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Two hundred and sixty eight DNA sequences (hypervariable region 1 of the mitochondrial
control region) were obtained from chimpanzees (Pan troglodytes) in 19 natural populations
within the range of the easternmost subspecies, P, t. schweinfurthiz. Methods of phylogenetic
reconstruction were applied at both the haplotype and population levels. Chimpanzee
haplotypes do not sort into location-specific clades on any haplotype trees, indicating that
the subspecies is free of major phylogeographic subdivisioning. Trees of populations in which
geographic structure was imposed on the data lacked phylogenetic resolution in that
interpopulational relationships were poorly supported statistically. These results indicate
either a near simultaneous origin for the chimpanzee populations sampled, or an obscuring
of interpopulational phylogenetic relationships by gene flow. In contrast, area cladograms of
the forests from which chimpanzees were sampled (constructed using lists of endemic taxa)
were robust and statistically well-supported. Chimpanzee population history is apparently
decoupled from the history of the forests which the populations inhabit. Eastern chimpanzee
data are also used to draw phylogenetic and molecular evolutionary comparisons to humans.
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INTRODUCTION

The argument that abiotic change drives evolutionary divergence among taxa is
the benchmark of ‘phylogenetic biogeography’ (Brundin, 1988; Croizat, 1958, 1964).
‘Cladistic biogeography’ (Humphries et al., 1988), the melding of phylogenetic
biogeography with the methodology of Hennig (1966), endeavours specifically to
reconstruct historical relationships among geographic areas from phylogenies of
indigenous taxa, built using character-based methods (Nelson, 1981; Platnick &
Nelson, 1984; Rosen, 1988; Morrone & Carpenter, 1994). The recent availability
of molecular data (especially from the mitochondrial genome) has added power to
such methods by increasing the resolution of reconstructed phylogenies (Avise ¢t al.,
1987; Avise, 1989, 1994).

This paper applies a phylogenetic biogeographic perspective to the analysis of a
large data set of mitochondrial DNA sequences in order to reconstruct historical
relationships among populations of chimpanzees in eastern Africa. The current
geographic distribution of chimpanzees corresponds closely to the distribution of
forested habitat in Africa (Kortlandt, 1972, 1983; Goodall, 1986; Teleki, 1989). This
observation implies that chimpanzee distribution is somewhat restricted by the
geographic limits of forest habitat, although chimpanzees can and do exist outside
of forests (McGrew, Baldwin & Tutin, 1981; Kortlandt, 1983; Moore, 1992). To
the extent that chimpanzees have historically been restricted to forested habitats,
evolutionary relationships among extant chimpanzee populations should paraliel
historical relationships among the forests which they inhabit.

Forest history is, in turn, largely driven by climate. Dramatic shifts in global
temperature have occurred throughout the Pleistocene (Emliani, 1955; Taylor ¢t al.,
1993), and have caused corresponding expansions and contractions of forest in
eastern Africa (Kendall, 1969; van Zinderen Bakker & Coetzee, 1972; Moeyersons
& Roche, 1982). The centers of origin for many extant African mammals are
thought to be Pleistocene forest ‘refugia’, where forests persisted during cold, dry
periods in the earth’s climate (Endler, 1982; Haffer, 1982; Mayr & O’Hara, 1986).
Forest taxa presumably dispersed to reach their present distributions during the re-
expansion of forests following post-glacial climatic amelioration (Struhsaker, 1981;
Grubb, 1982; Hamilton, 1988; Colyn, 1991).

The hypothesis that forest taxa in eastern Africa have retracted into and expanded
out of Pleistocene refugia implies that present-day forests in this region are related
by a unique, if complicated, history. Under the refuge model, forest biota would
have differentiated due to: (1) the dispersal of forest taxa into previously unforested
areas during post-glacial forest expansion, and (2) the fragmentation and reduction
(vicariance) of forests and their indigenous biota during the onset of glacial conditions.
Applied to chimpanzee population history, refuge theory predicts that populations
of eastern chimpanzees inhabiting different forests should be related by a unique,
discernible history. It also predicts that this history should be concordant with the
historical relationships among the forests themselves. The goal of this paper is to
test these two hypotheses using genetic data from wild chimpanzee populations.

MATERIAL AND METHODS

Genetic material was sampled non-invasively (in the form of shed hairs collected
from sleeping nests) from chimpanzees in 19 geographically defined populations
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Figure 1. Map of sampling locations.

within the range of P & schweinfurthii (Fig. 1). A captive population of eastern
chimpanzees was also sampled (population #4, not shown in Fig. 1), but is not
included in the analyses below because of the uncertain geographic origins of these
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TasLe 1. Description of sampling locations

Abbrev. Forest Location* Longitude** Latitude** nt

1 BAMA Bugoma Mwela Sawmill 30°59'E 1°18'N 13
2 BOPI Budongo Pabidi 31°44'E 1°55'N 12
3 BOSO Budongo Sonso Sawmill 31°3%'E 1°44N 15
4 EEZO Entebbe Zoo 26
5 GEKA Gombe Kasekela 29°36’E 4°41'S 19
6 IARA Itwara Rwebikuya 30°25'E 0°47'N 12
7 [IAA Ituri Afarama 28°32'E 1°3%’N 13
8 IIAE Tturi Avakubi NE 27°34'E 1°20'N 12
9 AW Tturi Avakubi SW 27°33’E 1°19N 13
10 LA Truri Lenda 28°38’E 1°19N 17
11 KEDN Kibale Dura Station 30°19E 0°12'N 14
12 KEKA Kibale Kanyawara 30°21'E 0°34¢'N 15
13 KEKU Kibale Kanyanchu 30°20'E 0°28'N 14
14 KENO Kibale Ngogo 30°25°E 0°30'N 13
15  KUSL Kalinzu Kalinzu Sawmill 30°03°E 0°28'S 13
16  NESN Nyungwe Nyungwe Station ~ 29°30°E 2°25'S 13
17 RIKA Rwenzori Katebwa 30°06'E 0°32'N 13
18 SIMU Semliki Mbume-Busaru 30°02’E 0°43'N 13
19 SINI Semliki Ntandi 30°09°E 0°48'N 11
20 TOBA Tshopo Bafwabalinga 27°04'E 0°51'N 10

* See Figure 1; sampling locations are shown by number on this map.
** Latitudes and longitudes are measured to the nearest minute.
t Sample sizes of DNA sequences obtained.

animals (Goldberg, 1996). Laboratory methods for the extraction, amplification and
sequencing of DNA are described elsewhere (Goldberg, 1996).

A 368 bp segment of the mitochondrial d-loop region (corresponding to Anderson
reference sequence coordinates 16042—16410), which includes the first hypervariable
region, was chosen for study. Hypervariable region 1 was selected for its especially
high rate of evolution (Kocher & Wilson, 1991), because of the anticipated close
evolutionary relationships of the taxa being studied. Also, hypervariable region 1
has been well-characterized in humans and chimpanzees. and has been used to
discern patterns of chimpanzee phylogeography across Africa (Morin et al., 1994).

RESULTS

Two hundred and sixty two DNA sequences were generated. Table | presents
the names and geographic coordinates of each sampling location, as well as the
sample sizes of DNA sequences obtained. Abbreviated location names listed in
Table 1 will be used throughout the study. Nineteen geographically-localized DNA
sequences from Morin et al. (1994) were also incorporated into the study. These
sequences correspond to population #5 (GEKA).

The geographic arrangement of locations sampled in the present study, and their
proximity to reconstructed Pleistocene refugia, predict a specific pattern of historical
relationship for these forested areas. This pattern is presented in Figure 2 as a
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Figure 2. Hypothetical phylogeny of sampling locations based on reconstructed locations of Pleistocene
forest refugia and the current geographic arrangement of forests (see text for full explanation).

phylogenetic tree (constructed manually). Refuge populations (RIKA and the Zairian
populations) appear as outgroups relative to the other locations under the assumption
that refugia are ‘source’ areas from which the indigenous biota of other peripheral
(non-refuge) forests have dispersed (Hamilton, 1976, 1981; Kingdon, 1981; Howard,
1991). Peripheral forests diverge in the order of their geographic proximity to
refugia, under the assumption that increasingly-peripheral locations were colonized
by forest taxa sequentially during post-glacial forest expansion. This same topology
would also be predicted under an alternate vicariant model in which the most
peripheral forests were the first to become isolated from a shrinking ‘mainland’ of
forest during the onset of glacial conditions. Figure 2 also reflects the hypothesis
that, within eastern forests, southern forests (KUSL, NESN, GEKA) should cluster
distinctly from northern forests due to the possible role of lakes Edward and George
and the Kasinga Channel as a geographic barrier to dispersal (see Figure 1).

Haplotype trees
One hundred and twenty three distinct chimpanzee haplotypes were identified

in the present study. The raw DNA sequences are available through GenBank
(accession numbers U77181-U77293) and in Morin et al. (1994). Of the 368 bp
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sequenced, 90 positions were variable. The number of unique, bifurcating trees that
could be constructed for a data set of this size is astronomical (Felsenstein, 1978),
and precludes the use of exact search algorithms which employ maximum-parsimony
optimality criteria (Farris, 1986; Felsenstein, 1993; Swofford, 1993). Initial com-
putational attempts using simultaneous runs of PAUP (Swofford, 1993) on separate
microcomputers suggest that a statistically meaningful searching of ‘tree space’, even
using heuristic approximation, would take on the order of months to years. The
problem is analogous to that described for the human mitochondrial gene tree
(Vigilant et al, 1991), from which topological inferences about modern human
origins have been problematic due to large numbers of equally-parsimonious
cladograms (Maddison, Ruvolo & Swofford, 1992). Furthermore, the number of
taxa in the present sample (123) is greater than the number of variable characters
(90), rendering parsimony-based cladograms intrinsically weak (Swofford, 1993;
Rogers & Jorde, 1995). For these reasons, the haplotype trees described below
are distance trees. The analysis which follows acknowledges that alternate, more
parsimonious trees probably do exist, but assumes that distance methods provide
sufficient phylogenetic resolution to address the hypotheses outlined above. This
assumption is tested below.

Figure 3 presents a phylogeny of eastern chimpanzee haplotypes reconstructed
from a matrix of distances generated using the DNAdist module of the computer
program PHYLIP with a maximum-likelihood distance correction and a transition:
transversion ratio of 10:1. Transition-transversion ratios as low as 1:1 and as high
as 30:1 were also used, but did not alter the results of this or the following analyses.
The algorithm used to generate the tree is the neighbour-joining algorithm (Saitou
& Nei, 1987). The tree is rooted using outgroup sequences from three central African
chimpanzees (P ¢. troglodytes), three west African chimpanzees (P, £. verus), two bonobos
(P paniscus) and two humans (Homo sapiens). One west African chimpanzee sequence
and both bonobo sequences were taken from the literature (Horai et al., 1992; Morin
et al., 1994), as were the two human sequences (Vigilant ef al., 1991), which were
specifically chosen to be maximally-divergent within Vigilant’s 135 haplotype world
human sample. Haplotypes are numbered sequentially from the top to the bottom
of the tree and are described by number in Table 2.

Diversity within eastern chimpanzees (measured as the length of the branches
connecting the most divergent eastern chimpanzee sequences) is lower than that
within humans. The two human sequences differ from one another by a total of 22
substitutions (20 transitions and 2 transversions), while the most divergent clade of
eastern chimpanzee haplotypes (sequences 11-14) differs from the other eastern
chimpanzee haplotypes by a maximum of 20 substitutions (18 transitions and 2
transversions). These estimates did not change significantly when the data were
corrected for multiple substitutions using a maximum likelihood distance correction
and a transition/transversion ratio of 10:1. The approximate coalescent time for
eastern chimpanzees would therefore be (using corrected estimates) 20/22, or 91%
of the human estimate. A human estimate of 298 kya (Ruvolo ef al., 1993) would
therefore imply a coalescence time of 272 kya for the last common ancestor of all
eastern chimpanzees.

Diversity within eastern chimpanzees is also lower than that within western
African chimpanzees (28 transitions, 2 transversions) and bonobos (29 transitions, 2
transversions), but is higher than that within the central African chimpanzees
sampled (14 transitions, 1 transversion). Diversity within bonobos and west African
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Figure 3. Neighbour-joining tree of 123 eastern chimpanzee haplotypes, rooted using Human (Hsap),
Bonobo (Ppan), P, t. verus (Ptve) and P. £, tmglodytes (Pttr) as outgroups. Branch lengths are proportional
to genetic distances between haplotypes. Taxa are numbered sequentially from top to bottom, and
are described by number in Table 2.

chimpanzees exceeds that within humans, despite minimal geographic sampling
within these subspecies. Indeed, maximum sequence difference within P. ¢. verus and
P, paniscus is greater even than the genetic distance between P, t. schweinfurthii and P
. troglodytes (25 transitions, 2 transversions). Again, correction for multiple substitutions
did not appreciably change any of these estimates.

On the tree in Figure 3, Zairian locations do not sort to the exclusion of eastern
forest locations. However, the most divergent clade (from the others) within eastern
chimpanzees consists exclusively of sequences from Zaire (Figure 3, sequences
11-14). This topology is consistent with a Zairian location for the basal node linking
eastern chimpanzees, as would be predicted if a major Pleistocene forest refuge
existed in northeast Zaire (Struhsaker, 1981; Grubb, 1982; Hamilton, 1988; Colyn,
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TasLe 2. Description of taxa on the phylogenetic tree in Figure 3

Taxon' Found in populations’ Number of Taxon' Found in populations® Number of
individuals individuals
with with
haplotype* haplotype*

1 to 10 Outgroup taxa* 67 RIKA 1

11 IAA 2 68 SINI 2

12 EEZO, I1AA 1,1 69 IARA i

13 ITAA 3 70 KEKA 1

14 IILA 1 71 IARA !

15  KEDN 1 72 EEZO, IAW, KEDN, KEKU, 1,1,1,1,2,1

16 NESN 3 KENO, RIKA

17 GEKA 2 73 BOPI 1

18 IILA 2 74 TOBA 1

19 ILA 1 75  BOPI KEKU, RIKA 31,1

20 KEKU, SINI 1,3 76 EEZO 1

21 SINI 1 77 BOPI 1

22 BOPI 1 78 GEKA 3

23 LA 1 79 RIKA 1

24 KUSL 1 80 RIKA 2

25 GEKA 2 81 TIAE 2

26 BAMA 1 82 IAA 1

27 EEZO 1 83 GEKA 1

28 MAA 1 84 AW 2

29 LA 3 85 LA 1

30 LA 3 86 AW 1

31 BOPI 1 87 IIAA 1

32 KENO 3 a8 EEZO 1

33 IIAA ! 89 KUSL 1

34 EEZO, GEKA, RIKA 2,1,2 90 KUSL 1

35 IIAA 1 91 KUSL 1

36 IARA 1 92 KUSL 1

37 KEDN 5 93 KUSL 1

38 IAW 2 94  EEZO, IAW, KEKU, SIMU,  1,3,1,7,3

39 BAMA, BOP], BOSO 1,1,4 SINI

40 NESN 2 95 IIAE 1

41 GEKA 1 96 GEKA 3

42 BOSO, IARA 1,1 97 KUSL 1

43 GEKA 1 98 IAE 7

44 BOSO 1 99 NESN 2

45 BOSO 1 100 NESN 2

46 EEZO, KENO 1,1 101 RIKA, TOBA 1,1

47 KEKU, SINI 2,1 102 EEZO 1

48 EEZO, RIKA 1,1 103 ITAA 1

49 NESN 2 104 TARA 1

50 KUSL 1 105 EEZO, IARA, KEKA 2,32

51 GEKA 2 106 IIAE 1

52 RIKA, SIMU 1,3 107 NESN 1

53 GEKA 2 108 EEZO 1

54 SIMU 1 109 EEZO 1

35 SIMU 1 110 TOBA 1

56 LA 1 1931 EEZO 1

57 AW 2 112 TOBA 2

58 EEZO 1 113 LA 1

50  BOPL BOSO, IARA 31,1 114  BOPI, BOSO, EEZO 1,42

60 KEKA, KENO, RIKA 42,1 115 TOBA 1

61 EEZO, KEDN, KEKA, KUSL  1,6,2,2 116 BAMA, KEKA 1,1

62 AW 1 117 KEDN, KEKA, KUSL 6,2,2

63 AW 1 118 BAMA, BOSO, EEZO, KUSL  8,1,2,2

64 EEZO 1 119 NESN 1

65 BOSO 1 120 SIMU 1

66 BOSO 1 121 BAMA ]
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TasLe 2. Description of taxa on the phylogenetic tree in Figure 3—continued

Taxon' Found in populations® Number of Taxon' Found in populations® Number of
individuals individuals
with with
haplotype® haplotype®

122 IILA 1 128 TOBA 1

123 GEKA 1 129 EEZO 1

124  1AE ] 130  BAMA, IARA, KEKU, SINI  1,32,1

125  TAA i 131 EEZO, IILA, KUSL, RIKA 211

126 TOBA 3 132 SINI 1

127 KEKA, KEKU 3,1 133 EEZO 1

' Taxa (haplotypes) are numbered sequentially from top to bottom of the tree in Figure 3.
?See Figure 1 and Table 1 for description of populations.

* Numbers refer to the number of individuals posessing the haplotype in each population.
*1-2 =human; 3—4=bonobo; 5-7 =western chimpanzee; 8-10=central chimpanzee

1991). Individual sampling locations (shown in Figure 1) do not form exclusive
clades on this tree.

Two other tree reconstruction algorithms were applied to these data. Both the
UPGMA algorithm (Sokal & Michener, 1958) and the Fitch-Margoliash algorithm
(Fitch & Margoliash, 1967) produced trees with properties very similar to the
neighbour-joining tree, and are not, therefore, shown. The compositions of major
clades within eastern chimpanzees varied somewhat between the UPGMA and
neighbour-joining trees, although both preserved the pattern of low overall diversity
and lack of geographic substructuring. The topology of the Fitch-Margoliash tree
was also different in its lack of a maximally-divergent clade of exclusively Zairian
sequences within eastern chimpanzees, and in its (almost certainly incorrect) clustering
of P, . verus with P, paniscus.

Haplotype phylogenies were used to investigate molecular evolutionary processes
within hypervariable region 1 of the mitochondrial control region (Kocher & Wilson,
1991). Character-state changes (in this case, nucleotide base substitutions) were
traced along UPGMA, neighbour-joining and Fitch-Margoliash trees of haplotypes
for both the eastern chimpanzee sample (n=123) and Vigilant et al’s (1991) world
human sample (2=135) using the computer program MacClade (Maddison &
Maddison, 1992). Results are presented in Figure 4 for the neighbour-joining tree
only, since results for the UPGMA and Fitch-Margoliash trees were indistinguishable.
Resuits obtained by non-tree-based methods (i.e. simple counts of nucleotide variation
along the sequence) also yielded a pattern statistically indistinguishable from the one
shown in Figure 4. Inferred numbers of transitional changes (open bars) and
transversional changes (closed bars) are plotted at ten-nucleotide intervals along the
gene region, which corresponds to bases 1604116413 of human reference sequence
(Anderson et al., 1981).

Patterns of nucleotide substitution are similar between humans and eastern
chimpanzees. Numbers of transitional changes are greatest in the middle of the
region sequenced, as predicted from interspecific comparisons (Kocher & Wilson,
1991). The transitional bias observed in the eastern chimpanzee data (approximately
19:1) is similar to that observed for the human data (approximately 17:1). In neither
taxon were the numbers of transitional or transversional changes normally distributed
(Kolmogorov-Smirnov test using standard normal distribution; P<0.0001 in all
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Figure 4. Comparative molecular evolution in eastern chimpanzee (n=123) and human (n=135)
mitochondrial d-loop hypervariable region 1. Minimum numbers of transitional and transversional
changes were calculated at 10-nucleotide intervals along the gene region sequenced using MacClade
{Maddison & Maddison, 1992). Changes were traced along a phylogenetic tree of haplotypes constructed
for each taxon with the program PHYLIP (Felsenstein, 1993) using the neighbour-joining algorithm
(Saitou & Nei, 1987). Results were indistinguishable when trees constructed using other methods were
analysed. Human data were taken from Vigilant et al. (1991).

cases), nor could the distribution of changes be made to fit a normal distribution
by standardizing the mean and standard deviation to zero and one, respectively
(Lillefors test, P<0.0001 in all cases; Lillefors, 1967). Therefore, the statistical
comparisons presented below are nonparametric. Tests were run using the program
SYSTAT (Wilkinson, Hill & Vang, 1992).

In eastern chimpanzees, areas of high transitional variation did not tend to cluster
statistically along the length of the sequence (Wald-Wolfowitz runs test; P=0.41).
Similarly, transversional changes were not clustered along the gene region in eastern
chimpanzees (Wald-Wolfowitz runs test; P=0.71). In humans, however, transitional
changes were clustered (Wald-Wolfowitz runs test; P=0.01), although transversional
changes were not (Wald-Wolfowitz runs test; P=0.15). Direct comparisons of human
and eastern chimpanzee sequences detected no statistical difference, however, either
in the case of transitions (Wilcoxon signed rank test; P=0.40), or in the case of
transversions (Wilcoxon signed rank test; P=0.97). No evidence therefore exists that
the molecular evolutionary dynamics of this segment of the mitochondrial control
region have changed since the divergence of humans and chimpanzees.

The analyses presented above operate under the previously-stated assumption
that distance methods of tree reconstruction yield phylogenetically-meaningful
topologies. To the extent that parsimony is the most appropriate optimality criterion
for reconstructing phylogeny (Farris, 1983; Sober, 1988), this assumption may be
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tested empirically. Using MacClade (Maddison & Maddison, 1992), 1000 randomly-
generated equiprobable trees were generated for the full data set of 123 chimpanzee
haplotypes and 10 outgroups. The length of each tree was determined from the
molecular data to generate a null distribution of tree lengths. Lengths were then
calculated for each of the distance trees described above. The UPGMA (length =
442), neighbour-joining (length = 408) and Fitch-Margoliash (length =414) trees were
all significantly shorter than the shortest random tree (length =905), indicating that
these distance methods do, in fact, arrive at significantly ‘better’ topologies than
would be expected by chance.

Population trees

When analysed using MacClade (Maddison & Maddison, 1992), trees of haplotypes
in which populations were constrained to be monophyletic were considerably less
parsimonious than any of the reconstructed distance trees presented above (length
of shortest population monophyly constraint tree =522). This observation does not,
however, imply that the populations lack a unique, recoverable history. Even if gene
flow among eastern chimpanzee populations has been extensive, it may not have
entirely obscured all genetic record of the order in which the populations were
founded. The following analyses impose a population structure on the data a priori
in an effort to reconstruct such a history.

Distance matrices were generated among the 19 geographically-defined popu-
lations in the study using frequencies of the 123 identified alleles (see Table 2).
Distances were computed and converted into trees using the program PHYLIP
(Felsenstein, 1993) with the neighbour-joining algorithm. Other tree-building
methods (UPGMA, Fitch-Margoliash) yielded identical topologies. Results are pre-
sented in Figure 5. Three allelic distance measures available in PHYLIP were used:
Cavalli-Sforza & Edwards (1967; top panel), Nei (1972; middle panel), and Reynolds,
Weir & Cockerham (1983; bottom panel). Each measure has properties which
render it uniquely informative for reconstructing phylogenetic relationships among
populations (Cavalli-Sforza & Edwards, 1967; Nei, 1972; Reynolds et al, 1983;
Felsenstein, 1993). However, the likelihood that a correct topology was reconstructed
using any measure is effectively zero due to the large number of taxa (19) and small
number of genetic systems (1) investigated (Nei, Tajima & Tateno, 1983). The
distance approach with gene frequency data should thus be viewed cautiously. It is
potentially useful only for identifying particularly robust population groupings.

In the Cavalli-Sforza & Edwards (1967) and Reynolds et al. (1983) trees, locations
within Budongo Forest (BOPI and BOSO) tend to cluster, as do locations within
Semliki Forest (SIMU and SINI). In all three trees, Kibale Forest locations (KEDN,
KEKA, KEKU, KENO) are paraphyletic, although KEDN, KEKA and KENO
do tend to cluster on the Cavalli-Sforza & Edwards (1967) and Reynolds ez al. (1983)
trees. Few other strong similarities exist among the three trees. Branch lengths in
the Nei (1972) tree are all approximately equal (zero), suggesting a ‘star phylogeny’
with little resolution. A similar pattern is also suggested by the Cavalli-Sforza &
Edwards (1967) and Reynolds et al. (1983) trees; in both trees, central nodes are
linked by short branch lengths while long branches appear only for terminal taxa.

The number of populations in this study (19) is considerably smaller than the
number of haplotypes (123), which makes cladistic analysis using parsimony criteria
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Figure 5. Relanonshlps among populations based on allele frequencies. Three genetic distance matrices
were calculated using the program PHYLIP (Felsenstein, 1993). Distance measures were those of (A)
Cavalli-Sforza & Edwards (1967), (B) Nei (1972), and (C) Reynolds ¢t al. (1983). Trees were constructed
using PHYLIP with the neighbour-joining algorithm of Saitou and Nei (1987). Topologies were
identical when other tree-building methods were used. Numbers abave branches (not drawn to scale)
are relative branch lengths.

possible at the population level. The analysis which follows attempts to reconstruct
‘ancestral’ alleles for each sampling location using cladistic inference; parsimony
criteria are then used to reconstruct phylogenetic relationships among these alleles
(Rice, Donoghue & Olmstead, in press). The analysis considers only ‘endemic’ alleles
(alleles found exclusively in a single sampling location) under the assumption that
they evolved locally from a unique ancestral sequence which was also geographically
localized. This analysis further assumes that reconstructed ancestral alleles represent
founder alleles from the initial population which colonized each sampling location.
‘Eurytopic’ alleles (alleles shared among two or more sampling locations) were
excluded under the assumption that they represent recent migration and could
confound phylogenetic reconstruction by introducing homoplasy.

For each population, a maximum-parsimony tree of endemic haplotypes was
generated using the branch and bound algorithm of PAUP (Swofford, 1993) and a
transition: transversion ratio of 10:1. This algorithm is an exact search method,
practical only for numbers of taxa less than approximately 13. One central African
chimpanzee, one west African chimpanzee and one bonobo sequence were included
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Figure 6. Maximum parsimony tree of ancestral haplotypes. The cladogram is a 50% majority-rule
consensus tree computed from 1000 bootstrap replicates of the data using the heuristic search option
in PAUP (Swofford, 1993). Numbers above branches are minimum numbers of inferred changes.
Numbers below branches are bootstrap values. The tree is rooted using Human (Hsap), Bonobo
(Ppan), P, t. verus (Ptve) and P. &. tmglodytes (Pitr) as outgroups. Tree length=139; rescaled consistency
index = 0.588. Ancestral character states were reconstructed from cladistic relationships among endemic
haplotypes within sampling locations (calculated individually using the branch and bound algorithm
of PAUP). Numbers of endemic haplotypes are shown after taxon names. KEKU was excluded from
the analysis because it lacked endemic haplotypes.

in each search as outgroups. In 17 of 19 cases, a single most parsimonious tree was
identified. In the remaining 2 cases, more than one (2 and 4, respectively) equally-
parsimonious tree was identified. PAUP was then used to reconstruct the ancestral
state of each of the 368 characters (nucleotide positions) at the basal node linking
the eastern chimpanzee haplotypes in each tree. Ancestral haplotypes were input
into PAUP along with sequences from a human, bonobo, a western African
chimpanzee, and a central African chimpanzee. PAUP was used with the heuristic
search option (10 random-addition replicates) and a transition: transversion ratio of
10:1 to search for maximally parsimonious trees (transition: transversion ratios of
1:1 and 30:1 were also tested, but did not alter the results of the analysis). One
thousand bootstrap replicates of the data (Felsenstein, 1985) were run to estimate
statistical confidences around reconstructed groupings.

Results are presented in Figure 6. Because 1163 equally-parsimonious trees were
found during the heuristic search, the cladogram presented is a 50% majority-rule
bootstrap consensus tree in which all possible groupings were allowed. Although
outgroup relationships were reconstructed with high confidence, ingroup relationships
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were not. Bootstrap values within the eastern chimpanzee clade were universally
low and internal branch lengths (minimum numbers of reconstructed changes) were
all < 1. The topology is also inconsistent with the predictions of Pleistocene refuge
theory, as outlined in the Introduction. The hypothetical population tree presented
in Figure 2 was a considerably less-parsimonious explanation of the data (length=
152) than the reconstructed tree (length=139), when analysed using MacClade
(Maddison & Maddison, 1992). ‘Refuge’ locations (Zairian locations and RIKA) are
dispersed throughout the tree in Figure 6, rather than being outgroups, as predicted
if other populations were founded by chimpanzees dispersing from them (see Fig.
2). BAMA (Bugoma), a peripheral forest which probably did not exist in its present
location before approximately 300 years ago (Howard, 1991), is reconstructed as an
outgroup to all other populations. Locations within Kibale Forest are paraphyletic,
as are locations within Semliki Forest. The two Budongo Forest locations do cluster,
but with only 4% bootstrap confidence.

Eurytopic haplotypes were excluded from the analysis described above because
they were assumed to be represent recent migration. However, eurytopic haplotypes
may be good indicators of relatedness between populations under the alternate
assumption that they reflect recent common ancestry. This would be true under a
model in which founder populations dispersing from a common ancestral population
shared greater numbers of alleles than founding populations dispersing from different
ancestral populations. This would also be true in the case of vicariance, under the
assumption that recently-vicariated populations retain greater numbers of alleles in
common than do distantly-vicariated populations. This reasoning is central to PAE,
or ‘parsimony analysis of endemicity,” a little-used and little-explored biogeographic
technique founded by Rosen and Smith (Rosen, 1984, 1985; Rosen & Smith, 1988).

In its original formulation, PAE combined data on species distributions with the
cladistic methodology of Hennig (1966) to build cladograms of geographic areas.
This technique considers entire geographic areas as ‘taxa’ and species as characters.
A species inhabiting areas A and B but not C would count as a synapomorphy
supporting a clade linking A and B to the exclusion of C. Parsimony criteria can
be applied in the usual sense to find the optimal area cladogram. Taxa may also
be autapomorphic or symplesiomorphic, in which case they are uninformative
for reconstructing area relationships (Rosen, 1988). Ambiguity in character state
assignment (can a taxon ever be proven absent from an area?), character weighting,
and the ecological interdependence of taxa are but some of the issues which have
not been fully addressed for this method. Although its reasoning is sound, the
technique should therefore be considered experimental.

PAE was applied to the chimpanzee genetic data at the allelic level. Sampling
locations were defined as taxa and were scored for the presence or absence of each
of the 24 eurytopic alleles identified in the study (see Table 2). PAUP (Swofford,
1993) was used with the heuristic search option find the most parsimonious tree(s)
linking all 19 populations. To estimate statistical confidences associated with observed
topological groupings, 1000 heuristic bootstrap replicates were run. Because 634
equally-parsimonious trees were found, a 50% majority-rule bootstrap consensus
tree was calculated in which all possible groupings were allowed. The tree was
rooted using Lundberg rooting (Lundberg, 1972) and an ancestral population
containing no haplotypes. This rooting method is advocated by Rosen & Smith
(1988) under the reasoning that it represents “a locality occurring so far back in
geological time that none of the taxa in the sample set of localities had yet evolved”.
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Figure 7. Parsimony analysis of endemism using presence/absence of 24 eurytopic haplotypes in 19
sampling locations. The cladogram is a 50% majority-rule consensus tree computed from 1000
bootstrap replicates of the data using the phylogenetic analysis program PAUP (Swofford, 1993) with
the heuristic search option. Numbers above branches are minimum numbers of inferred changes.
Numbers below branches are bootstrap values. The tree is rooted by the method of Lundberg (1972),
using an ancestral population containing no haplotypes. Tree length =45; rescaled consistency index =
0.207.

In the present context, it would represent a locality in which none of the alleles in
the sample had yet evolved.

Results are presented in Figure 7. Bootstrap values on the tree are generally low,
with two exceptions. A bootstrap value of 63% supports the monophyly of the two
Budongo Forest locations. A bootstrap value of 66% supports a grouping of a Kibale
Forest population (KEKU) with a Semliki Forest population (SINI). Monophyly of
the Budongo Forest locations would be expected for obvious reasons. However,
monophyly of locations within other multiply-sampled forests (Semliki and Kibale)
is not supported.

The PAE cladogram does not support the hypothesis of population relationship
schematized in Figure 2. Indeed, the topology presented in Figure 2 was a less
parsimonious explanation of the data (length =47) than the reconstructed PAE tree
(length =45) when analysed using MacClade (Maddison & Maddison, 1992). The
PAE tree also lacks long internal branches. This property likely results from the
small sample size of characters (24). Because this number is only slightly greater
than the number of taxa (19), phylogenetic reconstructions will necessarily be
problematic. It is, however, also possible that the pattern observed is real: namely,
that the real phylogeny is a ‘star phylogeny’, and that resolution is low as a result



316 T. L. GOLDBERG AND M. RUVOLO

of the nearly simultaneous genesis of all present-day populations. If so, then area
cladograms constructed from other, independent data should show this same pattern.

Fortunately, an independent data set is available for a subset of the populations
from which chimpanzees were sampled. Howard (1991) compiled species lists for
12 Ugandan forests using published records, museum collections and extensive
ground survey data. Howard recorded the presence or absence of 425 species of
forest trees, 329 species of forest birds, 67 species of forest butterflies, and 12 species
of forest primates in each of the 12 forests. The data are preliminary in that species
absence were not, in most cases, absolutely confirmed. A more detailed description
of the data is available in Howard (1991), and more extensive survey work is
currently underway. Nine of Howard’s 12 forests contain chimpanzees. Seven of
these (Bugoma, Budongo, Itwara, Kibale, Kalinzu, Semliki and Rwenzori) were
sampled during the present study.

Parsimony analysis of endemicity was performed on Howard’s data using PAUP.
The branch and bound search option was used, and 1000 branch and bound
bootstrap replicates were run to obtain statistical confidences around reconstructed
groupings. Characters were unordered and equally weighted. In the case of trees,
butterflies and the combined data set, a single most parsimonious tree was found.
In the case of birds and primates, more than one equally parsimonious tree was
found (2 and 9, respectively). In these latter cases, 50% majority rule consensus
trees were calculated. Cladograms were Lundberg rooted (Lundberg, 1972) using a
hypothetical ancestral forest containing no taxa (Rosen & Smith, 1988).

Figures 8 and 9 show the PAE cladograms for trees, birds, butterflies and primates,
and for the combined data set of 833 taxa, respectively. The cladograms are similar,
with well-defined clades (long internal branch lengths) and high bootstrap values.
Bootstrap values for the butterfly and primate cladograms were lower than for the
tree and bird cladograms, probably because of relatively low numbers of butterflies
and primates. In every case, Rwenzori Forest is most divergent. This would be
expected considering Rwenzori Forest’s unique ecology (Howard, 1991) and the
fact that it was probably the location of a montane Pleistocene forest refuge
(Hamilton, 1976; Struhsaker, 1981; Rodgers, Owen & Homewood, 1982; Colyn,
1991). The topology of the cladogram of combined biotas (Figure 9) is remarkably
robust, having high bootstrap values and long internal branch lengths. It is also
generally consistent with the geographic arrangement of forests along the Ugandan
forest ‘archipelago’ (see Figure 2). Centrally-located forests (Itwara, Kibale) branch
off after Rwenzori, followed by increasingly more ‘peripheral’ forests (Kalinzu,
Bugoma, Budongo). Semliki is an exception in that, although central (it is contiguous
with Rwenzori Forest), it clusters with the most peripheral forests (Budongo, Bugoma).

Howard (1991) presents dendrograms of relationships among these forests derived
from the same data. Howard’s distance-based analysis groups forests according to
the overall similarity of their species compositions, which Howard interprets as
indicative of ecological similarity among forests within groups. This analysis is thus
fundamentally different from the cladistically-derived relationships presented here,
which group forests on the basis of inferred shared ancestral characters (species).
The topologies generated by the two analyses differ slightly, primarily in the
relationships among ‘ingroup’ forests (Howard’s dendrograms tend to cluster Kibale
with Itwara and Semliki with Rwenzori); Rwenzori is maximally divergent by both
analyses. This observation suggests that the PAE approach may be informative in



EASTERN CHIMPANZEE PHYLOGEOGRAPHY 317

425 Tree Species Bugoma
RC =0.302 Semliki
Budongo
Kalinzu
Kibale
Itwara
Rwenzori

Bugoma
Budongo
Kalinzu
Semiiki
Kibal
Itwara
Rwenzori

329 Bird Species
RC = 0.395

Sl

67 Butterfly Species

Budongo
RC =0515 iki

Semliki
Bugoma
Kibale
Kalinzu
Itwara
Rwenzori

12 Primate Species Bugoma
RC =0.635 Semliki

% 1 Kibale
_7&—4

Budongo
3 o Itw:.ira
1 Rwenzori

=2

Figure 8. Parsimony analyses of endemism for seven Ugandan forests. Data were taken from Howard
(1991) and consist of species lists from each forest, compiled from ground survey data. Cladograms
are maximum parsimony trees found using the branch and bound algorithm of PAUP (Swofford,
1993) and rooted by the method of Lundberg (1972) with an ancestral location containing no taxa.
Numbers above branches are minimum numbers of inferred changes. Numbers below branches are
bootstrap values (1000 replicates). Species were equally weighted. Rescaled consistency indices (RC)
are given for each cladogram.

qualitatively different ways than traditional biogeographic approaches, which are
based on overall similarities among species assemblages (Humphries et al., 1988).

In any case, the PAE cladogram of eurytopic chimpanzee haplotypes presented
in Figure 7 bears little resemblance, either topologically or statistically, to the PAE
cladograms of forest taxa presented in Figures 8 and 9. The genetic PAE tree in
Figure 7 is even less similar to Howard’s (1991) original distance-based ecological
dendrograms, in that consistently-divergent forests by Howard’s analysis appear as
well-ensconced ingroups in Figure 7. To the extent that PAE and ecological grouping
accurately reconstruct history, the forests analysed appear to be related by a unique,
discernible history which is broadly concordant with the predictions of Pleistocene
refuge theory. In contrast, chimpanzee populations inhabiting these forests do not
conform to this pattern, and do not cluster into well-defined clades by any analysis.
This observation may reflect the inadequacy of the genetic data to discerning such
relationships. Alternatively, it may indicate that chimpanzee populations are related
by a different history, or that relationships among them are truly ill-defined. The
latter pattern would suggest either near simultaneity of population origin, or the
obscuring of phylogenetic resolution due to extensive gene flow.
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Figure 9. Parsimony analysis of endemism for seven Ugandan forests using combined species data for
trees (n=425), birds (n=329), butterflies (1 =67) and primates (n=12). The cladogram is a maximum-
parsimony tree found using the branch and bound algorithm in PAUP (Swofford, 1993), rooted by
the Lundberg method (Lundberg, 1972) with an ancestral location containing no taxa. Numbers above
branches are minimum numbers of inferred changes. Numbers below branches are bootstrap values
(1000 replicates). All characters (species) were equally weighted. Length =1101; rescaled consistency
index=0.342.

DISCUSSION

Phylogeographic analyses of mitochondrial DNA (Avise ¢t al., 1987; Avise, 1989)
have documented intraspecific phylogenetic ‘gaps’ in other species, often cor-
responding to obvious geographic barriers (Avise, 1994). Such major subdivisions
typically characterize populations of small, relatively non-dispersive mammals (Mac-
Neil & Strobeck, 1987; Plante, Boag & White, 1989; Riddle & Honeycutt, 1990;
Prinsloo & Robinson, 1992), birds (Shields & Wilson, 1987; Avise & Nelson, 1989;
Edwards & Wilson, 1990; Moore, Graham & Price, 1991; Degnan & Moritz, 1992;
Zink & Dittmann, 1993; Seutin ¢t al., 1994), reptiles and amphibians (Densmore et
al., 1989; Wallis & Arntzen, 1989; Moritz, 1991; Lamb & Avise, 1992), fishes
(Bermingham & Avise, 1986; Avise, 1992), and invertebrates (Sounders, Kessler &
Avise, 1986; Hale & Singh, 1991; Murray, Stine & Johnson, 1991; Burton & Lee,
1994). However, even large and/or highly-vagile species can exhibit significant
population subdivisioning (e.g. Carr et al., 1986; Baker et al., 1990; Cronin, Nelson
& Pac, 1991; Wada, Kobayashi & Numachi, 1991). For example, mitochondrial
haplotypes of humpback whales (Megaptera novacangliae), a species of high vagility and
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global distribution, sort into distinct geographic clades due to matrilineal fidelity to
migratory routes (Baker et al., 1990).

The analyses presented above indicate that P, ¢. schweinfurthii falls into the other
category of taxa which do not show ‘classical’ phylogeographic subdivisioning (e.g.
Ball ¢ al., 1988; Cronin et al., 1991; Lehman & Wayne, 1991; Arnason Palsson &
Arason, 1992). Although phylogeographic breaks (representing subspecific divisions)
do exist at the species level (Morin et al., 1994), no such divergent clades exist within
the eastern subspecies. Rather, the eastern chimpanzee mitochondrial pattern is one
of low overall variability and little subclustering. This pattern most closely resembles
that of humans on a global scale (Cann, Stoneking & Wilson, 1987; Merriwether et
al., 1991; Vigilant et al., 1991). Like humans, chimpanzees are a highly-vagile species,
as would be expected from their documented long-distance ranging ability (Goodall,
1986; Moore, 1992; Chapman & Wrangham, 1993).

Phylogeographic barriers such as major Zairian rivers, which demarcate bio-
geographic subdivisions within and among other primate genera (Colyn, 1991), have
apparently not impeded gene flow within eastern chimpanzees to an extent that
would create discontinuities on haplotype trees. However, it is worth noting that
ITAA and ITAE (populations 7 and 8 in Figure 1) cluster together more frequently
on the population trees presented in this study than do IIAA and IILA (populations
7 and 10) or ITAE and IIAW (populations 8 and 9). This observation is intriguing,
since IIAA and ITAE are separated by a large geographic distance, but not by major
rivers. The latter two aforementioned population pairs, however, are separated by
very small geographic distances, but have large rivers running between them. It is
possible, therefore, that rivers may act as barriers, but to a degree or over a time
scale to which mitochondrial DNA sequence data is not highly sensitive (Goldberg,
1996).

In light of the lack of effective geographic barriers within P & schwenfurtha, it is
not entirely surprising that population trees, in which geographic structure was
imposed on the data, had low bootstrap values. All attempts to analyse the genetic
data in this way resulted in topologies that were ambiguous, contradictory and of
low statistical confidence. Any phylogenetic signal of the order in'which these
populations were originally founded (by dispersal or vicariance) has therefore been
swamped by the noise of recent migration. This pattern stands in contrast to the
inferred history of the forests which these populations occupy. PAE analysis of
Howard’s (1991) data suggest that relationships among forests are clear, consistent,
and statistically well-supported. Furthermore, PAE trees of forest taxa are roughly
consistent with the topological predictions of Pleistocene refuge theory.

The possibility does exist that the genetic data are inadequate to the task of
detecting population-level evolutionary events of the type predicted by Pleistocene
refuge theory. Other, more quickly-evolving loci (e.g. nuclear hypervariable repeat
loci) might detect stronger population-level subdivisioning than would mitochondrial
DNA, as has been demonstrated for humans (Bowcock et al., 1994). However,
mitochondrial DNA is, in many respects, optimal for detecting population sub-
divisioning (Avise et al., 1987; Avise, 1994). Its pattern of matrilineal transmission
would make it especially so for chimpanzees, a species characterized by female
dispersal.

To the extent that the mitochondrial data do paint an accurate portrait of
chimpanzee phylogeography, chimpanzee genetic evolution has apparently been
decoupled from the historical biogeographic processes which have characterized
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forest evolution within eastern Africa. This observation supports the notion of P, £.
schweinfurthii as a highly vagile species, capable of moving across open spaces between
forest patches (Kortlandt, 1983; Teleki, 1989; Moore, 1992). If P. t. schweinfurthii has
existed historically in dry, marginal habitats, then a decoupling of forest history
from population history would be expected. Perhaps for the same reasons, chimpanzee
populations have remained mitochondrially undifferentiated despite biogeographic
barriers such as large gaps between eastern forests, Zairian rivers, or the lacustrine
system of lakes Edward and George and the Kasinga Channel.

Phylogeographic ‘breaks’ may currently exist within the subspecies, but, if so, the
populations which would define them were not sampled in this study. Populations
at the western extreme of the subspecies range (near the confluence of the Zaire
and Ubangi rivers) are likely candidates, since the major rivers which transect these
western forests have been instrumental in the subspecific evolution of Colobine and
Cercopithecine primates (Colyn, 1987, 1991). Other candidate populations are those
in the extreme southwest of the subspecies range (near the headwaters of the Lualaba
River), and certain (probably extinct) populations north of the Ubangi River in
southern Sudan (Teleki, 1989).
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