.19 3.01
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structure may be the result of variation in the amounts of macronutrients avail-
able to plants in flooded and non-flooded forests. Peres (1999) noted that zerra
firmeforests tend to be under extremely tight nutrient budgets because they rest
upon nutrient-poor Ultisol soils. The Ultisol soils of Amazonia are very similar
to the soils of the Guiana Shield, which underlie forests in Guyana. The Guiana
Shield is a Precambrian eroded base that is the remaining exposed section of
Gondwanaland (Gibbs and Barron, 1993). In the coastal zone, the Precambrian
base is overlain by Quaternary marine silts forming the alluvial coastal plain or
lowlands. The uplands of the Pakaraima Mountains in western Guyana consist
of sandstone table mountains, known as zepuisin Venezuela. Some upland areas,
principally along the Venezuelan border in western Guyana, consist of schist,
quartzite, and conglomerate of the Orapu-Bonidoro series (Gibbs and Barron,
1993). The interior region of the country has geosynclines of the Paracama
series. The soils in this region are red, clayey, and ferrallitic; some areas are cov-
ered by white sand. The southern area of Guyana is predominantly peneplain
on a crystalline base. The soils in each of these non-flooded areas are severely
impoverished because they lack the seasonal influxes of nutrient-rich alluvial
sediments. Concomitantly, terra firme forests in Guyana have low levels of flo-
ral diversity and abundance of plant families that are valuable food resources
for primates (Comiskey ez al., 1993; ter Steege, 1993b; Ek, 1997; Terborgh
and Andresen, 1998; Lehman, 2000). For example, Terborgh and Andresen
(1998) analyzed floristic patterns in tree plots at 29 sites in South America. They
found that zerra firme plots in Guyana had the lowest abundance of trees in the
plant family Moraceae. This plant family contains tree species that are critical
food resources during periods of low resource abundance for many platyrrhines
(Terborgh, 1983; Pontes, 1997). Each of the eight primate species in Guyana
eat at least some fruit, and three—spider monkeys, bearded sakis, and white-
faced sakis—are among the most frugivorous of all South American primates
(van Roosmalen, 1987; Norconk, 1997). Thus, terra firme forests in Guyana
may not contain enough fruiting trees to support all eight species, particularly
during periods of fruit scarcity.

We found that spider monkeys prefer terra firme forest habitats and that they
tend to respond negatively but not significantly, in terms of covariates to their
sighting rates, to natural disturbances in Guyana. Muckenhirn ez al., (1975) ob-
served a similar pattern of habitat use in that only 36% (N = 8) of the 22 groups
of spider monkeys they saw were censused in riparian forests in Guyana. Spi-
der monkeys should be the species most likely to use flooded forests because
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they have a diet composed largely of fruits (van Roosmalen, 1987), and terra
firme forests are characterized by low fruit abundance and low species diversity
for fruiting trees in Guyana (ter Steege, 1993b). The question arises then as
to why spider monkeys rarely range into flooded forests in Guyana. Although
flooded forests tend to have low fruit production on an annual basis (e.g., Ayres,
1986; Peres, 1997; Terborgh and Andresen, 1998), they do contain some tree
species, such as Ficus (Moraceae), that have mast fruitings. Ahumada et al.
(1998) found that long-haired spider monkeys (Ateles belzebuth) in Colombia
exploit these mast fruiting trees in flooded forests when fruit resources are at
critically low levels in terra firme torests. One Ficus tree in flooded forests was
the fifth most important fruit species in the annual diet of the spider monkeys.
However, few mast fruiting trees exist in flooded forests in Guyana, particu-
larly in the important Moraceae plant family (Comiskey ez al., 1993; ter Steege,
1993b; Terborgh and Andresen, 1998). Terborgh and Andresen (1998) found
that 1-hectare plots outside Guyana contained on average 24.1 trees in the
family Moraceae whereas only one Moraceae tree was found in five terra firme
and riparian plots in Guyana. Although we have few data on habitat use among
spider monkeys, we suggest that a lack of large fruiting trees in flooded forests,
particularly those in the plant family Moraceae, may limit this primate species to
only infrequent use of this habitat. Testing this hypothesis will require detailed
information on density estimates and diet in spider monkeys as well as more
extensive botanical sampling in flooded and terra firme forests in Guyana.

Sighting rates for C. apella were positively correlated with flooding intensi-
ties. This correlation is likely due to differences in the diversity and density of
palms between flooded and non-flooded forests in Guyana. Palm species, such
as Astrocaryum sp. and Attalea sp., represent a critical food resource for brown
capuchins during the dry season when fruit is scarce (Kiltie, 1980; Terborgh,
1983). Terra firme forests in Guyana are characterized by having some of the
lowest densities of palm species (4.6 trees /hectare) in South America (Ahumada
et al., 1998; Terborgh and Andresen, 1998). Palms exist at higher densities
in flooded than non-flooded forests in Guyana (Davis and Richards, 1934;
Terborgh and Andresen, 1998). Therefore, C. apella may be selecting habitats
that contain the highest densities of palms.

We suggest that edge-related variations in the quality of leaves may explain
the increased sighting rates of howler monkeys in agricultural areas. Forest
edges are dynamic zones characterized by the penetration, to varying depths and

intensities, of conditions from the surrounding environment (matrix) into the
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forest interior (Malcolm, 1994). Edge effects have been shown to have positive
influences on the distribution and density of many species of plants, animals,
and insects (e.g., Malcolm, 1997; Ries ez al., 2004; Lehman ez al.,2006). Young
leaves are the dominant food category for red howler monkeys (e.g., Gaulin
and Gaulin, 1982; Julliot and Sabatier, 1993). Because even young leaves tend
to contain plant secondary compounds (Milton, 1980; Glander, 1982), howler
monkeys are very selective in their foraging strategies. Although there are few
data on how light levels influence plant chemistry in South American forests,
Ganzhorn (1995) documented that low-intensity forest disturbance increased
light levels in forests in Madagascar, which resulted in higher protein concentra-
tion in leaves. Elevated light levels have been documented near forest edges and
agricultural areas in many Neotropical forests (Malcolm and Ray, 2000; Foggo
et al., 2001; Hill and Curran, 2001; Cochrane and Laurance, 2002; Laurance
et al., 2002). Thus, we hypothesize that the quality of leaves may be highest
in forest edges near agricultural development, which would attract howler
monkeys to these habitats. We also hypothesize that high sighting rates of
golden-handed tamarins in swamp forests are a result of animals selecting habi-
tats with a high abundance and diversity of insect prey. Swamp forests tend to
contain a high density and diversity of insects (Howard, 2001). Golden-handed
tamarins are one of the most insectivorous of the eight primate species in Guyana
(Kessler, 1995; Simmon and Sabatier, 1996; Packa ¢t al., 1999). A clearer
understanding of how howler monkeys and golden-handed tamarins respond
to habitat variations will require increased survey sample sizes and detailed data
on the feeding ecology of conspecific groups that range into edge and interior
habitats.

We were surprised that hunting pressures had no statistical effect on primate
diversity and abundance. This result may be an artifact of statistical analyses
rather than a biogeographic pattern. Correlations organize sampling entities
along a gradient or continuum, although some ecological variables, such as
hunting, are neither linear nor unidirectional (McGarigal ez al., 2000). Species-
specific hunting is particularly relevant to studies, such as ours, in which group
size was not recorded during surveys. Thus, we make no statistical distinc-
tion between a large group of 10-12 spider monkeys and one under intense
hunting pressures that contains only 2—3 individuals. Moreover, Sussman and
Phillips-Conroy (1995) reported a decrease in primate densities, particularly
for large-bodied species such as spider monkeys and brown capuchins, since
work done by Muckenhirn et al, in the early 1970’s (Muckenhirn et al.,
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1975; Muckenhirn and Eisenberg, 1978). Sussman and Phillips-Conroy (1995)
attributed the density decrease to hunting pressures. This prediction seems log-
ical given numerous reports and our observations on the excellent tracking and
hunting abilities of local Amerindians (Beebe, 1925; Guppy, 1958; Muckenhirn
et al.; 1975; Muckenhirn and Eisenberg, 1978; A.R.U., 1992; Lehman, 1999).
Amerindians in Guyana prefer meat from spider monkeys and brown capuchins,
as has been reported at many other sites in South America (Mittermeier, 1977;
Johns and Skorupa, 1987; Peres, 1999a; Peres and Dolman, 2000; Laurance
etal.,2002). Itis interesting to note that spider monkeys and bearded sakis were
seen most often at or near sites that had some measure of protection for local
animals (Mabura Hill, Dubulay Ranch, Iwokrama). Although spider monkeys
were seen near the large Amerindian settlement of Apoteri, the animals were
very shy and existed at low densities. Hunting of spider monkeys and brown
capuchins may have been so successful in the past that populations of these
species are susceptible to localized extirpation. Therefore, detailed information
on hunting practices by local people must be compared to longitudinal data
on the demographics and ecology of primate populations and those in habitats
with lower hunting intensities in Guyana.

Our data on patterns of polyspecific associations are similar to those found
by researchers in other regions of South America (Thorington, 1968; Klein
and Klein, 1973, 1975; Mittermeier, 1977; Terborgh, 1983; Pontes, 1997). In
these studies, squirrel monkeys were most likely to be in the company of other
species, and that the most common association was with brown capuchins.
Our data corroborate those of Mittermeier (1977) in that spider monkeys,
white-faced sakis, and golden-handed tamarins rarely form polyspecific groups.
However, brown-bearded sakis associated with brown capuchins and squirrel
monkeys in Suriname whereas no polyspecific associations were observed for
brown-bearded sakis in Guyana. Differences in association patterns for brown-
bearded sakis between the studies conducted in Suriname and Guyana may be
due to low sighting rates in Guyana.

Despite reports that brown and wedge-capped capuchins compete with each
other (Eisenberg, 1979) and that they are morphologically, ontogenetically,
and behaviorally similar (Moynihan, 1976; Terborgh, 1983; Eisenberg, 1989;
Ford and Hobbs, 1994), they are sympatric at some sites in Guyana, Suriname
(Mittermeier, 1977), French Guiana (Simmon and Sabatier, 1996; Youlatos,
1998) and northern Amazonia (Pontes, 1997). Sussman and Phillips-Conroy
(1995) hypothesized that where the two species cooccur, wedge-capped
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capuchins may be found at lower densities than brown capuchins. Although
we found that brown and wedge-capped capuchins cooccurred at two sites
(Berbice River and Mabura Hill), analyses of species composition across all sur-
vey sites indicate that these monkeys have a negative pattern of interspecific
association. Sighting rates of both species were lower at sites where they were
found to be sympatric, but reduced sighting rates were particularly noticeable in
wedge-capped capuchins. Thus, as predicted by Sussman and Phillips-Conroy
(1995), wedge-capped capuchins may be sensitive to the presence of a congener.

Our findings are clear for those areas and ecological /biogeographical factors
that we have been able to analyze. However, further data are needed, particu-
larly on the influence of abiotic factors, such as rainfall, and hunting pressures
in influencing primate distribution and diversity. We also require data on the
community structure of yet unsurveyed /unsampled areas of SE Guyana and the
western highlands. Hunting pressures may have only a minor effect on the di-
versity and abundance of the primate community but a strong effect on certain

preferred game species (e.g., spider monkeys and brown capuchins).

SUMMARY

We investigated how natural and anthropogenic disturbances as well as commu-
nity structure influenced habitat use and sighting rates for eight primate species
in Guyana. Our data indicate the importance of riparian forests for understand-
ing the biogeography of six of the eight primate species in Guyana (A. seniculus,
C. apella, C. olivaceuns, P. pithecia, S. midas, and S. sciurens). These primates
may exploit food resources in riparian forests because zerra firme torests do not
contain enough fruit trees to support all taxa throughout the year. Sighting rates
for brown capuchins were positively correlated with flooding intensities, which
may be the result of the abundance of palm species used as a keystone resource
in seasonally inundated habitats. Edge-related variations in leaf quality may
explain higher sighting rates for howler monkeys in agricultural areas. Insect
abundance may relate to the higher sighting rates for golden-handed tamarins
in swamp forests. Although wedge-capped and brown capuchins are sympatric
at some sites, analyses of species composition across all survey sites indicate
that these monkeys have a negative pattern of interspecific association. Sighting
rates of both species were lower at sites where they were found to be sym-
patric, but reduced sighting rates were particularly noticeable in wedge-capped
capuchins.
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he area covered by tropical forests in Africa inhabited by primates is

greater that of any other major biogeographical region, extending

from the lower border of the Sahara desert to the southern tip of the

continent (e.g. Chapman et al., 1999). However, African forests are
generally drier than those of Madagascar or Asia and include a wider range of
forest types. In addition they show considerable fragmentation due to both his-
torical factors and human activities (see Chapman et al., 1999; Kingdon, 1990).
The major rivers show no consistent pattern of drainage with the Nile draining
north into the Mediterranean Sea, the Niger and the Congo flowing west into
the Atlantic Ocean and the Zambezi and the Limpopo flowing East into the
Indian Ocean. Much of the biogeographic patterning of the continent is deter-
mined by these rivers as well as regional topographic features including the Atlas
Mountains in the North, the Ethiopian Plateau in the Northeast and the rift
valley extending from North to South through the eastern side of the continent.

Primate Biogeography, edited by Shawn M. Lehman and John G. Fleagle.
Springer, New York, 2006.
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Primates have a long history in Africa and many clades seem to have orig-
inated there (see Fleagle and Gilbert, this volume; Rossie and Seiffert, this
volume). The most recent assessment of African Primate diversity recognizes
79 species in 21 genera (Grubb et al., 2003).There are two groups of strepsir-
rhines, the galagos which are endemic to Africa and the lorises that are found
in Africa and Asia. Both subfamilies of Old World monkeys, colobines and cer-
copithecines, are widespread in Africa and three genera of apes originated in
Africa—chimpanzees, gorillas and humans. As in other biogeographical regions,
some taxa (e.g. Mandrillus) are very localized while others (e.g. Papio) have
ranges that extend over much of the continent (Eely and Lawes 1999).

The papers in this section investigate three of the most widespread taxa
of African primates. In Chapter 5 “Contrasting Phylogeographic Histories of
Chimpanzees in Nigeria and Cameroon: A Multi-Locus Genetic Analysis,”
Katy Gonder and Todd Disotell examine the genetic support for the widely
accepted subdivision of chimpanzees (Pan troglodytes) into three subspecies
and the location of the most significant biogeographical barriers to gene flow
in chimpanzees. They find that studies of the HRV1 region of mitochondrial
DNA support a division of chimpanzees into a western group and an eastern
group separated by the Sanga River. They suggest that the eastern subspecies
of chimpanzees, Pan troglodytes schweinfurthi is a very recent radiation. How-
ever studies of STR genotypes indicate a more complex picture of chimpanzee
differentiation, especially west of the Sanga River.

In Chapter 6, Jason Kamilar examines the relationship between ecological di-
versity and morphological diversity among baboons, one of the most widespread
primates of Africa. He finds that ecological differences among baboon popula-
tions do not correlate with traditional subspecific groupings based on morphol-
ogy. Rather ecological differences seem to follow a latitudinal cline similar to
the pattern Frost et al. (2003) found in analysis of cranial morphology. These
results support the view that baboon populations are best regarded as subspecies
rather than distinct species.

In Chapter 7, McGraw and Fleagle use cranial morphology to investigate
the relationship between mandrills and drills (genus Mandrillus) and their sister
taxon, mangabeys of the genus Cercocebus. They show that there is considerable
diversity of the facial morphology within the genus Cercocebus. Some species are
more similar to Lophocebus while others are more similar to mandrills and drills.
Within the genus Cercocebus, the Collared Mangabey, Cercocebus torquatus is
most similar to drills and mandrills in many aspects of craniofacial morphology.
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These morphological results support Grubb’s (1982) biogeographic hypothesis
that Cercocebus torquatusis the most derived species of Cercocebus and suggests
that the origin of drills and mandrills lies in this species of mangabey.
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CHAPTER FIVE

Contrasting
Phylogeographic
Histories of Chimpanzees
in Nigeria and Cameroon:
A Multi-Locus Genetic
Analysis

M. Katherine Gonder and Todd R. Disotell

ABSTRACT

As many as four geographically distinct subspecies of chimpanzees ( Pan troglodytes) may
persist across sub-Saharan Africa, but little is known about the geographic boundaries
that delimit these populations. Genetic studies of the first hypervariable region (HVRI)
of mitochondrial (mt)DNA of wild chimpanzees suggest that the Sanaga River may
important in delineating chimpanzee populations in western Africa from those western
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equatorial Africa. However, the HVRI represents only a single realization of the evolu-
tionary process. Here we present microsatellite, or Single Tandem Repeat (STR), geno-
types of wild chimpanzees from Nigeria and Cameroon to complement and expand
upon previous studies of chimpanzee mtDNA. We observed a different but compatible
pattering of genetic diversity between the STR loci and the HVRI sequences. Generally,
our analyses of these data suggest that the Sanaga River has played an important, but
not exclusive, role in delimiting chimpanzees from western Africa from those in western
equatorial Africa. The significance of the Niger River and of the Dahomey Gap in limit-
ing chimpanzee distribution patterns remain equivocal. Additional multi-locus sampling
of chimpanzees near these putative biogeographic boundaries may more clearly resolve
the roles they have played in recent chimpanzee evolution.

Key Words: Chimpanzees, chimpanzee subspecies, phylogeography, population genet-
ics, microsatellites, STR

INTRODUCTION

Despite the inevitably different histories and dispersal abilities of separate lin-
eages, African rainforest primates cluster into discrete communities which re-
flect a shared historical relationship with the forests they inhabit (Haffer, 1969,
1982; Mayr and O’Hara, 1986). Nigeria and Cameroon are evolutionary hot
spots, with high species diversity and high species endemism (Kingdon, 1989;
Sayer et al., 1992; Hacker et al., 1998). Several disjunct Pleistocene refuges
persisted in the vicinity of Nigeria and Cameroon (Figure 1la). In particular,
the Niger delta harbored a small isolated refuge. In addition, the complex dis-
tribution patterns of forest taxa in eastern Nigeria and Gabon imply that two
refuges may have existed in the area. The northern refuge may have covered
the area east of the Cross River to Mount Cameroon to the Sanaga River. The
southern refuge persisted south of the Sanaga River into Gabon (Grubb, 1982,
1990; Hamilton, 1988; Oates, 1988; Kingdon, 1989; Maley, 1991, 1996).
Geographic barriers (Figure 1b) have also influenced the dispersal patterns
of the rainforest fauna in western Africa and western equatorial Africa (Grubb,
1982,1990; Chapman, 1983; Oates, 1988). To the west, the Cavally, Sassandra,
Bandama, and Comoé Rivers limit the distributions of several taxa. Further to
the east the Volta River and the Dahomey Gap (a dry-forest zone covering
present-day eastern Ghana, Togo, and Benin) may have been important in
the history of many lineages. In the vicinity of Nigeria and Cameroon, the
Niger River, Cross River, Sanaga River, and the Cameroon Highlands have



Contrasting Phylogeographic Histories of Chimpanzees 137

10— Miger Benue
a
— 5‘
Lake Bosumtwi
Lake Barombi-Mbo
Gulf of Guinea ¢

18kya Q- — 0
&> Forest refuges (lowlands and mountains) S
<> Forest refuges (mountains)
Present day
Dry forest and savanna woodland -5
<=2 Mountains
= Extent of tropical moist forest

Senegal

Gambia

b
Dahomey Niger Benue
Baoulé V G[P
-} —  — = — Cross
] S | Sanaga
Cavally Vol
Sassandra Comoé alta [
Bandama

Northern extent of forest-savanna mosaic

E—=——= Lowland moist forest

Figure 1. Biogeography of western Africa. (a) a consensus of probable locations and
configuration of forest refuges after the last period of glacial maximum (Maley, 1996);

(b) proposed dispersal barriers in western and western equatorial Africa (Oates, 1988).

been proposed to have influenced the distribution of many taxa (Booth, 1958a,
1958b; Schigtz, 1967; Moreau, 1969; Robbins, 1978; Oates, 1988; Maley,
19906).

The complex biogeographic history of western Africa and western equato-
rial Africa is likely to have influenced the recent evolution of chimpanzees. This
influence may be reflected by the nomenclature schemes that were proposed
for chimpanzees during early explorations. Of the 38 named chimpanzee taxa,
18 were thought to inhabit the vicinity of Nigeria and Cameroon (Hill, 1967,
1969). These taxa have been recognized based largely on geographical criteria,
without reference to the historical relationships that exist among different chim-

panzee populations and without direct evidence supporting the geographical
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Figure 2. Widely accepted distribution pattern of chimpanzees (Pan troglodytes) after
Hill (1967, 1969) and Schwarz (1934).

distributions of these taxa. Currently, chimpanzees are widely recognized as
belonging to a single species, Pan troglodytes, that has been further divided into
three subspecies: west African P. . verus, central African P.z. troglodytes, and east
African P. t. schweinfurthii (Figure 2). The distribution patterns of chimpanzees
have P. t. verus ranging from Senegal to western Nigeria, with this subspecies
divided into two populations by the Dahomey Gap. The lower Niger River,
in Nigeria, has been proposed to separate P. . verus and P. t. troglodytes. P, t.
troglodytes range from eastern Nigeria to the Ubangi River in the Democratic
Republic of Congo (the former Zaire), and as far south as the Congo River.
The Ubangi River is believed to separate P, ¢. troglodytesand P.t. schweinfurthii.
P. t. schweinfurthii ranges from the Ubangi River and as far east as the western
Rift Valley (Schwarz, 1934; Hill, 1967, 1969; Teleki, 1989; Groves, 1993).
One reason that it has been difficult to place chimpanzees into a larger histor-
ical context may be due to the high morphological variation and large overlap
of phenotypic traits observed in this species, particularly in western equatorial
Africa (Hill, 1967, 1969; Shea and Coolidge, 1988; Uchida, 1992; Groves ez al.,
1993). Several genetic analyses of captive chimpanzees also have documented
high levels of genetic diversity among chimpanzees across their range (Deinard
and Kidd, 1996, 1999, 2000; Kaessmann ez al., 1999, 2001; Ebersberger et al.,
2002; Stone et al., 2002). These studies complement several genetic surveys of
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wild chimpanzee populations that have greatly enhanced our understanding of
the recent evolutionary history of this species (Morin, 1992; Goldberg, 1996;
Gagneux, 1998; Gonder, 2000). These studies have relied on analyses of small
selectively neutral loci such as, the first hypervariable region (HVRI) of (mt)
mitochondrial DNA which does not undergo recombination and is maternally
inherited (Gray et al., 1999). The cumulative findings of these genetic surveys
suggest that, in contrast to their widely accepted distribution pattern, the ge-
ographical boundaries proposed to delimit different chimpanzee lineages may
need to be revised. In addition, these studies suggest that one key to under-
standing the phylogeographic history of chimpanzees may lie in Nigeria and
Cameroon.

Figures 3a and 3D illustrate two geographical distributions of chimpanzees
that correspond to the cumulative findings of these genetic surveys. Analyses of
the HVRI locus most strongly support the geographical distribution shown in
Figure 3a. Chimpanzees appear to be divided into two deeply divergent lineages
(Gonder et al., 1997; Gonder, 2000), who shared a common ancestor between
900-200 thousand years ago (kya) (Morin et al., 1994; Goldberg and Ruvolo,
1997; Goldberg, 1998; Gagneux et al., 1999; Stone et al., 2002). The west-
ern African lineage is composed mostly of chimpanzees from Upper Guinea,
Nigeria, and western Cameroon. The central African lineage is composed mostly
of chimpanzees from southern Cameroon, western equatorial Africa, and east-
ern Africa. The ranges of these lineages converge in central Cameroon near the
Sanaga River. This genetic differentiation has probably existed between chim-
panzees for at least the past few hundred thousand years. The Sanaga River
probably has played an important, if not exclusive, role in limiting gene flow
between these lineages (Gonder et al., 1997; Gonder, 2000; Gonder ¢t al.,
2000).

The relationships between chimpanzees within these two lineages are more
complex. Chimpanzees in western equatorial Africa and in eastern Africa have
been widely recognized as belonging to separate subspecies (Figure 3b). Some
studies have supported the proposition that they belong to two separate groups
(Morin ez al., 1994; Stone ez al., 2002). Most studies, however, have not found
genetic evidence that clearly separates chimpanzees in western equatorial Africa
from those in eastern Africa (Goldberg and Ruvolo, 1997; Goldberg, 1998;
Gagneux et al., 1999, 2001; Gonder, 2000; Gonder et al., 2006). In fact,
chimpanzees in eastern Africa may share a very recent relationship with those
in western equatorial Africa (Goldberg, 1998; Gonder, 2000; Gagneux et al.,
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Figure 3. Two subspecies arrangements inferred from the pan-African HVRI genetic
database (Gonder 2000; Gonder et al. 2006). The evidence most strongly supports
the division shown in panel A in which chimpanzee populations are separated into two
subspecies that reflects the ancient western and central Africa division of chimpanzees:
P t. vellerosus and P. t. troglodytes. Panel B incorporates evidence suggesting further
subdivisions of chimpanzees may be warranted. In this distribution four chimpanzee
subspecies would be recognized: Upper Guinea P, ¢. verus, western African P. t. vellerosus,

western equatorial African P. ¢. troglodytes, and eastern African P. t. schweinfurthii.



Contrasting Phylogeographic Histories of Chimpanzees 141

2001; Gonder et al., 2006). For example, chimpanzees in western equatorial
Africa and those in eastern Africa do not form two monophyletic groups in
HVRI gene trees that correspond to their geographical distributions. Moreover,
two HVRI sequences of chimpanzees from Cameroon are nearly identical to
HVRI sequences of chimpanzees residing in eastern Africa (Gagneux et al.,
2001; Gonder et al., 20006).

Chimpanzees in western equatorial Africa possess the highest genetic diver-
sity and shared a last common mitochondrial ancestor approximately 311 kya
(Morin et al., 1994; Kaessmann ¢z al., 1999; Stone et al., 2002; Gonder et al.,
2006). Chimpanzees from western equatorial Africa may, therefore, be ancestral
to all other chimpanzee populations (Morin ¢t al., 1994; Gagneux et al., 1999,
2001; Gonder, 2000; Gonder ¢t al.,2006). In addition, populations from west-
ern equatorial Africa also may have persisted there throughout the Pleistocene
(Gonder, 2000; Stone et al., 2002). In contrast, chimpanzees in eastern Africa
shared a last common mitochondrial ancestor approximately 117 kya. These
chimpanzees may have colonized the forests of eastern Africa most recently.
This colonization does not appear to have been influenced by any geographic
barriers or by geographic distance. The expansion of chimpanzees into east-
ern African forests was probably rapid, following a population bottleneck that
may have occurred during the last period of maximum glaciation (Stone ¢z al.,
2002). Analyses of the HVRI sequence data also suggest that there has been
extensive gene flow among chimpanzee populations in eastern Africa. Identical
HVRI haplotypes of chimpanzees in eastern Africa are shared between popu-
lations separated by up to 700 km (Goldberg and Ruvolo, 1997; Goldberg,
1998).

There is some evidence to suggest that further subdivisions within the west-
ern African lineage may be warranted. Phylogenetic analyses of the HVRI data
separates this lineage into an Upper Guinea chimpanzee group and a group
composed of chimpanzees from eastern Nigeria and western Cameroon (Fig-
ure 3b). These lineages in western Africa appear to be more isolated from each
other and are more isolated from chimpanzees in western equatorial African
forests than those in eastern Africa. In addition, chimpanzees in Upper Guinea
and those in eastern Nigeria and western Cameroon may have shared a last
common mitochondrial ancestor 207 kya and 233 kya, respectively (Gonder
et al., 1997; Gonder, 2000; Gonder ¢t al., 2006).

Chimpanzees from Upper Guinea possess deeply divided HVRI haplotypes,
but the clustering patterns of these haplotypes do not appear to be correlated
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with geographic isolation or with distance between populations (Gagneux,
1998; Gagneux ez al., 1999). Gene flow appears to have been extensive among
chimpanzee populations located in Upper Guinea. Identical mtDNA sequences
are present in populations there separated by upto 1000 km (Gagneux et al.,
1997b). Similarly, there also appears to have been considerable gene flow be-
tween chimpanzees in eastern Nigeria and western Cameroon, and some limited
gene flow between the western African and central African chimpanzee lineages
in the vicinity of the Sanaga River. The relationship between chimpanzees in
western Nigeria and other western African chimpanzees is unresolved. Samples
obtained from chimpanzees located in western Nigeria suggest that the Niger
River or that the Dahomey Gap may further delimit chimpanzee populations
in western Africa (Gonder, 2000; Gonder ez a/., 2006). However, chimpanzees
are rare in western Nigeria (Agbelusi, 1994; Oates, 1996) and have not been
sampled in western Ghana which prohibits further analysis on a finer scale.

This scenario of recent chimpanzee evolution is largely based on analyses
of mtDNA. The mitochondrial genome is small (approximately 16,500 base
pairs (bp) in length) and is 0.00006% the size of the total human genome.
This genome is maternally inherited and does not undergo recombination.
Therefore, its effective population size is one-fourth that of nuclear autosomes
(Kocher and Wilson, 1991; Tamura and Nei, 1993; Stoneking, 1994; Gray
et al., 1999). In some cases, this fact results in mtDNA having a higher prob-
ability of accurately reflecting the true species tree (Moore, 1995). However,
several equally likely gene trees can often be inferred from small regions of
mtDNA like the HVRI, particularly when the numbers of taxa analyzed is large
(Maddison et al., 1992). Moreover, the maternal mode of inheritance of the
mitochondrial genome combined with the female-biased dispersal pattern ob-
served in chimpanzees (Goodall, 1986) makes it difficult to detect differences
in male- and female-mediated gene flow using mtDNA alone.

Several properties of the HVRI locus can confound phylogenetic analyses.
The locus is small, occupying only 2.5% of the mitochondrial genome. The
HVRI locus mutates rapidly and is subject to homoplasy (Maddison et al.,
1992). Mutations are not randomly distributed across the length of the locus
making rate heterogeneity an important issue in calculating divergence estimates
from this locus (Meyer ¢t al., 1999; Stoneking, 2000). Nuclear mitochondrial
pseudogenes occur frequently among hominoids (Collura and Stewart, 1995;
Zischler et al., 1998). Some of these pseudogenes contain regions that are ho-
mologous to the HVRI (Mourier et a/., 2001; Tourmen ez a/., 2002). However,
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it is unlikely that the chimpanzee HVRI data contains pseudogenes (Gonder
et al., 20006).

In addition, different phylogenetic histories of chimpanzees have been pro-
posed in studies that have relied on samples obtained from captive chimpanzees
and in those that included different loci. However, the contrasting patterns of
genetic variation found in these studies have been attributed to predating the
diversification of chimpanzee lineages (Kaessmann ¢t al., 1999), being evidence
of selection (Wise et al., 1997; de Groot et al., 2002) or resulting from sex-
specific differences in dispersal patterns (Wise et al., 1997). These caveats render
a species’ history of chimpanzees based nearly exclusively on the HVRI locus
tentative at best.

A complete analysis of a species’ phylogeographic history should include
multiple genetic systems, preferably including loci that are independent and
that have different mutation rates (Hedrick, 1999; Avise, 2000; Hare, 2001).
Microsatellites, or short tandem repeat (STR) loci, have been widely used to
complement phylogeographic studies using mtDNA because they occur ubiq-
uitously throughout animal genomes, mutate rapidly, are nearly selectively neu-
tral, and are inherited in a Mendelian fashion. Moreover, analyses of only a few
STR loci sometimes can resolve the relationships between populations (Jarne
and Lagoda, 1996; Goldstein and Pollock, 1997). Therefore, we have geno-
typed DNA samples of wild chimpanzees from Nigeria and Cameroon at 10 STR
loci to complement the HVRI sequence database. The purpose of our study
was to examine the apportionment of genetic diversity found at 10 STR loci
between chimpanzees in Nigeria and Cameroon. Specifically, our goal was to
determine whether the Sanaga River has influenced the distribution of chim-
panzees in Nigeria and Cameroon.

METHODS
Study Locations and Sampling

Study locations (Figure 4) were chosen to maximize sampling coverage across
potential biogeographic barriers including: west and east of the Niger River,
north and south of the Cross River, either side of the Cameroon Highlands
following the border of Nigeria and Cameroon, north and south of the Sanaga
River, east of the Mbaum River (Figure 4, map location 13), and into the
Congo basin forest expanse near the Dja River (map location 16). All genetic
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Figure 4. Sampling distribution of chimpanzees in Nigeria and Cameroon.

material was obtained noninvasively, from hairs shed in chimpanzee sleeping
nests, from hairs plucked from captive individuals, and from samples excised

from preserved skins following widely used sample collection protocols (Morin,
1992; Goldberg, 1996; Gagneux, 1998; Gonder, 2000).

Genetic Analysis

DNA extraction. Between 2 and 10 DNA extractions were performed on each
nest hair collection. DNA was isolated from shed and plucked hair following
well-established protocols used in other studies (Walsh ez /., 1991; Goldberg,
1996; Gonder, 2000). DNA from preserved skin samples was obtained using a
PUREGENE™ DNA Extraction Kit (Gentra Systems, Inc.).

STR Genotyping. Several fluorescently labeled human STR primers were ex-
amined for variation among the chimpanzee samples, including di-, tri-, and
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Table 1. STR loci used to genotype chimpanzees for this study

Marker Locus Size (bp) Repeat unit
Mfd 3 APOA2 (D1) 120-162 AC
Mfd23 D16S265 78-104 AC
HumPla2a HumPla2a 65-98 AAT
D4S1652 G00-228-893 114-162 ATCT
D7S1809 G00-364-834 202-242 AGGA
D9S303 G00-218-317 142-194 GATA x CAGA
D11S1984 G00-364-803 104-196 CAAA
D13S317 CHLC.GATA7G10.415 155-255 TATC x ATCT
D16S539 G00-228-700 152-168 ACAG x GATA
D20S470 G00-364-824 167-303 TTCC x CCTT x CCTT x TC

tetra-nucleotide repeats, in addition to loci with more complex repeat motifs
(Table 1). PCR amplifications for all samples at these loci were performed using
standard touchdown PCR protocols used in other studies (Don et al., 1991;
Rithidech et al., 1997; Morin et al., 1998; Gonder, 2000). Alleles for each
sample were assessed using either the ABI™ 310 Genetic Analyzer or the ABI
Prism® 377 DNA Sequencer.

Allelic drop out (the amplification of only one of two alleles at a heterozy-
gous locus) and scoring of false alleles (the amplification of two alleles at a
homoyzygous locus from small amounts of contaminants in DNA extracts)
occur frequently in genotypes obtained from degraded DNA isolated from
non-invasive sample sources (Gagneux ¢t al., 1997a; Goosens et al., 1998;
Constable et al., 2001). Because these problems can greatly affect population
diversity estimates (Balloux ez al., 2000; Gagneux, 2001), we attempted to
verify allele sizes presented in this study by several independent PCR amplifi-
cations. Wherever possible, we closely followed the “multiple-tubes” protocol
described elsewhere (Navidi ez al., 1992; Taberlet ez al., 1996). Unlike studies
using feces and cheek swabs as sources of DNA (Constable ez /., 2001; Vigilant
et al., 2001) we could not follow the “multiple-tubes” procedure precisely due
to the small amounts of DNA in each extract; and DNA from each hair sample
could only be extracted once.

We amplified each STR locus via PCR from at least two DNA extractions from
each nest hair collection. Allele sizes for all samples were confirmed by at least
two, and up to ten, independent amplifications for each extract. Homozygous
samples were confirmed by additional independent amplifications. Of all the
genotypes included in this study, roughly 20%, 50%, and 30% were confirmed



146 Primate Biogeography

by 7-10, 3-6, and 2 separate PCR amplifications, respectively. Conflicting allele
sizes for all samples were either re-processed until the ambiguities were resolved
or were removed from the study. Allele sizes for each locus were determined

ITM

by combining AB software analysis (GeneScan® and Genotyper® and

discrimination by visual inspection using criteria described elsewhere (Gonder,
2000).

Statistical Analysis

Diversity statistics. All statistical analyses were performed using the computer
program Arelquin (Schneider et al., 2000). Several descriptive statistics were
calculated for the STR database. Genetic diversity, observed heterozygosity, ex-
pected heterozygosity, and deviations from Hardy-Weinberg null expectations
within each population were calculated based on the mean number of different
alleles per locus. The probability of deviation from Hardy-Weinberg Equilib-
rium (HWE) was tested using a Markov chain method for each locus and each
population (Guo and Thompson, 1992).
AMOVA. An Analysis of Molecular Variance (AMOVA) framework was ap-
plied to the STR dataset to examine the apportionment of genetic diversity and
to evaluate the influence of putative biogeographic boundaries on chimpanzee
distribution patterns. AMOVA partitions multilocus STR genetic variation into
differences: between individuals at the allelic level [dg], within populations
[ 1], among populations within regions [ g ], and among regions [ Gr]. In
the last partition, regions are exclusive groups of populations that are defined
by a priori criteria. This property of the AMOVA framework allows a specific
geographic structure of the data to be superimposed on a sample population,
thereby enabling direct tests of phylogeographic hypotheses about the popu-
lation in study (Excoffier et al., 1992; Michalakis and Excoffier, 1996). The
significance of all observed ¢-statistics were determined by comparing the ob-
served value to random permutations of the data set (Schneider ez al., 2000).
Two statistical approaches, F-statistics (Fgr) and R-statistics (Rgt), were ap-
plied to the STR data using the AMOVA framework. Fgr were corrected for
unequal sample sizes with modifications proposed by Weir and Cockerham
(1984). In this model, Fgr values can range from —1 to 1. Departures from
Hardy-Weinberg expectations are indicated by positive fixation indices which

suggest that microevolutionary processes may be acting to produce population
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substructure. The true value of the test statistic is zero, but negative variance
components can occur in the absence of genetic structure, when samples sizes
are limited or when more alleles are shared between rather than within popu-
lations (Weir, 1996a, 1996Db).

Size differences between alleles at STR loci are presumably due to repeat unit
size differences that accumulate in a stepwise fashion where repeat units are lost
or added during the mutation process. Rg incorporates information about
divergence time between relative allele sizes and assume a stepwise mutation
model. Rgr tends to perform better than Fgy for STR data as long as these loci
accumulate mutations following the stepwise mutation model (Slatkin, 1995;
Balloux ez al., 2000). However, homoplasy probably occurs frequently because
these loci mutate rapidly from 1072 to 10~° mutations per generation de-
pending on repeat motif and evolutionary constraints at a given locus (Valdes
et al., 1993; Goldstein et al., 1995; Chakraborty et al., 1997; Schug et al.,
1998).

Different potential regional geographic structures were tested using all
10 STR loci. In addition, each locus was analyzed separately by AMOVA for
each potential phylogeographic division of the STR data using both the Fgr
and Rgr models. Loci were analyzed separately to distinguish the relative ef-
fects of locus-specific evolutionary forces, to determine the relationship of each
locus to overall allelic diversity, to evaluate violations of model assumptions, and
to compare observed patterns of genetic structure (Bossart and Powell, 1998;
Hare, 2001).

Individual genotypes were prepared for analysis by AMOVA by dividing pop-
ulations on either side of the Sanaga River, the Cross River, and the Cameroon
Highlands. For the Sanaga River division, samples were divided into two groups:
eastern Nigeria and western Cameroon north of the Sanaga River (Figure 4,
map locations 3-12), and Cameroon south and east of the Sanaga River (map lo-
cations 13-16). For the Cross River division also, samples were divided into two
groups: west and north of the Cross River (map locations 4-9) and south and
cast of the Cross River (map locations 3, 10-16). For the Cameroon Highlands
division, samples were divided along the Nigeria-Cameroon border: west of the
Cameroon highlands (map locations 3-9) and east of the Cameroon Highlands
(map locations 10-16). All samples from western Nigeria were excluded from
these analyses due to the possible influence of the Niger River on chimpanzee
distribution patterns. Sample sizes for populations in western Nigeria were too
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small to permit the test of the influence of the Niger River on chimpanzee
population structure.

RESULTS
Genetic Diversity

One hundred and fifteen chimpanzees from Nigeria and Cameroon were geno-
typed for up to 10 different STR loci listed in Table 1. STR diversity statistics
are summarized in Appendices 1 and 2. The multilocus STR database revealed
a high level of genetic diversity among chimpanzees in Nigeria and Cameroon.
The 10 STR loci had an average of 8 alleles, with a range of 5 to 15 alleles per
locus. With few exceptions, alleles for a given locus were not limited to any single
population or group of populations. Heterozygosity estimates ranged widely
from 17-96%, with an average heterozygosity estimate of 74%. In most cases,
observed heterozygosity estimates did not differ significantly from expected lev-
els of heterozygosity or from Hardy-Weinberg null expectations. There was also
no detectable geographical pattern or trend for any locus for those populations
that did deviate from expected Hardy-Weinberg proportions.

Apportionment of Genetic Diversity among Chimpanzees
in Nigeria and Cameroon

Table 2 summarizes AMOVA results for different possible subdivisions of the
multilocus data set. In each regional partition, the bulk of the genetic diversity
was distributed among chimpanzees populations and among individuals. Neg-
ative ¢ values were obtained for both the Cross River (Fst, ¢ = —0.012;
Rst, ¢ = —0.054) and Cameroon Highlands (Fst, ¢or = —0.031; Rer,
der = —0.034) regional divisions. These regional divisions also produced very
high variance components. In contrast, the Sanaga River division produced
positive @ values in both the Fg and Rgy AMOVAs, and in the case of
the Rgr AMOVA, a much lower variance component (Fst, o1 = 0.026; Rgr,
der = 0.022). In addition, the Sanaga River regional partition accounted for
2.24% (Rgr) to 2.53% (Fst) of the observed regional variation. High vari-
ance indicates a loss of statistical power, while negative variance components
can indicate an absence of population genetic structure or that more alleles
are shared between rather than within populations (Cockerham, 1969; Weir,
1996a, 1996b). Consequently, the higher variances and negative ¢ values
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associated with the Cross River and Cameroon Highlands divisions make them
less likely candidates as phylogeographic boundaries for chimpanzees in Nigeria
and Cameroon compared to the Sanaga River.

Variance among regions was not significantly different from chance by
16,000 random permutations of these data for any division of the STR data.
However, in the Fsr AMOVA a regional division of the data at the Sanaga
River approached statistical significance revealing only a 12% probability that
sampling error could account for the genetic differentiation observed at the re-
gional level. There was a significant lack of genetic structure among populations
within regions, implying that a high level of gene flow has occurred between
populations within regions. Among individuals within populations there was a
significant excess of genetic diversity. At the gametic phase of individual geno-
types (i.e., between alleles), there was a statistically significant lack of genetic
differentiation. The lack of genetic differentiation at the allelic level may be
due to problems with allelic dropout that persisted despite multiple attempts
to obtain amplicons via PCR (Gagneux ez al., 1997a; Goosens et al., 1998).
In addition, negative variance components may indicate that more alleles are
shared between rather than within populations (Weir, 1996a, 1996b). Conse-
quently, the high proportion of shared alleles between individuals may largely
explain the high number of negative variance components detected by AMOVA
among these chimpanzees.

Each locus also was analyzed separately for each potential phylogeographic
division of the STR data, using both the Fgr and Rgt models. Representative re-
sults of these single locus AMOVASs from the division of the data by the Sanaga
River are shown Table 3. Seven of these loci reveal that most of the genetic
differences among chimpanzees in Nigeria and Cameroon were attributable to
differences between individual genotypes, and did not reveal significant popu-
lation differentiation at the regional level. These loci included di-, tri-, tetra-,
and more complex nucleotide repeat motifs. The D7, D9, and D11 loci all have
tetra-nucleotide repeat motifs. These loci revealed significant regional subdivi-
sion at the Sanaga River when the data were permuted by AMOVA using the
Rgt model. (D751809 ¢ = 0.384; D9S303, ¢ = 0.153; and D11S1984,
®cr = 0.317). The regional division of the data at the Sanaga River accounted
for 15.32%—38.41% of the variation detected at these loci. Migration rates cal-
culated from the these AMOVA values were high but were difficult to interpret
due to the hypervariability of the STR data.
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DISCUSSION
Comparison of the HVRI and STR Databases

The apportionment of genetic diversity among chimpanzees and their inferred
phylogeographic histories based on the HVRI sequence data and the STR loci
are compatible. However, there are a number of striking similarities and con-
trasts in the patterns of variation found between the HVRI data and the STR
data among chimpanzees in Nigeria and Cameroon. Both data sets document
a high level of genetic diversity among chimpanzees in the area. The HVRI
data suggest that chimpanzee populations are divided at the Sanaga River into
two deeply divergent lineages: a western African lineage and a central African
lineage (Gonder, 2000; Gonder ¢z al., 20006).

In contrast, the multilocus STR data only weakly supports a division of
chimpanzees at the Sanaga River. In addition, the bulk of the genetic dif-
ferences were attributable to differences between sampling populations and
between individual chimpanzees. However, the multilocus STR analyses sug-
gest that a division of chimpanzees on either side of the Sanaga River is
more likely than for other putative biogeographic boundaries in Nigeria and
Cameroon. Separate AMOVA analyses of each STR locus provide more con-
clusive evidence that the Sanaga River may have been important in recent
chimpanzee evolution. Three loci revealed significant differentiation between
chimpanzees limited to different sides of the Sanaga River. Analyses of the STR
database imply, therefore, that chimpanzees form a relatively panmictic popu-
lation in Nigeria and Cameroon with only a weak differentiation at the Sanaga
River.

Limitations of the STR Database

There are several reasons why these discrepancies exist between the HVRI and
STR data. Several of the DNA extracts failed to produce unambiguous allele
sizes at six of the ten loci, despite repeated attempts to obtain amplicons via
PCR. In addition, the genotypes of some chimpanzees may be inaccurate be-
cause problems with allelic dropout and false alleles may have persisted despite
the fact that we extensively repeated PCR amplifications to verify allele sizes.
Both of these problems can greatly affect genetic diversity estimates (Balloux
et al.,2000). For example, the negative ¢-statistics calculated by AMOVA from
the STR may reflect problems with sample size and with analytical strategy,
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and not high levels of gene flow or recent historical association (Weir, 1996a,
1996D).

More generally, STR loci may be of limited value in studies addressing phylo-
geographic questions over a large time scale. There appear to be constraints on
maximum allele size, on the longevity of mutational processes, and on the purity
of repeat series between lineages (Garza et al., 1995; Goldstein et al., 1995;
Crouau-Roy et al., 1996; Garza and Freimer, 1996; Goldstein and Pollock,
1997). These problems increase the likelihood that there are STR alleles in this
dataset that are identical in size but not in descent. Homoplasy in STR allele
sizes can affect the accuracy of distance measures that assume time linearity,
such as Rgr (Balloux ez al., 2000). Further, Fst and Rgr values can be greatly
reduced if homoplasy occurs frequently in STR data (Goldstein and Pollock,
1997; Hedrick, 1999).

We chose a wide range of STR loci for study which presumably are subject to
different mutational constraints that may characterize the relationships between
populations on different time scales. The three tetra-nucleotide repeat STR
loci used in this study that revealed a significant division of chimpanzees at the
Sanaga River mutate 1.5 to 2.5 times more slowly than di- or tri- nucleotide
repeats STR loci and are presumably less subject to homoplasy (Chakraborty
et al., 1997). Since the genetic differentiation between chimpanzees on either
side of the Sanaga River may have existed for at least the last 200 ky, homoplasy at
the rapidly evolving di- and tri- nucleotide STR loci may make these populations
appear to have a more recent historical relationship than they actually share
(Hedrick, 1999; Balloux ¢t al., 2000). Similar findings have been reported in a
variety of organisms (Blanquer-Maumont and Crouau-Roy, 1995; Garza ¢z al.,
1995; Garza and Freimer, 1996; Doyle ¢z al., 1998; Schug ez al., 1998; Taylor
et al., 1999). The tetra-nucleotide repeat STRs show the most promise for more
clearly delineating the relationships between these populations. However, up to
19 tetra-nucleotide repeat STR loci may be necessary to fully resolve the recent
evolutionary history of chimpanzees in Nigeria and Cameroon (Goldstein ez a/.,
1999).

Chimpanzee Phylogeography in Nigeria and Cameroon

Recent chimpanzee evolution in Nigeria and Cameroon has been very complex.
The overall picture that emerges from the HVRI data and the STR data is that
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the Sanaga River appears to have been very important in separating chimpanzee
populations in western Africa from those in western equatorial Africa for at least
the last 200 ky. Surprisingly, little is known about the history of the Sanaga
River. However, the area surrounding the Sanaga is geographically complex
and has had a rich forest history. The area contains a number of important
biogeographic barriers (Oates, 1988) and three Pleistocene refuges that likely
persisted in Nigeria and Cameroon (Maley, 1996).

In particular, the area between the Cross River in southeastern Nigeria and
the Sanaga River appears to have exerted considerable influence in limiting the
distributions of other primates in Nigeria and Cameroon. Cercopithecus scla-
ters, for example, occurs from the east bank of the Niger River and the eastern
portions of the Niger Delta to the west bank of the Cross River in southeast-
ern Nigeria (Oates et al., 1992). C. erythrotis camerunensis and Mandrillus
lencophaeus extend only to the east bank of the Cross. Other primates lim-
ited to the east of the Cross River, the Cameroon highlands and the island
of Bioko include: Cercopithecus preussi, C. pogonias pogonias, two Procolobus
badius subspecies, and Cercocebus albigena (Grubb, 1982, 1990; Oates, 1988,
1996; Kingdon, 1989). Distributional data for several primates suggest that the
Sanaga River is also an important boundary between Arctocebus calabarensis/A.
awureus, Enoticus pallidus/E. elegantulus, Cercopithecus erythrotis/C. cepbus, C.
nictitans martini/C. n. nictitans, C. pogonias pogonias/C. p. grayi, and Man-
arillus leucophaeus/M. sphinx. The Sanaga also limits the distribution of Colobus
satanas (Grubb, 1982, 1990; Oates, 1988, 1996; Kingdon, 1989). Thus the
Sanaga or a combination of geographic boundaries as well as variation in forest
size and composition during the Pleistocene in the vicinity of the Sanaga have
influenced chimpanzee distribution patterns in the area.

The HVRI data also show that the Niger River or the Dahomey Gap played
an important role in separating chimpanzee populations in Upper Guinea from
those in eastern Nigeria. The Niger and the Gap was important in limiting the
distribution of other taxa in the region. The Niger River, along with its large
delta, appears to have been important in the evolution of other primates in the
region. The Niger limits Arctocebus calabarvensis, Enoticus pallidus, and Galago
alleni (Booth, 1958a, 1958b; Grubb, 1982, 1990; Oates, 1988; Groves et al.,
1993).

The Dahomey Gap is presently about 400 km wide but during periods of
maximum glaciation it may have been as much as 1400 km wide, extending
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from western Ivory Coast to the Cameroon Highlands in the east (Maley, 1996)
which may have isolated chimpanzees in Upper Guinea from those further east.
The Gap also limits other animals in Upper Guinea from those in western
equatorial Africa (Booth, 1958a, 1958b; Schiotz, 1967; Moreau, 1969). Areas
furthest from the Gap (Liberia and Gabon) contain far more endemic groups
than regions closer to the Gap. In addition, Booth (1958a, 1958b) observed
that several species of Primates, Sciuromorpha, Artiodactyla, and Hyracoidea
occurred frequently in forested areas west and east of the Dahomey Gap but
were greatly reduced inside the Gap. In some cases, animals especially dependent
upon lowland rainforest, such as some Cercopithecus species, Procolobus, and
Cercocebus, are limited in their distribution by the Gap (Oates, 1988).

The Niger River and the Dahomey Gap probably have played a less impor-
tant role in recent chimpanzee evolution than the Sanaga River. Unfortunately,
we cannot directly address the significance of the Niger or the Gap in delim-
iting chimpanzee populations in western Africa with the genetic data that are
currently available. Sample sizes of chimpanzees from western Nigeria were too
small to be included in this study. In addition, chimpanzee populations from
western Ghana have not been sampled. Additional samples of chimpanzees from
western Nigeria and from western Ghana are urgently needed to directly address
the roles of the Dahomey Gap and of the Niger River in recent chimpanzee
evolution in western Africa.

SUMMARY

Several genetic surveys of wild chimpanzees ( Pan troglodytes) have revealed that
in contrast to the widely accepted distribution pattern proposed for this species,
the geographical boundaries proposed to delimit chimpanzee subspecies may
need to be revised. However, these studies have relied on sequences of the
first hypervariable region (HVRI) of mitochondrial (mt) DNA, which is a small
locus that is subject to homoplasy. This study presents microsatellite, or short
tandem repeat (STR), genotypes of wild chimpanzees to complement previous
studies. This database includes a geographically comprehensive genetic survey
of chimpanzees (z = 115) from Nigeria and Cameroon. The patterning of ge-
netic diversity at these STR loci was compatible with but different from the
patterns found in the HVRI sequence database. Analyses of the HVRI database

show that Sanaga River in central Cameroon is an important phylogeographic
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boundary separating chimpanzees in western Africa from those in western equa-
torial Africa. In contrast, the STR database only weakly supported a division
of chimpanzees at the Sanaga. Differences in the patterning of genetic di-
versity in the HVRI sequences and the STR genotypes may be attributed to
high homoplasy, locus-specific evolutionary forces or poor performance of test
statistics when model assumptions are violated. These findings highlight the
importance of including genetic data from multiple loci in reconstructing the
phylogeographic history of chimpanzees. The HVRI database suggests that
the Niger River or the Dahomey Gap may further delimit chimpanzee popula-
tions in western Africa. Additional samples of chimpanzees in western Nigeria
and western Ghana are needed to fully address the significance of the Niger
River and of the Dahomey Gap in limiting chimpanzee distributions in western

Africa.
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CHAPTER SIX

Geographic Variation in
Savanna Baboon (Papzo)
Ecology and its
Taxonomic and

Evolutionary Implications
Jason M. Kamilar

ABSTRACT

Jolly (1993) stated that the degree of ecological niche separation among closely related
taxa may help to distinguish their evolutionary relationships since ecological divergence
is often thought of as a characteristic of true biological species. Based on qualitative data,
Jolly (1993) hypothesized that there is little niche separation among savanna baboon
forms and therefore suggested that they are a single species. In addition, a recent study
by Frost and colleagues (2003) found that baboon cranial morphology covaried with
latitude that also suggests a single species designation. This present study quantitatively
examined the ecological niche space of savanna baboons to test Jolly’s hypothesis and
to examine how their ecological variation varied with geography. To investigate this
idea, previously published long-term data were accumulated from over twenty savanna
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baboon populations. Variables from four categories were used to quantify their niche
space: 1) Environment, 2) Diet, 3) Activity budget, and 4) Social organization. A dis-
criminant function and principal components analysis was conducted for each dataset,
and confirmed that savanna baboon subspecies inhabit significantly distinct environ-
ments, yet display a statistically non-significant difference in their diet, activity budget,
and social organization. In addition, a hierarchical cluster analysis revealed that savanna
baboon ecology followed a latitudinal cline. Therefore, the results of these analyses
cannot falsify Jolly’s hypothesis that there is little ecological niche separation among
baboon taxa.

Key Words: ecogeography, biogeography, species concepts, speciation, niche,
intraspecific

INTRODUCTION

Identifying and defining species has been a problem in biology for many years.
Discussion of the species problem has made a resurgence recently due to the
frequent disparity between the phylogeny and taxonomy of taxa (Hey, 2001;
Sites and Marshall, 2003) and the importance of identifying species for con-
servation purposes (Isaac ez al., 2004). Baboon (Papio) taxonomy is one of
the most contentious issues in primatology. Ecologically, savanna baboons are
parapatrically distributed in a variety of habitat types, while consuming a broad
array of dietary items, and demonstrating a wide range of behavioral activity
patterns (Altmann, 1974; Jolly, 1993; Barton et al., 1996; Henzi and Barrett,
2003). In addition to their ecological diversity, savanna baboons are quite varied
in their body size, pelage color, craniodental anatomy, and other morpholog-
ical traits (Hill, 1967; Jolly and Brett, 1973; Hayes et al., 1990; Frost et al.,
2003).

The ecological and morphological geographic variation in savanna baboons
is quite high compared to other primate taxa and is one reason that contributes
to the uncertainty surrounding their taxonomy and evolutionary history. The
two major taxonomic hypotheses, a single or multispecies classification, depend
on the type of data and species concept utilized. The distinct morphological
traits present in each baboon taxon lends support to a multiple species arrange-
ment as defined by the phylogenetic species concept (Fleagle, 1999; Groves,
2001; Grubb ez al., 2003). This species concept relies on the idea that species

display a unique combination of traits distinct from other such organisms within
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the context of ancestry and decent (Cracraft, 1987; Kimbel and Rak, 1993).
The phylogenetic species concept is commonly implemented by paleontologists
since the available data of extinct animals are limited to anatomical structures.
Alternatively, the biological species concept defines a species as a group of
individuals that interbreed or can potentially interbreed, and are reproductively
isolated from other such groups (Mayr, 1942). The biological species concept
is probably the most objective species concept since its definition relies on mea-
suring gene flow among populations, yet it is often difficult to implement since
genetic data are difficult to obtain in many circumstances. More recently, with
the advent of molecular techniques, genetic data has been used to help solve this
taxonomic puzzle. Molecular data from several baboon populations confirm the
gene flow among baboon taxa, which would support the idea of a single baboon
species if the biological species concept is employed (Rogers, 2000; Newman
et al., 2004). The seminal paper by Jolly (1993) combines these two species
concepts by labeling baboons “phylogenetic subspecies”, acknowledging the
phenotypic distinctiveness of each taxon, yet also accounting for the lack of
reproductive isolation among them. I will adopt Jolly’s (1993) definition of
savanna baboon forms as subspecies for the purposes of this investigation.
Traditionally, morphological traits have been used to examine animal taxon-
omy because these data were readily available from museum specimens and can
be quantified relatively easily. In addition, a predominant school of thought
is that morphological characters are less labile than behavioral or ecological
traits, and therefore more useful in reconstructing a phylogeny or taxonomy
(Atz, 1970; Wilson, 1975; Baroni Urbani, 1989). Alternatively, several more
recent studies have shown that behavioral and ecological traits often exhibit sim-
ilar levels of homoplasy as morphological traits (de Queiroz and Wimberger,
1993; Proctor, 1996; Wimberger and de Queiroz, 1996; Doran et al., 2002).
This is not surprising, because much of an animal’s behavior and ecology de-
pends in part on morphological traits such as body mass, and feeding and lo-
comotor adaptations (Fleagle, 1999; Alcock, 2001). Therefore, a species’ eco-
logical niche is also influenced by its evolutionary history (Fleagle and Reed,
1999) and may be an interesting line of evidence in investigating taxonomic
questions. In fact, Mayr (1982) altered his definition of the biological species

“...a reproductive community of popu-

concept to clarify that a species is,
lations (reproductively isolated from others) that occupies a specific niche in

nature.”
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The purpose of this chapter is to quantify the ecological variability in savanna
baboons and place it in a geographic and taxonomic context. First, I examined
the ecological variation within and between baboon subspecies in order to
investigate whether baboons should be considered a single species. The logic
for this analysis is based on Jolly’s (1993) statement that the degree of eco-
logical niche separation among taxa may help to distinguish their evolutionary
relationships since ecological divergence is often thought of as a characteristic
of true biological species. In addition, with respect to savanna baboons, Jolly
stated that there is no niche separation or adaptive differences among the sub-
species. This first analysis will quantitatively test Jolly’s idea, where populations
of a single species are expected to display similar niches, whereas populations
from separate species should display distinctive ecological roles. Therefore, if
the population’s niche is defined by the environment in which they live, their
diet, activity budget, and social organization, then there should be a significant
difference among subspecies in these traits if they are truly separate species.
Alternatively, a lack of significant differences in these traits should indicate a co-
hesive yet ecologically variable species. Second, the adaptive response of savanna
baboon subspecies will be examined. If savanna baboons are a single species,
then the effects of environmental factors on their diet, activity budget, and
social organization should be similar. Alternatively, different species would be
expected to display different responses to environmental characteristics. Lastly,
the overall ecological similarity among savanna baboon subspecies was assessed
in relation to their geographic distribution. This may also provide information
regarding their taxonomic status. A recent paper by Frost ez al. (2003) showed
that the cranial morphometric variation of baboons follows a latitudinal cline
which supports the genetic data of a single geographically varied species. An
ecological distribution following a similar cline would corroborate this idea
(Coyne and Orr, 2004; Fooden and Albrecht, 1993).

METHODS
Data Collection

Data were collected from published material from a total of 27 wild savanna
baboon populations (Appendix 1). Data were gathered for 11 olive baboon
populations, four yellow baboon populations, ten chacma baboon populations,
and two guinea baboon populations. Hamadryas baboons were not included
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since comprehensive long-term data are not available. The variables included in
the analyses were chosen because of two criteria: (1) their biological relevance to
a baboon’s niche, and (2) their availability in the published literature. Based on
these criteria, the analyses included the following variables that were grouped
into four datasets: (1) Environment: (a) mean annual rainfall, (b) number of dry
months, (¢) altitude, (d) number of sympatric cercopithecoids, (¢) predation
risk (as defined by Hill and Lee, 1998), and (f) latitude. The broad-scale vari-
ables in the Environment dataset are important in shaping the abundance and
distribution of vegetation in a habitat, as well as other factors that have signifi-
cant effects on primate diet, activity budget, and social organization (Murphy
and Lugo, 1986; Janson, 1992; Bronikowski and Altmann, 1996; Chapman
etal.; 1999). (2) Diet: annual percentage of (a) fruit/seeds, (b) leaves, (c) flow-
ers, (d) fauna, and (e) underground items. (3) Activity budget: percentage of
time spent (a) resting, (b) social, (¢) feeding, and (d) moving. (4) Social or-
ganization: () group size, (b) number of adult males, (¢) number of adult
females, and (d) adult sex ratio. The definition of social organization used in
this study follows Kappeler and van Schaik (2002), as, «. . . the size, sexual com-
position and spatiotemporal cohesion of a society.” The spatiotemporal charac-
teristics of the savanna baboon populations will not be included in the analyses
since these data are rarely quantified by researchers, yet all populations are
gregarious.

Social organization data were included in the analyses if the authors stated
that group composition could be accurately determined. The diet and activity
budget data used in this study were accumulated from sources with a research
period of at least 10 months. Some populations were studied by more than one
researcher and/or had data available for more than one social group, resulting
in varied data produced for a single baboon taxon at a single study site (e.g.,

Amboseli). The mean value for these data was used in these cases.

Data Analyses

Two multivariate approaches were used to examine the amount of niche overlap
among savanna baboon subspecies. Ideally, all datasets would be combined and
entered into a single multivariate analysis, yet this would result in a reduced
sample size since many populations do not have data for all variables. Conse-
quently, to increase the sample size, each dataset was subjected separately to
the multivariate analyses. It is important to note that another consequence of



174 Primate Biogeography

having incomplete datasets is that each analysis was not comprised of identical
populations to represent the variation in each subspecies.

First, a discriminant function analysis (DFA) was conducted to examine ex-
plicitly the within versus among subspecies ecological variation. Investigations
comparing within versus among taxa morphological variation have been con-
ducted many times using this analytical technique (see Albrecht, 1976; Shea
and Coolidge, 1988 for examples; Hayes ¢t al., 1990; Froehlich et al., 1991;
Albrecht and Miller, 1993; Ford, 1994). There is no a priori reason to sug-
gest that ecological data should perform any differently. DFA is used to test
for differences among groups by maximizing the differences among them. In
addition, it examines whether the independent variables suitably predict the
a priovi group assignments while controlling for covariation among predictor
variables (Tabachnick and Fidell, 1989; McGarigal ¢z al., 2000). These group
assignments are based on & priori knowledge of the partitioning of the samples,
in this case, assigning a subspecies designation to each savanna baboon popula-
tion. Guinea baboon populations were unclassified in the DFA since only one
population had the available data for each dataset.

Two major assumptions of DFA are the multivariate normality of the data
and that the variance-covariance matrices are homogenous among groups. The
second assumption is the most critical and may lead to increased Type I or
II error rates (depending on how sample size is related to variance) if not met
(Tabachnick and Fidell, 1989; McGarigal ez a/., 2000). All variables were tested
for normality using Shapiro-Wilk normality tests. Those variables failing nor-
mality tests were log transformed. In addition, Levene’s test of homogeneity of
variance was conducted for each variable. Testing the univariate homogeneity of
variance is usually a good indicator of the homogeneity of variance-covariance
matrices (McGarigal et al., 2000). The results of the DFA were examined more
closely if it contained variables failing the Levene’s test at the alpha level of
0.01. The results of the DFA were especially focused on the degree of sub-
species overlap based on an examination of the discriminant function biplots
(Gower and Hand, 1995). When DFA is used in this exploratory manner, the
assumptions of the test can be relaxed (Tabachnick and Fidell, 1989). For each
dataset, Pearson’s correlations were conducted between the original variables
and the discriminant functions to assess the importance of the original variables
in distinguishing among the baboon groups.

Since discriminant function analyses have several statistical assumptions that
may be difficult to check using a relatively small sample size, a principal
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components analysis (PCA) was conducted as a complementary technique. A
PCA is a strictly exploratory technique and as such, has fewer statistical assump-
tions (Tabachnick and Fidell, 1989). A correlation matrix was used as the basis
of each PCA. The savanna baboon populations were plotted in multidimen-
sional space to examine the degree of ecological overlap among subspecies. For
each dataset, Pearson’s correlations were conducted between the original vari-
ables and the principal component axes to assess the correlation between the
original variables and the principal components.

A series of analysis of covariance (ANCOVA) tests were used to examine
whether savanna baboon subspecies responded to environmental forces in the
same manner. An ANCOVA was conducted with each variable in the Diet,
Activity Budget, and Social organization datasets as the dependent variable. For
all ANCOVAS the savanna baboon subspecies acted as the categorical predictor
variable and the variables in the Environment dataset as the covariates. The alpha
level for these analyses was corrected with a Bonferroni adjustment (Sokal and
Rohlf, 1995).

Finally, a hierarchical cluster analysis was implemented to examine the overall
ecological similarity among the savanna baboon subspecies in a geographic con-
text. The population mean for each baboon subspecies was calculated for each
variable. All data were standardized using z scores. The average Euclidian dis-
tances among taxa were calculated and taxa were joined using the unweighted
pair group method with arithmetic mean (UPGMA) (Tabachnick and Fidell,
1989).The cluster analysis included all variables from the Social organization,
Diet, and Activity budget datasets. The Environment dataset was not included in
the cluster analysis because the dendrogram produced from the cluster analysis
was mapped onto a distribution map of savanna baboons to examine the bio-
geographical pattern of savanna baboon ecology. Including the variables from
the Environment dataset would be logically circular since many of the variables
are geographic in nature.

All analyses were conducted with SPSS 11.0 and Statistica 6.0 for Windows.
A p-value of <0.05 was considered significant for the DFAs and Pearson’s
correlations.

RESULTS

The discriminant function analysis of the Environment dataset yielded a signifi-
cant difference among taxa, with all of the populations being correctly grouped



176 Primate Biogeography

Table 1. Results of the discriminant function analyses

Dataset Wilks” Lambda Chi-square af p-value
Environment (with Latitude) 0.048 50.033 12 <0.001
Diet 0.212 13.941 10 0.176
Activity Budget 0.498 7.316 8 0.503
Social organization 0.383 11.993 8 0.152

into their a priori classifications (Wilks” Lambda = 0.048, p < 0.001, 4f =
12) (Table 1). Latitude is the most important variable in this analysis, clearly
separating the chacma baboons from the remaining groups on the first axis (Fig-
ure la). The number of sympatric cercopithecoids at a site and mean annual
rainfall were additional variables that contributed to distinguishing chacma pop-
ulations from the yellow and olive baboons. Function two of the analysis best
discriminated olive from yellow baboons. The most important variables that
correlated with function two were predation risk and annual rain (Table 2).
The guinea baboon population is most similar to the olive and yellow baboon
populations with respect to their environmental characteristics.

The Diet, Activity budget, and Social organization DFAs did not yield
statistically significant results (p = 0.176, p = 0.503, p = 0.152, respectively)
(Table 1), yet the majority of the populations were correctly classified (Table 3).
Examining the DFA biplots from these datasets showed that the amount of
overlap among subspecies for the Diet dataset was not high, yet was moderate
for the Activity budget, and Social organization datasets (Figure 1b—d). In the
Diet biplot, the chacma baboon populations were found in the right half of the
biplot, which indicated a high proportion of underground items in their diet
(Figure 1b). The olive baboons generally occupied the left half of the graph,
indicating lower levels of underground food items. Yellow baboon popula-
tions were intermediate on this dietary axis. The second function of this DFA
correlated most strongly with the consumption of fruit/seed and underground
food items. Olive and chacma baboons overlapped greatly in the Y-axis, but
yellow baboons showed higher levels of underground item intake and lower
levels of frugivory. The diet of the guinea baboon population was most similar
to that of the chacma baboons.

The Activity budget DFA produced a first function which accounted for
nearly 90% of the variation in the dataset and is negatively correlated with
time spent social (Figure 1c). The yellow baboon populations, along with one
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Figure 1. (a—d) Biplots of the discriminant function analysis for the (a) Environment,
(b) Duet, (c) Activity budget, and (d) Social organization datasets. Symbols represent
olive (o), yellow (a), chacma (M), and guinea (4) savanna baboon populations. The

subspecies centroid (x) as calculated from the DFA is also displayed.
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Table 2. Correlation coefficients between original variables
and discriminant functions

Variable Function1  Function 2
Fruit/seed 0.012 0.554"
Leaves —0.483 0.246
Underground items 0.551" —0.562"
Flowers 0.163 —0.090
Fauna —0.258 —0.356
Feed 0.488 0.275
Move -0.189 0.534~
Rest -0.172 —-0.358
Social —0.913¢% 0.085
Group size —0.804¢ 0.425
# of males -0.300 0.285
# of females —0.797¢ 0.670°%
Adult sex ratio -0.136 0.558"
Annual rain —-0.418” 0.640°
Dry months 0.509" —0.187
Altitude —-0.402 0.417°
Latitude 0.982°% 0.122
Log (Sympatric cercopithecoids) —0.705° 0.096
Predation risk —0.383 —0.770°%

“Correlation is significant at the 0.05 level (2-tailed).
YCorrelation is significant at the 0.01 level (2-tailed).

chacma population (Drakensberg) devoted the least amount of time to social
behavior. The olive baboons and the remaining chacma baboon populations
displayed intermediate values for function one, with the lone guinea popula-
tion (Assirik) located in the far left of the biplot indicating the highest level of
time being social. The percentage of time spent moving significantly correlated
with function two. The olive baboons varied considerably in relation to this axis,

Table 3. Percentage of correctly classified savanna baboon populations

Taxon
Taxon Environment N” Diet N Activity N SocialOrg N Mean N
Olive 100.0 10/10 83.3 5/6 87.5 7/8 20.0 1/5 79.3 23/29
Yellow 100.0 4/4 0667 2/3 66.7 2/3 75.0 3/4 786 11/14
Chacma  100.0 8/8 1000 5/5 250 1/4 75.0 6/8 80.0 20/25

Dataset 100.0 22/22 85.7 12/14 66.7 10/15 58.8 10/17 79.4 54/68
Mean

“The proportion of correctly classified populations
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with yellow baboons displaying intermediate values. The chacma populations
were less variable and displayed relatively high values. The single guinea ba-
boon population at Assirik displayed an intermediate level of time allocated to
moving.

The biplot from the Social organization DFA exhibited the most over-
lap among savanna baboon subspecies, especially between olive and chacma
populations (Figure 1d). Mean group size and the number of adult females
in a group negatively correlated with function one. Yellow baboons tended to
have the highest values, followed by olive populations, with chacma baboons
having the lowest scores. The guinea baboon population from Badi exhibited
the highest function one score of all the savanna baboon populations.

Two variables from the Environment dataset, predation risk and the num-
ber of sympatric cercopithecoids, failed the Shapiro-Wilk normality test. Both
variables were subsequently log transformed, yet transforming predation risk
still yielded non-normal results. Consequently, the untransformed data were
used in the analyses. The results of the Levene’s tests showed that one variable
(predation risk) exhibited significantly different variances among subspecies at
the p < 0.01 level (Table 4). The violation of this DFA assumption most likely

Table 4. Results from Levene’s test of homogeneity of variance

Variable Levene’s statistic afl af p-value
Annual rain 1.451 2 19 0.259
Dry months 0.050 2 19 0.951
Altitude 3.936 2 19 0.037
Latitude 0.738 2 19 0.491
Log (Sympatric cercopithecoids) 1.211 2 19 0.320
Predation risk 8.023 2 19 0.003
Fruit/seed 0.334 2 12 0.722
Leaves 6.476 2 12 0.012
Underground items 2.507 2 12 0.123
Flowers 1.272 2 12 0.315
Fauna 4403 2 12 0.037
Feed 1.704 2 12 0.223
Move 1.542 2 12 0.253
Rest 4.708 2 12 0.031
Social 1.778 2 12 0.211
Group size 0.085 2 14 0919
# of males 2.282 2 14 0.139
# of females 0.598 2 14 0.563
Adult sex ratio 1.321 2 14 0.298
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did not have a substantial effect since predation risk was the least important
variable separating the taxa on the first axis.

Although a PCA does not statistically test for differences among groups,
the PCA biplots showed that there is a lack of differentiation among savanna
baboon subspecies (Figure 2a—d). The PCA biplot of the Environment dataset
(Figure 2a) displayed the least overlap among subspecies, similar to the DFA
results. The PCA results of the remaining datasets (Figure b—d) displayed more
overlap among subspecies compared to the DFA results. The eigenvalues for
all principal components analyses are presented in Table 5, with the correlation
coefficients between the original variables and the principal components listed
in Table 6. The PCA analyses support the non-significant differences among
savanna baboon subspecies for these traits. Overall, maximizing the differences
among subspecies using the DFA analyses did not yield statistically significant
results, and this was supported by the PCA biplots.

The ANCOVAs resulted in no significant difference among the Diet, Activity
budget, and Social organization variables among subspecies (Table 7). These
tests suggest that the baboon subspecies respond to environmental factors in a
similar fashion and therefore show similar adaptive responses.

The results of the UPGMA cluster analysis demonstrated that chacma and
yellow baboons were the most ecologically similar, followed by olive baboons,
with guinea baboons being the most distinct taxon. When these results were
plotted on a map displaying the geographic distribution of savanna baboons,
ecological similarity followed a latitudinal cline (Figure 3).

DISCUSSION

The result of this study lends support to Jolly’s (1993) conclusion, that savanna
baboon subspecies are ecologically similar. There was a statistically significant
difference among the savanna baboon subspecies in only one of the datasets
(Environment). The results of the remaining DFA analyses showed that each
subspecies displayed trends in certain niche characteristics, yet these differences
were not sufficient to yield statistically significant results. In addition, the PCA
analyses corresponded to the DFA tests showing lack of separation among
the subspecies in the Diet, Activity budget, and Social organization datasets.
These results show that the ecological variability among savanna baboon sub-
species does not exceed the variation within subspecies. Finally, the ANCOVAs
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Table 5. Eigenvalues for the principal components analyses

Dataset Compl Comp2 Comp3 Comp4 Comp5 Comp6
Environment (with Latitude) 2.977 1.274 0929  0.399 0.253 0.168
Diet 1.885 1.225 1.046  0.805  0.039 -
Activity Budget 2182 1.096 0.689  0.033 - -
Social organization 2.373 1.421 0.154  0.051 - -

suggest that the dietary, activity budget, and social organization characteristics

of savanna baboon subspecies are shaped by environmental factors in a similar

way.

A closer examination of the DFA results demonstrated that the Social Orga-

nization dataset had the least success at correctly predicting the subspecies of

populations compared to the other datasets. This lower degree of variability in

these variables may support Dunbar’s proposal (1992) that baboons maintain

their group size in varying environments by adjusting their activity budget.

Table 6. Correlation coefficients between the original variables and the principal

components
Variable Compl  Comp2  Comp3 Comp4 Comp5 Comp6
Fruit/seed —0.985° 0.089 —0.053 0.023 0.136 -
Leaves 0492 -0.739* —0.151 0.426 0.083 -
Underground items 0.779° 0.433 —0.215 —0.385 0.108 -
Flowers 0.101  —0.313 0.890*  —0.313 0.037 -
Fauna 0.235 0.621" 0.426 0.614" 0.023 -
Feed -0.937° —-0.286 0.155 0.127 - -
Move —0.075 0.993% 0.079 0.054 — -
Rest 0911° -0.127 —0.374 0.115 - -
Social 0.684" —-0.113 0.720° 0.026 - -
Group size 0.911¢ 0.286  —0.292 0.045 - -
# of males 0.814° —0.540" 0.169 0.130 - -
# of females 0.933% 0.290 0.151 —0.148 - -
Adult sex ratio —0.094 0.981¢ 0.133 0.102 - -
Annual rain 0.722%  0.459" —0.388 0.031 0.310 —-0.139
Dry months -0.821 -0.172 0.326 —0.285 0.330 —0.019
Altitude 0.444" 0.425" 0.745° 0.239 0.074 0.071
Latitude —0.806° 0.320 —0.337 0.241 0.107 0.256
Log (Sympatric

cercopithecoids) 0.898” —0.108 —0.051 —0.315 0.044 0.278
Predation risk 0.357  —0.860° —0.024 0.321 0.170 0.025

"Correlation is significant at the 0.05 level (2-tailed).
YCorrelation is significant at the 0.01 level (2-tailed).
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Table 7. ANCOVAs examining the relationship
between Environment and Diet, Activity budget, and
Social organization among savanna baboon subspecies

Variable F(df) p-value
Fruit/seed 0.874 (2,4) 0.484
Leaves 1.045 (2, 4) 0.432
Underground items 1.776 (2, 4) 0.281
Flowers 0.311 (2,4) 0.749
Fauna 0.779 (2, 4) 0.518
Feed 3.269 (2, 6) 0.109
Move 0.969 (2, 6) 0.432
Rest 2.352 (2, 6) 0.176
Social 1.187 (2, 6) 0.367
Group size 0.751 (2, 6) 0.512
# of males 2.506 (2, 6) 0.162
# of females 2.367 (2, 6) 0.175
Adult sex ratio 0.334 (2, 6) 0.729

Bonferroni corrected p-values are significant at the 0.01 level for
the Diet dataset and 0.0125 for the Activity budget and Social
organization datasets.

Although the results of this study showed that savanna baboon subspecies in-
habit significantly different environments, their diet, activity budget, and social
organization do not exhibit a corresponding distinctiveness. These results do
not necessarily contradict the well established idea that environmental factors
are an important influence in shaping primate behavior and ecology (Crook and
Gartlan, 1966; Clutton-Brock and Harvey, 1977; van Schaik and van Hooff,
1983; Janson, 1992). The genetic cohesiveness of savanna baboon subspecies
may be the cause of this disparity. Baboons are generally regarded as ecologically
flexible (Post, 1981; Barton et al., 1992; Barton and Whiten, 1993), yet there
may be a limit to this flexibility due to gene flow. It has been shown that even
low levels of genetic introgression among populations are enough to produce
homogenizing effects (Ridley, 1997; Futuyma, 1998; Coyne and Orr, 2004).

Geographic Variation and Species Concepts

The idea that species exhibit a unique set of traits separate from other species is
central to the phylogenetic species concept (Cracraft, 1987). The distinguishing
morphological features displayed by each baboon subspecies include pelage,
body size, and dental attributes (Hill, 1967; Jolly and Brett, 1973; Hayes et al.,
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Figure 3. Geographic range of savanna baboon subspecies and their overall ecologi-
cal niche similarity based on a UPGMA cluster analysis using a multivariate Euclidian

distance matrix. Map adapted from Newman et a/., 2004.

1990). Yet, as Jolly (1993) aptly pointed out, suggesting that these taxa are
full species would be ignoring the knowledge that there is gene flow among
them. The hybridization of olive and hamadryas, and olive and yellow baboons
has been well documented (Nagel, 1971; Nagel, 1973; Samuels and Altmann,
1986). The genetic cohesiveness of these taxa is evidenced by the production
of non-sterile hybrids, yet the relative fitness of these hybrids is not known
(Phillips-Conroy et al., 1991; Woolley-Barker, 1999; Beehner and Bergman,
2003). On the basis of this genetic information, a single baboon species should
be adopted by proponents of the biological species concept (Mayr, 1942).
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Jolly (1993) solves the discordance between the two taxonomic arrange-
ments by stating that baboons are a single polytypic species (“phylogenetic
subspecies”). This idea acknowledges the distinctiveness of each taxon while
accounting for the gene migration among them. The results of this study sup-
port Jolly’s hypothesis. In addition, the allopatric nature of baboons suggests
a recent divergence among populations. The amount of overlap among popu-
lations should increase with divergence time as populations achieve full species
status and shift their geographic range (Losos and Glor, 2003). Therefore, if
savanna baboon subspecies were indeed full species, we should expect more
range overlap among them.

The idea that savanna baboons are a single species is also supported by
ecological and biogeographical data within the ecological species concept.
This species concept defines a species as a collection of allopatric popula-
tions occupying a more similar niche to each other than any other popula-
tion in their geographic range (van Valen, 1976). The savanna baboon taxa
displayed a relatively low degree of ecological niche separation. Other sym-
patric species that approximate the savanna baboon niche are the vervet monkey
(Chlorocebus aethiops) and patas monkey ( Erythrocebus patas) (Fleagle, 1999).
A future study concurrently examining the quantitative niche space of sa-
vanna baboon, vervet monkey, and patas monkey populations may support this
idea.

An interesting contrast to the idea that savanna baboons are a cohe-
sive ecological species may be found with guenon monkeys (Cercopithecus
spp-). Guenon species occupy a similar ecological niche to each other com-
pared to other sympatric primate taxa, with lineages diverging relatively re-
cently (Ruvolo, 1988; Struhsaker ez al., 1988; Disotell and Raaum, 2002).
Yet, compared to baboons, an important distinction in guenons is that they
are often found in sympatric associations with other Cercopithecus species
while maintaining high degrees of reproductive isolation (but see Struhsaker
et al., 1988 for cases of hybridization; Detwiler, 2002), and thus maintain
species’ identities. This biogeographic contrast to baboons, and the resulting
differences in the degree of reproductive isolation among closely related taxa,
may be a vital clue to the idea that baboons are a single, ecological general-
ist species that occupy a broad niche, whereas guenons comprise many species
that are ecological specialist, each occupying a narrow niche space (Kamilar,
2004).
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Does Savanna Baboon Ecology Reflect their Evolutionary History?

A recent study examining the genetic relatedness of baboon populations has
found that chacma baboons are the most basal lineage, followed by guinea,
and hamadryas baboons, with the olive /yellow baboon clade diverging most
recently (Newman ez al., 2004). The purpose of the study was not to inves-
tigate the possible taxonomic arrangement of baboons; rather it focused on
the molecular relationships among baboon taxa. The branching pattern of this
phylogenetic analysis does not correlate with the current geographical distri-
bution of savanna baboon subspecies. The fact that the phylogeny of baboon
taxa does not correlate with their geography suggests that the dispersal of in-
dividuals is not limited by geographic barriers (Epperson, 2004). In addition,
the typology of the molecular phylogeny is not congruent with the phenogram
representing the overall ecological similarity among these subspecies, which fol-
lows a latitudinal cline. The disparity between the evolutionary and ecological
relationships may represent the effects of environmental traits in shaping the
ecology of savanna baboons.

When comparing within versus among subspecies variation it is interesting
that the lack of clear ecological differentiation among subspecies is in contrast
to their morphological differences. Previous research examining morphologi-
cal variation among baboon subspecies has noted that there is little overlap in
the variation in odontometric traits (Hayes ez a/., 1990) and pelage color (Hill,
1967). This discordance between morphological and ecological labiality may be
unexpected to some. Traditionally, morphological data are often thought to be
more highly conserved among closely related taxa, with behavioral and ecolog-
ical traits more easily affected by environmental characteristics (Wilson, 1975).
The ecological uniformity among subspecies may lend support to some more
recent studies suggesting that behavioral and ecological traits do not display
more homoplasy than morphological characters (de Queiroz and Wimberger,
1993; Proctor, 1996; Doran ¢t al., 2002).

Clinal Variation in Savanna Baboon Biology

The dendrogram produced by the cluster analysis and its projection on a
map of Africa suggests that the ecological variation found in savanna baboons
corresponds to a latitudinal cline. Biological clines have been observed in
many non-primate taxa. Perhaps the best known is Bergmann’s rule, where
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species in colder climates tend to exhibit larger body sizes. This has been
illustrated in several mammalian taxa including kangaroos (Macropus gigan-
teus) (Yomtov and Nix, 1986), kangaroo rats (Dipodomys spp.) (Baumgardner
and Kennedy, 1993), and small carnivores (Lupus spp. and Vaulpes spp.)
(Rosenzweig, 1968).

In primates, investigations of the relationship between latitudinal and phe-
notypic variation are relatively rare. Yet, the existing studies that examined this
relationship have produced interesting results. Fooden and Albrecht (1993)
found that Macaca fascicularis skull size covaried with latitude throughout
their range in southeast Asia. Additionally, an earlier study by Albrecht (1976)
is especially relevant to this current study. Albrecht examined cranial variation
in several macaque taxa distributed throughout Sulawesi to examine their tax-
onomy and evolution. Albrecht found that these macaques displayed discrete
morphological breaks and did not display variation correlated with their latitudi-
nal distribution. These results led the author to conclude that these taxa should
indeed be recognized as full species. In a contrasting scenario to Albrecht’s
study, is the recent paper by Frost and colleagues (2003). These researchers
showed that baboon cranial shape and size displayed variation along a north-
south geographic cline. They argue that these results support a single species
hypothesis, since multiple species should display some degree of character dis-
placement in adjacent taxa and not a clinal pattern in morphology. The results
of this current study support the findings of Frost and colleagues.

The concordance between the relationships of eco-behavioral and cranial
morphometric similarity with latitude suggests that variation in savanna ba-
boon biology may be tied to broad-scale climatic factors that correlate with
latitude. In addition, the clinal relationship between latitude and ecology and
cranial morphology may suggest that baboons are currently in an intermedi-
ate stage of parapatric speciation. The “clinal model” of parapatric speciation
proposes that a single species has a continuous distribution through a variable
environment and that the populations are locally adapted to their environmen-
tal conditions (Fisher, 1930). Eventually, enough local adaptations will evolve
to produce reproductively isolated taxa that become full species (Endler, 1977).
Unfortunately, we can not be sure if the ecological and morphological varia-
tion exhibited by baboons are adaptations to local environmental factors or the
result of developmental plasticity with no substantial change in allele frequen-
cies among populations (Foster and Endler, 1999). Perhaps further studies can
address this question.
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CONCLUSIONS

The results of this chapter showed that there is no clear differentiation among
the ecologies of savanna baboon subspecies. Therefore, these results cannot
reject Jolly’s (1993) hypothesis that non-hamadryas baboon taxa lack ecological
separation. In addition, the ecological variation that does exist corresponds to a
latitudinal cline. This supports Jolly’s (1993) concept that savanna baboons are
currently in some intermediate stage of the speciation process where they can
be best described as “phylogenetic subspecies”. The ecological data support the
hypothesis that savanna baboons are a single species. Although it is useful to
have animals classified as species or subspecies, our current ideas about species
concepts may not be sufficient to apply them to all organisms, with baboons
possibly being a good example of this (Hey, 2001). Recent and future studies
of baboon biology at the subspecific level may shed more light on the nature
of extant baboon taxonomy and evolutionary history (e.g., Frost et al., 2003;
Kamilar, 2004; Newman et al., 2004).
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Biogeography and
Evolution of the
Cercocebus-Mandvillus
Clade: Evidence from

the Face
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ABSTRACT

Numerous lines of evidence indicate that mangabeys are not a natural group and that
terrestrial mangabeys (genus Cercocebus) are more closely related to mandrills and drills
(genus Mandrillus) than they are to arboreal mangabeys (genus Lophocebus). Avail-
able field data indicate that Cercocebus mangabeys and Mandrillus share a foraging
regime characterized by a reliance on hard object foods and habitual aggressive use
of the forelimbs during foraging. These behaviors are reflected in the dentition and
limb anatomy of terrestrial mangabeys and Mandrillus to the exclusion of Lophocebus,
Papio and Theropithecus. In this study, we examine variation in several facial charac-
ters in mangabey skulls to test biogeographic hypotheses about interrelationships of the
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Cercocebus-Mandrillus clade. All mangabeys possess depressed cheekbones, however the
extent of maxillary excavation is much less pronounced in all Cercocebus spp., particu-
larly in C. torquatus. Mandrills exhibit little suborbital excavation. In Mandrillus and
Cercocebus, the paranasal ridges run medially towards the incisors while in Lophocebus
albigena, they run towards the canines. The extent of nasal ridge development—a strik-
ing feature in male mandrills—varies considerably in Cercocebus but is most pronounced
in C. torquatus. Additionally, Mandrillus spp. and C. torquatus exhibit virtually identical
orientations and development of the temporal lines. Based on these cranial features,
we suggest that C. agilis exhibits the primitive cranial morphology while the derived
condition is shared by C. torquatus and Mandrillus. The hypothesis that C. torquatusis
the sister taxon of Mandrillusis concordant with Grubb’s (1978, 1982) hypothesis for
the evolution and radiation of terrestrial mangabeys.

Key Words: Papionins, Mangabey, Mandrill, Sub-orbital fossa, Maxillary fossa,
Nasal bones, Facial Morphology

INTRODUCTION

Mangabeys are large, long-limbed monkeys generally restricted to forested re-
gions throughout sub-Saharan Africa. Most taxonomists today recognize nine
mangabey species: albigena, atervimus, kipunji, atys, tovquatus, galeritus, agilis,
chrysggaster and sanjes (Kingdon, 1997; Groves, 2001; Jones ¢z al., 2005; but
see Grubb ez al.,2003). Field studies have shown that the behavioral ecology of
these species is diverse. The most striking difference among them is substrate
preference: two and perhaps three species (albigena, atervimus, and kipunji)
are almost exclusively arboreal while the remainder are predominantly terres-
trial (Chalmers, 1968; Jones and Sabater-Pi, 1968; Struhsaker, 1971; Happold,
1973; Quris, 1975; Waser, 1977, 1984; Homewood, 1978; Wallis, 1983; Hard-
ing, 1984; Horn, 1987; Mori, 1988; Mitani, 1989, 1991; Olupot ¢t al., 1994,
1997; Shah, 1996; McGraw, 1998).

For many years, all mangabeys were subsumed under one genus—
Cercocebus—with two species groups separated on the basis of habitat pref-
erence and a handful of cranio-dental characters (Schwartz, 1928; Dobroruka
and Badalec, 1966; Thorington and Groves, 1970; Napier, 1981). The first
indication that there were differences beyond those of mere support use or
gross morphology came from an analysis of hemoglobin which revealed sub-
stantial incongruence in the & and  chains of albigena and torquatus/ntys
samples, respectively (Barnicot and Hewett-Emmett, 1972). The integrity of
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the mangabey clade was more formally questioned by Cronin and Sarich (1976)
who showed that blood proteins of the arboreal (albigena/ aterrimus) and ter-
restrial (galeritus/torquatus) species were quite distinct from each other and
that the arboreal mangabeys clustered with baboons and geladas while the ter-
restrial mangabey species and mandrills were not a part of that clade. Additional
hemoglobin data from Hewett-Emmett and Cook (1978) bolstered the con-
clusion that mangabeys were not a natural group and mandrills were not closely
related to Papio and Theropithecus.

Groves (1978) made a significant contribution to the taxonomic literature
when he identified numerous cranio-dental differences between the arboreal
and terrestrial mangabey species. In addition to detailed discussions of sub-
species validities and allocations, he proposed that mangabeys be divided into
two genera based on the cranio-dental and habitus differences; the two arboreal
species were placed in the genus Lophocebus (Palmer, 1903 ) while the remaining
terrestrial species were retained in Cercocebus.

Nakatsukasa (1994 a, b, 1996) examined cercopithecine post-crania in at-
tempting to identify the morphotype of the ancestral cercopithecid and in-
ter its habitat. He demonstrated that many of the locomotor differences be-
tween arboreal and terrestrial mangabey species were reflected in their limb
morphologies. Among other things, Nakatsukasa noted that the humerus of
the arboreal albigena has a reduced greater tuberosity, weak muscular inser-
tions on the shaft, less pronounced trochlear keels, a thinner diaphysis, and
less retroflexed medial epicondyle. Compared to the terrestrial torquatus, the
temur of albigena has a shorter greater trochanter, a thinner shaft, and a wider
patellar groove. Nakatsukasa argued that although the generally less robust
limbs seen in albigena were not consistent with the pattern seen in other arboreal
mammals, most features of albigena—including more mobile joints—represent
the derived condition relative to the terrestrial papionin ancestor (Nakatsukasa,
19906).

In recent years, there has been a flurry of molecular studies confirming
mangabey diphyly and strongly supporting the notion that members of the
genus Cercocebus are more closely allied with mandrills and drills than they are
to arboreal mangabeys of the genus Lophocebus (Disotell, 1994, 1996; Disotell
et al., 1992; Harris & Disotell, 1998; Harris, 2000; Page and Goodman, 2001;
Page et al., 1999). In a recent analysis of a large morphological data set, Groves
(2000) found strong evidence that Cercocebus and Mandrillus are sister taxa
but was unable to resolve relationships among other papionins. Other recent
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morphological studies have provided additional, but not totally concordant
evidence in support of the molecular phylogeny of African papionins. In a ge-
ometric morphometric study of ontogeny of the face in papionins, Collard and
O’Higgins (2001) found that Lophocebus and Cercocebus shows facial trajecto-
ries similar to Macaca and thus, presumably retained the primitive condition.
Patterns of facial growth in Papio and Mandrillus were distinct from those
found in any of these taxa and thus their adult similarities in facial length
were interpreted as homoplasies. In another geometric morphometric study
of the papionin cranium, Singleton (2002) demonstrated that the pattern of
shape variation exhibited by Lophocebuswas clearly distinguishable from all other
papionins and was most divergent from Cercocebus.

In the course of a study of mangabey comparative anatomy, we identified a
suite of characters in the limbs and teeth of Cercocebus and Mandrillus directly
related to a shared foraging regime that is absent in the limbs and teeth of
Lophocebus, Papio, and Thervopithecus (Fleagle and McGraw, 1999, 2002). Man-
drills spend large portions of their day rummaging through the leaf litter on the
forest floor in search of fallen nuts and frequently using their forelimbs to rip
apart rotting logs (Hoshino, 1985; Lahm, 1986; Harrison, 1988; Rogers ¢zt a!.,
1996; Caldecott et al., 1996). Many items uncovered are hard object foods that
are resistant to decomposition and require high bite forces to open. Hoshino
(1985) noted that it is their ability to process foods other sympatric species
cannot open that allows mandrills to maintain large group sizes during seasonal
periods of food shortage. The reliance on hard object foods and habitual, ag-
gressive use of forelimbs during foraging is clearly reflected in the upper limb
bones and teeth of both drills and mandrills. These monkeys have expanded,
heavily worn premolars and their forelimb bones show many features indicative
of powerful wrist and elbow flexion and rotation (Fleagle and McGraw, 1999,
2002). The large muscle markings we observed are consistent with the findings
of Jolly (1967, 1970, 1972) who noted that mandrills possess relatively larger
forearm muscles than do baboons. We would therefore expect to find larger
forearm flexors and wrist rotators in Cercocebus compared to Lophocebus.

The foraging behavior reported for mandrills is quite similar to that ob-
served in at least one terrestrial mangabey species. In the Ivory Coast’s Tai
Forest, sooty mangabeys ( Cercocebus atys) forage predominantly on the ground
where they habitually paw through debris on the forest floor in search of
fallen foods in a fashion similar to that observed in mandrills (McGraw, 1996;
Bergmueller, 1998). Processing of certain food items requires high bite forces
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and the cracking of nuts by groups of sooty mangabeys can be heard through-
out the Tai Forest. The features related to this foraging behavior that are
present in mandrills including molarized and heavily worn premolars, expanded
deltoid tuberosities, and proximally extended and laterally widened supinator
crests are readily observed in Cercocebus spp. limbs and teeth (see Figure 5 in
Fleagle and McGraw, 2002). In short, there are a number of striking features
shared by Cercocebus and Mandrillus—to the exclusion of Lophocebus, Papio,
and Theropithecus—that support the molecular phylogeny and confirm the di-
phyletic nature of mangabeys.

The goal of this paper is to examine diversity in the skeletal morphology
among Cercocebus mangabeys that might provide clues to the biogeographic
history of the group and to the phylogenetic and biogeographic origin of man-
drills and drills. We believe that distribution information and morphology can
be valuable tools in reconstructing evolutionary relationships and divergence
scenarios. Unfortunately, samples of postcranial elements are too small and
unevenly distributed among age and sex classes to permit broad intrageneric
comparisons. Therefore, in this study, we examine variation of a few prominent
facial characters in mangabey and mandrill skulls and correlate this variation
with the biogeography of individual taxa in order to test hypotheses about the
interrelationships of the Cercocebus- Mandrillusclade. We first review the known
distributions of Cercocebus and Mandrillus species and then examine the size
and distribution of a few diagnostic facial characters. In so doing, we hope to
shed light on the evolution and radiation of this clade.

Distribution of Cercocebus and Mandvillus spp.

Terrestrial mangabeys of the genus Cercocebus are taxonomically diverse and
widespread. Following Kingdon (1997) and Groves (2001) we recognize six al-
lopatric species within the genus (Figure 1). Cercocebus atys, the sooty mangabey
is the westernmost species ranging from Ivory Coast to Guinea. Napier (1981)
gives a western range extension to Fouta Djallon, Guinea (11°30'N, 12°30'W)
(Monard 1938). Cercocebus atys is the only Cercocebus taxon with delineated
subspecies; the two subspecies—azys to the west and lunulatus to the east—
are separated by the Nzo-Sassandra River system in the Ivory Coast. Cerco-
cebus torquatus, the collared or red-capped mangabey, ranges from western
Nigeria (Cross River) through Rio Muni to western Gabon. Cercocebus ag-
slis, the agile mangabey, is endemic to a region in central Africa north of the
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Cercocebus atys !mn'as

Figure 1. Distribution of six Cercocebus species.

Zaire River. It is found in Rio Muni, Equatorial Guinea, Gabon, Cameroon,
and Democratic Republic of Congo. Cercocebus chrysogaster, the golden-bellied
mangabey, is found in the lower Congo River basin. Cercocebus galeritus,
the Tana River mangabey, is restricted to gallery forest along Kenya’s Tana
River. Cercocebus sanjei, the Sanje mangabey, has the most limited distribu-
tion and is found on the eastern slopes of the Uzungwa Mountains, Tanzania
(Figure 1).

The distribution of drills and mandrills is more limited (Figure 2). Drills,
Mandrillus leucophacus, are restricted to southeastern Nigeria, northwestern
Cameroon, and Bioko Island (Gartlan, 1970; Napier, 1981; Groves, 2001).
Groves (2001) argues that the Bioko Island form should be considered a
separate subspecies (M. leucopbaeus poensis) based on its smaller skull and more
grayish coat compared to the mainland form (M. leucophaecus lencophaens).
Mandrills, Mandrillus sphinx, are found in Cameroon, Rio Muni, Gabon, and
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“San ja River~

Figure 2. Distribution of mandrills (Mandrilius sphinx) and drills (M. lencophaeus).

Congo as far as the Kouilou River (Napier, 1981; Groves, 2001). Although the
precise geographic barrier separating drills and mandrills has been questioned,
most authorities believe these taxa are allopatric (Grubb, 1973; Kingdon,
1997) (Figure 2).

METHODS

The most striking feature of the Mandrillus skull is the massive muzzle domi-
nated by dramatic nasal ridges (Figure 3). These ridges are greatly enlarged in
males and correspond to prominent, cobalt-blue paranasal swellings flanking a
scarlet midline stripe. The size and color of the swellings is positively correlated
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Figure 3. Male mandrill (Mandrillus sphinx) skull. Notice the massive paranasal ridges

and the lack of a suborbital fossa.

with testosterone levels and dominance rank in free-ranging mandrills males
(Wickings and Dixson, 1992). Hylander and Johnson (2002) note that these
ridges consisting of highly vascularized bone are examples of non-mechanical
features of facial morphology used for attracting mates. This is almost certainly
a derived feature and we hypothesized that the Cercocebus species most closely
related to mandrills would display incipient ridging in its face.

Mangabeys—both Cercocebus and Lophocebus—are described as possessing
deep fossae below the orbits (Napier and Napier, 1985; Szalay and Delson,
1979; Kingdon, 1997). Indeed, Groves (1978) remarked that the only skull
feature found in all mangabey species is the suborbital fossa. Groves speculated
that the fossa formed differently in the two groups, “and has probably devel-
oped independently in response, perhaps, to facial shortening from a long-faced
ancestor to preserve a complex facial musculature.” Kingdon (1997) has also
argued that the fossa is a derived feature related to facial shortening from a
long-snouted ancestor. We are less certain of the polarity of this feature among
papionins. However, we were immediately struck by variation in the extent
of maxillary excavation not only between Lophocebus and Cercocebus, but also
within members of Cercocebus (Figure 4).
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Figure 4. Skulls of male Cercocebus torquatus (A), Cercocebus atys (B), and Lophocebus

albigena (C). Notice the significant difference in depth of the suborbital fossa in the
two skulls as indicated by the arrows, and the paranasal ridges in C. torquatus. Note the

intermediate morphology of C. atys.

We examined 68 Cercocebus and Mandrillus crania and 50 Lophocebus crania
(Table 1). We were struck by the tremendous variation in the presence, size, and
direction of the paranasal ridges in Cercocebusrelative to the conditions observed
in Mandrillus and Lophocebus. We used a scale of 0—4 to record ridge size: 0
(none discernible), 1 (small), 2 (moderate), 3 (large), and 4 (massive). We noted
the direction of the ridge along the muzzle as running towards the canine root
(C), towards the incisors (1), or intermediate (CI). In addition, we evaluated the
extent of suborbital (maxillary) excavation in each taxon. We coded the size of
the maxillary depression as 0 (no depression), 1 (small), 2 (moderate), (3) large,
and 4 (massive). In view of this morphological diversity in facial morphology,
we hypothesized that the differences in facial morphology would reflect rela-
tionships among mangabey subspecies and that the taxon most closely related
to Mandrilluswould show the greatest similarity in these derived facial features.

Table 1. Sample size

Male Female

Cercocebus torquatus 25
Cercocebus agilis

Cercocebus atys

Cercocebus galeritus

Mandrillus sphinx

Mandrillus lencophaeus
Lophocebus albigena 2
Lophocebus atervimus

— NN OV R R
DO DN WR
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Table 2. Maxillary excavation

Male Female
Mandrillus sphinx 0 0
Mandrillus lencophaeus 9 (.6) 5 (.4)
Cercocebus torquatus 9 (4) .7 (.3)
Cercocebus agilis 2 (1.1) 1.7 (1.2)
Cercocebus atys 14 (.3) 2 (0)
Cercocebus galeritus 1.5 (.5) 1
Lophocebus albigena 2.8 (4) 2.6 (4)
Lophocebus aterrimus 3 3

[means and SD of suborbital fossa size scored 0—4]

RESULTS

Results from our analysis of maxillary excavation are presented in Table 2. As
noted by many previous authors, both male and temale Lophocebus albigena and
L. aterrimus possess very deep suborbital fossae. In contrast, maxillary excava-
tion is significantly less pronounced and varies considerably among members
of Cercocebus (Figure 4). Most significantly, the collared mangabey, Cercocebus
torquatus, is characterized by only slight suborbital depressions. Skulls from the
remaining Cercocebus species, particularly C. agilis, exhibit deeper suborbital
fossa; however none approach the condition seen in Lophocebus spp. The subor-
bital fossa of C. atys represents the intermediate condition. Mandrills and drills
exhibit little maxillary excavation (e.g. Figures 3). In fact, there is no suborbital
fossa in male or female Mandrillus sphinx skulls while M. leucophaens males are
characterized by a shallow depression below the orbits. It is notable that the
extent of suborbital excavation in drills and C. torquatusis identical (Figure 5).

Figure 5. Skull of male Cercocebus torquatus (A) and a drill Mandrillus leucophaeus
(B). Notice the similarity in ridging indicated by arrows.
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Table 3. Nasal ridge development and direction

Ridge size
Male Female
Mandrillus sphinx 4 1.7 (.5)
Mandrillus leucophaeus 3.3(.7) 14 (.5)
Cercocebus torquatus 1.4 (4) 7 (4)
Cercocebus nyilis 4(4) 0
Cercocebus atys .5 (0) .5 (0)
Cercocebus galeritus .5 (0) 0
Lophocebus albigena 8 .3

[means and SD of paranasal ridge size scored 0—4]

Results from our analysis of nasal ridge development are presented in Table 3.
Mandrills have the most pronounced paranasal ridges. All male mandrills we
examined exhibited the maximum (4) amount of ridge development. This fea-
ture is also well developed in drills although the extent of ridging is slightly
reduced compared to mandrills. The extent of ridge development in female
mandrills and drills is much less than in males. Collared mangabeys, Cercoce-
bus torquatus, show the most pronounced ridge morphology of any Cercocebus

species (Figure 6). Males of the remaining Cercocebus spp. examined showed

Figure 6. Superior view of the cranium of African papionins, showing differences in

the trajectory of the temporal lines. (A) Papio ursinus, (B) Lophocebus atervimus, (C)
Cercocebus agilis, (D) Cercocebus torquatus, and (E) Mandrillus sphinx.
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only minor ridge development and females of these species exhibit little, if any
ridge development.

The prominence of paranasal ridging is not the only similarity in the mid-
face of Mandrillus and Cercocebus spp. In these taxa, the paranasal ridges run
medially towards the incisors while in the Lophocebus albigena specimens ridges,
when discernible, run towards the canines.

In addition to differences in the faces of African papionins, we observed
differences in the development of temporal lines among the taxa, a feature also
noted by other observers of these primates (Groves, 2000; Chris Gilbert, pers.
comm.). In Papio, Theropithecus, Lophocebus, some Cercocebus, and most other
primates, the temporal lines follow the contour of the superior aspect of the
cranium. They originate at the lateral rim of the orbit, diverge medially along
the infratemporal fossa and then extend posteriorly to the occiput (Figure 6).
However, in Mandrillus and Cercocebus torquatus, the temporal lines extend
posteromedially in almost a straight line from the lateral walls of the orbit to
the occiput, with little or no medial deflection along the infratemporal fossa.
Although we did not quantify this feature, the similarity between Cercocebus
torquatus and Mandrillusis striking and almost certainly a derived feature.

DISCUSSION

There is now substantial evidence that Cercocebus and Lophocebus skulls differ
in a number of important ways (Groves, 1978; Singleton, 2002; Collard and
O’Higgins, 2001). Our results suggest that it is misleading to characterize all
mangabeys as having deep suborbital fossae. Arboreal mangabeys (Lophocebus
spp.) certainly do, however this is not the case for most Cercocebus spp. Further,
while most Cercocebus and all Lophocebus species possess only minor paranasal
ridging, in Lophocebus the ridges run towards the canines whereas in Cercoce-
bus they run medially towards the incisors. The distinctive morphology of the
temporal lines seems limited to Mandrillus and C. torquatus.

There is certainly variation in these features both between species and across
sexes within the Cercocebus- Mandrillus clade, however a general morphocline
is recognizable. Cercocebus torquatusis most similar to Mandrillusin possessing
the most pronounced paranasal ridges, the shallowest suborbital fossae, and the
straight temporal lines. In contrast, C. agilis approaches the condition seen in
Lophocebus characterized by a deep maxillary fossa and weakly developed—if
any—nasal ridges. C. atys occupies a position intermediate to that displayed by
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C. torquatusand C. agilis. Our limited sample of C. galeritus exhibits a mixture
of features: maxillary excavation in males is similar to that seen in C. azys while
ridge development falls with C. agilisand C. atys.

Taken together, these data suggest that in terms of maxillary fossa depth,
nasal ridge development, and the morphology of the temporal lines, C. torgua-
tusskulls are quite distinct from those of other Cercocebus spp. males. We believe
that the features seen in C. torquatus and Mandrillus spp. represent the derived
condition and that these species are sister taxa. We posit that the deep cheeks
and absence of ridging seen in C. agilisrepresents the primitive condition since
these features more closely approximate the condition seen in Lophocebus. In
this scenario, the suborbital fossa in Lophocebus and some Cercocebus is not a
derived feature, at least within extant African papionins, but is primitive for the
group. However, the absence of suborbital fossae in macaques, the most likely
outgroup to African papionins would argue against this view and suggest that
suborbital fossae are derived only for the common ancestor of Cercocebus and
Lophocebus.

Grubb (1978, 1982) proposed a hypothesis for the radiation of the Cer-
cocebus clade. He identified five faunal regions (refugia) based on the total
number of mammalian species and the number of endemic species in each re-
gion (Figure 7). His hypothetical dispersal route reconstructs the path of the
ancestral Cercocebuspopulation and the subsequent differentiation of its descen-
dents (Figure 8). “At one stage in their history...the mangabey (Cercocebus
agilis) dispersed from Central to West Africa, forming presumably continuous
populations across the continent. .. Cercocebus atys difterentiated when these
continuous distributions were interrupted. Subsequently . .. the westernmost
species gave rise to eastward dispersing animals, Cercocebus torquatus (dispers-
ing down the coast to Gabon). The discreteness of these species was emphasized
once again by a break in distributions, the Volta River and Dahomey gap for Cer-
cocebus. Intermediate populations. ... between Cercocelbus atys and C. torqua-
tus, assigned subspecifically to the more western and ancestral species. . .as
C. a. lunulatus. . . replace the nominate races in Ivory Coast and Ghana.”
(1978:544-545)

Grubb (1978, 1982) argues that the ancestral Cercocebus population dis-
persed from a central Africa refuge during wet periods and that radiating pop-
ulations became isolated from parent populations during dry periods through-
out the Quaternary (Kukla 1977) (Figure 8). According to his analysis, Cer-
cocebus aygilis best represents the ancestral species based on its presence in
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Figure 7. African refugia identified by Grubb (1978, 1982).

the hypothesized East Central refuge and the polarity of cranial characters
established for Cercocebus by Groves.! During the approximately 17 glacial-
interglacial events throughout the Quaternary, members of the original Cerco-
cebuspopulation migrated east, west, and south subsequently becoming isolated
during arid periods. One population migrated as far as the western refuge where
its modern descendent—Cercocebus atys atys —is found today in Sierra Leone,
Liberia, and western Ivory Coast. To the south, C. chrysogaster became isolated
in the Congo basin below the great bend in the Zaire River while C. galeri-
tusis descended from a population that became isolated to the east in present
day Kenya. Finally, Grubb hypothesized that C. torguatus was derived from a

1 We are unable to determine how Groves (1978) established the character polarity.
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Figure 8. Hypothetical dispersal route of Cercocebus spp. posited by Grubb (1978,
1982).

population of mangabeys (C. atys lunulatus) that had migrated back in an east-
erly direction. In this scheme, C. atysand C. chrysogaster represent populations
of modern monkeys descended directly from the ancestral C. agilis population.
C. torquatus is the product of a more complex branching event having been
descended from C. atys lunulntus and it is therefore regarded as more derived.

Independent analysis of other mammalian species-groups with distributions
similar to those of modern Cercocebus species have shown that this proposed ra-
diation is plausible. Our confidence in the proposed dispersal route for terrestrial
mangabeys beginning in Central Africa is strengthened by the fact that a simi-
lar route was used to explain the distribution, divergence, and relationships of
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members of the Mona ( Cercopithecus) superspecies (Booth, 1955), red colobus
monkeys (Struhsaker, 1981) and black and white colobus monkeys (Oates and
Trocco, 1983; Oates et al., 2000). If the dispersal scenario posited by Grubb
(1978, 1982) is true, then the biogeography and pattern of facial morphol-
ogy discussed in this analysis can be used to speculate about the affinities of
individual species within the Cercocebus-Mandrillus clade.

Lophocebus is our outgroup and represents the primitive condition charac-
terized by a deep suborbital fossa and little to no paranasal ridging. The deep
maxillary fossa and lack of ridging seen in C. agilis is expected for the an-
cestral Cercocebus species found in central African refuge identified by Grubb
(1978, 1982). The most derived condition is that seen in C. torguatus which
includes little maxillary excavation and pronounced ridging. The intermediate
morphologies present in C. agysand to a lesser extent (based on small sample) in
C. chrysogaster are consistent with the model that these taxa represent modern
but direct branching events from a C. agilis population that became isolated
in west and central Africa, respectively. C. torguatus is most similar to man-
drills in the facial characters we examined. The current distribution of collared
mangabeys lies within West Central refuge zone identified by Grubb (1978,
1982). Although the precise range of C. torquatusis disputed, it undoubtedly
overlaps with portions of that occupied presently by drills and mandrills, as in-
dicated by similarities in the SIV viruses of northern mandrills and Cercocebus
torquatus. (Telfer et al., 2003). Thus in terms of geographic proximity, these
species are certainly well positioned to be sister taxa.

Little is known about the free-ranging behavior of C. torquatus, however if
collared mangabeys are the sister taxon of mandrills, we could expect similarities
in their social behavior?. Mandrills are the most sexually dimorphic terrestrial
cercopithecid in terms of overall body size and sex-specific adornments (Setchell
et al.; 2001). Much of the dramatic coloration and other secondary sex charac-
teristics displayed by male mandrills are undoubtedly related to attracting mates

2 Given their molecular and anatomical similarities as well as their adjacent and perhaps overlapping
distributions, it is possible that Mandrillus and Cercocebus torquatus interbreed in the wild. There are
no reports of this behavior from free-ranging populations. However, we did learn of a monkey in the
Brookfield Zoo (Chicago) born to a mandrill male and female C. torquatus. Dr. Anne Baker, then
curator of mammals, writes: ‘At Brookfield Zoo, mandrills and mangabeys share a large exhibit . . . while
they are on exhibit together the mangabey and mandrill youngsters interact frequently. Mandrill males
mount mangabey females, and vice versa. At the time the hybrid was conceived, we were not aware
that mangabeys and mandrills could hybridize” (pers. comm). It is not known if this individual was
fertile.
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and there intense intermale competition in mandrill groups. If the bony ridges
corresponding to the bright blue paranasal swellings on the mandrill muzzle
is indicative of particularly high levels of male-male competition in this clade,
then we might expect populations of C. torquatusto exhibit this feature of social
behavior in wild populations. Further, levels of canine dimorphism are strongly
correlated with levels of mate competition. We are not aware of any metric data
for C. torquatus canines, however data available for other mangabey species
are known to vary significantly (Plavcan and van Schaik, 1992). If collared
mangabeys social groups and mating systems are organized along principles
similar to those operating in mandrill society, we would predict the level of ca-
nine dimorphism in C. torguatus to be the greatest of all Cercocebus species and
approaching the level present in mandrills. Our impression is that C. torquatus
males have massive canines (see Figure 4).

A critical species not included in this analysis is the golden-bellied mangabey,
C. chrysogaster. Kingdon (1997) called all members of Cercocebus “drill-
mangabeys” and argued that C. chrysogaster was likely the sister taxon of drills.
According to Kingdon, the golden-bellied mangabey is, “the most drill-like of
drill mangabeys in having a naked, violet rump, bright-colored fur and rela-
tively robust build (including the muzzle of adult males) . .. The tapered tail is
carried in a backward arch (unlike other mangabeys).” Although the golden-
bellied mangabey occupies a range immediately south of C. agilis, Kingdon
hypothesizes that the two species may have been separated for a considerable
length of time owing to the great width and flow rate of the Zaire River between
them (Kingdon, 1997). It would be extremely interesting to examine the cranial
anatomy of this rare monkey in light of Kingdon’s argument that it shares so
many external characteristics with drills. Unfortunately, we are unaware of any
adult skeletal material for C. chrysogaster in museums. Testing this hypothesis
that C. chrysogaster is the sister taxon of Mandrillus must await the acquisition
of comparative material.

It is also worrisome that our morphological analysis is in conflict with all
known molecular studies of African papionins which show no evidence of
a unique genetic relationship between Mandrillus and any particular species
of Cercocebus (e.g. Disotell, 1994, 1996; Disotell et al., 1992, Harris and
Disotell, 1998; Harris, 2000; Page and Goodman, 2001; Page ¢z al., 1999;
Telfer et al., 2003). This would suggest that the morphological similarities be-
tween C. torquatus and Mandrillus are parallelisms, probably associated with
large size rather than synapomorphies. In this case, the similarities would be
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additional evidence for similar developmental patterns in the cranial anatomy
of Cercocebusand Mandrillus. Alternatively, they might reflect some recent gene
flow between C. torquatus and Mandrillus (which is also suggested as a possi-
bility by the SIV viruses and the hybrids in captivity) that occurred subsequent
to their divergence. We look forward to specific genetic studies aimed at testing
these hypotheses.

CONCLUDING REMARKS

Papionin crania have been the subject of a number of recent studies (Collard
and O’Higgins, 2001; Singleton, 2002; O’Higgins and Jones, 1998; O’Higgins
and Collard, 2002; Leigh ez al., 2003). These authors have demonstrated that
various cranial similarities between Mandrillus and Cercocebus on the one hand
and Papioand Lophocebuson the other are due to a combination of complex evo-
lutionary processes including sexual dimorphism, ontogeny, scaling factors, and
homoplasy. Unfortunately, there appear to be an equal number of size-related
characters that are shared by mangabeys only or by baboons and mandrills
which only complicates matters further. Although it is apparent that homoplasy
is rampant within the papionin group (Lockwood and Fleagle, 1999; Collard
and Wood, 2001), there are strong indications from these studies that Cercoce-
bus and Mandrillus skulls are most similar to each other while Lophocebusis the
most divergent.

Our modest analysis of cranial features within the Cercocebus-Mandrillus
clade has led to a number of conclusions that we offer as hypotheses to be
tested with larger data sets. Arboreal mangabeys Lophocebus represent the prim-
itive papionin facial morphology characterized by deep maxillary fossa and little
to no paranasal ridging. Terrestrial mangabeys of the genus Cercocebus display
variation in these characters, however the agile mangabey Cercocebus agilis ap-
pears to most closely approximate the primitive condition of minor ridging and
deeper maxillary fossae. In contrast, the collared mangabey Cercocebus torqua-
tusis distinct from the rest of its conspecifics in possessing only minor maxillary
excavation, pronounced paranasal ridging, and a distinctive pattern of cranial
temporal lines. In these respects, C. torquatusis most similar to mandrills and
drills. We conclude that the conditions shared by C. torquatus and Mandrillus
spp. represent the derived condition. Cercocebus atys exhibits an intermediate
morphology. The distribution of characters within Cercocebus supports the hy-
pothetical dispersal route for the clade proposed by Grubb (1978, 1982). Based
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on their current distributions and shared cranial morphologies, it is most par-
simonious to conclude that C. torguatus is the sister species to Mandrillus.
We predict that when details of C. torguatus social behavior become known,
this species will show marked affinities in mating strategies, including levels of
male-male competition, with mandrills and drills.
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Madagascar

adagascar has a surface area of 594,000 km,?> making it the

fourth largest island on Earth. Madagascar has traditionally

been divided into two main biogeographic zones: eastern hu-

mid forests and western dry forests. Abiotic factors (e.g., rain-
fall, temperature, humidity, and altitude) and biotic factors (e.g., plant com-
position, primate diversity, and abundance) vary considerably between these
zones. Moreover, Madagascar has been subject to extreme levels of deforesta-
tion due to human activities such as agriculture and logging. This island nation
has lost approximately 90% of its original forest cover since human colonization
of the island 2000 years ago. The remaining forests have become increasingly
fragmented, resulting in a patch-work of forest fragments; particularly in west-
ern dry region where few fragments exceed 800 ha in size (Ganzhorn ez al.,
2001). Madagascar is considered one of the world’s highest conservation pri-
orities in terms of species diversity and endemism. For example, Madagascar
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is characterized by high levels of endemism for plants (ca. 2984 species, 83%
endemic) and vertebrates (ca. 879 species, 84% endemic).

Lemurs in particular are of interest because they are found only on Mada-
gascar. Extant lemurs are represented by five endemic families with 14 genera,
approximately 33 species, and 71 subspecies. New species and subspecies are be-
ing described almost yearly as the result of primate surveys in unexplored forests
and genetic studies. There is also a growing record of extinct taxa (Godfrey et al.,
1999). Body sizes for extant lemurs range from a low of 30 g for Microcebus
myoxinus to 6.43 kg for Indri indri. Lemurs teed upon a variety of plant parts
and insects, and some taxa ( Hapalemur sp.) are specialists on bamboo.

The papers in this section address questions concerning the historical and
ecological biogeography of lemurs. In “Mouse Lemur Phylogeography Re-
vises a Model of Ecogeographic Constraint in Madagascar,” Anne Yoder and
Kellie Heckman review genetic data to determine if mouse lemurs support bio-
geographic distinctions between eastern wet and western dry habitats. They
find that biogeographic and ecological separation between western and east-
ern habitats has not been particularly restrictive to interpopulation gene flow
among mouse lemur populations. Their results will have important implications
for other lemur taxa given preconceived notions that small-bodied mammals
have reduced dispersal abilities.

In “Lemur Biogeography,” Jorg Ganzhorn, Steven Goodman, Stephen
Nash, and Urs Thalmann seek to address questions about the effects of habi-
tat zones and rivers/gallery forests on the dispersal of extant lemurs. They
document a biogeographic history for lemurs that includes repeated dispersal
between eastern wet forests and western dry forests, but not between northern
and southern lemur populations. They also note a complex pattern of river-
ine barriers, including river orientation that may have limited the distribution
of many—but not all—lemur taxa in eastern and western Madagascar. They
conclude that further exploration of unstudied forest areas are needed, and
that researchers should seek to integrate data from different fields of research
(ecology, genetics, and morphology) to derive a clearer understanding of lemur
biogeography.

In “Abiotic and Biotic Factors as Predictors of Species Richness on
Madagascar,” Nancy Stevens and Patrick O’Connor compare and contrast the
distribution of mammals, birds, reptiles, and amphibians in protected areas
to biogeographic patterns of geography, topography, climate, and vegetation.
They find that lemur diversity is positively influenced by area and plant diversity
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but negatively influenced by altitude. These biogeographic patterns are most
congruent with birds and nonprimate mammals. Stevens and O’Connor note
the sensitivity of metanalyses to research effort, indicating the need to bal-
ance biological research and conservation action across protected areas at the

landscape level.
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CHAPTER EIGHT

Lemur Biogeography

Jorg U. Ganzhorn, Steven M. Goodman,
Stephen Nash, and Urs Thalmann

ABSTRACT

Madagascar is the fourth largest island in the world and is inhabited by a rich fauna
of endemic lemuriform primates. Recent morphological and molecular, studies indicate
that the biogeography of Malagasy lemurs is far more complex than previously thought.
Small scale patterns of vegetation and river barriers seem to have been more important
than large present-day barriers. Rivers can act as both barriers and corridors. Most signif-
icantly, there is increasing evidence that the major phylogenetic distinctions are between
northern and southern taxa rather than between eastern and western forms. Lemur sys-
tematics is still in a state of ongoing revision, and additional surveys of poorly-known
regions are needed to understand the complex biogeography of Malagasy primates.

Key Words: phylogeography, ecological biogeography, river barriers, river corridors
Madagascar, “La Grande Ile” off the coast of southeast Africa, is the fourth

largest island on earth. Its 587,000 km? are only surpassed by the islands of
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150-160 million and from India some 88-95 million years ago (Rabinowitz
etal., 1983; Storey et al., 1995). Due to the island’s long isolation and low rates
of colonization, the flora and fauna of Madagascar underwent numerous adap-
tive radiations, resulting in one of the world’s most diverse biotas with remark-
able levels of endemism (Myers ez al., 2000). Though Madagascar is separated
from Africa only by the Mozambique Channel, 300450 km wide, the pre-
vailing winds and ocean currents were in recent geological history and still are
unfavorable for repeated African source colonization of the island (Krause ez al.,
1997). As a consequence, the lemurs of Madagascar are derived probably from
a single colonization event from Africa during the Eocene (Yoder ez al., 1996).
From there they radiated into their present diversity of at least 38 extant species
and another >17 taxa that went extinct during the last 2000 years (reviewed
e.g. by Godfrey ez al., 1997, 1999; Simons, 1997; Goodman ez al., 2003).

Lemur taxonomy is in the process of revision due to a surge in discoveries of
new lemur species, additional information about distributions, and new meth-
ods in molecular genetics (Zimmermann ez al., 1998, 2000; Rasoloarison ¢z al.,
2000; Rumpler, 2000; Thalmann and Geismann, 2000; Yoder ez al., 2000;
Pastorini et al., 2000, 2001a,b; Fausser et al., 2002). On the basis of classi-
cal museum studies that had provided the basis for former lemur taxonomies,
Groves (2001a) suggested further splitting of taxa, elevation of various sub-
species to the species level, and resurrection of previously synonimized genera.
Even though several of his conclusions are likely to be confirmed by future
surveys and associated taxonomic work, we will follow herein the previously
established taxonomy. We therefore follow the “pre-Groves” arrangement as
summarized by Goodman ez a/l. (2003; Table 1).

Since the arrival of humans on Madagascar some 2300 vyears ago
(Burney et al., 2004) Madagascar’s ecosystems underwent very significant
changes (Richard and Dewar, 1991; reviewed by Burney, 1997). This raises
the question whether biogeographic analyses based on extant distribution pat-
terns might provide a solid foundation for conclusions to be drawn about the
biogeographic evolution of lemur distributions and the underlying constraints.
Reconstruction of certain life history traits, particularly locomotion and diet
based on anatomical characters, of the subfossil lemur species and their distri-
bution in the recent past also showed that these lemur communities underwent
significant changes in their functional composition (Godfrey et al., 1997; Jern-
vall and Wright, 1998), but that the principle assignment of these communities
to vegetation formations has apparently not changed over the last 2000 years
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(Godfrey et al., 1999). This relative stability, at least over the last few hundred
years, might allow to combine data on extant and subfossil lemur distributions
as relevant units for biogeographic analyses.

The geographical distribution of organisms can be analyzed on various time
scales (Myers and Giller, 1988). Historical biggeography reconstructs evolution-
ary processes over millions of years. In the case of Madagascar this approach
would include continental drift and the analyses of the origin of taxa on higher
taxonomic levels, including the question of the lemur origin and the coloniza-
tion of Madagascar (Yoder ez al., 1996; Krause ¢z al., 1997; Martin, 2000;
Marivaux ez al., 2001; Murphy ez al., 2001; Tavaré ez al., 2002). This aspect
of lemur biogeography is subject of another review (Goodman and Ganzhorn,
2004b) and will not be addressed here. On more recent time scales climatic
vicissitudes during the Pleistocene and associated changes in vegetation had
profound impacts on the distribution of organisms that are still visible today
(Pleistocene biogeography). These Pleistocene processes interact with the physi-
ological capacity of organisms to cope with shifting environmental conditions
and changes in interactions on the community level (ecological biogeography).

The goal of this paper is to review several hypotheses on the biogeographic
patterns of lemur distributions on a more recent time scale. We focus on the
questions:

(1) to what extent are lemur species limited to specific vegetation formations
and their underlying climatic conditions?

(2) what is the evidence that rivers represent barriers to the dispersal and gene
flow?

(3) which role might have been played by gallery forests along rivers or
other corridors of vegetation to facilitate dispersal between east and west
Madagascar?

These hypotheses will be summarized, discussed, and extended in the light of
recent discoveries and of new information accumulated over the last few years.

HYPOTHESES TO EXPLAIN LEMUR BIOGEOGRAPHY

Vegetation Formations as the Basis for Distinct Lemur Communities
(Ecological Biogeography)

Based on vegetation types, floristic formations, and geology the moist ever-
green forests of eastern Madagascar are distinguished from the dry deciduous
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Figure 1. (a) Zoogeographic regions based on phytogeographic criteria and simi-
larities of lemur communities as proposed by Martin (1972a, 1995; from Thalmann,

2000b). (b) Simplified general area cladogram based on species similarities of lemur

communities.

formations of the west and south (Humbert, 1955; Koechlin ez al., 1974;
Phillipson, 1994; Du Puy and Moat, 1996; Lowry et al., 1997; Schatz, 2000;
Figure 1). The evergreen forests receive from 1500 to more than 6000 mm of
rain per year. The deciduous forests of the west and extreme north of Mada-
gascar are subject to a distinct dry season of four to eight months without rain
and annual precipitation of 500 to 2000 mm. On both the eastern and west-
ern sides of Madagascar, annual rainfall decreases from north to south. Parts
of the south and southwest of the island, with its dry deciduous, riverine and
spiny forest, characterized by Didiereaceae and other succulent plant, receive
less than 500 mm of rain per year at irregular intervals with an extended dry
season of more than eight months.

For some time biogeographers have noticed a division amongst lemur species
that could be assigned to the eastern rain forest and other, sometimes con-
generic, species of the western dry deciduous forests. This indicated that lemur
species have specific adaptations inhibiting that certain taxa currently living and
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presumably adapted to the moist forest conditions can survive in the dry for-
est and vice versa. These ecogeographic zones include the eastern wet forest,
an extension of the eastern forest towards the west, the Sambirano (not the
Sambirano Domain sensy Humbert [1955]), a transition zone in the north,
dry deciduous forest of the west, the spiny forest of the south, and the central
highland with some forest patches. This basic classification provided the basis
for subsequent analyses (Martin, 1972a; 1995; Petter et al., 1977, Tattersall,
1982; Pollock, 1986; Richard and Dewar, 1991; Ganzhorn ez al., 1999; Wright,
1999; Thalmann, 2000b; Figure 1).

Rivers as Barriers

On the basis of the six ecogeographic zones listed above, Martin (1972a)
proposed eight major zoogeographic regions elucidating lemur biogeography.
Given the information available at the time, Martin’s biogeographic description
was based mainly on the most conspicuous diurnal lemurs. As noted above, the
first and most obvious distinction seemed to be represented by lemur commu-
nities of the evergreen moist forests of the east and the Sambirano region versus
the dry deciduous forests of the west. Except for the north and extreme south,
these types of vegetation are separated by several hundred kilometers of savanna
that is unsuitable for arboreal lemurs.

In addition to a floristic component that separated communities of the ev-
ergreen moist from the dry forest types, Martin’s classification included infor-
mation on varying lemur distributions within the eastern and western forests.
Based on shifts in species composition of lemur communities he subdivided
the eastern belt of rain forest and the western dry forests at about 20° south-
ern latitude (Figure la). According to this scenario rivers represented barriers
to dispersal and gene flow resulting in biogeographic subdivisions within the
castern and western domains. These rivers were proposed to be the Tsiribihina,
Betsiboka, Maevarano, and Mahavavy du Nord in the west and northwest, and
the Mangoro River in the east.

This subdivision can best be illustrated by the distribution of taxa within the
genus Propithecus. In the west, the Tsiribihina separates Propithecus v. verreanxi
from P. v. deckeni to the north. P v. deckeniis then separated from P. v. coronatus
by the Mahavavy du Sud River (Figure 2) and the Betsiboka represents the
boundary for P. ». coronatus and P. v. coquereli. However, it should be noted
that P. ». coronatus-like sifaka occur on the north side of the Manambolo River
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Figure 2. Distribution of Propithecus sspp. in relation to river systems.

(1 group only, 6 out of 7 animals showed P. v». coronatus coloration, 1 P. ».
deckeni coloration; labeled P, v. cf. coronatusin Figure 2). Thus, it could be that
the range of P. v. coronatus extends in a crescent-like fashion around the range
of P, v. deckeni. Interviews with inhabitants on the north side of the Tsiribihina
during a descent of the gorge seemed to confirm the presence of P. v. coronatus
between the Tsiribihina and the Manambolo. The local name of the animals was
said to be “sifaka maintiloha” which translates to black-headed sifaka. Sifaka are

said to be very rare between the Manambolo and the Tsiribihina (Thalmann and
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Rakotoarison, 1994, unpubl. data). This distribution could have come about
by separate colonization of the west by P. ». coronatus originating from the
east or central highland (e.g., from the region around Ambohitantely and the
Bongalava mountains, moving west along the Tsiribihina River and between
the Mahavavy du Sud and the Betsiboka River.

In the east the Mangoro River marks the southern boundary for Indri in-
dri and separates P. diadema edwardsi from the more northern P. 4. diadema.
Other rivers represented the southern limit for Varecia v. variegata (Mana-
nara River) and the northern boundary between V. v. variegata and V. v. rubra
(Antainambalana River). Later, Martin’s (1972a) view was refined for east-
ern Madagascar where lemur distributions seemed to indicate additional river
systems as major zoogeographic barriers, including the Fanambana River in
northeastern Madagascar (Martin 1995). Differences in vegetation characteris-
tics together with rivers as barriers might then have created isolated geographical
regions that allowed specialization and subsequent speciation on rather small
scales.

Recent survey results support the principles of Martin’s (1972a, 1995) anal-
yses. A simplified cladogram based on similarities of the species composition of
lemur communities at different sites as known in 1999 indicated that the north
and the Sambirano region are linked to a “eastern clade.” The western clade
consists of the region “NW?”, “W1” and “W2” with “W1” and “W2” being
more similar to one another than either one to “NW?” (Figure 1b). According
to this result, the Betsiboka River presented a more effective barrier to dispersal
than the Tsiribihina, though this does not apply to all lemur taxa.

Rivers as Corridors

Apart from the east-west dichotomy described above and the subdivision of the
castern and western domain by rivers, there is a north-south zonation where
taxa of the east and the west are more similar and probably closer related to each
other than to neighboring populations to the north or south. An example of this
is the occurrence of seemingly the same subspecies of brown lemur, Eulemur
Sfulvus rufus and E. f. fulvus, in eastern and western Madagascar (Petter et al.,
1977, Tattersall, 1982; Figure 3).

Originally, this east-west connectivity had been attributed to the direction
of various drainage systems. Several rivers originate on the eastern side of the
central highlands and drain into the Mozambique Channel (Figure 4).
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Figure 3. North-south zonation as illustrated by the occurrence of Eulemur fulvus
subspecies. The distributional range of E. f. rufus and E. f. fulvus have been extended
based on data by Irwin ez 2. (2000) and Lehman and Wright (2000).

At least prior to human intervention, forests along these rivers could have
represented not only refugia for rain forest species during Pleistocene drought
(sensu Maeve and Kellman, 1994) but also corridors for the exchange of forest
species across the island. In numerous cases the sources of these eastern and
western flowing watersheds are within close distance of one another (tens of

meters to 1 km).
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Figure 4. River systems; rivers as possible corridors between east and west.

Possible candidates for riverine forests that bridged the central highlands are
the Betsiboka River that originates east of Antananarivo and the Tsiribihina
and the Mangoky rivers with their tributaries extending east beyond Ambositra
and Fianarantsoa in the eastern rain forest. In principle, Eulemur fulvus rufus
could have moved between eastern and western portions of the island along
the Mangoky River in the south and along the Tsiribihina River in central
Madagascar. Similarly, the Betsiboka River and its tributaries could have linked
the western population of Propithecus verveauxi coronatus (occurring between
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the Mahavavy du Sud River and the Betsiboka River) with a remnant (and now
extinct) population on the central highlands in the vicinity of Ambohitantely
(Petter and Andriatsarafara, 1987). As outlined above, a second portion of
the central population of P. ». coronatus could have moved west between the
Tsiribihina and the Manambolo rivers. The link between east and west is further
illustrated by now separated eastern and western subpopulations of E. f. fulvus
in the zoogeographic region “E1” and “NW” with a remnant “stepping stone
population” at Ambohitantely (Figure 3).

NEW INSIGHTS IN LEMUR DISTRIBUTIONS
East-West-Connectivity

Today the central highland seems to represent an unbridgeable barrier between
the moist forests of the east and the dry forests of the west. Even though the
central highland was apparently not entirely forested during the Pleistocene and
Holocene (reviewed by Burney, 1997) accumulated evidence suggests that the
forested regions of the east and the west were not as isolated as had been
assumed by the earlier biogeographic analyses. Therefore the link between the
east and the west do not seem to have been limited to forests along river systems.
Rather there seem to have been belts of more humid forest extending from
the east far into the west. These connections are indicated by mixed elements
of eastern humid and western deciduous floristic and faunistic communities
at certain sites. An excellent example of this are the upper portions of the
Analavelona Massif,, close to Toliara (Carleton ez al.,2001). This massifis within
the most arid portion of the island, but the moist forest in the summital zone
of this mountain contains numerous eastern species, although in this case the
lemurs are all “western” species. On the basis of orographic factors, this massif
seemingly maintains relict conditions of a previous more mesic conditions and
could be considered a “Pleistocene refuge.”

For lemur species this east-west connectivity is illustrated by isolated occur-
rences of the “western species” Phaner furcifer in the center of the eastern
rain forest at Zahamena and Betampona or at Montagne d’Ambre (reviewed
by Ganzhorn et al., 1996,/97) and Cheirogalens medius in the northeast at
Daraina (Mittermeier ¢t al., 1994). On the other hand “eastern” lemur species
found in the forests of the west include Chezrggalens ct. majorin Bongolava and
C. ct. major and Hapalemur griseus occidentalis in Bemaraha (Thalmann and
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Rakotoarison, 1994; Ausilio and Raveloanrinoro, 1998; Thalmann, 2000a).
The latter has also been reported from Namoroka (Thalmann ez al., 1999).

A somewhat different example is provided by Lemur catta. This species of
the spiny and dry forests of the southwest also occurs on the west side of
Andringitra south to Ivohibe (Goodman and Langrand, 1996). Its distribution
might be continuous from the southwest to Andringitra and its limit in the
Andringitra—Ivohibe region where it reaches its eastern limits due to habitat
characteristics.

Vegetation types and specific habitat characteristics also do not seem to play
the dominant role limiting lemur species to either the dry or the moist forest.
A remarkable example is the Aye-aye (Daubentonia madagascariensis). Once
thought to be a moist forest specialist, it has now been reported from most re-
gions of Madagascar except for the very dry southwest (Sterling, 1998; Simons
and Meyers, 2001).

Similarly, apart from the “dry forest species” Phaner furcifer in the moist
forests of the north and east (see above), the dry forest species Microcebus
murinus and Cheirogalens medins seem to do well in some localized popula-
tions within the evergreen moist littoral forests of the south (Martin, 1972b;
Ganzhorn, 1999; Ramanamanjato and Ganzhorn, 2001; Lahann ez 2l in
press). Thus, the physiologcal and ecological constraints of at least some lemurs
towards environmental variation and the links between lemur species and phy-
togeographic units may not be as strong as assumed so far.

Apart from lemurs there are also other firm evidences of east-west distri-
butions of extinct and extant vertebrates indicating that the region or a belt
south of about 20° latitude might well have been a contiguous and suitable
habitat for vertebrates adapted to more humid conditions (e.g., Goodman and
Rakotondravony, 1996; Goodman and Rakotozaty, 1997).

North-South Zonation

Within the phytogeographic units of the eastern moist and the western dry for-
est, Martin (1972a) had already noticed a discontinuity of lemur species com-
position into northern and southern communities. But the different species
were still considered to belong to “eastern” or “western” lemur species and
the communities were still characterized as moist or dry forest communities
(references listed above). This view has to be changed in favor of a much more
complex biogeographic history including phylogenetic aspects and repeated
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dispersal between the east and the west. From a phylogenetic perspective, the
north-south zonation has received support form studies in molecular genetics.
According to these studies, the genus Microcebus apparently consists of a north-
ern and a southern clade of species rather than an eastern and a western clade
(Yoder et al., 2000; Yoder this volume).

The Role of Rivers

The hypotheses on lemur biogeography outlined above emphasize the limiting
role of barriers and the facilitating role of corridors in dispersal. The role of
major rivers as barriers to lemur dispersal needs revision. In the east, Hapalemur
simus, now confined to a small region between Ranomafana and Andringitra,
was once widespread ranging up to Ankarana in the north, Anjohibe in the
northwest, and Ampazambazimba in the center, thus bridging several river
systems associated with the eastern and western watershed divides. Similarly,
Indri indri occurred well beyond the Antainambalana River, and north to at
least Ankarana and perhaps as far southwest as the Sakaraha area (reviewed
by Godfrey et al., 1997, 1999). Other smaller lemur species (if they actually
represent only one taxon) do not seem to be limited by river systems in the
east. These include Lepilemur mustelinus, L. microdon, Eulemur rubriventer,
and Avahi laniger.

Rather, distributional boundaries seem to occur between major river systems.
The ranges of Indri indri and Eulemur rubriventer stop between major river
systems. What is currently known as Hapalemur g. griseus from north to south
might actually represent two types that replace each other in the region of
Ranomafana—Ifanadiana, apparently without being separated by any river system
(Fausser et al., 2002). The two southern subspecies (or species) of the Eulemur
Sfulvus group (E. () albocollaris and E. (f.) collaris) seem genetically distinct
from the other E. fulvus group to warrant species status (Djlelati ez al., 1997;
Wyner et al., 1999). While E. () albocollaris and E. (f.) collaris are separated
by the Mananara River the biogeographic “break” between these two types and
E. fulvus occurs north of the Mananara River where E. (f.) albocollaris and E.
f: rufus form a zone of hybridization (Johnson and Wyner, 2000; Wyner ¢t a/.,
2002).

In the west, biogeographic boundaries seem even more complex. River sys-
tems seem clear boundaries for Propithecus subspp. (references quoted above;
Thalmann et al, 2002). But vicariant species turnover of other taxa occurs
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between river systems. This applies to Lepilemur ruficandatus that extends north
of the Tsiribihina River where it is replaced by L. edwardsi or lives in sympa-
try with some undescribed species of Lepilemur (Thalmann and Rakotoarison,
1994; Tomiuk ez al., 1997; Bachmann ¢t al., 2000). Lemur catta vanishes in the
middle of a continuous forest between the rivers of Mangoky and Morondava
(Petter et al., 1977; Tattersall, 1982). Eulemur fulvus rufus occurs as far south
as the Forét des Mikeas in the west but seems to be restricted by the spiny
forest formations further south rather than by river barriers. Also, the range of
the southern population of Mirza coquereli does not seem to be limited by
major river systems.

An important aspect that has not been taken into account in this hypothesis
is the question whether certain species can or can not “cross-over” these river
barriers towards their inland source as has been illustrated by Ayres and Clutton-
Brock (1992) for South American primate species. Clearly the long lowland
rivers of the west that move across considerable stretches of similar habitat are
very different from the eastern rivers that to some extent drop off the central
highlands and then within a few kilometers empty into the sea (Goodman and
Ganzhorn 2004a). Mirza coquereli from western Madagascar might be a case
where its upper elevational range is far below the level of where river sources
are found and thus it is not possible that it skirts around rivers by passing over the
level of the source. Further, orientation of the rivers will have a major influence
here. If a western river is aligned east-west as opposed to north-south (e.g.,
Mahavavy River) this could have important influence in its role as a barrier.

OPEN QUESTIONS AND RECONSTRUCTION OF
BIOGEOGRAPHIC PROCESSES THROUGH GENETIC
AND COMMUNITY ANALYSES

Recent genetic work has revealed new perspectives and biogeographic implica-
tions for the distributions of extant lemur species and in turn has also created
new questions. There is evidence that Malagasy lemurs are monophyletic and
colonized Madagascar via rafting from Africa (Yoder ez al., 1996; reviewed by
Martin, 2000). The question remains as to where the ancestral lemur landed
and how they spread over the island. One has the impression that previous
geographic analyses assumed that the colonization direction was from the east
to the west. The eastern humid forests have more species than the west and
many species of the east were assumed to be monotypic with wide distributions
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while ranges of extant taxa were smaller in the west. Therefore it seemed logical
that colonization occurred from east to west with subsequent speciation in the
west. The emerging view of eastern lemur taxonomy with many more distinct
taxa makes this assumption obsolete, though possible colonization from India
or even origination of lemurs on the Malagasy/Indian plate is still an option
(reviewed by Martin, 2000; Marivaux et a/., 2001).

Biogeographic analyses needs to be based on evolutionary significant units
that can be identified and, ideally, be put in a phylogenetic context. Both re-
quirements are still incomplete for Malagasy lemurs at lower taxonomic levels.
For eastern lemur taxa evidence is accumulating that some previously assumed
monotypic species actually consist of several genetically and /or morphologically
distinct forms. This applies to Microcebus ct. rufus (Yoder et al., 2000; Pastorini
etal.,2001b), Hapalemur ct. griseus (Fausser et al., 2002), Varecia cf. variegata
variegata (Ross unpubl.), Cheirogaleus ct. major (Thalmann, 2000a; Irwin, un-
publ.; Hapke, unpubl.), and Avahi cf. laniger (Rumpler, 2000). For western
lemur communities it has been demonstrated already that species richness is by
far greater than has been assumed for a long time, but forms that cannot easily
be assigned to recognized taxa are reported from almost any survey.

Another concept that might need revision is the idea of major rivers acting as
barriers, particularly in the west. While they are likely to act as barriers for some
taxa, such as various species of Propithecus, it might be worthwhile to overlay
vegetation changes during the Pleistocene with lemur distributions. During the
Pleistocene the belt of eastern rain forest that has been continuous until very
recently might have been disrupted by montane heath vegetation (Humbert’s
[1955] “High Mountain Domain”) that might have occurred at elevations
some 1000 m lower than at present (Carleton and Goodman, 1996; Burney,
1997). This type of analysis seems only useful once the pending taxonomic
revision of eastern rain forest lemurs have advanced beyond their present stage.

Other analyses of molecular genetic data yielded unexpected results that are
difficult to reconcile with the present ideas of lemur biogeography and their
evolution. Based on mtDNA Propithecus tattersalli groups with P verreanxs
coquerels. If these genetic data will prove to be relevant in evolutionary terms
these two taxa would have to be pooled and contrasted with the other sub-
species/species of P. verreauxsi (Pastorini et al., 2001a). Similarly, the present
taxonomy of Eulemur fulvus needs revision. The western form of what is cur-
rently considered as E. f. 7ufus might have to be considered as a species group,
one of which has to be considered as a taxon that is clearly separate from the
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castern E. f. rufus while the other is closely related to the eastern form (Pastorini
et al., 2000; C. Ross, pers. comm.).

UNSOLVED QUESTIONS AND DISCREPANCIES

The need for taxonomic revision of lemurs has now been stated and illus-
trated repeatedly. This will not be discussed in more detail here (Martin, 2000,
Rasoloarison et al., 2000; Thalmann and Geismann, 2000; Yoder ez al., 2000;
Pastorini ez al., 2000; Zimmermann ez al., 2000; Groves, 2001b). We need to
wait for the new results before any further analyses seem useful. Nevertheless
we would like to illustrate some of the emerging problems below.

In several cases the genetic reconstruction of phylogenetic divergence does
not match similarities in the species composition of extant lemur communities.
This suggests repeated dispersal of different taxa (such as postulated for Prop-
ithecus v. covonatus, see Figure 2) and independent speciation events. The need
for considering rather complex biogeographic scenarios is nicely illustrated by
the reconstruction of the present forms of Lepslemur spp. (Ishak et al., 1992;
Rumpler, 2000; Figure 5).

According to this reconstruction based on chromosomal rearrangements
Lepilemur septentrionalis and L. mustelinus/ L. microdon belong to an eastern
clade while the other forms, including L. dorsalis originated in the west. How-
ever, this reconstruction of phylogenetic evolution does not match zoogeo-
graphic similarities of lemur communities if it is overlaid over a map of the
present distribution of species. Thalmann’s (2000b) analysis of community sim-
ilarities assign L. septentrionalis and L. dorsalis to eastern lemur communities
that are distinguished from communities that contain L. edwardsi, L. rufican-
datus,and L. leucopus (Figure 6). If these genetic and biogeographic analyses are
indeed correct, they indicate that phylogenetic and ecological biogeographic
evolution do not need to coincide.

For the time being there is not a sufficient number of genetic studies available
for comparisons across the island. Nevertheless, based on chromosomal and
molecular data the south of Madagascar seems to be a region where genetic
differentiation occurred in several genera. Similarly to the high and disruptive
species turnover in the north of Madagascar, many taxa of the south seem
separated genetically from their relatives. This has been postulated for Eulemur
(fulvus) collavisand E. ( f2) albocollaris which might have to be raised to species
level (Rumpler, 1975; Wyner et al., 1999; for an opposite view see Pastorini
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Figure 5. Evolutionary tree based on chromosomal arrangements within the genus
Lepilemur superimposed over a distribution map of Lepslemur spp. (modified from
Mittermeier et al., 1994; Rumpler, 2000; Zaramody et al., 2005).

et al., 2000) despite the hybridization of E. (f.) albocollaris with E. f. rufus at
Andringitra (Wyner et al., 2002). In the same region, Hapalemur ct. griseus
meridionalis might also represent a taxon that is distinct from the northern
Hapalemur ct. griseus (Fausser et al., 2002). Similar situations are likely to be
present also in the cheirogaleids (Hapke, pers. comm.).

Up to now distributional data, morphological traits, chromosomal charac-
teristics, and molecular genetics have been used to reconstruct lemur biogeog-
raphy. In some cases these different types of data yield conflicting information
(Yoder, 1997). Reconciliation of the different aspects based on objective criteria



Lemur Biogeography 247
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Figure 6. Phylogenetic relationships of Lepilemur spp. according to Ishak ez al. (1992)
(left) and the occurence of the different Lepilemur species in zoogeographic areas as
depicted in Figure 1. “L. septentrionalis” is composed of two species: L. septentrionalis
and L. ankaranensis (Ravoarimanana et al. (2004); see Fig. 5). This split does not affect

the comparison shown here.

seems difficult for the time being as morphological traits are a result of several
interacting coding genes and they are being compared with sequences of non-
coding DNA, coding DNA, and chromosomal rearrangements of unknown
consequences (for more detailed reviews see Yoder, 1997; Thalmann, 2003).
Some of these discrepancies are summarized in Table 2.

CONCLUSIONS

During the last few decades there have been outstanding advances in the stud-
ies of lemur biology that eventually will lead into a comprehensive analysis of
lemur biogeography that reflects reality. For the time being there is still a long
way to go. But we now know that the eastern taxa might be as diverse and
have distributions that might be as small as their western counterparts. Cer-
tainly, there is no uniform explanation that can account for all biogeographic
phenomena observed. Regional and small-scale processes make analyses compli-
cated (Thalmann and Rakotoarison, 1994; Thalmann et al., 2002), though new
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Table 2. Some examples of discrepancies between morphological characteristics,
chromosomal data, and molecular genetics; extended from Thalmann (2003),
supplemented with data from Fausser ez al. (2002)

Distinction between Morphology Karyotype mtDNA
Propithecus verreauxi coquereli yes yes no
P. tattersalls

P v. deckeni yes no no
P. v. coronatus

Lepilemur edwardsi no yes yes
L. ruficaudatus

Haopalemur g. griseus yes no/yes ” no
H. g. alnotrensis

H. g. griseus

H. g. meridionalis no yes yes
H. g. sspp.

Cheirogaleus spp. yes no yes
Microcebus spp.

7 H. g. alnotrensis with same number of chromosomes but more juxtacentromeric heterochromatin
(Fausser ez al., 2002).

methodological approaches add new tools for biogeographic analyses (Haydon
et al., 1994; Thalmann, 2000b). The recent and ongoing anthropogenic de-
struction of forests makes reconstruction of former biogeographic boundaries
of taxa even more difficult. Therefore some of the issues presented here have to
be considered preliminary and will certainly need revision in the future. First,
it is certain that lemur taxonomy will undergo substantial revision. New taxa
will be added to the present species and replace some of the educated guesses
put forward in the literature at the moment. Second, most field surveys in
poorly known regions of the island yield new insights and unexpected occur-
rences of lemur species. Third, there is an urgent need for a better integration
of molecular and morphological traits and for a better understanding of the
biological relevance of molecular data that will allow biologically meaningful

interpretations.
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CHAPTER NINE

Mouse Lemur
Phylogeography Revises a
Model of Ecogeographic

Constraint in Madagascar
Anne D. Yoder and Kellie L. Heckman

ABSTRACT

Mouse lemurs (genus Microcebus) are small nocturnal primates that are ubiquitously
distributed throughout Madagascar. Until the past decade or so, it was believed that
there were only two species, one that occupied the eastern regions of Madagascar (M.
rufus) and one that occupied the western regions of Madagascar (M. murinus). Inten-
sive field studies, accompanied by genetic analysis, have revealed that the two species
taxonomy vastly underestimates the actual species diversity, however, with eight species
now recognized. There are numerous indicators that even the eight species taxonomy is
an insufficient representation of their actual evolutionary diversity. Our chapter reviews
some of the evidence both for the presently acknowledged species diversity, and clarifies
the evidence for supposing that there are other species yet to be identified. Primarily, the
chapter focuses on the unexpected phylogeographic patterns revealed by mitochondrial
DNA analysis. These data show that mouse lemur species do not form western and
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eastern clades, as ecogeographic evidence might suggest. Rather, there appears to be
a historical separation of species into northern and southern clades. We emphasize the
point, however, that this latter pattern is based on incomplete species and geographic
sampling. Only complete sampling of populations from all regions of Madagascar will
reveal the true historical patterns of mouse lemur evolution.

Key Words: molecular systematics, Strepsirhini, cheirogaleids

INTRODUCTION

Phylogeographic methods involve determining the historical relationships
among gene lineages with attention to the contemporary spatial distribution of
those lineages. In other words, the methodology entails deriving a gene tree for
an array of individuals and /or taxa and then mapping that tree onto the geo-
graphic localities whence the individual DNA samples were collected. By doing
so, one can potentially examine the effects of putative geographic barriers to
gene flow. If geographic samples are reciprocally monophyletic with respect to a
putative geographic barrier (Figure 1a), then that barrier is often inferred to
have inhibited the dispersal of individuals and their genes. If, on the other hand,
the geographic samples are not reciprocally monophyletic (Figure 1b), then we
can infer either that the barrier is not a barrier at all, or that the barrier arose
too recently yet to be recorded in the genetic data. Because these methods have
a concern both for spatial patterning of individual alleles and for their historical
relationship to other homologous alleles, phylogeography has emerged as the
theoretical bridge that unites the traditionally distinct fields of phylogenetics
and population genetics (Avise et al., 1987; Avise, 1989).

?@

Figure 1. Schematic diagrams comparing models in which haplotype relationships

show: (a) reciprocal monophyly with respect to a putative biogeographic barrier (wavy
line) between two localities; versus (b) those that do not show reciprocal monophyly,

indicating gene flow across barrier.
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To date, phylogeographic studies have focused primarily on mitochondrial
DNA (mtDNA) (e.g., Avise et al., 1992; Da Silva and Patton, 1993; Taberlet
and Bouvet, 1994; Ward, 1997; Avise and Walker, 1998; Eizirik ez al., 1998;
Lucchini and Randi, 1998; Bensch and Hasselquist, 1999). Advantages of
mtDNA for phylogeographic studies were highlighted by Avise et al. (1987)
in their seminal paper: mtDNA is distinctive yet ubiquitously distributed, is
easy to isolate, amplify, and sequence, has a simple genetic structure, is non-
recombining and uniparentally inherited, and evolves rapidly enough to pro-
vide information at even intra-populational levels. Yet, there are regions in the
mtDNA genome conserved enough to be informative at much higher taxo-
nomic levels. Despite all these advantages, reliance on mtDNA alone has been
criticized (Pamilo and Nei, 1988; Hare, 2001; Ballard and Whitlock, 2004).
Because the mtDNA genome is nonrecombining, one is examining a single lo-
cus, no matter how many mitochondrial genes one chooses to sequence. And,
because it is maternally inherited, it is possible that organismal mating pat-
terns (e.g., strong female philopatry) can potentially skew the results (Hoelzer,
1997). Several empirical and theoretical studies have indicated, however, that
this may not be as problematic as has been suggested (Pamilo and Nei, 1988;
Avise, 1992; Moore, 1995). Also, the problems associated with nuclear DNA
(nDNA) markers are not trivial. Avise (1998) summarizes these as two: (1) it
is difficult to isolate single alleles from a diploid organism; and (2) it is difficult
to find markers that are accumulating mutations rapidly enough for fine-scale
resolution, but are free of recombination. Consequently, even though nDNA
markers are increasingly more common in phylogeographic studies (Hammer
et al., 1998), their use is still limited and largely in conjunction with mtDNA
markers.

Given the various issues described above, one is typically faced with a single
gene tree (usually mtDNA) for a taxonomically focused group of organisms.
Even though striking patterns might present themselves in such an analysis, one
might well ask, “how much about geographic structuring can safely be inferred
from such limited data?” Clearly, inferences must be limited, especially given
that stochastic processes such as isolation by distance can readily create similar
patterns (Irwin, 2002). As a means for extending the power of such analyses,
the newly emerging field of comparative phylogeography has been offered as
a method for the investigation of “landscape evolution,” including patterns of
gene flow and genealogical vicariance, even in the absence of an a priori hypoth-
esis of localized barriers to gene flow (Bermingham and Moritz, 1998). Da Silva
and Patton (1998) detail the logic of the approach, which essentially involves
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the comparison of phylogeographic patterns for multiple co-distributed species.
First, the observation of reciprocally monophyletic groups offers support for
long-term spatial barriers to gene flow. Second, geographically concordant phy-
logenetic gaps for different taxa can identify common boundaries and/or his-
torical events. Thus, these multiple vicariant biogeographic histories can be
used as evidence for interpreting the biogeographic history of a region. Studies
employing this method are growing in number, and show mixed results. While
some have shown congruent patterns among the organisms, thereby indicating
strong biogeographic patterns (Da Silva and Patton, 1998; Moritz and Faith,
1998), others have not (Zink, 1996; Taberlet ¢t al., 1998).

Landscape Evolution in Madagascar

Madagascar has long been recognized as an island of rare floral and faunal diver-
sity. At present, it lies approximately 350 km to the east of Africa at the narrowest
point of the Mozambique Channel and is otherwise completely isolated from
other significant landmasses. The complex relationship between geological his-
tory and geographic isolation has conspired to create its unique assemblage of
organisms. The Malagasy flora and fauna are a fascinating mix of singularity and
diversity, singular due to the island’s ancient isolation, and diverse due to the
complexity of its topography and ecology. Due to its large surface area, and its
varied assortment of microclimates and habitats, it is often referred to as a mini-
continent (de Wit, 2003). Much of Madagascar’s ecological variation relates to
its sharply asymmetrical topography. The eastern edge, where it was once con-
joined with India, is ruggedly mountainous, abruptly rising from the Indian
Ocean to attain elevations of 2000 m, and is characterized by moist evergreen
rainforest. Altitudes gradually diminish to sea level in the west, where the vege-
tation is predominated by dry deciduous forest. There, rainfall is sharply lower,
with the extreme southwest receiving less than 35 cm/yr of rainfall. The inter-
vening central plateau is composed primarily of depauperate grassland. Prelim-
inary analyses indicate that the inherent dissimilarities in topography between
eastern and western Madagascar have important bearing on the biogeography
of these two portions of the island (Goodman and Ganzhorn, 2004b, 2004a).

Early in the 20th century, the prevailing view of Madagascar’s presettlement
landscape was that human habitation was entirely responsible for the abrupt
disjunction between east and west, and that prior to the arrival of humans,

Madagascar was entirely covered by closed forest formations with wildfire vir-
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tually absent (Humbert, 1927; Perrier de la Bathie, 1927). Analyses of palyno-
logical and geological data show, however, that much of Madagascar’s central
plateau has long been characterized by a mosaic of woodlands, shrublands,
and grasslands (Burney, 1997). Moreover, analysis of Madagascar’s topogra-
phy, in concert with climatological and paleogeographic data, indicate that the
“eastern edge” watershed has concentrated rain on the east coast and desic-
cated the west since the late Cretaceous (Wells, pers. com.). Superimposed on
this east/west asymmetry is a north /south climatic gradient, most obvious in
the west, wherein the island tends to become progressively drier in a north to
south progression. In sum, these data suggest that disparate eastern and western
ecological communities might have provided a separate suite of ecogeographic
characteristics in which terrestrial vertebrates were able to diversify into the

variety of forms that we observe today.

Inferring Big Patterns with Small Primates

The model of ecogeographic constraint summarized above presents a number
of questions that can potentially be addressed with phylogeographic data. Most
obviously, the long-term separation and ecological distinction between eastern
and western habitats would suggest that organisms with limited means of dis-
persal (e.g., terrestrial vertebrates) that are distributed along both coasts might
show strong historical roots within their respective geographic locales. Intu-
itively, congeneric species distributed along one coast would be more closely
related to each other than to congeners distributed along the opposite coast
and the range of individual species within a genus would not extend to both
coasts. This pattern of east/west distribution is found commonly in range dis-
tributions for the majority of lemur species (Mittermeier ez al., 1994). In fact,
there are few examples of lemurs that do not exhibit a disjunct distribution
(see Simons, 1993; Mittermeier et al., 1994; Sterling, 1994). It is important to
note, however, that with the inclusion of subfossil specimens, many exceptions
to the general pattern of east/west species disjunction can be observed, also
with evidence for a potential dispersal corridor between east and west across
the central highlands (Godfrey ez al., 1999).

Until the late 1970s, Microcebus was considered monotypic by most
authorities, containing only the species murinus (Schwarz, 1931). Upon
broader geographic sampling and increased research activity, researchers who
were studying mouse lemur populations reached the conclusion that there were
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actually two species in the genus (Martin, 1972, 1973; Petter ¢t al., 1977). One
was a dry-adapted form that was restricted to the western portions of Madagas-
car, and the other was a wet-adapted form found in the eastern forests. The first,
which retained the name murinus, was typified as a long-eared gray form, and
the second, that was given the name M. rufus, was typified as a short-eared red-
dish form. Thus, the two species taxonomy emphasized both ecogeographic
and morphological distinctions between the two mouse lemur types. Martin
(1973) made particular note of the differing habitats and ecological constraints
that appeared to define the two species, with M. murinus inhabiting dry de-
ciduous and spiny desert forest and specializing on insectivory, and M. rufus
inhabiting humid rain forest and showing dietary tendencies towards omnivory.
Thus, the idea that both ecological and biogeographic mechanisms maintain
species separation was an implicit assumption of the two-species taxonomy.

The two-species classification remained stable until relatively recently. Within
the part decade, that classification has been radically altered. The revision
began with the discovery that two distinct mouse lemur forms occur in
non interbreeeding sympatry at the western locality of the Kirindy Forest
(Kirindy/CFPF). One is the typical M. murinus of dry forests and the other
is a distinctly smaller rufus-colored animal. The authors of that study (Schmid
and Kappeler, 1994) concluded that the second form fit with the original di-
agnosis of M. myoxinus. Subsequently, a much larger mouse lemur type, also
sympatric with M. murinus, was described from the northwest and designated as
M. ravelobensis. More recently still, the number of mouse lemur species has been
doubled by a morphological study that sampled broadly throughout western
localities (Rasoloarison et /., 2000).

In collaboration with the authors of that most recent study, Yoder and col-
leagues undertook a mtDNA phylogeographic study of the same western popu-
lations along with several eastern populations (Yoder ¢z al., 2000). The purpose
of the study was both to test the species designations proposed by Rasoloarison
et al. (2000) and to identify the historical relationships among the various pop-
ulations sampled by that study. To accomplish these goals, we initially adopted
a null hypothesis of species homogeneity and accordingly selected a rapidly
evolving mtDNA marker likely to show variation at the intraspecific level. We
sequenced an approximately 500 base pair segment of the mtDNA control re-
gion, homologous with the hypervariable region one region in humans (HV1),
for all 118 individuals sampled by our study. Samples of M. rufus from two
eastern localities were included and originally intended to serve as outgroups
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to the western populations. HV1 showed surprisingly high levels of sequence
variation and yielded a tree wherein there were well-resolved clades that are per-
tectly congruent with the morphological species designations of Rasoloarison
et al. (2000) but whose interrelationship could not be determined due to poor
internal resolution (Figure 2). The latter result is presumably due to saturation,
and in fact, was our first indication that the null hypothesis of a single species
might be incorrect. The HV1 tree was also surprising in that the two popu-
lations of M. rufus do not form a clade, and instead, are both nested within
clades that contain western populations. To attempt better resolution of deeper
nodes, we sub-sampled individuals from each of the well supported HV1 clades
and sequenced them for the more conserved cytochrome oxidase subunit II
(684 bp) and cytochrome & (1140 bp) genes.

The combined analysis of the three mtDNA markers yields a tree in which
the nine terminal clades from the HV1-only analysis are identically resolved
(Figure 3) and has the additional strength of resolving two deep clades with
strong support, thereby allowing a test of the east/west biogeographic con-
straint hypothesis. If this hypothesis held, we would expect a phylogeographic
scenario much like the one illustrated in Figure 4 wherein individuals sampled
from eastern localities would form one clade, and those from western localities
would form another. An entirely different pattern emerged, however. As had
been suggested by the HV1 analysis, there is no clear grouping into eastern and
western clades. Rather, the populations sampled appear to form northern and
southern clades (Figure 5). Aside from the departure from expectation, this
result is surprising in that it is difficult to surmise what is, or could have been,
the biogeographic barrier separating northern and southern mouse lemur com-
munities. One possibility is highlighted by Pastorini et 2/., (2003) who demon-
strated the importance of rivers as barriers to gene flow for multiple populations
of lemurs along the west coast. In that study, the authors found that both the
Tsiribihina and the Betsiboka rivers were significant isolating mechanism for a

number of lemur species and subspecies along the west coast of Madagascar.

Testing the Reality of the Pattern

To summarize, mouse lemurs show historical relationships that indicate close
connections between eastern and western populations across similar latitudes,
thereby falsifying any notion that the ecogeographic disjunction between
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Figure 3. Distance tree of 2404 bp of combined HV1, cytochrome & and COII. Tree
was generated in PAUP* 4.0b4a (PPC) (Swofford, 1998) by using HKY85 correction
and weighted least squares (power = 2) algorithm. Location of midpoint root was
confirmed by multiple outgroup rootings. Numbers on branches indicate statistical
support from 100 bootstrap replicates with one random addition per replicate. Circled
numbers highlight bootstrap support for two primary clades.

eastern and western habitats serves as an insurmountable barrier to dispersal.
Moreover, an unexpected pattern of northern and southern clades emerged.
Our results are mirrored to some extent by a study by Pastorini ez a/., (2000) in
which she also found that putative M. 7ufus are in a clade with M. ravelobensis

Figure 2. Distance tree of 118 mouse lemur mtDNA haplotypes derived from 580 bp
alignment of control region sequence homologous with HV1 in humans. Individuals are
identified by unique laboratory extraction number (Yoder Lab Extraction; YLE) and by
locality. Tree was generated in PAUP* 4.0b4a (PPC) (Swofford, 1998) by using HKY85
correction and weighted least squares (power = 2) algorithm. Branches are proportional
to expected number of changes per site. Numbers on branches indicate statistical support
from 100 bootstrap replicates of the “fast” stepwise-addition algorithm for species-level

clades. Tree was rooted with Propithecus and Varecia (not shown).
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Figure 4. Phylogeographic model of mtDNA haplotypes that would be consistent
with predicted east/west biogeographic disjunction.

from the northwest that excludes M. murinus, also from the west. That study did
not address the north/south pattern observed in our study, however, due to its
limited geographic sampling. On the other hand, the pattern of a north/south
disjunction observed in the Yoder et a/. (2000) study may simply be a conse-
quence of limited sampling of M. murinus from north of the Tsiribihina River.
To sufficiently test these biogeographic patterns in Microcebus, we need to ex-
pand our sampling of mouse lemurs from the northwest and from all regions
of the east (work in progress) and include subfossil specimens from the central
plateau (Godrey et al., 1997). Furthermore, we need to expand our genetic
sampling beyond the confines of the mitochondrial locus. To that end, we are
assembling sequence data from a suite of independently segregating nuclear
loci. Thus far, analysis of these data further indicate the lack of any east/west
structuring of mouse lemur populations or species (Heckman ez al., in prep.).

The indication of a primary north /south biogeographic division in Madagas-
car is suggested by recent studies of other Malagasy lemurs. Within the species
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Figure 5. Actual phylogeographic structure of mtDNA haplotypes sampled by the

Yoder et al. (2000) study. Note strong statistical support for primary division into north-
ern and southern clades. Pattern is subject to further testing with additional geographic

and haplotype sampling.

Eulemur fulvus, a north/south split is seen between subspecies marked in the
west by the Betsiboka River (Pastorini et al., 2000), rather than the Tsiribihina
River as in the Yoder ez al. (2000) study. In addition, in a study of the Indridae
Pastorini et al. (2001) show an essential split of P. verreauxi into northern and
southern clades also separated by the Betsiboka River. Looking more broadly, an
example of biogeographic pattern outside of lemurs is found in the chameleon
genus Calumna, where strong evidence for regional structuring of southern
populations from western and northern populations is found. In the Calumna
study, however, sampling locations are limited and results may represent a pat-
tern of isolation by distance (Russell ¢z al., in prep.). This work is ongoing, and
as with the mouse lemur study, additional intervening populations are being
sampled.

In the meantime, the mouse lemur data confirm the fact that the biogeo-
graphic and ecological separation between western and eastern habitats has not

been particularly restrictive to interpopulation gene flow among mouse lemur
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populations. Future studies will focus on increased sampling of taxa, localities,
and ecosystems throughout Madagascar. Such multi layered analysis is the key
to revealing patterns that are of universal impact, versus those that are merely

idiosyncratic.
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CHAPTER TEN

Abiotic and Biotic Factors
as Predictors of Species

Richness on Madagascar
Nancy J. Stevens and Patrick M. O’Connor

ABSTRACT

Madagascar contains a diversity of endemic species. Yet levels of species richness vary
among the isolated habitats scattered across the island. A number of ecological factors
have been advanced to account for patterns of species richness. In particular, abiotic fac-
tors such as habitat area, latitude, altitude, temperature, and rainfall have been suggested
to account for ultimate differences in the number of species a habitat may support. Bi-
otic variables such as vegetation type have been suggested as more proximate factors in
determining the diversity of habitats available for animals to occupy. Several studies have
included Malagasy locales in evaluating large-scale relationships between ecological vari-
ables and species richness (e.g., Reed and Fleagle, 1995, Fleagle and Reed, 1996; Ecley
and Lawes, 1999; Emmons, 1999; Ganzhorn ez al., 1999). This study combines data
on geography, topography, climate, and vegetation with species lists from 27 national
parks, reserves, and other protected areas to specifically address biogeographic patterns
of species richness on Madagascar. Ecological variables are considered individually in
order to determine which biotic and abiotic factors may best predict primate, mammal,
bird, reptile, and amphibian richness.
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INTRODUCTION

Madagascar is home to a wide range of endemic forms (e.g., Harcourt and
Thornback, 1990; Wright, 1997). Over 53% of its birds, 90% of its known
plant and invertebrate species, 95% of its reptiles, and nearly all of its fresh-
water fishes, amphibians, tenrec insectivorans, cricetid rodents, carnivorans,
and primates are unique to the island (Perrier de la Bathie, 1936; Albignac,
1972; Koechlin, 1972; Tattersall, 1982; Blommers-Schlosser and Blommers,
1984; Wilmé, 1996; Fisher, 1997; Raxworthy ez al., 2002; de Wit, 2003).
Such endemicity has made Madagascar the darling of biogeographers for some
time (Wallace, 1876), but the consensus among researchers is increasingly
grim: many of these species are in rapid decline, as a combination of habi-
tat destruction and hunting threatens much of the island’s flora and fauna
(e.g., Ratsimbazafy, 2002). Indeed, a great deal of research has documented
habitat loss (e.g., Green and Sussman, 1990; Myers et al., 2000) and even
postulated the characteristics that make some species more vulnerable to ex-
tinction than others (Jernvall and Wright, 1998; Wright and Jernvall, 1999;
Wright, 1999a). The effects of recent extinctions upon biodiversity in Mada-
gascar have been explored (Godfrey et al., 1997; Simons, 1997), while at the
same time a surge in conservation efforts has helped to create national parks
and reserves to preserve as much of the remaining habitat as possible (e.g.,
Wright, 1997). In order to develop such protected areas, many habitat frag-
ments have been censused (Goodman ez al., 1996, 1997, 1999; Johnson and
Overdorft, 1999; Irwin et al., 2000; Goodman and Benstead, 2003). As a re-
sult, a good deal is known about species compositions in many of the habitat
islands.

One thing is clear: levels of species richness are quite different among the
isolated habitats scattered across Madagascar. Some of these differences may be
related to vicariant and dispersal patterns by which animals came to live in dif-
ferent areas on Madagascar (de Wit, 2003; Goodman et al., 2003; Raxworthy,
2003; Yoder, 2003). Species richness likely reflects other historical or anthro-
pogenic factors, such as climate change (Burney, 1997) and /or human activities
(Dewar, 1997). Indeed, much research on Malagasy biogeography has focused
on these issues (e.g., Goodman and Patterson, 1997). But the fact remains that
some habitats may have ecological properties that allow them to support more
species than do other habitats (Ceballos and Brown, 1995). Efforts have been
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made to understand the intrinsic ecological characteristics of certain species in
order to provide for them on a case-by-case basis (e.g., Ratsimbazaty, 2002).
Fewer recent studies have concentrated on identifying the types of habitats that
maximize species richness on Madagascar.

Ecological approaches may lend insight by characterizing environments
based on differing biotic and abiotic factors. Such factors are suggested to
account for patterns in the number of species present in a given locale. Abiotic
factors thought to account for ultimate differences in species richness include
habitat area (Darlington, 1957; Terborgh and Winter, 1980; Pianka, 1994;
Reed and Fleagle, 1995), latitude (Stevens, 1989; Eeley and Lawes, 1999), al-
titude (Donque, 1972), temperature (Pianka, 1994), and rainfall (Fleagle and
Reed, 1996; Ganzhorn, 1997). Biotic variables such as vegetation type have
been advanced as more proximate factors in determining the diversity of habi-
tats available for animals to occupy (Paulian, 1961; Humbert, 1927, 1965;
White, 1983; Pianka, 1994). The next section discusses the relationships be-
tween these factors and species richness individually.

ABIOTIC FACTORS

The topography of Madagascar provides for a range of habitat types (de Wit,
2003). The island rises in elevation from its coastlines to 2876 m at the highest
peak in the Tsaratanana massif (Battistini and Rechard-Vindard, 1972), en-
compassing a number of altitudinal belts with different habitat characteristics
(Donque, 1972). Many natural barriers exist on the landscape, including eleva-
tional clines (Battistini and Rechard-Vindard, 1972) and hydrological barriers
(Aldegheri, 1972). In particular, some river systems are thought to play a role in
separating primate habitats from one another (Martin, 1972). Topography also
influences climate (Brenon, 1972; Donque, 1972), and is largely determined
by geological features. This study considers these five related abiotic factors:
habitat arven, latitude, altitude, temperature, and rainfall.

Area

Habitat area has long been suggested to be a leading determinant of species
richness. Two explanations for species-area relationships have been put forth.
One mechanism to explain higher numbers of species in larger habitats is that
large areas may support larger population sizes, which in turn could have a lower
vulnerability to stochastic extinction events (Terborgh and Winter, 1980).
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An alternate view is that habitat area is merely a proxy for habitat diversity
(e.g., topographical diversity), and that area, itself, has no direct bearing upon
species richness (e.g., Brown, 1988). This view predicts higher levels of habitat
heterogeneity in larger habitats. As such, it views habitat area as a proxy for
other ecological factors that ultimately result in species richness. More diverse
habitats may supporta greater number of species (Terborgh and Winter, 1980).
This study predicts both more habitat diversity and greater species richness in
larger locales.

Latitude

Studies examining large-scale biogeographic patterns often find relationships
between the number of species present and the latitude of a given locale (e.g.,
Rapoport, 1982; Stevens, 1989; Ruggiero, 1994; Eeley and Foley, 1999; Eeley
and Lawes, 1999; Harcourt, 2000). In general, species richness tends to increase
towards the equator. Whereas there is likely no dérect relationship between
species richness and latitude, a number of explanations have been offered to
explain latitudinal patterns. For example, species richness at lower latitudes may
reflect habitat area; Peres and Janson (1999) observe that latitude relationships
in South America may be confounded by the fact that it is wider near the
equator and tapers off further south. The same is true for continental Africa.
From the standpoint of climate, ascending in latitude has also been likened to
moving toward higher altitudes (Pianka, 1994). Moreover, Madagascar has a
north-south component in both its temperature and rainfall patterns (Donque,
1972). For these reasons, latitude relationships tend to sample richness at one
of the coarsest scales. This study predicts that if there is a relationship between

species richness and latitude, more species will be found at lower latitudes.

Altitude

Altitude can affect species richness in different ways. Goodman ez al. (1996)
have observed higher rodent and insectivore species richness at montane alti-
tudes in Andringitra, whereas Hawkins et 2l. (1998) have demonstrated greater
bird richness at lower altitudes at Anjanaharibe-Sud.

The island of Madagascar slopes upward steeply from the eastern coast to-
ward the central plateau, and more gently down toward the western coast. The
plateau has an additional downward slope in the northern direction, and accom-
modates the Tsaratanana, Andringitra, and Ankarana massifs, all of which are
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higher than 2500 m (Donque, 1972). This study examines whether mountain-
ous or sea level environments support greater species richness in Madagascar. It
predicts that locales with larger altitudinal ranges should include more habitat
zones and higher species richness. In addition, the topography of Madagas-
car may help to explain climate patterns found in individual locales (Donque,
1972). High altitude can affect climate both by lowering temperatures, and by
altering rainfall patterns (Donque, 1972). The individual effects of temperature
and rainfall are discussed next.

Temperature

Both mean annual temperature and annual temperature range have the potential
to affect patterns of vertebrate species richness. The bulk of the Madagascan
landmass resides in the intertropical zone (Koechlin, 1972), which results in a
largely tropical climate on the island (Figure 1). Yet Madagascar extends from
the subequatorial region in the north, to the subtropical zone in the south
(Donque, 1972).

Temperatures in the far south have a greater range of variability in compari-
son to those in the subequatorial region (Donque, 1972; Koechlin, 1972). For
example, along the east coast, northern Diego Suarez experiences as little as 3°C
differences in monthly average temperature, whereas southern Fort Dauphin
experiences a nearly 7°C range (Donque 1972). Western localities show a sim-
ilar pattern of increasing annual range of temperature with increased distance
from the equator (Donque, 1972). In studies of global biogeographic patterns,
higher species richness is often found in warmer, less seasonal climates (Wright
et al., 1993). This study examines patterns of species richness with mean annual
temperatures in each locale. It predicts higher species richness in subequatorial
environments with fewer annual fluctuations in temperature.

Rainfall

Rainfall has been suggested to exert an influence upon species richness patterns
(Reed and Fleagle, 1995; Peres and Janson, 1999; Emmons, 1999). Studies
looking at more global patterns of primate species richness have sampled well-
studied Malagasy locales that represent extremes in rainfall patterns, such as the
eastern rain forest, Ranomafana and the western dry forest, Morandava (e.g.,
Reed and Fleagle, 1995; Fleagle and Reed, 1996). Areas with higher rainfall
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Figure 1. Temperature maxima and minima across Madagascar. Modified from
Donque (1972).

generally possess greater species richness than do areas with lower rainfall. Ex-
amining these patterns over 27 locales within Madagascar should facilitate a
more robust investigation to see if these patterns of species richness are main-
tained at a smaller spatial scale.

The eastern border of Madagascar experiences climatic influences generated
by the warm, humid southeast Trade Winds (Donque, 1972; Koechlin, 1972).
These winds are responsible for heavy rainfall (>1500 mm) along the east-
ern coast and along the eastern slopes of the high plateau (Koechlin, 1972).
In contrast, western slopes receive very little humidity from the Trade Winds
(Figure 2). Instead, the western coast receives its seasonal moisture from the
monsoon regime that originates from the north (Koechlin, 1972). In general,
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Figure 2. Average annual rainfall on Madagascar, based on Humbert (1965). Modi-
fied from Donque (1972).

the dry season is brief along the east coast and almost continuous in the far
south. Perhaps the combination of Trade Winds and monsoons helps to create
diverse climate zones that support the higher primate species richness in Mada-
gascar relative to South America, Africa, and Asia observed by Reed and Fleagle
(1995). This study predicts greater levels of species richness in areas with higher

annual rainfall.

BIOTIC FACTORS

Biotic variables such as vegetation diversity may have a more proximate in-
fluence on species richness than the abiotic factors discussed above. Different
habitats possess different plant types (Paulian, 1984). For example, tropical rain
torests possess vines, epiphytes, and broad-leafed plants, whereas evergreens and
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smaller forms are common in colder areas of high latitude or altitude (Pianka,
1994). Deciduous trees are generally found in seasonal temperate zones that
have moderate rainfall (Pianka, 1994). Various forms of sclerophyllous (thick-
leaved) evergreen plants are often found in areas that experience a pronounced
dry season of long duration (Pianka, 1994).

Most classifications of the vegetation of Madagascar are based upon phyto-
geographic regions (Humbert, 1965). Humbert divided Madagascar’s vegeta-
tion into an eastern and a western component, based on coarsely defined plant
types. White (1983) refined the phytogeographic regions into subregions, or
domains. He divided the eastern region into eastern, central, high mountain,
and sambirano domains, and the Western region into western and southern do-
mains, in order to more accurately reflect the distribution of plant types in each
region (Figure 3). Plant types are more easily identified from a distance than
are individual individual species, and may be evaluated by large-scale analyses,
(e.g., remote sensing by Humbert, 1965; Green and Sussman, 1990; Smith
et al., 1997). Because many floral habitats of Madagascar occur in remote
areas, most plant species compositions are yet to be evaluated (DuPuy and
Moat, 1996). An understanding of individual plant species distributions and
dispersal patterns may eventually assist in fine-tuning biogeographical patterns
(Lowry et al., 1997). For the purposes of this study, habitat types will follow
White’s (1983) classification, with greater vertebrate species diversity predicted
in locales with more habitat domains.

Habitat fragmentation as a result of human activities such as mining, log-
ging, and agriculture has also exerted a profound impact upon many Malagasy
species (Tattersall, 1982; Jolly and Jolly, 1984; Green and Sussman, 1990;
Wright, 1997), a reminder that not all patterns of species richness are likely to
be explained by the non-human agents considered in this study.

It is clear that a number of ecological variables differ among locales in
Madagascar. These abiotic and biotic factors may play a role in maintaining lev-
els of species richness. Although some studies have included the better-known
Malagasy national parks in evaluating large-scale relationships between eco-
logical variables and species richness (e.g., Reed and Fleagle, 1995; Ceballos
and Brown, 1995; Fleagle and Reed, 1996; Ganzhorn ¢t al., 1999; Eeley and
Lawes, 1999; Emmons, 1999), few have included numerous locales in different
regions of Madagascar to examine patterns of vertebrate richness on the island.
This study combines data on geography, topography, climate, and vegetation
with species lists from 27 national parks, reserves, and other protected areas in
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Figure 3. Vegetation classification of phytogeographic domains on Madagascar. Mod-
ified from White (1983).

Madagascar in order to determine which factors best predict vertebrate species

richness.

METHODS

Data on ecological variables and species richness in national parks, special re-
serves, and other protected areas were compiled from the literature (Table 1 and
Figure 4). Raw data were obtained from Humbert (1965); Donque (1972);
Koechlin (1972); White (1983); Nicoll and Langrand (1989); Evans et al.
(1994); Mittermeier et al. (1994); Raxworthy and Nussbaum (1994, 1996);
Stephenson et al. (1994); Jenkins et al. (1996); DuPuy and Moat (1996);
Goodman (1996, 1998); Sterling and Ramaroson (1996); Goodman and
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Table 1. Raw data included in analysis

Reserve Type Area Latitude Min Alt Max Alt Alt Range Rainfall HiTemp LoTemp
Isalo}2:345.6.7 PN 81540 22 514 1268 754 850 30 14
Ranomafanal+?:3:4:5.6.7.8,10 PN 42000 21.1 800 1200 400 2600 30 14
Montage d’Ambrel2:34567.18 PN 18200 12.3 850 1475 625 2378 25 19
Bemarahal2:3:45.6.7 RNI 2E+05 18.5 150 750 600 35 19
Andohahela!:2:3:45.6.7.9.11 RNI 76020 24.5 90 1972 1882 1700 35 9
Zahamenal:2:3:4:5.6.7 RNI 73160 17 750 1512 762 1750 30 14
Ankarafantsikal-? RNI 60520 16.1 80 333 253 1250 35 19
Marojejy!2:3:45:6.7.10 RNI 60150 14 75 2133 2058 3000 30 19
Tsaratananal-23:4.5.6.7.10 RNI 48622 13.75 227 2876 2649 25 9
Tsimanampetsotsal:2:3:4:5.6.7 RNI 43200 24.1 38 114 76 350 35 14
Andringitral 234567891014 RNI 31160 22 650 2008 1958 30 5
Namorokal-2:3:4:5:6.7 RNI 21742 162 71 227 156 1160 35 19
Lokobe!:2:3:4:5.6.7 RNI 740 132 0 430 430 2250 35 15
Manongarivo!2:3:4.5:6.7 RS 35250 13.75 155 1876 1721 35 19
Analamera!2:3:4:5:6.7 RS 34700 124 10 608 598 1250 30 19
Anjanaharibe-Sud!- 234567910 RS 32100 144 500 2064 1564 2000 30 14
Kalambatritral:2:3:4.5.6.7.12 RS 28250 232 1300 1500 200 30 9
Ankaranal:2:3:45.6.7 RS 18220 125 50 409 359 1890 30 19
Andranomenal-2:34.5.6.7 RS 6420  20.1 0 100 100 1200 35 14
Ambohitantely!-2:3:45.67.15.16.17 Rg 5600 18.1 1448 1662 214 1678 30 9
Manombo'+2:3:4:5.6.7.13 RS 5020 23 0 137 137 2500 30 14
Boral:2:3:45.6.7 RS 4780 14.75 115 411 296 1800 35 19
Cap Sainte Marie!-2345.6.7 RS 1750 25.3 110 199 89 350 35 14
Beza-Mahafaly!:2:345:6.7.9 RS 580 234 100 200 100 550 35 14
Nosy Mangabe!:2:3:45.6.7 RS 520 15.3 0 332 332 3680 30 19
Pic d’Ivohibe!:2:34.5.6.7 RS 3453 223 775 2060 1285 3000 28 9
Analamazaotra!+2:3:4:5.6.7.9,10 RS 810 182 930 1040 110 1700 24 14

Patterson (1997); Schmid and Smolker (1998); Feistner and Schmid (1999);
Goodman and Pidgeon (1999) and references therein, Andrianarimisa ez al.
(2000); Goodman and Rakotondravony (2000); Irwin et al. (2000); Goodman
and Rasolonandrasana (2001); and Ratsimbazafy (2002). Species richness was
defined as the number of primate, mammal, reptile, bird, and amphibian species
recorded from each locale. Some authors have suggested that species richness
patterns are potentially unstable because of disagreements on the degrees and
types of attributes that constitute species-level distinctions (Harcourt, 2000).
In this study, patterns of vertebrate richness were also compared at the generic
level to assess how well ecological variables predict richness at different taxo-
nomic scales.

Potential sources of error in species lists may arise from different methodolo-
gies used to survey individual locales (Ricklefs and Schluter, 1993; Johnson and
Overdorft, 1999). Additionally, many lists are based on short-term surveys that
may not reliably reflect inhabitants due to seasonal or yearly fluctuations in pop-
ulation size, or as a result of sampling only a portion of a given habitat (Irwin
et al., 2000). Perhaps most importantly, short-term surveys can potentially
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Table 1. (Continued)

TempRan # Dom D Pri Primates Mammals Reptiles Amphib Birds DPr Gen Prim G Mam G Rept G Amp G Bird G

16 1 3 3 7 4 55 3 3 9 3 54
16 1 7 12 29 16 33 98 4 9 24 9 10 79

6 1 2 7 16 46 24 73 1 6 15 15 63
16 1 3 7 15 8 53 3 7 15 7 47
26 4 7 17 51 62 49 127 5 12 33 0 57
16 2 6 12 12 9 72 5 11 11 8 60
16 1 3 7 15 38 5 102 2 6 13 30 5 79
11 3 4 9 22 26 34 103 3 8 19 10 9 80
16 2 4 7 13 9 24 54 2 5 10 5 6 48
21 1 2 3 11 12 72 2 3 11 11 60
25 3 10 15 49 49 78 106 5 10 27 16 10 77
16 1 2 4 9 6 3 56 2 4 9 6 3 51
20 1 1 3 3 30 17 1 3 3 20 17
16 1 3 8 20 33 15 60 2 7 17 21 5 49
11 1 3 7 12 5 59 2 6 11 5 55
16 2 5 11 38 40 53 94 4 10 26 20 9 72
21 1 2 5 12 6 52 2 5 12 5 43
11 1 4 11 16 34 87 3 9 16 22 75
21 1 2 7 17 23 45 2 7 17 19 41
21 1 1 3 12 17 17 51 1 3 10 9 7 50
16 1 3 5 11 5 54 3 5 11 4 51
16 1 2 2 3 2 50 2 2 3 2 46
21 1 0 1 4 5 14 0 1 4 5 12
21 1 2 5 13 25 62 2 5 13 20 52
11 1 2 5 9 16 39 2 5 9 13 36
19 2 2 2 5 39 2 2 5 37
10 1 6 11 34 29 24 111 5 10 25 17 7 88

Raw data used in this study were obtained from the following sources:

INicoll and Langrand (1989), *Mittermeier ez al. (1994), 3Donque (1972), *Koechlin (1972),
SHumbert (1965), ‘White (1983), "DuPuy and Moat (1996), *Goodman (1996) and references
therein, *Goodman ez al. (1997) and references therein, ?Goodman (1998) and references therein,
1Goodman (1999a, b) and references therein, ’Irwin ez al (2000), !Ratsimbazafy (2002),
4Goodman et al. (2001), °Andrianarimisa ez al. (2000), 1Goodman ez al. (2000), 17 Stephenson
et al. (1994), 18Raxworthy and Nussbaum (1994).

under represent small, nocturnal, or otherwise cryptic taxa (Emmons, 1999).
Often it was apparent that no survey had been conducted for one or more of
the vertebrate groups included in this study. Most frequently, a locale would
have census data only for primates or birds.

In order to reduce the effects of missing data on the analysis, it was necessary
to identify a group less likely to be underrepresented in short-term surveys.
Diurnal primates are among the most well studied vertebrates on Madagascar.
They are larger in average body size and some have louder vocalizations than
do other taxa. As such, they may have a higher probability of being accurately
documented in remote, less thoroughly surveyed areas. For this reason, diurnal
primates were extracted from the data set, and analyzed both separately and in
combination with other taxa (following Emmons, 1999).
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Figure4. Locations ofnational parks, reserves-integrales, and special reserves included
in this study. Modified from Nicoll and Landgrand 1989. Numbers refer to the follow-
ing localities: 1. Isalo, 2. Ranomafana, 3. Montage d’Ambre, 4. Bemaraha, 5. Ando-
hahla, 6. Zahamena, 7. Ankarafantsika, 8. Marojejy, 9. Tsaratanana, 10. Tsimanampet-
sotsa, 11. Andringitra, 12. Namoroka, 13. Lokobe, 14. Manongarivo, 15. Analamera,
16. Anjanaharibe-Sud, 17. Kalambatritra, 18. Ankarana, 19. Andranomena, 20. Ambo-
hitantely, 21. Manombo, 22. Bora, 23. Cap Sainte Marie, 24. Beza-Mahafaly, 25. Nosy
Mangabe, 26. Pic d’Ivohibe, 27. Analamazaotra.

Abiotic variables were defined as habitat area (the total number of square
hectares in a locale); latitude; altitude (minimum, maximum, and range); tem-
perature (minimum, maximum, and range); and annual rainfall. In addition,
White’s (1983) classification of Humbert’s original phytogeographic regions,
and the forest types reported for each locale (Nicoll and Landgrand, 1989) were
used to approximate vegetation diversity. Raw data compiled for this study are
summarized in Table 1.

Data were log-transformed and regression analyses were conducted (SPSS
ver. 8.0) to examine relationships between ecological variables and primate,
mammal, reptile, bird, and amphibian species richness. Significance levels and 72
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values for regressions are summarized in Table 2. Correlations among ecological
variables are shown in Table 3, and correlations among species richness in the
different vertebrate groups are depicted in Table 4.

RESULTS
Area Effects

This study included locales that range in size between 500 and 152,000 h.
Regression analysis indicates that habitat area serves as a good predictor of
primate, mammal, and bird species and generic richness (Table 2). This trend
was strongest in the data set limited to diurnal primates (p = 0.008, Figure 5)

1.2

1.0 ¢ L ]

Log diurnal primate species richness

13 23 20
0.0 « ] [ (]
-2
25 3.0 3.5 4.0 4.5 5.0 5.5

Log reserve area

Figure 5. Log-log plot of diurnal primate species richness against locale area. Numbers
correspond with the order of locales listed in Table 1. Note that locales that are well
studied and/or that have heterogeneous habitats such as Ranomafana (2), Andringitra
(11), Anjanaharibe-Sud (16), and Andohahela (5) plot above the regression line. Other
locales such as Lokobe (13) and Ambohitantely (20) have lower than expected richness,

perhaps due to cither habitat disturbance or lack of long-term thorough studies.
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Table 3. Correlations among ecological variables

No. of
Area Latitude Min Alt Max Alt Alt Range RF HiTemp LoTemp TemRan Domains

Area .
Latitude  0.723 .
Min Alt 0.063 0.488 .
Max Alt 0.036 0.285 0.000 .
Alt Range 0.007 0.066 0.142 0.000 .
RF 0916 0.021 0.803 0.014 0.005 .
HiTemp 0.871 0.231 0.046 0.004 0.157 0.017 .
LoTemp 0.875 0.004 0.060 0.038 0.221 0.817 0.237 .
TemRan 0939 0.000 0.970 0.563 0.675 0.048 0.002 0.001
No. of
Domains 0.076 0.505 0.315 0.004 0.000 0.228 0.658 0.006 0.182

Pearson correlation significance levels in comparisons among ecological variables.

with larger locales generally accommodating more taxa. Low 72 values suggest
that area alone does not account for the majority of the variance observed in
the data set (Table 2).

Species-area relationships in Madagascar may be explained in part by habitat
heterogeneity, as defined by the number of vegetation domains present in a
locale (Table 3). Locales with more vegetation domains tended to be larger
(n.s., p = 0.076), although not all large locales possess greater heterogeneity
(Figure 6).

Latitude Effects

Locales included in this study range in latitude from 12 to 25 degrees. Despite
patterns observed at larger spatial scales (e.g., Harcourt, 2000), latitude fails to
explain observed levels of species or generic richness for the vertebrate groups
in the locales examined in this study (Table 2). Because differences in species

and generic richness were not significant, they are not figured.

Altitude Effects

A significant relationship between minimum altitude and species richness was
observed only for birds (p = 0.05). However, this relationship disappeared

when examined at the generic level (Table 2).
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Figure 6. Plot of number of habitat domains against log-area for locales in this study.
Whereas many locales of different sizes have just one habitat domain, only the larger

locales have three or four domains.

Significant relationships were found between maximum altitude and primate
species richness (total primate p = 0.039; diurnal primate p = 0.016). Similar
to birds, significant relationships were not observed at the generic level in pri-
mates. Maximum altitude was also a strong predictor of amphibian species and
generic richness, with more amphibians observed at higher altitudes (Figure 7).

Altitude range was highly correlated with habitat heterogeneity, as defined
by the number of habitat domains in a given locale (p < 0.001, Table 3).
As with habitat area, with the most heterogeneous locales exhibited greater
altitude ranges, but not all locales with large altitude ranges possessed more
than one habitat domain (Figure 8). Altitude range was significantly related to
amphibian species richness (p = 0.042), overall primate species richness (p =
0.021), and diurnal primate species richness ( p = 0.006, Figure 9). Again, these
relationships were not significant at the generic level (Table 2). Although many
altitude-related regression lines exhibit slopes significantly different from zero,
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Figure 7. Log-log plot of amphibian species richness against maximum altitude. Pri-
mates exhibit a similar pattern. Again, notice that well-surveyed Andringitra (11),
Anjanaharibe-Sud (16), and Ranomafana (2) fall above the regression line whereas
Manongarivo (14) and Ambohitantely (20) do not.

low R squared values in most cases indicate that altitude, alone, does not explain
the majority of variance in species richness (Table 2).

Temperature Effects

Temperatures range from lows under 5°C in locales such as Andringitra, and
highs over 35°C in locales such as Beza-Mahafaly, with annual temperature
ranges exceeding 25°C in some places. Low temperatures generally seem to
predict more amphibian species (p = 0.045), yet it is unclear why this may be
the case, and significant relationships were not observed in other vertebrate
groups. Further, regression analyses indicate no significant relationships be-
tween species or generic richness and temperature maxima or range with any
of the taxa examined in this study (Table 2).
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Figure 8. Plot to show the relationship between log-altitude range and the number
of habitat domains. Whereas locales with differing altitude ranges may have just one

domain, those with more domains tend to have greater topographic relief.

Rainfall Effects

Previous studies have revealed a strong positive correlation between annual rain-
fall and species richness (e.g., Reed and Fleagle, 1995). Annual rainfall in Mada-
gascar ranges from over 2000 mm along the northern and eastern rain forests
to less than 300 mm in the south and southwest (Koechlin, 1972). Surprisingly
upon first examination, no significant relationships were found between rainfall
and vertebrate richness in this study. A closer look revealed that low annual rain-
falls recorded from Andohahela (Figure 10) represent only the dry forest parcel
in that locale (Nicoll and Landgrand, 1989), whereas more species hail from
the humid forest portion (Feistner and Schmid, 1999; Goodman ¢t a/., 1999a
and b; Hawkins and Goodman, 1999; Nussbaum et 2l., 1999). When rainfall
was corrected to reflect estimates for the humid parcel 1, primate species and
generic richness approach significance (p = 0.058, p = 0.057 respectively). In
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Figure 9. Log-log plot of diurnal primate species richness against altitude range. Al-
though locales with greater topographic relief tended to have more primates, altitude
range did not explain all of the variation in the data. For example, Lokobe (13) and
Ambohitantely (20) continued to fall below the regression line, whereas Andringi-
tra (11), Anjanaharibe-Sud (16), and Ranomafana (2) maintained more primates than

expected.

addition, amphibian species and generic richness are well predicted by annual
rainfall (p = 0.027, p = 0.009 respectively), with some of the highest 7? values
in the study (Table 2), indicating that much of the variance in the amphibian
data set might be explained by rainfall alone (Figure 10).

Vegetation Effects

This study used phytogeographic domains (White, 1983) to provide coarse-
grained information on vegetation type. Locales with more habitat domains
have higher primate, mammal, bird, reptile, and amphibian species richness
(Figure 11). This pattern holds at the generic level for primates and mammals
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Figure 10. Log-log plot of amphibian species richness against annual rainfall. Pub-
lished annual rainfall recorded for Andohahela in Nicoll and Landgrand (1989) likely
were taken in the dry forest portion of the locale (open square). Most species are found
in the humid forest. When rainfall estimates for the humid parcel were used (open

circle), a significant trend with amphibian species richness is observed.

(Table 2). Future work should focus on the utility of more fine-grained data
on plant diversity and distribution for predicting species richness in individual
locales.

Relationships among Ecological Variables

A number of studies have observed correlations among abiotic and biotic fac-
tors (e.g., Donque, 1972; Brown, 1988; Peres and Janson, 1999). Indeed,
significant relationships were observed between area and altitude maximum
and range, between altitude and temperature, between latitude and rainfall and
temperature, and between habitat heterogeneity and altitude, some of which
have already been pictured (Figure 6 and 8). Significance levels for these com-
parisons can be found in Table 3.
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Figure 11. Plot oflog-species richness for the different vertebrate groups examined in
this study against number of habitat domains. Whereas locales with one habitat domain
can have different levels of species richness, more heterogeneous locales tend to have

more vertebrate species.

Relationships in Species Richness in Different Vertebrate Groups

Finally, vertebrate richness tends to be closely correlated among groups at both
the species and generic level (Table 4). Notable exceptions were that amphib-
ian and reptile richness were not highly correlated, perhaps because most am-
phibians require more humid habitats, whereas many reptiles prefer drier areas
(Raxworthy et al., 1998). In addition, no close relationships were observed
between species or generic richness in birds and amphibians.

DISCUSSION

Analyses indicate trends between vertebrate species richness and factors such as
habitat area, altitude maximum and range, and phytogeography. Other variables
more commonly held to be associated with species richness, such as latitude and
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Table 4. Correlations among species richness in vertebrate groups

Diurnal Primates Primates Mammals Reptiles Amphibians Birds

Diurnal Primates . 0.000 0.001 0.879 0.101 0.002
Primates 0.000 . 0.000 0.011 0.059 0.000
Mammals 0.000 0.000 . 0.015 0.013 0.000
Reptiles 0.065 0.001 0.000 . 0.659 0.277
Amphibians 0.023 0.013 0.002 0.075 . 0.080
Birds 0.000 0.000 0.000 0.025 0.144 .

Pearson correlation significance levels in comparisons among generic richness above the diagonal, and
species richness below the diagonal.

climate, did not show significant relationships with overall primate, mammalian,
and vertebrate richness.

As predicted, larger habitat areas tend to be associated with higher levels
of species richness. The mechanism for this pattern is unclear. On a smaller
scale, Goodman and Rakotondravony (2000) demonstrated that small mam-
mal species richness declines with decreasing forest fragment size in different
parts of Ambohitantely Special Reserve. Some have suggested that species-
area relationships result from smaller fragments supporting smaller and less di-
verse populations that may more easily succumb to stochastic extinction events
(Terborgh and Winter, 1980). Interestingly, this notion is not supported by
multilocus genetic fingerprint studies of understory bird populations in frag-
ments in Ambohitantely (Andrianarimisa et a/., 2000), where no differences
were observed in genetic diversity in fragments of differing size. Similar work
on non-volant vertebrates will be useful in further examining this issue.

Species-area relationships may also be related to increased habitat hetero-
geneity in some of the larger locales. Trends between habitat diversity and all
vertebrate groups were significant at the coarse level of phytogeographic do-
main. Other sources of habitat heterogeneity such as mild levels of forest dis-
turbance have been demonstrated to result in higher bird and primate species
diversity on Madagascar (e.g., Goodman and Putnam, 1996; Ganzhorn, 1997).
Habitat disturbance can act to increase the presence of understory plants, and
thereby enhance overall habitat diversity.

In terms of topography, locales with greater maximum altitudes and altitude
ranges also had higher primate richness. Perhaps this too relates to habitat het-
erogeneity, as many of these locales also had higher numbers of phytogeographic
regions. Alternatively or in addition, it is possible that areas of high topographic
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relief are simply less desirable locales for human habitat disturbances such as
hunting and tavy agriculture. Locales with greater maximum altitudes or al-
titude ranges also tended to have higher amphibian richness. This is surpris-
ing in that more fine-grained analyses have found the opposite pattern (e.g.,
Raxworthy ez al., 1998), suggesting that at this spatial scale amphibian richness
may be tracking some other factor related to high elevation, such as rainfall.

Relationships between climate and species richness were not pronounced
for most taxa. Rainfall and temperature did not exhibit significant relation-
ships with primate, mammal, bird, or reptile richness. However, rainfall did
predict amphibian richness when annual rainfall estimates were used for the hu-
mid portion of Andohahela Special Reserve. When Andohahela was excluded
from the analysis, the relationship between amphibian richness and rainfall was
even stronger, and no significant relationships were found between temperature
minimum, maximum, or range for any of the vertebrate groups. Including this
locale in minimum temperature analyses yielded a puzzling inverse correlation
with amphibian species richness. Such drastic changes in results underscore a
few points. First, even within locales, more fine-grained climatic data may reveal
stronger patterns with vertebrate species richness. Second, until more reliable
survey data are available for all locales, results should be viewed with caution,
as a single datum point can vastly change significance levels in vertebrate rich-
ness patterns. Third, some ecological variables may be more informative than
others at different spatial scales. Whereas amphibians tend to live at lower al-
titudes within a given locale (e.g., Raxworthy and Nussbaum, 1996), there
may be greater overall species richness in locales with varied topographies that
increase mean annual rainfall. Finally, it is important to note that rainfall and
temperature are highly variable from season to season, and from year to year,
thus longer-term studies are necessary to unravel relationships between climate
and vertebrate richness.

Certain locales consistently exhibit greater species richness than predicted
by ecological variables, whereas others consistently plot below the regression
lines. Sites with lower than predicted levels of species richness tend to con-
tain just one habitat type, whereas locales that consistently plot higher often
have more (Figure 5, Table 1). For example, Andringitra samples three different
phytogeographic domains, and Andohahela samples four, and both consistently
show greater than predicted species richness (Figures 5, 6, 7, 8, and 9). Other
locales may have higher known vertebrate richness simply because they are
well studied, thus fewer taxa are likely to have escaped detection. For example,
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Ranomatfana has had more long-term studies conducted within its boundaries
than have most other locales in this study (e.g., Overdorft, 1996; Tan, 1999;
Wright, 1999b; Grassi, 2001). It is likely that further research in other locales
will increase known vertebrate richness. In particular, locales such as Lokobe or
Manongarivo that repeatedly plot below the regression line might be predicted
to have higher richness than reported in the literature. This is supported by the
observation that an earlier version of this study also predicted higher levels of
primate species richness than were reported at that time for Kalambatritra Spe-
cial Reserve (O’Connor and Stevens, 2000). Subsequent census in that locale
(Irwin et al., 2000) revealed four additional primate species, placing it much
closer to regression lines for a locale of its size and vegetational diversity (Fig-
ures 6 and 9). Alternatively, other factors such as high human hunting pressure
or habitat fragmentation may be associated with lower than predicted species
richness, as has been suggested in areas such as Manombo Special Reserve
(Ratsimbazafy, 2002) and Ambohitantely (Stephenson et al., 1994).

Therefore, a mosaic of factors likely influences the patterns of species rich-
ness on Madagascar. Not only is this type of analysis sensitive to missing data
due to incomplete censuses of the different habitats, but human hunting pres-
sures, domestic introductions, predator presence/absence, habitat alteration
due to mining and logging, and other factors may each contribute to differen-
tial preservation of species richness. Abiotic and biotic factors can reflect ver-
tebrate species richness differently at different spatial scales (Bohning-Gaese,
1997, Fleagle et al., 1999). Thus, more fine-grained analyses of vegetation,
seasonality in temperature and rainfall, and other biotic and abiotic factors are
likely to reflect new patterns with vertebrate richness.

Therefore, trends seen in this study should be viewed as preliminary until
more fine-grained studies such as those of Goodman and colleagues (1996,
1997, 1998, 1999, 2000, 2001) supplement our knowledge about these and
other habitat fragments around Madagascar. Although nothing can replace such
baseline studies, it is nonetheless useful to identify ecological variables associated
with the highest levels of species richness at intermediate scales in order to
compliment conservation efforts associated with establishing new protected

arcas.

SUMMARY

Species richness is highly variable within the habitat isolates scattered across
Madagascar. This study addresses the importance of a number of ecological
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variables for predicting species richness by combining data on topography, cli-
mate, and vegetation with species lists from 27 national parks, reserves, and
other protected areas in Madagascar.

(1) Primate, mammal, and bird species and generic richness were significantly
higher in larger locales. Reptiles and amphibians did not show this pattern.

(2) Primate species richness was greater at high altitudes, and in locales with
greater altitude ranges. Greater range in altitude is related to habitat het-
erogeneity, and may also play a role in making habitats more difficult to
traverse, causing them to be less attractive to hunters.

(3) Only amphibians showed significant trends with annual rainfall patterns,
and none of the vertebrate groups examined in this study showed strong
relationships between species richness and temperature or latitude.

(4) Vertebrate species richness was higher in locales containing more vege-
tational diversity, as defined by phytogeographic domains. This was true
for primates, mammals, birds, reptiles, and amphibians. Higher vegetation
diversity may increase the number of niches for vertebrates to occupy.

(5) Locales that have been intensively studied also tend to have greater species
richness than less well researched locales. Based on all ecological variables
considered in this study, locales such as Lokobe and Ambohitantely have
fewer than expected vertebrate taxa.

More detailed information on species compositions of other locales may
clarify patterns of richness with respect to these and other ecological variables.
More fine-grained approaches will likely refine relationships among geological,
climatic, and vegetational diversity and vertebrate species richness on Madagas-
car. Such inferences are useful, in they may assist conservationists in identifying
habitat types that maximize vertebrate richness, an important consideration in
light of the fact that many of Madagascar’s endemic species face extinction.
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sia is the largest continent on earth, but the area of tropical forest is

less extensive than in Africa or South America, partly because most

of Asia lies well above the equator, and partly because this continent

has been greatly modified by human activity. The forests inhabited
by primates in Asia vary considerably from the lush evergreen forests of Malay
Peninsula, Borneo, and Sumatra to more deciduous forests in northern India,
Bangladesh, and China (e.g. Gupta and Chivers, 1999). Compared with other
tropical regions of the world, southeastern Asia has a much more complex
biogeographic history because of the extensive recent and ongoing tectonic
activity in the region which has modified the topography and patterns of river
drainage, and because much of the region consists of islands that have been
repeatedly connected to and separated from one another and the mainland
during the past few million years (e.g. Hall and Holloway, 1998; Jablonski and
Whitfort, 1999; Whitmore, 1987).

Primate Biogeography, edited by Shawn M. Lehman and John G. Fleagle.
Springer, New York, 2006.

301



302 Primate Biogeography

The total number of primate species in Asia is much debated, but the most
recent assessment identifies 77 species in 16 genera (Brandon-Jones ez al.,
2004). There are two endemic families of primates in Asia—tarsiers and the
lesser apes—each with numerous species. The other primates in Asia—lorises,
colobine monkeys, cercopithecine monkeys, and a great ape, the orang-utan,
are closely related to African primates. However, the diversity of the two cer-
copithecoid subfamilies is strikingly different on the two continents. In Asia,
cercopithecines are limited to a single genus, Macaca, with many species (e.g.
Abegg and Thierry, 2002). Colobines, in contrast, are far more diverse in Asia
than in Africa (Davies and Oates, 1994).

The papers in this section address the complex biogeographic patterns
among Southeast Asian primates from two very different perspectives. In “The
Geography of Mammals and Rivers in Mainland Southeast Asia,” Erik Meijaard
and Colin Groves review the distribution of primates and other mammals in re-
lation to the Brahmaputra, the Salween and the Mekong Rivers in an effort to
explain the differences in mammalian richness and the relative distinctiveness
of the faunas bounded by the rivers. They find that the present patterns of
mammal distributions are probably due to a complex geological history of river
capture in conjunction with the uplift of the Tibetan Plateau and Pleistocene
glaciations.

In “Primate Biogeography and Ecology on the Sunda Shelf Islands: A Pa-
leontological and Zooarcheological Perspective,” Terry Harrison, John Krig-
baum, and Jessica Manser use the evidence from paleontological sites and cave
deposits to reconstruct the history of different primates on the islands of the
Sunda Shelf during the Pleistocene. The combination of present distributions
and evidence from the paleontological and zooarcheological records indicate
differential patterns of initial colonization, speciation, and in some cases, of ex-
tinction, of individual species and genera on different islands. Most noticeably
numerous widespread taxa have gone extinct on Java.
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CHAPTER ELEVEN

The Geography of
Mammals and Rivers in

Mainland Southeast Asia
Erik Meijaard and Colin Peter Groves

ABSTRACT

This chapter describes the distribution of non-volant mammals of mainland Southeast
Asia in relation to the region’s main rivers, the Mekong, Salween, and Brahmaputra.
We describe all species according to their general ecology and size to see whether the
distribution ranges of the species can be characterized by these factors. The area east of
the Mekong River appears to be relatively rich in mammal species compared to the area
between the Mekong and Salween Rivers. The Mekong, however, does not seem to
be an ecological barrier to the investigated species, unlike the Brahmaputra River that
separates species of drier, open vegetation from forested adapted species. The species
richness east of the Mekong River can possibly be explained by environmental changes
in the Late Pliocene—Early Pleistocene, which may have isolated rain forest dependent
species in the Vietnamese and Laotian mountains.

Key Words: Brahmaputra, divergence, evolution, Indochina, Mekong, palacoenviron-
ment, phylogeny, Salween, Quaternary
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INTRODUCTION

The distributions of the primates and other mammals of island Southeast Asia,
and their implications for palacogeographic and palacovegetational reconstruc-
tions, have been the subject of numerous studies, if often in a rather piece-
meal fashion, and are currently being extensively revised by one of us (EM).
Less examined are primate and general mammalian distributions in mainland
Southeast Asia, and much of the work consists of anecdotal writings by hunters
(Duckworth, 1998). Also, from the 1960s until the 1990s, the political situa-
tion in several of the Indochinese countries restricted the access of zoologists
to the field (MacKinnon, 2000). Still, mammalian distributions on the main-
land too are non-uniform, and seem to require explanations, which, exactly as
in the case of insular Southeast Asia, look back to a past when landforms and
vegetation patterns were different from those of today.

The outstanding problem, which is especially noticeable in the case of the
primates, is that of the Mekong. Entire genera and species-groups are confined
to the east of this river: the genus Pygathrix (Cercopithecidae), the Trachyp-
ithecus francoisi group (Cercopithecidae), and the distinctive species Nycticebus
pywgmaeus (Lorisidae) are confined to the east of the Mekong (see Figure 1 for
geographic locations), and so is the genus (or subgenus) Nomascus (Hylobati-
dae), with the exception of N. concolor furvogaster, which occurs in a small
region to the west around 23°15'—40'N, 99°05'-29’E (Ma and Wang, 1986),
just below where the Mekong leaves the mountains and, now in flatter country,
makes a large eastward meander, presumably cutting off this small population.
On the other hand, there are no primates west of the Mekong that have a dis-
tribution limited by this river: Trachypithecus gevmaini, T. phayrei, Nycticebus
bengalensis and the macaques are all distributed from as far west as the Bay of
Bengal and then eastward across the Mekong without even subspecific differ-
entiation. It is as if the Mekong has always been as wide and uncrossable as it
evidently is today, but has very recently shifted its course in a way that captured
portions of the ranges of the widespread species, while continuing to restrict
the east-side species.

High species diversity of the eastern Mekong area is also indicated by the
recent discovery of several mammal species new to science in Laos and Vietnam
(e.g., Groves and Schaller, 2000) (see Table 1).

These new discoveries add to a considerable list of Annamite endemics (e.g.,
Corbet and Hill, 1992; MacKinnon, 2000), although it is yet unclear why this
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Figure 1. Map of Southeast Asia and the main rivers mentioned in the text.

area appears to be biogeographically distinct. This paper attempts to answer
two questions. Firstly, it investigates whether there are significant spatial differ-
ences in species richness of the region, and whether Vietnam, Laos, and eastern
Cambodia stand out as particularly rich. Secondly, we will investigate the factors
that could have influenced the biogeographical patterns.

METHODS

To examine species that are and are not limited by the large rivers of South
cast Asia, we listed all non-volant mammal species in the Indochinese Faunal
Division (see Corbet and Hill, 1992), using the Isthmus of Kra, the Brahmapu-
tra River, and the Red River as the region’s boundaries (see Figure 1); we also
included Indian species for which the Brahmaputra River was the eastern limit.
Species that only occur on the Thai and Burmese Peninsula and further south,
such as Trachypithecus obscurus and Presbytis femoralis were excluded from the



308

Primate Biogeography

Table 1. Recent discoveries of mammal species from Laos and Vietnam

Species

Remarks

Reference

Muntiacus vugquangensis
(Artiodactyla: Cervidae)
Muntiacus rooseveltorum
(Artiodactyla: Cervidae)
Muntiacus truongsonensis
(Artiodactyla: Cervidae)
Psendonovibos spiralis
(Artiodactyla: Bovidae)
Psendoryx nghetinhensis
(Artiodactyla: Bovidae

Sus bucculentus (Artiodactyla:

Suidae)
Nesolagus timminsi
(Lagomorpha: Leporidae)
Cynocephalus variegatus
(Dermoptera:
Cynocephalidae)
Viverra tainguensis
(Carnivora, Viverridae)
Tragulus versicolor

new species
rediscovered species
new species

new species”

new species
rediscovered species
new species

new subspecies’

new species’

rediscovered species

(Schaller and Vrba, 1996)

(Amato ¢t al., 1999)

(Giao et al., 1998)

(Peter and Feiler, 1994)

(Schaller and Rabinowitz,
1995)

(Groves et al., 1997)

(Averianov et al., 2000)

(Ruggeri and Etterson,
1998)

(Sokolov et al., 1997)

(Meijaard and Groves, 2004 )

? The horns used to describe this new large bovid were recently reported to be a skilful forgery made
by carving and distorting ordinary cow horns (Thomas et al., 2001).

Y Stafford and Szalay (2000) considered this population to be a dwarfed form of what they named
Gualeopterus variegatus, but, considering its isolation from other populations and its morphometric
distinctiveness, this population may well be a new species.

¢ Walston and Véron (2001) investigated the evidence for this new species, and suggested that it was
insufficient to distinguish it from Viverra zibetha.

analysis, as were those that have the largest part of their range in the Himalayan
subregion and southern Chinese subdivision. Finally, we excluded the genera
Musand Rattus from this research because of continuing taxonomic difficulties
in these groups, and the Lutrinae because of their aquatic habits.

We classified each species according to its ecological, phylogenetic, and mor-
phological characteristics (see Appendix 1). For this we used the following
general texts: Lekagul and McNeely (1977); Payne et al.,