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Introduction

Wild chimpanzee populations in Africa are rapidly de-
clining due to deforestation, mining, and other practices
that destroy chimpanzee habitat (Hamilton 1981; Struh-
saker 1981; Hamilton 1984; Weber 1987; Teleki 1989:
Howard 1991; Harcourt 1996). The hunting of chimpan-
zees for food and for trade on the international pet mar-
ket exacerbates this trend. The pet trade has been par-
ticularly damaging; at least 10 chimpanzee infants dic for
every one that survives to its final destination (Teleki
198%). A secondary consequence of these threats is the
proliferation of “refugee” chimpanzee populations. In-
creasing numbers of confiscated chimpanzees are being
crowded into underfunded zoos and rehabilitation centers.

In most countries in which chimpanzees live, conser-
vation resources are desperately scarce. Knowing the
principat areas from which chimpanzees are being cap-
tured could help governments direct conservation ef
forts and distribute law-enforcement resources opti-
mally. Determining the origins of captive chimpanzees
could also help with reintroduction efforts. Reintroduc-
tion is generally problematic (Campbell 1980) and is rel-
atively unexplored as a prospect for chimpanzees. Nev-
ertheless, individuals could in theory be reintroduced o
their natal populations if these could be determined.
More realistically, entire captive populations could be
relocated to islands or to ecologically suitable but unoc-
cupied mainland habitats (e.g., forests from which chim-
panzees have become extinct). Knowing the geographic
origins of captive chimpanzees would be invaluable for
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assembling artificial populations from individuals of like
provenance. Inbreeding and outbreeding depression could
thus be reduced (Ralls & Ballou 1982; Templeton 1986),
and the deleterious genetic effects of inadvertent immi-
gration of reintroduced animals into natural populations
could be minimized.

Unfortunately, the geographic origins of captive chim-
panzees are notoriously difficult to determine (Teleki
1989). Morphology is unreliable even for classifying
chimpanzees into subspecies (Reynolds & Luscombe
1971; Shea & Coolidge 1988; Uchida 1992). This study
attempts to infer the geographic origins of 26 confis-
cated chimpanzees housed in Uganda’'s Entebbe Zoo
through analysis of their mitochondrial DNA (mtDNA).
Although reintroduction of individuals to their natal for-
ests has not been considered for these animals, reloca-
tion of the entire population to an island habitat has.
The Entebbe Zoo chimpanzees were confiscated be-
tween 1967 and 1994 from a variety of sources: 10 from
traders in various Ugandan villages, 6 from traders in
Uganda’s capitol, 6 from Entebbe International Airport,
and 4 from a traveling circus. Because of the tortuous
routes by which many of the chimpanzees arrived in En-
tebbe, they could have originated from anywhere in
equatorial Africa.

Methods

Hair samples were collected from the Entebbe Zoo
chimpanzees during routine handling by zookeepers.
Hair is a valuable source of genetic material for studies
of wild chimpanzee populations and for chimpanzee
conservation (Moore 1992; Morin et al. 1992; Morin et
al. 1994). Hair was also sampled noninvasively (from
sleeping nests) from 18 natural chimpanzee populations
as part of a larger genetic survey of the easternmost chim-
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panzee subspecies, Pan troglodytes schweinfurthii (Gold-
berg 1996; Goldberg & Ruvole 1997). The natural popula-
tions sampled span a wide range of forest types within the
geographic limits of P. t. schuwetnfurtbii (Fig. 1.).

The DNA region chosen for study was a hypervariable
segment of the mitochondrial control region. This re-
gion, corresponding to Anderson reference sequence
coordinates 16042-16410 (Anderson et al. 1981), is the
most quickly evolving region in primate mitochondrial
genomes (Kocher & Wilson 1991). This, and the fact
that mtDNA is maternally inherited, make the region
ideal for detecting population differentiation in female-
dispersing species like the chimpanzee. Also, the region
has successfully been used to classify chimpanzees into
subspecies (Morin et al. 1992). Laboratory methods are
described elsewhere (Goldberg 1996). Nineteen pub-
lished chimpanzee sequences from Tanzania were also
used in the study (Morin et al. 1994).

Results and Discussion
A total of 281 DNA sequences were collected, yielding

123 unique haplotypes. These sequences are available
through GenBank (accession numbers U77181-U77293%)
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and are described in detail elsewhere (Goldberg 1996;
Goldberg & Ruvolo 1997).

Figure 2 presents a phylogeny of haplotypes recon-
structed from a matrix of distances generated by the
computer program PHYLIP (Felsenstein 1993) with a
maximum-likelihood distance correction and a transi-
tion:transversion ratio of 10:1. The algorithm used to
generate the tree is the UPGMA algorithm (Sokal &
Michener 1958). Alternate ratios of transition to trans-
version (as low as 1:1 and as high as 30:1) were also
used, but they did not zlter the topology. Neighbor-join-
ing (Saitou & Nei 1987) and Fitch-Margoliash (Fitch &
Margoliash 1967) tree-building algorithms did not yield
significantly different trees. Maximum parsimony trees
were not constructed because the number of variable
positiens (90) was less than the number of taxa (123),
making parsimony analysis intrinsically weak (Swofford
1993; Rogers & Jorde 1995). The tree is rooted using
three central African chimpanzees (P. t troglodytes),
three west African chimpanzees (P. t. verus), two bono-
bos (P. paniscus), and two humans (Homo sapiens) as
outgroups. One western African chimpanzee sequence
and both Bonobo sequences were taken from the litera-
ture (Horai et al. 1992; Morin et al. 1994), as were the
two human sequences (Vigilant et al. 1991).

1. P. ¢t verus
2. P.t. troglodytes
3. P. t. schweinfurthii

« = sampling location
z = Entebbe Zoo

Figure 1. Approximate current distributions of chimpanzee subspecies in equatorial Africa. Locations of the 18
natural populations sampled and of Entebbe Zoo are marked.
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Figure 2. The UPGMA tree of 123 eastern chimpanzee
baplotypes, rooted using buman (Hsap), bonobo
(Ppan), west African chimpanzee (Ptve), and central
African chimpanzee (Pitr) as outgroups. Eastern chim-
panzee baplotypes (P. t. schweinfurthii) are unlabeled,
except for the 23 baplotypes identified in Entebbe Zoo,
which are marked with asterisks, Branch lengibs are
not proportional to genetic distance.

All of the Entebbe Zoo chimpanzees cluster with the
easternmost subspecies. Comparison of the raw DNA se-
quences o published ones from known chimpanzee
subspecies (Morin et al. 1994) confirm that the Entebbe
Zoo chimpanzees are all P. 1. schweinfurtbii. These ani-
mals could not therefore have originated from central or
western African locations within the ranges of the re-
maining two chimpanzee subspecies (Fig. 1). Haplotypes
from natural populations (not labeled in Fig. 2) did not
form exclusive clades on any tree generated.

Can the origins of these chimpanzees be further local-
ized? Slatkin and Maddison (1989) describe a statistical
method for detecting geographic clustering on phyloge-
netic trees that could help answer this question. Given a
phylogeny of haplotypes, the geographic origins of
which are known, one can reconstruct the minimum
mumber of historical migration events needed to make
the spatial distribution of haplotypes consistent with
their inferred phylogenetic history. Geographic location
is coded as an unordered, multistate character, and its
evolution is traced along a tree reconstructed from non-
geographic (genetic) information (Slatkin & Maddison
1989; Maddison & Maddison 1992). The minimum num-
ber of character state changes reconstructed along the
tree represents the minimum number of inferred migra-
tion events, s. Nonparametric statistical probabilities can
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be assigned to s by comparing values from the recon-
structed tree to values obtained from a large number of
randomly generated trees of equal size. If observed values
of s are lower than 95% of the randomly generated values,
the mull hypothesis may be rejected and the conclusion
drawn that gene flow is restricted within the sample.

The Slatkin and Maddison technique is powerful in
that it makes no assumptions about the underlying distri-
bution of s values. The technique is, however, sensitive
to the accuracy of the phylogeny used to generate the
empirical s value. The UPGMA, neighbor-joining, and
Fitch-Margoliash trees are therefore all included in the
analyses that follow. Another limitation of the technique
is that, in the event of a negative result, it cannot distin-
guish between migration and other forces that would
also tend to cbscure population differences. Homoplasy,
for example, could artifactually increase the empirical s
value even in a highly sttuctured population, leading to
a false acceptance of the null hypothesis. This is particu-
larly worrisome in the present case because the mito-
chondrial control region evolves so quickly (Kocher &
Wilson 1991). Given this bias, however, positive results
(statistically significant s values) may be taken as strong
evidence of restricted gene flow. Finally, as Slatkin and
Maddison (1989) point out, determining actual migra-
tion rates from empirical s values requires many addi-
tional assumptions. The analyses that follow do not
therefore attempt to estimate actual migration rates;
rather, they use s in its raw form as a relatively reliable, if
abstract, indicator of gene flow restriction.

The Slatkin and Maddison technique was applied to
the UPGMA tree (Fig. 2) and to the neighborjoining and
Fitch-Margoliash trees (not shown). Three multistate,
unordered geographic characters were defined. The first
was an 18-state character representing each of the natu-
ral populations sampled in the study. The second was a
2-state character representing the biogeographic region
from which the haplotypes came (eastern “insular” forests
in Uganda, Rwanda, and Tanzania versus “mainland” for-
ests in eastern Zaire). The third was a 2-state character
used to differentiate sequences found in Entebbe Zoo
from sequences not present in this population.

For the location character, observed s values were
lower than all values generated for the simulated null dis-
tribution, indicating that gene flow within the subspecies
was significantly restricted at the population level (Fig.
3a; p < 0.001). Gene flow was similarly restricted at the
regional level between Zairian and eastern forests (Fig.
3b; p < 0.001). Analysis of the Entebbe Zoo character
(Fig. 3c) demonstrated that Entebbe Zoo haplotypes do
not tend statistically to cluster on the UPGMA, neighbor-
joining, or Fitch-Margoliash trees. Empirical values of s in
each case were well within the 95% limits defined by the
null distribution generated from 1000 random trees. In
this respect, the Entebbe Zoo population is unlike the nat-
ural population sample or the regional sample.
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Figure 3. Null distributions of reconstructed migra-
tion events (5) based on randomly generated frees of
123 haplotypes. Histograms (open bars) represent the
distribution of s values generated by tracing each
character (sampling location, region, and Entebbe
Z00) along 1000 trees randomly generated by the
computer program MacClade (Maddison & Maddison
1992). Empirical values of s inferred from UPGMA,
neighborjoining, and Fitch-Margoliash trees are indi-
cated by letters (U, N, F, respectively) on each panel.

The natural population sample in the above analysis
consisted of 100 haplotypes, whereas the Entebbe Zoo
population consisted of only 23. The failure to detect
clustering in the Entebbe Zoo sample could, therefore,
have been a result of its smaller sample size. To test for
this possibility, 1000 simulated populations were cre-
ated in which 23 haplotypes from the natural population
sample were randomly assigned to fictitious “z00” popu-
lations. From the UPGMA, neighborjoining, and Fitch-
Margoliash trees, the reconstructed s value for each of
these populations was determined as described above.
The resulting distributions of 1000 s values gave sample-
size-specific null distributions against which to compare
observed s values for the real Entebbe Zoo population.

‘The nuil distribution obtained with the UPGMA algo-
rithm had a range of s = 10 to s = 32, with 2 mean
(+SE) of 20.8 * 3.7. The distribution obtained by the
neighbor-joining algorithm had a range of s = 10 to 5 =
33, with a mean of 20.7 * 3.7. The distribution obtained
using the Fitch-Margoliash algorithm had a range of s =
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10 to s = 33, with a mean of 20.6 * 3.5. In each case,
the s value for the actual Entebbe Zoo population (19
and 21 respectively) was within 1 SE of the mean of its
respective null distribution. In other words the s values
for the Entebbe Zoo population were consistent with
the hypothesis that Entebbe Zoo haplotypes were ran-
domly sampled with respect to geographic origin.

In reality, the Slatkin and Maddison technique is sensi-
tive enough to detect restrictions to gene flow in popu-
lations of sampje sizes less than 23. To emphasize this
point, the technique was applied separately to each of
the 18 natural populations sampled. For each popula-
tion, a two-state character was created to distinguish
haplotypes found only in that population from haplo-
types found outside of that population. An s value was
then calculated for the UPGMA, neighborjoining, and
Fitch-Margoliash trees, and for 1000 randomly-generated
trees. Observed s values were compared to simulated
null distributions to detect gene flow restriction.

Sample sizes of haplotypes unique to each natural
population were small (between 1 and 10). Neverthe-
less, 8 of the 18 natural populations individually showed
significant 5 values. This result was consistent across all
three tree-building algorithms. The 10 populations that
did not show significant s values may have experienced
extensive migration and/or homoplasy. Alternatively,
gene flow restriction may not have been detected in
these populations because of small sample sizes. In sup-
port of this hypothesis, levels of statistical significance
obtained for populations in the previous analysis were
negatively correlated with sample size (r* = 0.44, p =
0.003; 17 df). In other words, more extensively sampled
populations tended to have more extreme s values. All
populations with sample sizes greater than 7 showed
significant s values. Given that the Entebbe Zoo sample
size was 23, the probability that clustering was in fact
present but not detected by the analysis is very low.

The most parsimonious interpretation of these results
is that the Entebbe Zoo chimpanzees have not origi-
nated from any single localized area. Rather, Entebbe
Zoo houses chimpanzees from widely dispersed loca-
tions within the range of P. ¢, schweinfurthif. In this re-
spect, Entebbe Zoo is an unusual resource; few other
captive populations likely consist exclusively of a single
subspecies. In fact, the majority of captive chimpanzees
are probably descendants of wild-caught P. ¢ verus
(Teleki 1989). For this reason the Entebbe Zoo popula-
tion is an attractive candidate for relocation to a wild or
semi-wild habitat. The genetic consequences of inad-
vertent gene flow into or out of such a population
would be minimal; major clades on the UPGMA, neigh-
bor-joining, and Fitch-Margoliash trees consisted of hap-
lotypes from widely dispersed natural locations anyway.
But, nongenetic risks, such as the possibility of introduc-
ing exogenous infectious diseases, might be high (Dob-
son & May 1986; Atkinson 1989).
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The results of this study could potentially be used to
assign individual Entebbe Zoo chimpanzees to natal pop-
ulations based on the naturally occurring haplotypes
with which they tend 1o form local subclades on phylo-
genetic trees. The trees generated in this study would,
by this method, suggest that 13 Entebbe Zoo chimpan-
zees originated from western Uganda, 2 from eastern
Zaire, and 1 from Rwanda. The provenances of the re-
maining 10 chimpanzees cannot be inferred. Such as-
signments can be made only with considerable uncer-
tainty, however, given the many natural populations not
sampled in this study. Increased sample sizes of both in-
dividuals and populations are clearly in order. Genetic
analyses using more quickly evolving nuclear markers
could also improve the accuracy with which natal popu-
lations are inferred.

More generally, the observation that the Entebbe Zoo
chimpanzees do not come from any one location or re-
gion within the eastern subspecies range demonstrates
that the “refugee” chimpanzee problem is one of cosmo-
politan proportion. From the standpoint of law enforce-
ment, finding one or several chimpanzee “supply cen-
ters” would have been favorable. Unfortunately, the
resuits of this study indicate that halting the illegal cap-
ture of wild chimpanzees will be difficult, requiring the
broad implementation of international laws that are also
enforced at the local level.
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