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Abstract. A comparison of mitochondrial DNA se-
quences was undertaken for two genes among orangu-
tans from Borneo and Sumatra. The distribution of
haplotypes among 42 individuals for NADH dehydroge-
nease subunit 3 and 39 individuals for cytochrome B was
used to infer population structure. The haplotypes among
all Bornean orangutans form a cluster of closely related
individuals for both genes, with two distinct haplotypes
occupying different regions of the island. Sumatran hap-
lotypes fall into three distinct, and highly diverged,
groups. Strikingly, one of the Sumatran haplotypes
shares sequence identity with the most widespread
Bornean haplotype. This haplotype distribution is con-
sidered in the context of the highly complex geological
history for the area around the Malay Archipelago. Al-
ternating periods of geographic isolation and reunion,
resulting from glacially induced land bridge formation,
presented substantial opportunity for population dis-
persal between periodically isolated demes. We present a
paleodispersal model that is consistent with genetic, geo-
logical, paleoecological, and fossil data. The disparity of
sequences present in orangutan populations argues
against a simple Sumatra–Borneo dichotomy. Our evi-
dence, and that of others, suggests that the Sumatran
population alone contains the remnants of at least three
separate lineages.

Key words: Pongo —Orangutan — Borneo — Su-
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Introduction

The orangutan (Pongo pygmaeus) is, for a variety of
reasons, the least understood of the five great ape spe-
cies: Pan troglodytes, P. paniscus, Gorilla gorilla,
Pongo pygmaeus,and Homo sapiens.Presently, the
orangutan is listed as a CITES Appendix 1 Endangered
Species (most endangered) and its distribution is now
limited to the islands of Borneo and Sumatra. The history
of the orangutan lineage is a complicated one, character-
ized by great dispersal over time. The common ancestor
of great apes is believed to be of African origin (Moya`
Solà and Köhler 1993). The first splinters from this
group,Dryopithecusand thenSivepithecus,migrated out
of Africa more than 12 Myr ago (Andrews and Cronin
1982; Kappelman et al. 1991; Moya` Solà and Köhler
1993). The ancestor of the orangutan made its way into
Asia, leaving a relatively rich fossil record ofPongo
species throughout South Asia, well up into China, and
including Borneo, Sumatra, and Java (Drawhorn 1994).
There is no verifiable evidence that orangutans have sur-
vived outside of Borneo and Sumatra since the last gla-
cial retreat.

Contemporary orangutan populations have been des-
ignated separate subspecies according to their island of
origin, and some authors have recently argued that the
populations should be elevated to distinct species (Zhi et
al. 1996; Xu and Arnason 1996b; but see Muir et al.
1998a). This taxonomy has been based on morphology
(size, hair color, beard, size of cheek pads) and genetics
(allozymes, nuclear RFLPs, mtDNA sequence, and chro-
mosomal inversions), which seem to have correlations
with the island of origin. However, widespread problems
of subspecific classification in zoos have resulted from
ambiguities in “definitive” morphological characters and
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there are alternative interpretations of the genetic data.
For example, considerable importance has been placed
on the diagnostic power of orangutan karyotypes. An
inversion identified on chromosome 2 appears to be cor-
related with island of origin (Seuanez et al. 1979). Since
it is generally assumed that fixed inversion differences
do not arise frequently, this observation, together with
the apparent absence of heterozygotes in natural popula-
tions, is taken as evidence of ancient bifurcation within
the species. Other chromosome rearrangements have
been discovered, however, including a polymorphic in-
version on chromosome 9 and deletions on chromosomes
14 and 22 (deBoer and Seuanez 1982). In the captive
community, there are many Sumatran–Bornean crosses
that are fully viable, and second-generation offspring of
these croses are fully fertile. The authors who reported
these characters noted a Sumatran orangutan that is het-
erozygous for the chromosome 2 inversion (Seuanez et
al. 1979). Furthermore, 6 of 58 orangutans in a different
study lacked the expected karyotype for their island of
origin (Ryder and Chemnick 1993). These authors ex-
plained away these anomalies as zoo clerical errors.

Sample sizes have been a serious problem with many
genetic studies (Muir et al. 1998a). Part of the difficulty
lies with the problems associated with studying endan-
gered species: availability of samples. True random sam-
pling is not feasible with endangered species, so we must
analyze all available samples. This approach can be par-
ticularly problematic in charismatic organisms that are
the subject of illegal poaching for the exotic pet trade.
Many orangutans in zoos—those most readily available
to researchers—were rescued from the pet trade and are
of unknown or ill-defined origin.

In this paper we analyze sequence data from two mi-
tochondrial genes, NADH dehydrogenase subunit 3
(nad3) and cytochrome B (cob), for 39–42 individuals
from Borneo and Sumatra. These animals are a combi-
nation of wild-caught and captive orangutans. The main
purpose is to determine the extent of sequence variation
in the mitochondrial genomes within and between the
two islands. Networks are presented to illustrate the phy-
logenetic relationships of the genes sampled. We inter-
pret the results in the context of historical evidence,
based on the fossil record, the geological history of the
Malay Archipelago, and the paleoecology of Sundaland
(the union of Borneo, Sumatra, Java, Peninsular Malay-
sia, Thailand, Vietnam, Cambodia, and the Sunda shelf
by lowered sea level).

Materials and Methods

Samples

The analysis of population structure and historical changes to the over-
all range, and dispersal within the range, requires tissue samples from

individuals across the present geographic range of the species. For
samples to be most useful, their geographic origins must be well docu-
mented. There are a number of problems associated with adequate
sampling of endangered species, and orangutans in particular. These
problems include the need for noninvasive sampling and techniques to
utilize small and forensic samples to minimize the insult of sampling.
Comprehensive sampling of orangutan populations is also complicated
by political boundaries found within the orangutan range.

There are a large number of captive orangutans in zoos and reha-
bilitation centers around the world. Unfortunately the records of the
precise birth place some of these individuals are unavailable since
many of these orangutans were confiscated from poachers. Wild oran-
gutans are very difficult to sample since they are difficult to track, very
shy, and arboreal. Samples used in this study are from three main
sources.

Samples from Camp Leakey.Blood samples from 17 individuals
were obtained by B. Galdikas from orangutans being rehabilitated at
Camp Leakey in Tanjung Puting Kalimantan, Borneo (near the tip of
the arrow, S.C. Kal., in Fig. 1). These orangutans are ex-captives and
individuals confiscated from poachers. The exact origin of each of
these orangutans is not known, although all are believed to have orig-
inated from Borneo. Heparinized and nonheparinized blood samples
were kept at −70°C until used.

Samples from Captive Orangutans.Six samples were obtained from
zoos across North America. These samples are a combination of blood
and hair samples. There are no records of the exact origins of these
orangutans except on which of the islands, Borneo or Sumatra, they
originated. All of the GenBank sequences included in this study are
from zoo-housed captive orangutans. Two of the Sumatran samples
obtained for this study came from the Calgary zoo: Bella [International
Studbook Number (ISN) 1980] and Mais II (ISN 1932). Ruby (ISN
2528), housed at the Miami Parrot Jungle and Gardens, is a Bornean/
Sumatran cross. Her mother, Tasha (ISN 1760), is also a cross. Tasha’s
mother, Tammy (ISN 667), was a Sumatran (L Perkins, personal com-

Fig. 1. Sample locales of Borneo and Sumatra orangutan popula-
tions. Contemporary populations of Sumatran orangutans are confined
to the northern region of the island. The location of Wallace’s Line
(W.L.), which separates the Asian and Australian faunas, is also indi-
cated on the map.
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munication) and so Ruby has a Sumatran maternal lineage. Abigail
(ISN 525) and Jaura (ISN 2014) are both from Sumatra and both are
housed at the Metropolitan Toronto Zoo. Two Bornean orangutans,
Kelly (ISN 1793) and Doc (ISN 2009), are housed at the Houston
Zoological Gardens.

Borneo Collections.In the summer of 1995 C. Muir went to Sabah
and Sarawak to augment the sample set with tissues from orangutans
from broader and better-documented origins. Twenty-four of the
samples collected on this field trip were used in this study. Orangutans
sampled as a result of being confiscated from poachers from Lahad
Datu, Telupid, Kinabalangan, and Bahil-Garam Sandikan (all in Sabah)
were kindly made available through a cooperative association with
Mahedi Andau, Director of the Wildlife Department of Sabah, and Dr.
Edwin Bossi, Chief Veterinarian at Sepilok. All of these orangutans
were being rehabilitated at the Sepilok Orangutan Rehabilitation Center
near Sandikan. Many were translocated from various palm oil planta-
tions to the Tabin Wildlife Reserve. Translocated orangutans are iden-
tified alpha-numerically (except Tim4 Timura Plantation) as follows:
Ynn, Tunku Suan Lanka; Xnn, Abedon; Hnn, Hing Lee; Wnn, EAC;
Vnn, Pahang 2. Additional samples were kindly made available
through Sapuan Amaad, Director of Forestry and Wildlife in Sarawak,
and Dr. Manabu Onuma, Chief Veterinarian at the Semingoh Reha-
bilitation Centre. These individuals were confiscated from poachers at
Lubok Ntu, near Kuching, and Bintulu (West Kalimantan). Hair
samples were plucked close to the skin to ensure that follicles were
included. Hairs were kept in plastic bags and either frozen or placed in
70% EtOH. There did not appear to be any difference in the quantity or
quality of DNA extracted from hairs stored in these two ways.

DNA Preparation

The method used for DNA extraction depended on the sample type.
Blood samples were subject to Iso-Quick (Orca Research Inc.) extrac-
tions with minor revisions to the manufacturer’s suggested protocol
(Muir et al. 1995). Chelex 100 was used to extract DNA from hair
follicles (Walsh et al. 1991). Because of limited quantities of some
samples, it was not feasible to complete replicate extractions and se-
quencing from every individual for both genes. The sequence for both
genes is available for 30 of the individuals.

General PCR and Sequencing Methods

Polymerase Chain Reaction (PCR).Whole genomic extracts were
used for PCR reactions. In general, less than 50 ng of DNA was used
per reaction, but individual extracts were not quantified due to the
limited quantity of available samples. PCR reaction mixtures included
1 mM MgCl2, Taqbuffer (50 mM KCl, 10 mM Tris–HCl, 0.1% Triton
X-100), 0.2 mM primer, 1 U Taq polymerase (Bio/Can). PCR was
performed under the following conditions: 35 cycles of melting at 95°C
for 1 min, annealing at 60°C for 1 min, and extending at 72°C for 1
min. Following the 35 cycles, a 5-min extension was used. Primers
used for both PCR and sequencing ofnad3are as follows: L9415, 58
CCATCTACTGATGAGGGTCTTAC; and H9975, 58 ATTAGGTGT-
GAGCGGTAGAC.Cob was amplified and sequenced using the fol-
lowing primers: ECB1, 58 CACGAAACAGGATCAAATAACCC; and
ECB2, 58 ATTTTCAGGTTACAAGGCTGGCG.

Sequencing.33P-labeled dideoxy terminator sequencing (Amer-
sham) was used for direct manual sequencing from Prep-a-gene (Bio
Rad), or “freeze and squeeze” (Tautz and Renz 1983), purified PCR
products following manufacturers’ suggested protocols (cycle sequenc-
ing reaction over 40 cycles of 90°C for 30 s, 55°C for 30 s, 72°C for
30 s). Sequence reaction products were separated on 6% urea poly-

acrylamide gels in glycerol-tolerant (taurine) buffer. Unique haplotypes
encountered in this study are available from GenBank under the fol-
lowing accession numbers: AF273440–AF273445 (nad3) and AF273446–
AF273450 (cob).

Analysis.Sequence alignment was done manually with ESEE3s
(Cabot and Beckenbach 1989). Networks were drawn by hand. Maxi-
mum-likelihood and -parsimony analysis was carried out on concate-
natednad3andcobsequences using Phylip [version 3.57c (Felsenstein
1994)]. Neighbor-joining, using Jukes–Cantor corrected distances, was
conducted using MEGA [version 1.0 (Kumar et al. 1993)]. Homolo-
gous regions extracted from the following published complete mtDNA
sequences were included as outgroups: chimpanzee [Pan troglodytes
(Horai et al. 1995); GenBank accession D38113], bonobo [pygmy
chimpanzee,Pan paniscus(Horai et al. 1995); D38116], gibbon [Hy-
lobates lar(Arnason et al. 1996); X99256], gorilla [Gorilla gorilla (Xu
and Arnason 1996a); X93347], and human [Homo sapiens(Anderson
et al. 1981); J01415.1].

Results

Complete sequences of the mitochondrialnad3,compris-
ing 345 bp, were determined for 40 individuals, includ-
ing 36 from Borneo and 4 from Sumatra. These se-
quences were aligned and compared withnad3from the
complete mitochondrial sequences published by Horai et
al. (1992) from a Bornean orangutan and by Xu and
Arnason (1996b) for an individual from Sumatra. In ad-
dition, we determined partial sequences, 496 bp, from
mitochondrialcob for 34 individuals, including 5 from
Sumatra, and compared them with the comparable region
from the two published complete sequences, two partial
sequences determined by Xu and Arnason (1996b), and a
partial sequence published by Collura and Stewart
(1995). Of these the sequence for both genes is available
for 30 individuals, including the two published complete
sequences.

A total of nine haplotypes was observed among the 42
individuals compared fornad3,each differing by one or
more nucleotide substitutions. Among the 39 individuals
compared forcob sequences, a total of eight haplotypes
was encountered. The haplotypes are indicated for each
individual in Table 1. Haplotype variants fornad3 are
indicated by numbers; those forcob, by letters. Haplo-
types 1–4 and A–D were encountered only on Sumatra.
Haplotype 5 and E were found on both islands. Haplo-
types 6–9 and F–H were observed only from Borneo.
The sole or predominant island of origin is also indi-
cated: Sum or Bor. When taken together, the 30 orangu-
tans for which the sequence was available for both genes
included 12 distinct haplotypes, differing in eithernad3,
cob,or both.

Nad3 haplotypeBor-9 was observed in 14 individu-
als, but 13 of those were from a series of plantations in
Sabah, in northern Borneo. The only otherBor-9 haplo-
type was from West Kalimantan, to the south of Sabah.
The only widespread haplotype,Bor-5, was found in
West Kalimantan, South Central Kalimantan, and one
individual from Sumatra.
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Three sequences ofcob were encountered more than
once. Abigail is identical over the 496 bp determined in
this study to Ini [GenBank accession U38274 (Collura
and Stewart 1995)]. Both are Sumatran. Theircob hap-
lotype is indicated asSum-B.Two individuals from
Sabah, and one whose origin is identified only as “Bor-
neo,” shared theBor-G haplotype. There were 28 indi-
viduals sampled from every region in Borneo and from
Sumatra that shared theBor-E haplotype forcob.These
individuals include Ruby, who was zoo-bred but whose
records indicate an unbroken Sumatran maternal lineage,
Jaura, of Sumatran origin, and Gambar, who was caught
in the wild in Sumatra.

The maximum divergence observed within Borneo
was only 0.4%, but within Sumatra sequence divergence
of over 9% was observed for the two genes combined
(Table 2). These within-Sumatra divergences are as great
as the most distant pairwise comparisons between Bor-
neo and Sumatra sequences (Table 2). These results sug-
gest that Borneo sequences form a very tight group, with
most haplotypes differing by only one or a few nucleo-
tide substitutions, whereas Sumatra includes an extraor-
dinary genetic diversity.

Geographic differentiation ofnad3sequences is evi-
dent within Borneo. All 13 individuals sampled from
Sabah, in northern Borneo, shared a single haplotype,
Bor-9, differing from the widespreadBor-5 haplotype at
two sites. Among nine individuals from West Kaliman-
tan, in the region bordering Kalimantan and Sarawak,
three haplotypes were observed, but only one individual
carried theBor-9 haplotype predominant to the north.

Phylogenetic Relationships Among Haplotypes

Phylogenetic illustration of relatedness between genetic
types is typically given in the form of a gene tree. These
gene trees are of two basic formats: (1) a simple bifur-
cating tree that constrains genetic types to occupy only
branch tips and (2) a network joining related haplotypes
which allows them to occupy internal nodes. In the case
of intraspecific comparison, it is likely that “ancestral”
alleles are represented in contemporary populations. In
this case, constraining ancestral alleles to occupy only
branch tips in a bifurcating tree may result in a mislead-
ing illustration of relationships (Crandall and Templeton
1993).

Figures 2 and 3 give networks showing the inferred
relationships among the observed haplotypes fornad3
and cob. They show very similar results for the two
genes. In both networks, there are three quite distinct
groups. One group includes all of the orangutans
sampled from Borneo. The second group is represented
in our sample by a single individual, Bella (Sum4, Sum-
D). The third group is a relatively loose assemblage of
“Sumatran” orangutans, including the sequence pub-
lished by Xu and Arnason (1996b).

Table 1. Names, origins and haplotype designations of samples used
in this studya

Origin Name nad3 cob Composite

Sumatra X97707b Sum-1 Sum-A Sum-1A
Abigail Sum-2 Sum-B Sum-2B
Mais II Sum-3 Sum-C Sum-3C
Bella Sum-4 Sum-D Sum-4D
Ruby Bor-5 Bor-E Bor-5E
Gambar — Bor-E —
Jaura — Bor-E —
Inic — Sum-B —

“Borneo” D38115d Bor-5 Bor-F Bor-5F
Davida Bor-5 Bor-E Bor-5E
Diane Bor-6 Bor-E Bor-6E
Doc Bor-7 Bor-G Bor-7G
Kelly Bor-5 Bor-E Bor-5E
CLO1239 Bor-5 — —
CLO48 Bor-8 — —
Annab — Bor-E —
Dennisb — Bor-E —

South Central Brook Bor-5 Bor-E Bor-5E
Kalimantan Hobler Lily Bor-5 Bor-E Bor-5E

Julie Bor-5 Bor-E Bor-5E
Mark Bor-6 Bor-E Bor-6E
Stan Bor-5 Bor-E Bor-5E
Rosemary Bor-5 — —

West Kalimantan Bebeta Bor-9 Bor-E Bor-9E
Herbie Bor-5 Bor-E Bor-5E
Maggie Bor-5 Bor-H Bor-5H
Patti Bor-5 Bor-E Bor-5E
Roger Bor-5 Bor-E Bor-5E

Siswi Bor-7 Bor-E Bor-7E
Supinah Bor-5 Bor-E Bor-5E
Lemot Bor-7 — —
“Baboon” Bor-7 — —

East Kalimantan Apollo Bob Bor-8 Bor-E Bor-8E
Mellie Bor-8 Bor-E Bor-8E

Sabah Tim Bor-9 Bor-E Bor-9E
Gensusuli Bor-9 Bor-E Bor-9E
Hing Lee Bor-9 Bor-E Bor-9E
Kim Long Bor-9 Bor-E Bor-9E
Semenduh Bor-9 — —
Ah Fong — Bor-G —
H2 Bor-9 — —
H5 — Bor-E —
V03 Bor-9 — —
V04 Bor-9 Bor-E Bor-9E
W01 — Bor-G —
W02 Bor-9 — —
W03 Bor-9 — —
W05 Bor-9 Bor-E Bor-9E
W07 Bor-9 — —
X01 Bor-9 — —
Y01 — Bor-E —

a Individuals labeled “Borneo” are from unknown or unidentified lo-
calities on that island. All localities listed below “Borneo” are specific
regions of Borneo. Dashes indicate that the sequence was not deter-
mined
b Xu and Arnason (1996b)
c Collura and Stewart (1995)
dHorai et al. (1992)
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Because of the high degree of divergence observed
among some of the orangutan haplotypes, it is useful to
construct a bifurcating tree, as well. Maximum likeli-
hood, with or without the assumption of a molecular
clock, maximum parsimony, and neighbor-joining gave
identical topologies, after collapsing the Borneo haplo-
types. Figure 4 shows the neighbor-joining tree based on
concatenated sequences of all observed haplotypes. The
tree includes the homologous regions extracted from
published complete mitochondrial sequences of the other
species of great apes and is rooted by the gibbon se-
quence. Bootstrap sampling strongly supports the exis-
tence of three distinct groups of orangutan haplotypes,
with Sum-4Dsomewhat closer to the Bornean sequence
assemblage than to the other Sumatran group.

The Possibility of Nuclear Pseudogenes

The high level of intraspecific divergence reported here
(up to 9%), based on PCR amplification and direct se-
quencing, raises the possibility that nonfunctional
nuclear inserts are contributing to the variation. Indeed,
Collura and Stewart (1995) have reported nuclear inserts
of cob, including the region sequenced in this study,
from a Sumatran orangutan and from other hominoids.
While there are no reports of nuclearnad3 inserts, the
existence of such sequences cannot be disproved. There
are several lines of evidence suggesting that our results
reflect variation in the functional mitochondrial genes.
First, comparisons of known nuclearcobpseudogene se-
quences with the sequences determined in this study re-

Table 2. Pairwise comparisons of thenad3andcob sequences determined in this studya

Sumatra haplotype Borneo haplotype

Sum-1A Sum-2B1 Sum-3C Sum-4D Bor-5E Bor-5F Bor-6E Bor-8E Bor-5H Bor-9E Bor-7E Bor-7G

Sum-1A — 7/11 4/14 25/43 26/36 26/37 27/36 27/36 26/37 26/36 27/36 27/35
Sum-2B1 2.25 — 7/13 26/46 26/39 26/40 27/39 27/39 26/40 24/39 27/39 27/38
Sum-3C 2.17 2.50 — 23/49 26/40 26/41 27/40 27/40 26/41 26/40 27/40 27/39
Sum-4D 8.56 9.44 9.09 — 20/25 20/26 21/25 20/25 20/24 20/25 21/25 21/26
Bor-5E 7.76 8.47 8.29 5.55 — 0/1 1/0 1/0 0/1 2/0 1/0 1/1
Bor-5F 7.89 8.60 8.42 5.68 0.12 — 1/1 1/1 0/2 2/1 1/1 1/2
Bor-6E 7.89 8.60 8.42 5.68 0.12 0.24 — 2/0 1/1 3/0 2/0 2/1
Bor-8E 7.89 8.60 8.42 5.55 0.12 0.24 0.24 — 1/1 3/0 2/0 2/1
Bor-5H 7.89 8.60 8.42 5.42 0.12 0.24 0.24 0.24 — 2/1 1/1 1/2
Bor-9E 7.76 8.19 8.29 5.55 0.24 0.36 0.36 0.36 0.36 — 3/0 3/1
Bor-7E 7.89 8.60 8.42 5.68 0.12 0.24 0.24 0.24 0.24 0.36 — 0/1
Bor-7G 7.76 8.47 8.29 5.81 0.24 0.36 0.36 0.36 0.36 0.48 0.12 —

a Upper triangle: number of differences,nad3/cob.Lower triangle: Jukes–Cantor distances for both genes combined. Total sites compared: 345 for
nad3; 496 for cob
b Only 316 sites analyzed fornad3

Fig. 2. Network of nad3haplotypes.
Distances are indicated as the number of
differences on each branch. For haplotypes
that were observed more than once, the
number of individuals carrying each
haplotype is indicated in thecircles.
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veal a number of indels, resulting in frameshifts, as well
as a large number of substitutions in the nuclear pseu-
dogenes. All of the sequences analyzed here have open
reading frames, as expected for functional mitochondrial
genes. Second, two of the most divergent sequences,
those published by Horai et al. [(1992);Bor-5F] and Xu
and Arnason [(1996b);Sum-1A], are based on complete
mitochondrial sequences and clearly represent diver-
gences in the functional mitochondrial genes. Third, the
two genes studied here, which are widely separated in the

genome, give comparable results for all individuals.
Bella (Sum-4D), for instance, differs by over 7% in both
genes from the published Sumatran sequence (Sum-1A)
and 5–6% from the published Borneo sequence (Bor-5F)
(Table 2).

Discussion

Sequence comparisons ofnad3sequences from 42 indi-
viduals (38 from Borneo and 4 from Sumatra) and partial
sequences ofcob from 39 individuals (32 Borneo and 7
Sumatra) have revealed an extraordinary degree of varia-
tion in these two genes. Sequences from Borneo form a
tight cluster, while those from Sumatra fall into three
very distinct lineages. We believe that the divergence
evident in both genes within Sumatra must have resulted
from an extended period of isolation of at least three
groups. We believe that their presence together on Su-
matra is a relatively recent event. The diversity observed
in Sumatra is in stark contrast to the tight clustering of
sequences observed from Borneo. The difference in di-
versity on the two islands exists despite the fact that
present-day populations in Sumatra are much smaller
than those on Borneo, and are restricted to a much
smaller geographic area, in northern Sumatra. We pro-
pose a paleogeographic explanation for these observa-
tions, based on the geological history of the region, pa-
leoecology, and evidence from the morphology of fossil
and extant orangutans.

Glacial Effects on Local Geography

During major glacial advances precipitation is accumu-
lated in advancing glaciers, to the extent that the sea

Fig. 3. Network of cob
haplotypes. Distances are indicated
as the number of differences on
each branch.

Fig. 4. Neighbor-joining tree of concatenated haplotypes. Distances
were corrected using the Jukes–Cantor correction.Numbers above the
branchesare branch length; bootstrap values (of 100) are givenbelow
the branches.
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levels drop significantly. Several such glacial epochs
have occurred over the past million years and have re-
sulted in sea levels dropping as much as 120 m (Van der
Kaars and Dam 1997). The effects of the changing sea
level are most dramatic where the coastal shelf is shal-
low, as is the case in the area west of Wallace’s line
known as the Sunda Shelf. With a drop in the sea level of
as little as 30 m, land bridge formation begins between
Sumatra and Peninsular Malaysia and also between Bor-
neo and Sumatra. In fact the Sunda Shelf was emergent
almost continuously from 500 to 120 kya (Batchelor
1979; Drawhorn 1994). By the time the glacial advance
maximized, all of Borneo, Sumatra, and Java, some of
the Philippines, and the Asian mainland to Vietnam had
become a single landmass known as Sundaland. Most
recently these land bridges persisted from about 60,000
years ago until as recently as 10,000 years, or half of the
last 100,000 years.

Geology

Approximately 74,000 years ago the Toba Volcano, in
northern Sumatra, produced the second largest volcanic
explosion for which there is evidence on this planet. The
10 billion metric tons of ash thrown into the atmosphere
resulted in a global drop in temperatures. The eruption of
Toba has, in fact, been attributed with bringing on the
Wisconsin Glacial Epoch, although there is some debate
about the magnitude of its influence on initiating the
Wisconsin Epoch (Rampino and Self 1992; Kerr 1996).
There seems little doubt that a disturbance of this mag-
nitude would have a catastrophic effect on ecosystems,
especially the larger herbivorous inhabitants, for some
distance. Since that time the area surrounding the Toba
Caldera has been reclaimed by the orangutan.

Paleoecology

Sequestering of water into the ice sheets during glacial
maxima would have drastically lowered sea levels, con-
necting the islands of Borneo, Java, and Sumatra to the
South Asian mainland. Fossil pollen analysis from piston
cores taken from the Sunda shelf indicates the presence
of tropical savanna and diptocarp woodland forests on
the land bridge for much of their existence (Adams 1993;
Van der Kaars and Dam 1997), suggesting that the habi-
tat was suitable for orangutan populations. During glacial
maxima lowered temperatures and vegetation zones
(Drawhorn 1994; Van der Kaars and Dam 1997) may
have created the impetus for dispersal from highlands.

The DNA evidence indicates that Borneo populations
constitute a close assemblage of haplotypes. We hypoth-
esize that the orangutan population distribution in Bor-
neo has been stable since the colonization of that region
and that distinct haplotypes (Bor-5 and Bor-9) are of
recent origin. Most of the population in Sumatra was

probably extirpated as a result of the Toba explosion.
Present populations in northern Sumatra appear to be the
result of recolonizations from three or four sources: Bor-
neo, mainland Asia, southern Sumatra, and Java. The
maps shown in Fig. 5 represent a time series over two
major glacial epochs and were developed using bathy-
metric data from the United States Geological Survey
database as described by Muir et al. (1998b). In the first
frame, representing a period at least 200,000 to 300,000
years ago, the sea levels are shown to be similar to those
today. The ancestral distribution of orangutans, through
South Asia but prior to colonization of Borneo, Sumatra,
and Java, is indicated. As the sea level dropped to ap-
proximately 40 m lower than that today (frame two), land
bridges began to appear between the mainland and the
islands. The arrow indicates one of many possible dis-
persal routes leading to the colonization of Sumatra
(Drawhorn 1994). As the sea level dropped to −125 m at
the glacial maximum, the islands of the archipelago west
of Wallace’s Line (W.L.) became a single land mass
joined to the mainland. The curved arrow in the third
frame indicates proposed colonization of the entire land
mass by orangutans. Wallace’s Line (Figs. 1 and 5) sepa-
rates the Asian and Australian faunas and corresponds to
a deep ocean strait separating Bali from Lomboc (south
of Java) and Borneo from Celebes (Darlington 1957, pp.
462–472).

As sea levels rose with the retreating glacier, popula-
tions on Borneo (Z), Sumatra (Y), and the mainland (X)
would have become isolated from each other as shown in
the fourth and fifth frames. These populations would
have remained isolated until at least the next glacial pe-
riod. During the subsequent glacial period(s) the oppor-
tunity existed for populations, which may have become
genetically distinct, to disperse from Borneo and the
mainland into Sumatra along routes proposed by
Drawhorn (1994), indicated in frames 6, 7, and 8. As
indicated in frame 9 the mainland and Java populations
of orangutans have become extinct, while Sumatra sup-
ports genotypes which are highly diverged, one of which
shares identity with Bornean orangutans.

Fossil Evidence of Diversity

There is substantial morphometric diversity among fossil
orangutans from across South Asia (Drawhorn 1994).
Even contemporary morphological diversity is great and
reflects the genetic diversity we found. In fact, Drawhorn
(1994) points out morphometric similarities between fos-
sils found on Borneo and contemporary orangutans
found in Sumatra. It had been suggested previously that
two or more populations exist in Sumatra (deBoer 1982).
Drawhorn also points out that the assertion that Sumatran
and Bornean populations have been isolated as distinct
groups for more than a million years (as suggested by
Zhi et al. 1996; Xu and Arnason 1996b; Janczewski et al.
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1990) is not supported by the fossil record, even though
that record is well documented. Drawhorn points out that
the derived character states that distinguish these popu-
lations are not evident until the recent fossil record.

In summary, the fossil evidence shows that 80,000
years ago, and for a long time afterward, there were
orangutan populations in much of the South Asian main-
land, Sumatra, Borneo, and Java. When the Toba vol-
cano exploded, about 74,000 years ago, it probably de-
stroyed orangutan populations in most of Sumatra—at
least in the north. Shortly after this, the Wisconsin Gla-
cial Epoch began its advance. As the glacier sequestered
water, extensive land bridge formation occurred. Lasting
for about 50,000 years, the land bridges probably sus-
tained robust tropical woodland ecosystems (Hantoro
1997), while much of the present lowland forests were
replaced by open swamp, dominated by grasses and
sedges (Van der Kaars and Dam 1997). Being highly
opportunistic, the orangutan is very likely to have taken
advantage of open niches presented on the land bridge

and reclaimed area surrounding the Toba caldera. The
mtDNA sequence divergence evident in the remnant
populations on Sumatra appear to reflect multiple, di-
verse origins.

The Species Question

The high level of divergence (about 8%) between a com-
plete mtDNA sequence from a Sumatran orangutan and
that from a Bornean orangutan has been used as evidence
of species level divergence between the populations on
those two islands (Xu and Arnason 1996b). Although, as
noted in the Introduction, there are other genetic distinc-
tions, as well as subtle morphological differences be-
tween individuals from Sumatra and Borneo (for a sum-
mary see Zhi et al. 1996), the mtDNA sequence
divergence appears to be the most compelling evidence
yet. We have argued elsewhere (Muir et al. 1998a) that
comparison of two mtDNA sequences, even complete

Fig. 5. Paleodispersal predicted based on haplotype distribution and
availability of route. Maps show the effect of falling sea level on the
presence of land bridges.Arrowsindicate possible dispersal routes. The

map series is from Muir et al. (1998b), represents two full glacial
advance and retreat cycles, and runs left to right, top to bottom.
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ones, is not sufficient evidence to define species. Results
presented here suggest that orangutan population struc-
ture is more complex than a simple dichotomy of Suma-
tra and Borneo populations. The Borneo populations,
sampled widely from the island, form a compact collec-
tion of mtDNA haplotypes. Sumatra, in contrast, appears
to include at least three very distinct lineages, including
one of the Borneo lineages.

Other authors have encountered “Borneo” karyotypes
or morphotypes in Sumatran orangutans but have dis-
missed the observations as misclassification (Ryder and
Chemnick 1993). We observed “Borneo” haplotypes
from several individuals that could be traced to Sumatra:
Ruby, of Sumatran maternal lineage, Gambar, and Jaura.
While one could argue that they either are misclassified
or result from recent introductions by humans, no simple
Sumatra/Borneo dichotomy can explain Bella. Bella’s
nad3sequence differed from the “Sumatra” haplotype at
25 sites (Sum-4versusSum-1:7.2%); hercobhaplotype
differed at 43 sites (Sum-DversusSum-A: 8.7%). This
divergence is comparable to the difference between
“Borneo” and “Sumatra” complete mtDNA sequences
(Horai et al. 1992; Xu and Arnason 1996b). She also
differs from the Borneo cluster of haplotypes by 5.8 and
5.0% at these two genes (Table 2). This result suggests
that her mitochondrial lineage has been isolated from
both “Borneo” and “Sumatra” lineages for an extended
period of time.

We believe that geographic changes over the last two
or more glacial/interglacial cycles can explain the high
genetic diversity that is currently present in Sumatra.
Geographically, Sumatra occupies a central position
among Borneo, Java, Sumatra, and the South Asian
mainland (Fig. 1). These islands have undergone re-
peated episodes of long-term isolation, followed by ex-
tended periods of land bridge connections. The intriguing
possibility that the distinct haplotypes found in Bella, or
the “Sumatran” group of haplotypes, are descendants of
now extinct populations from Java or the South Asian
mainland is testable if DNA can be obtained from sub-
fossil remains from those populations.
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