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Effects of Habitat Fragmentation, Population Size and Demographic History
on Genetic Diversity: The Cross River Gorilla in a Comparative Context
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In small and fragmented populations, genetic diversity may be reduced owing to increased levels of drift
and inbreeding. This reduced diversity is often associated with decreased fitness and a higher threat of
extinction. However, it is difficult to determine when a population has low diversity except in a
comparative context. We assessed genetic variability in the critically endangered Cross River gorilla
(Gorilla gorilla diehli), a small and fragmented population, using 11 autosomal microsatellite loci. We
show that levels of diversity in the Cross River population are not evenly distributed across the three
genetically identified subpopulations, and that one centrally located subpopulation has higher levels of
variability than the others. All measures of genetic variability in the Cross River population were
comparable to those of the similarly small mountain gorilla (G. beringei beringei) populations (Bwindi
and Virunga). However, for some measures both the Cross River and mountain gorilla populations show
lower levels of diversity than a sample from a large, continuous western gorilla population (Mondika,
G. gorilla gorilla). Finally, we tested for the genetic signature of a bottleneck in each of the four
populations. Only Cross River showed strong evidence of a reduction in population size, suggesting that
the reduction in size of this population was more recent or abrupt than in the two mountain gorilla
populations. These results emphasize the need for maintaining connectivity in fragmented populations
and highlight the importance of allowing small populations to expand. Am. J. Primatol. 70:848–859,
2008. �c 2008 Wiley-Liss, Inc.
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INTRODUCTION

Many living primate populations are small
[reviewed in Eudey, 1987; Mittermeier et al., 1992],
have undergone bottlenecks [e.g., Bornean orangu-
tans, Goossens et al., 2006; Delacour’s langur, the
Cat Ba langur, Mittermeier et al., 2005] or exist in
fragmented habitats [Anderson et al., 2007; Miller
et al., 2004; Pope, 1996]. Until recently, it had been
generally accepted that demographic and environ-
mental effects are likely to push such small popula-
tions to extinction before genetic effects [Caro &
Laurenson, 1994; Caughley, 1994; Harcourt, 1995;
Lande, 1988]. Though genetic diversity has long been
recognized as an important component of fitness and
population viability [Frankel, 1974; Wright, 1977],
deterministic factors (hunting, habitat loss, disease,
etc.), in combination with demographic and environ-
mental stochasticity were considered more immedi-
ate threats to population persistence. However,
recent evidence suggests that the genetic conse-
quences of small population size may pose a more
significant threat to survival than previously recog-
nized [Amos & Balmford, 2001; Frankham, 2005;

Reed & Frankham, 2003; Srikwan & Woodruff, 2000;
Vucetich & Waite, 1999]. Populations that are small
will lose genetic diversity more rapidly through
genetic drift and inbreeding [Lande & Barrowclough,
1987; Nei, 1987; Wright, 1931], and these effects will
be intensified when such populations are also
fragmented [Dudash & Fenster, 2000]. Experimental
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data have shown that less genetically diverse
populations and those that are inbred have lower
fitness and are more susceptible to extinction
[Bjilsma et al., 2000; England et al., 2003; Reed &
Frankham, 2003; Spielman et al., 2004]. Recent
studies of wild populations also document the
importance of genetic variability and inbreeding
avoidance for fitness and survival [Charpentier
et al., 2007; Crnokrak & Roff, 1999; Da Silva et al.,
2005; Keller & Waller, 2002; Keller et al., 1994].

The genus Gorilla offers the opportunity to
investigate how population history, size and habitat
fragmentation affect patterns of genetic diversity
and examine the implications of this diversity for
conservation. Two species of gorilla (Gorilla gorilla
and G. beringei) are currently recognized and divided
into four subspecies based primarily on morphologi-
cal differences (Fig. 1) [Groves, 2001; Grubb et al.,
2003; Stumpf et al., 2003]. All forms of gorilla are
endangered [IUCN, 2007], but occur in populations
that vary considerably in size and subdivision. The
Cross River gorilla (G. gorilla diehli) in particular

may be under threat from genetic factors as its
population is small, fragmented and may have
undergone a considerable reduction in size [Bergl,
2006; Oates et al., 2003], numbering only an
estimated 250–300 individuals today. Determining
how genetic diversity is partitioned within this
population could help guide conservation efforts by
suggesting management strategies that would max-
imize variability. It is also possible to assess genetic
diversity in the Cross River population from a
comparative perspective, as equivalent genetic data
have recently become available for populations from
both mountain (G. beringei beringei) and western
lowland (G. gorilla gorilla) gorillas [Bradley et al.,
2004, 2005; Nsubuga et al., 2008].

We examined patterns of genetic diversity in the
Cross River gorilla at both the intra- and inter-
population level using data from autosomal micro-
satellite loci. We compared the genetically defined
subpopulations of Cross River gorillas [Bergl &
Vigilant, 2007] using both heterozygosity-based and
allelic measures. We also compared the Cross River

Fig. 1. Distribution of the genus Gorilla and approximate locations of populations included in the analysis.
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population as a whole to three other gorilla popula-
tions (Bwindi, the Virungas and Mondika) using the
same microsatellite metrics. The genetic data from
the four gorilla populations were also examined for
evidence of demographic bottlenecks.

MATERIALS AND METHODS

Study Sites, Sources of Data and Analysis of
Genetic Equilibrium

Field work for this study was conducted between
December 2002 and September 2004 in Cross River
State, Nigeria and Southwest Province, Cameroon
(Fig. 1). The Cross River gorilla occupies approxi-
mately 11 primarily highland sites dispersed across a
larger forest landscape in this region. Autosomal
microsatellite data for the Cross River population
were generated from non-invasively collected fecal
samples. The Cross River study site and the acquisi-
tion of genotypic data from these gorillas are
described in detail in Bergl [2006] and Bergl
and Vigilant [2007]. Comparative data came from a
single western lowland gorilla (G. gorilla gorilla)
population (Mondika, Central African Republic
and Republic of Congo), and the two mountain gorilla
(G. beringei beringei) populations (Virunga moun-
tains, Volcanoes National Park, Rwanda and Bwindi
Impenetrable National Park, Uganda) [Bradley et al.,
2004, 2005; Nsubuga et al., 2008] (Fig. 1). The Bwindi
and Virunga gorillas represent small, isolated popu-
lations, whereas the Mondika gorillas are members of
a large, continuous and presumably relatively un-
disturbed population of animals [sites described in
Doran et al., 2002; Robbins & McNeilage, 2003;
Stewart et al., 2001] (Table I). These data sets are
comparable given the close phylogenetic affinity
between populations, similar patterns of group
composition and breeding structure, and equivalent
sample collection regimes employed. All data sets
were tested independently for deviations from Hard-
y–Weinberg equilibrium and linkage equilibrium
using GENEPOP 3.4 [Raymond & Rousset, 1995].

Analysis of Genetic Diversity

Genetic variability was quantified both within
the Cross River population and for each separate
gorilla population using measures of heterozygosity
and allelic diversity. Previous genetic analysis of the
Cross River population identified three subpopula-
tions, referred to herein as Western (20–30 indivi-
duals), Central (160–230 individuals) and Eastern
(20–30 individuals) [Bergl, 2006; Bergl & Vigilant,
2007], which were used as the units for comparison in
intra-population analyses. Intra-population analyses
of the Cross River gorillas were conducted using data
from 11 microsatellite loci. A sub-sample of eight
microsatellite loci common among all the gorilla data
sets was used for inter-population comparisons
[D1s550, D2s1326, D4s1627, D7s817, D7s2204,
D10s1432, D16s2624, vWF; Bradley et al., 2000].
These loci were originally selected because (i) they
amplified well using the degraded DNA of non-
invasive samples [Bradley et al., 2000] and (ii) they
were known to be variable in other primate species,
particularly humans and baboons [Morin et al.,
1998]. As the markers were screened and selected
for variability in these non-gorilla taxa, they are
expected to be free of ascertainment bias across the
gorilla populations we considered. We calculated
Nei’s unbiased estimate of expected heterozygosity
[HE, Nei, 1973] in POPGENE 1.31 [Yeh et al., 1999].
We also calculated individual heterozygosity (HI), the
proportion of heterozygous loci per individual as a
measure of variability at the individual level [Slate
et al., 2000]. Within the Cross River population,
differences in heterozygosities between subpopula-
tions were tested for significance using analysis of
variance (ANOVA) under the assumption that het-
erozygosity data are normally distributed [Archie,
1985; Nei, 1987]. Post hoc comparisons were made
using Fisher’s least significant difference test. Het-
erozygosity values for each of the small populations
(Cross River, Bwindi and Virunga) were compared
with heterozygosities in the large population
(Mondika) to check for reduced levels of diversity

TABLE I. Conservation Status of Gorilla Populations Included in the Analysis

Taxon Site Geographical region
IUCN threat

category
Estimated

population size
Individual genotypes

analyzed

Gorilla gorilla diehli Cross River Nigeria-Cameroon
border

Critically endangered 204–292a 71

Gorilla beringei beringei Virungas Rwanda, Uganda
and DRC

Endangered 380b 92

Gorilla beringei beringei Bwindi Southwestern Uganda Endangered 320c 77
Gorilla gorilla gorilla Mondika Central African

Republic and
Rep. of Congo

Endangered Several thousand 45

aOates et al. [2003]; Sunderland-Groves et al. [2003]; Bergl [2006].
bGray et al. [2007].
cMcNeilage et al. [2006].

Am. J. Primatol.

850 / Bergl et al.



using t-tests [Archie, 1985; Nei, 1987]. Differences in
heterozygosity between the small populations were
tested for significance using ANOVA.

We calculated the mean number of alleles per
locus, NA, in POPGENE and allelic richness (AR), a
measure that corrects for differences in sample size
in FSTAT 2.9.3.2 [Goudet, 2001]. Using POPGENE
we also calculated the effective allele number [AE,
Kimura & Crow, 1964], a measure that incorporates
the evenness of an allele frequency distribution
and is not biased by the presence of rare alleles.
Within the Cross River population, differences in
allelic measures between subpopulations were tested
using a Friedman’s test and post hoc testing followed
Bortz et al. [2000]. Lower levels of allelic diversity in
the smaller populations (Cross River, Bwindi and
Virunga) were compared with allelic diversities in
the larger Mondika population using Wilcoxon’s
sign-rank tests. Differences in allelic measures
between the three small populations were tested
with a Friedman’s test. The number of private alleles
(AP) in the Cross River population (those present in
only one of the three subpopulations) were identified
via pairwise comparisons in Convert [Glaubitz,
2004].

In order to compare levels of inbreeding we used
the coalescent-based simulation method employed in
2MOD [Ciofi et al., 1999] to estimate the inbreeding
coefficient (F), the probability that any two alleles
are identical by descent. We ran 100,000 iterations of
the simulation and discarded the first 10% of values
to avoid dependence on starting conditions. Esti-
mates and ranges of F were calculated using density
estimation.

We utilized the method of Petit et al. [1998] to
quantify the contribution of each subpopulation to
overall genetic diversity within the Cross River
population. This method partitions a given subpopu-
lation’s total contribution to overall diversity into
the fraction of contribution owing to its own
diversity and the fraction owing to its differentiation
from the other subpopulations. These contributions
are expressed as percentages of the total diversity
and can be either positive or negative. Positive
contributions indicate that the value of the diversity
index (for the population as a whole) is higher when
the subpopulation is included than when it is not.
This approach can help determine which subpopula-
tions are more important for the overall diversity of
the population and allow subpopulation diversity and
divergence to be considered separately [Petit et al.,
1998].

Analysis of Past Demographic Events

We tested for the genetic signal of a reduction in
size in each of the gorilla populations using the
BOTTLENECK program [Piry et al., 1999]. We used
a two-phase mutation model (TPM) for estimating

Heq, as microsatellite loci are unlikely to strictly
follow either the infinite alleles (IAM) or step-wise
mutation models (SMM) [Di Rienzo et al., 1994; Piry
et al., 1999]. In order to accommodate the uncertain
mode of mutation in microsatellites and to control
for variation between loci we followed the approach
of Weckworth et al. [2005] and conducted analyses
using 70, 75, 80, 85 and 90% step-wise changes.
Bottleneck signals were identified by testing for a
difference between heterozygosity present in the
population (HE) and the heterozygosity expected
assuming mutation–drift equilibrium (Heq, a coales-
cent-based estimate calculated from the observed
number of alleles and sample size) using Wilcoxon
signed-rank tests [Piry et al., 1999].

We calculated the long-term effective population
size of each of the gorilla populations using HE and
the mutation rate [Nei, 1987; Ohta & Kimura, 1973]
as demographic data or temporally spaced genetic
samples [Frankham, 1995; Nei & Tajima, 1981;
Waples, 1989] were not available to allow calculation
of more precise Ne estimates. Long-term Ne esti-
mates reflect historical changes in population size
[Avise, 2000] and were calculated according to both
the IAM:

Ne ¼
HE

4ð1�HEÞ

and the SMM:

Ne ¼
1

ð1�HEÞ
2
� 1

� �
1

8

where is the mutation rate. We estimated Ne

assuming mutation rates ranging from 10�3 to
10�4, which are average mutation rates for auto-
somal microsatellite loci [Schlotterer, 2000].

All methods complied with ASP principles for
the ethical treatment of non-human primates and
relevant IACUC regulations. All research was con-
ducted in accordance with the laws of Nigeria,
Cameroon, Germany and the United States of
America.

RESULTS

Tests for Equilibrium

Deviations from the Hardy–Weinberg equili-
brium were observed at two loci in the Cross River
population (D5s1470 and D8s1106) and at single loci
in the Virunga, Bwindi and Mondika populations
(D4s1627, D1s550 and D3s2459, respectively). Two
different pairs of loci showed evidence of linkage
disequilibrium in each of the Bwindi and Mondika
populations. The observed mild deviations from
equilibrium are most likely the result of including
related individuals in the sample and by population
subdivision in the case of the Cross River gorilla.
Prior analyses of the Virunga, Bwindi and Mondika
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data sets have shown that when known parent–
offspring pairs are removed from the analysis no
deviations from equilibrium are observed [Bradley
et al., 2005; Lukas et al., 2004]. Though it was
not possible to reanalyze the Cross River data in
this manner, given the low level of disequilibrium
and previous evidence of the effect of related
individuals and parent–offspring pairs, we treated
all loci in each population as if they were in
equilibrium and independent. At both the subpopu-
lation and population level average HI and HO values
were similar, demonstrating that heterozygosity
values were not dominated by one or a few loci and
that there was no serious among-locus sampling
error in estimates of HE.

Diversity Within the Cross River Gorilla
Population

There was a trend toward differences in average
HE in the Cross River gorilla subpopulations
(Table II; F 5 3.41, P 5 0.053), with HE highest
in the Central subpopulation for 8 of 11 loci.
Differences in HI between subpopulations were
significant (F 5 7.25, P 5 0.001) and followed the
same pattern as was observed for HE. Post hoc
tests revealed that the Central subpopulation had
significantly higher HI than the Western subpopula-
tion (P 5 0.0003) and that differences between the
Central and Eastern subpopulations approached
significance (P 5 0.069). HI was not significantly
different between the Western and Eastern subpo-
pulations (P 5 0.181).

Differences in allelic diversity were less marked,
but suggest that the Central subpopulation may be
more variable than the other two Cross River gorilla
subpopulations. The mean number of alleles (NA)
observed in the Central subpopulation was greater
than NA in the Eastern subpopulation (w2 5 10.864,
df 5 2, P 5 0.002). NA can be affected by unequal
sample sizes, but levels of AR (allelic richness
corrected for sample size) also tended to differ
(w2 5 5.07,df 5 2, P 5 0.084), as did AE (w2 5 5.091,
df 5 2, P 5 0.087). Private alleles were observed
approximately three times as frequently in the
Central subpopulation.

The contribution of each subpopulation to over-
all genetic diversity in Cross River was uneven
(Table III). The Central subpopulation contributes
positively to HE, AR and AE owing largely to its own
high levels of diversity for each measure. The
Eastern and Western subpopulations have slightly
negative contributions to overall AR, reflecting their
low allelic diversity. The Eastern subpopulation has
a positive effect on both HE and AE owing to this
subpopulation’s marked differentiation. The Wes-
tern subpopulation has positive contributions owing
to differentiation, but equivalent negative contribu-
tions owing to diversity.

Diversity Comparisons With Other Gorilla
Populations

Despite the considerably larger size of the
population of which the Mondika gorillas are a part,
no difference in average HE was detected between
Mondika and the Cross River or Bwindi populations
(Table IV; t 5�1.370, P 5 0.213; t 5�1.125,
P 5 0.298, respectively), but HE in the Virungas
was lower than in Mondika (t 5�2.619, P 5 0.034).
No difference in HE was detected among the

TABLE II. Heterozygosity and Allelic Diversity
Values for Cross River Gorilla Subpopulations

Locus HO HE Hi NA AE AR

Eastern (N 5 23)
D16s2624 0.43 0.39 – 2 1.63 2.00
D10s1432 0.68 0.55 – 3 2.23 3.00
D8s1106 0.17 0.23 – 3 1.30 2.60
D7s2204 0.74 0.62 – 5 2.61 4.22
D7s817 0.77 0.70 – 5 3.30 4.62
D5s1470 0.83 0.77 – 7 4.27 6.52
D5s1457 0.61 0.67 – 5 3.07 4.58
D4s1627 0.55 0.65 – 4 2.86 3.99
D2s1326 0.65 0.70 – 4 3.32 4.00
D1s550 0.52 0.64 – 4 2.76 3.85
VWF 0.36 0.50 – 4 1.99 3.59

Mean 0.57 0.58 0.58 4.18 2.67 3.91

Central (N 5 33)
D16s2624 0.61 0.56 – 3 2.29 2.94
D10s1432 0.85 0.80 – 8 4.97 6.94
D8s1106 0.61 0.56 – 4 2.26 3.70
D7s2204 0.73 0.71 – 5 3.44 4.71
D7s817 0.77 0.63 – 5 2.67 4.17
D5s1470 0.81 0.76 – 8 4.15 6.89
D5s1457 0.74 0.62 – 5 2.66 4.39
D4s1627 0.77 0.68 – 5 3.10 4.40
D2s1326 0.79 0.77 – 7 4.30 6.46
D1s550 0.67 0.65 – 5 2.89 3.93
VWF 0.58 0.68 – 5 3.17 4.29

Mean 0.72 0.67 0.73 5.45 3.26 4.80

Western (N 5 15)
D16s2624 0.40 0.32 – 2 1.47 2.00
D10s1432 0.93 0.80 – 7 4.90 7.00
D8s1106 0.33 0.28 – 2 1.38 2.00
D7s2204 0.80 0.60 – 4 2.53 3.93
D7s817 0.60 0.52 – 3 2.10 3.00
D5s1470 0.47 0.36 – 2 1.56 2.00
D5s1457 0.80 0.75 – 5 3.98 4.93
D4s1627 0.87 0.57 – 3 2.33 3.00
D2s1326 0.73 0.68 – 6 3.08 5.93
D1s550 1.00 0.77 – 6 4.40 6.00
VWF 0.50 0.52 – 3 2.10 3.00

Mean 0.68 0.56 0.67 3.91 2.71 3.89

HO, observed heterozygosity; HE, Nei’s expected heterozygosity; HI,
individual heterozygosity; NA, number of alleles; AE, effective allele
number; AR, allelic richness.
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similarly small Cross River, Mondika and Virunga
populations (F 5 1.627, P 5 0.22). Differences in HI

between the Cross River gorillas and the two
mountain gorilla populations were also not signifi-
cant (F 5 0.422, P 5 0.656). However, HI was sig-
nificantly lower in the Cross River, Bwindi and
Virunga gorilla populations when compared with the
Mondika sample (t 5�3.748, Po0.001; t 5�2.917,
P 5 0.004; t 5�3.191, P 5 0.002, respectively).

Mondika had the highest NA of the four
populations despite having the smallest sample size.
As with the comparison of HE, the Virungas had
lower NA than Mondika (Z 5�1.983, P 5 0.047),
whereas NA for the Cross River and Bwindi popula-
tions were not significantly different (Z 5�0.513,
P 5 0.608; Z 5�0.333, P 5 0.739, respectively). Dif-
ferences in NA between the small gorilla populations
were not significant (w2 5 4.261, df 5 2, P 5 0.119).
Allelic diversity corrected for sample size (AR) was
significantly lower in the Cross River and Virunga
populations than in Mondika (Z 5�2.1, P 5 0.036;
Z 5�2.38, P 5 0.017, respectively), but not in Bwindi
(Z 5�1.4, P 5 0.161). This suggests that the smaller
sample size from Mondika (45 vs. at least 71
individuals) caused an underestimate of allelic
diversity for this population using NA. Differences
in AR between Cross River and the two mountain
gorilla populations tended to differ, but were not
significant (w2 5 5.25, df 5 2, P 5 0.072). Of these
small gorilla populations, only the Virungas had a
lower AE when compared with Mondika (Z 5�2.38,
P 5 0.017). Mean AE did not differ among the small
gorilla populations (w2 5 3.25, df 5 2, P 5 0.197).
Estimates of AE were uniformly lower than AR in
all of the gorilla populations, suggesting that NA and
AR are somewhat inflated by the presence of
infrequent alleles.

Estimates of F showed a similar pattern. Each of
the small gorilla populations had similar estimates of
F. Cross River was lowest of the three (F 5 0.18, 95%
highest posterior density (HPD) range: 0.12–0.26),
with the Virungas (F 5 0.24, 95% HPD range:
0.19–0.35) and Bwindi (F 5 0.2, 95% HPD range:
0.15–0.27) slightly higher. The estimate of F for
Mondika was considerably lower and more precise
than estimates for any of the small gorilla popula-
tions (F 5 0.11, 95% HPD range: 0.07–0.16). These
values suggest that rates of inbreeding are higher in

TABLE III. Contributions of Each Cross River Gorilla Subpopulation to Overall Population Diversity as
Estimated by Heterozygosity (HE), Allelic Richness (AR), and Effective Allele Number (AE)

HE AR AE

Western Central Eastern Western Central Eastern Western Central Eastern

Differentiation contribution 2.95 �0.84 8.44 2.87 2.14 �4.70 1.49 4.65 11.86
Diversity contribution �2.74 3.97 �4.27 �3.81 7.83 �4.02 �4.46 7.95 �3.49
Total contribution 0.21 3.13 4.17 �0.94 9.97 �8.73 �2.97 12.59 8.38

TABLE IV. Heterozygosity and Allelic Diversity
Values for Cross River, Virunga, Bwindi and
Mondika Populations

Locus HO HE Hi NA AE AR

Cross River (N 5 71)
D16s2624 0.50 0.53 – 3 2.12 2.73
D10s1432 0.81 0.76 – 8 4.21 6.89
D7s817 0.73 0.69 – 5 3.24 4.32
D7s2204 0.75 0.67 – 7 3.05 4.96
D4s1627 0.72 0.67 – 5 3.08 4.25
D2s1326 0.73 0.78 – 7 4.58 6.36
D1s550 0.69 0.70 – 8 3.36 5.61
VWF 0.49 0.63 – 5 2.72 4.12

Mean 0.68 0.68 0.68 6.00 3.30 4.90

Virungas (N 5 92)
D16s2624 0.72 0.60 – 5 2.52 3.93
D10s1432 0.61 0.53 – 4 2.11 3.48
D7s817 0.61 0.50 – 5 2.01 4.03
D7s2204 0.64 0.63 – 5 2.72 4.32
D4s1627 0.80 0.66 – 5 2.98 4.20
D2s1326 0.67 0.69 – 6 3.25 4.70
D1s550 0.73 0.69 – 6 3.20 4.61
VWF 0.65 0.63 – 5 2.69 4.47

Mean 0.68 0.62 0.71 5.13 2.69 4.22

Bwindi (N 5 77)
D16s2624 0.68 0.51 – 5 2.03 2.99
D10s1432 0.82 0.77 – 6 4.30 5.65
D7s817 0.78 0.78 – 6 4.60 5.57
D7s2204 0.60 0.63 – 6 2.68 5.36
D4s1627 0.75 0.71 – 5 3.40 4.81
D2s1326 0.61 0.64 – 6 2.78 4.90
D1s550 0.69 0.70 – 8 3.30 4.86
VWF 0.72 0.69 – 7 3.19 6.31

Mean 0.70 0.68 0.71 6.13 3.28 5.05

Mondika (N 5 45)
D16s2624 0.50 0.49 – 4 1.95 3.38
D10s1432 0.86 0.80 – 7 4.90 6.29
D7s817 0.68 0.62 – 6 2.61 4.87
D7s2204 1.00 0.75 – 5 4.02 5.00
D4s1627 0.91 0.73 – 6 3.75 5.35
D2s1326 0.84 0.75 – 8 4.05 7.64
D1s550 0.86 0.78 – 7 4.59 6.80
VWF 0.89 0.75 – 7 4.05 6.34

Mean 0.82 0.71 0.81 6.25 3.74 5.71

HO, observed heterozygosity; HE, Nei’s expected heterozygosity; HI,
individual heterozygosity; NA, number of alleles; AE, effective allele
number; AR, allelic richness.
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each of the small populations than in the large,
continuous population. Though these estimates of F
offer insights into inbreeding levels in the compara-
tive context of the four gorilla populations we
examined, they cannot be interpreted as absolute
indices of inbreeding. As multiple generations of
gorillas were included in each population sample, F
will be positively biased. Thus, these F estimates
cannot be directly compared with estimates of
inbreeding calculated from data sets that are not
similarly biased.

Demographic History

The history of each of the gorilla populations
considered is poorly known, but the small size of the
Cross River population, combined with the presumed
recent loss of habitat for the Virunga and Bwindi
populations suggests that they have gone through a
reduction in population size. However, comparison of
HE and Heq provides strong evidence of a recent
population bottleneck in only the Cross River
population (Table V). Running the BOTTLENECK
analysis on only the large central Cross River
subpopulation also revealed a bottleneck signal (data
not shown), suggesting that it is a reduction in
population size and not population structure causing
the signal [see Excoffier & Heckel, 2006]. A bottle-
neck signal was also observed in the Virunga and
Bwindi populations (one-tailed Po0.05), though the
strength of the signal was lower than in Cross River.
No evidence of a reduction in population size was
detected in the Mondika population.

Long-term effective population size (Ne) esti-
mates for the Cross River gorilla population ranged
from approximately 500 to 11,000, depending on the
mutation rate and model of microsatellite evolution
assumed. Similar estimates were obtained for each of
the mountain gorilla populations. These values of Ne

are considerably larger than the estimated census
population size for these three populations (ca.
250–400). The Ne estimates for the Mondika gorillas
were greater than for any of the small populations
(approximately 600–13,500), but potentially less
than the census size for this area, which numbers
at least in the thousands [Tutin et al., 2005].

DISCUSSION

Conservation research on gorillas has, to date,
focused on demographic factors [e.g., Harcourt, 1995;
Plumptre and Williamson, 2001; Werikhe et al.,
1998], human impacts [e.g., Hall et al. 1998;
McNeilage et al., 2008; Plumptre & Williamson,
2001; Remis, 2000] and the influence of disease [e.g.,
Walsh et al., 2003]. Genetic data have been primarily
used to examine questions related to social structure,
relatedness and mating strategies [Bradley et al.,
2004, 2005], and phylogenetics [Clifford et al., 2004;
Garner & Ryder, 1996; Jensen-Seaman, 2000; Jen-
sen-Seaman and Kidd, 2001; Jensen-Seaman et al.,
2003; Ruvolo et al., 1994;]. Yet when populations are
small, genetic diversity and its distribution within a
population may be as important as other factors for
assessing the overall conservation status of a group
of organisms [Frankham, 2005; Srikwan & Woo-
druff, 2000; Vucetich & Waite, 1999]. However, in
the absence of historical genetic data, defining
‘‘reduced diversity’’ is difficult; there is no absolute
value below which a population should be considered
genetically depauperate.

Distribution of Diversity Within the Cross
River Gorilla Population

Genetic diversity is not evenly distributed with-
in the Cross River gorilla population. The largest
Central subpopulation exhibited higher levels of
genetic variability than either of the peripheral
subpopulations in terms of both heterozygosity and
allelic diversity. Indeed, the smaller subpopulations
may consist primarily of single social groups (Bergl
unpublished data). In these smaller subpopulations
the loss of diversity owing to drift and inbreeding will
be considerably greater, and both of these subpopu-
lations exhibit higher inbreeding coefficients [Bergl
& Vigilant, 2007]. This reduction of diversity will
also have been exacerbated by isolation in the form of
low levels of immigration from the Central subpo-
pulation [Bergl, 2006; Bergl & Vigilant, 2007]. In
contrast, the Central subpopulation will have been
less affected by drift given its relatively greater size,
and less susceptible to inbreeding owing to the
presence of gene flow between localities.

TABLE V. Genetic Evidence of Population Bottlenecks in the Four Gorilla Populations

Percent stepwise changes

Number of loci used 70 75 80 85 90

Cross river 11 0.0012 0.0012 0.0034 0.0337 0.0874
Virungas 8 0.0195 0.0371 0.0977 0.0977 0.1914
Bwindi 12 0.0320 0.0757 0.1018 0.1697 0.3667
Mondika 9 0.0645 0.0645 0.1016 0.1797 0.2852

P values from the program BOTTLENECK using Wilcoxon one-tailed test for heterozygosity excess. Significant values (Po0.05) are shown in bold.
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The higher level of diversity present in the Central
subpopulation is also evident in its positive contribu-
tions to overall population variability. For each of the
three measures we considered, the Central subpopula-
tion contributes a large amount to the diversity of the
population as a whole. As would be predicted given its
larger size and as suggested by its greater variability,
these positive contributions are due primarily to the
inherent diversity of the Central subpopulation.
Perhaps surprisingly, given its lower levels of hetero-
zygosity and allelic diversity, the Eastern subpopula-
tion makes a positive contribution to both
heterozygosity and the number of effective alleles of
the overall population. This contribution is not because
of particularly high diversity in the Eastern subpopula-
tion, but rather to its differentiation from the popula-
tion as a whole. Similarly, the Western subpopulation,
though having a generally negative total contribution
to diversity, has a uniformly positive contribution
owing to differentiation.

The differentiation of the peripheral subpopula-
tions and their associated contributions to overall
diversity emphasizes the need for a unified approach
to preserving and maximizing genetic variability in
the Cross River gorilla population. Though the
Central subpopulation has higher levels of diversity,
preserving only this subpopulation would result in
losses of overall diversity. Loss of either peripheral
subpopulation would cause the loss of unique alleles,
and loss of the Eastern subpopulation would result in
a reduction in heterozygosity and a decline in the
effective allele number. Nevertheless, the Central
subpopulation is both the largest Cross River sub-
population and the repository of the greatest portion
of genetic diversity. Protection of all subpopulations
is important, but the Central subpopulation is
integral to the long-term survival of these gorillas.

Comparative Diversity of the Cross River
Gorilla

Contrary to what might have been expected, the
Cross River gorilla population did not exhibit uni-
formly lower genetic diversity than either a large,
undisturbed gorilla population (Mondika) or small, yet
continuous populations (Virungas and Bwindi). Our
comparisons between the Cross River and mountain
gorilla populations revealed no evidence that com-
pared with these similarly sized populations, the Cross
River gorillas are genetically depauperate. In fact, the
Cross River population shows slightly greater diversity
for some parameters. HE for each of the gorilla
populations considered was broadly comparable to
HE reported for other apes including Pan troglodytes
verus [HE 5 0.79, Bradley et al., 2000], P.t. schwein-
furthii [HE 5 0.65, Morin et al., 1994; Reinartz et al.,
2000] and Pongo pygmaeus [HE 5 0.71, Goossens
et al., 2005].

However, while the Cross River population
compares favorably to the mountain gorilla and
other primate populations, it did show reduced
diversity for some measures when compared with
the larger Mondika population. Indeed, all the small
gorilla populations had lower levels of HI and Cross
River and Virunga had lower levels of AR. A similar
pattern was previously observed in a specific com-
parison between the Mondika and Bwindi gorillas
[Lukas et al., 2004]. Lower average HI compared
with HE may also indicate that structure within the
populations is contributing to increased levels of HE.
Taken together, our results suggest that the Cross
River population (along with the Virunga and Bwindi
populations) shows some evidence for reduced
variability when compared with a relatively undis-
turbed gorilla population. Though similar, albeit
more severe, losses of diversity have been reported in
other bottlenecked populations [e.g., koalas, Houlden
et al., 1996; ibex, Maudet et al., 2002; elephants,
Whitehouse & Harley, 2001], a key difference is the
statistically equivalent levels of HE in the Cross
River and Mondika populations. This pattern of high
expected heterozygosity combined with lower HI and
allelic diversity appears to be the result of a recent
population reduction (see also below). An analogous
situation has recently been reported for orangutans
[Goossens et al., 2005, 2006].

Genetic Evidence for Population Bottlenecks

Using genetic data, we were able to detect a
significant signal of a reduction in population size in
the Cross River, Virunga and Bwindi gorilla popula-
tions. The bottleneck signal was much stronger in
the Cross River gorillas. This is perhaps surprising
given that each of the populations is similarly small.
However, the genetic signal for a bottleneck created
by a reduction in allelic diversity is transient, and
can be lost after a relatively small number of
generations [Luikart & Cornuet, 1998]. Additionally,
situations in which the reduction in population size
is gradual, as opposed to a classic rapid bottleneck,
will not leave an easily detectable genetic signature
[Beaumont, 1999; 2003; Luikart & Cornuet, 1998].
Using P values as a guide [Spencer et al., 2000], our
data suggest that Cross River population reduction
was quite recent and/or severe (perhaps within the
last 100–200 years), whereas reductions in the
mountain gorilla populations were either older (and
the signal has been lost over time) or more gradual
(the disparity between Heq and HE is not as marked).

Estimates of long-term Ne support the hypoth-
esis that the Cross River, Virunga and Bwindi
populations have been characterized by larger
population size over their long-term history. Regard-
less of mutation rate or model applied, Ne estimates
are considerably larger than census size for each of
the populations. These large Ne values suggest that
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the HE observed is characteristic of populations
considerably larger than those seen today.

Overall, it appears that though the Cross River,
Virunga, and Bwindi populations are equally small,
the ways in which they reached their current sizes
are different. Two contrasting elements of the Cross
River and mountain gorillas’ habitat may have
influenced the differing bottleneck signals we
observed. First, the Cross River gorillas inhabit a
large forested area [over 2,000 km2, Oates et al.,
2003]. Much of this area, while currently unoccupied
by gorillas, may represent habitat from which they
have been recently extirpated [Bergl, 2006; Bucknell
and Groves, 2002; Fay, 1987]. In contrast, the two
mountain gorilla populations are limited to two
relatively small forest areas, each of which is
approximately 350 km2. The land surrounding the
mountain gorilla habitat is the most densely popu-
lated area of Africa, and has been cultivated and used
for cattle grazing for at least the last 400 years
[Spinage, 1972]. Second, the Cross River region has a
long history of bushmeat hunting [Oates et al., 2004],
which likely intensified in the 19th century with the
introduction of firearms. Conversely, the hunting of
primates for meat in the range of the mountain
gorillas is rare, though hunting for trophies and
conflict-related mortality have occurred sporadically
[Plumptre & Williamson, 2001].

An explanation consistent with these observa-
tions and our genetic data is that the Cross River
population was recently larger, and the current
population size is the result of hunting during the
last two hundred years. This decline may have
accelerated as guns became more common and
hunting of larger, potentially dangerous mammals
more common. A similar situation has been observed
recently in Central Africa where the introduction of
large bore shotgun shells greatly increased hunting
off-take of large mammals [Wilkie et al., 1992]. In
contrast, the current sizes of the Virunga and Bwindi
gorillas appear to be the result of a more gradual
decline, mediated by the increasing habitat loss
owing to farming. We cannot rule out the alternate
explanation that size reductions in all three popula-
tions are much older than we have suggested.
However, the heterozygote excess used to detect a
bottleneck is temporary; hence, the signal we
detected could not be extremely ancient.

Implications for Conservation

Our analysis of genetic diversity in the Cross
River gorillas has important implications for the
conservation and management of this population. At
the within-population level, diversity is unequally
distributed between subpopulations. While the per-
ipheral subpopulations contribute to the diversity of
the population as a whole, their lower levels of
diversity may reduce their prospects of long-term

survival. All the Cross River subpopulations can be
considered small by mammal standards, and very
small populations such as these can be highly
susceptible to inbreeding in the short term [Keller
& Waller, 2002] and suffer from a limited future
evolutionary potential [Lacy, 1997]. Increasing the
variability of these smaller subpopulations must be
part of any effort to preserve them.

Two complementary strategies could be applied
to maximizing diversity in these cases. First, popula-
tion expansion, beyond its obvious benefits of
increasing census size, will also promote greater
diversity. Second, gene flow into small, genetically
depauperate subpopulations can drastically increase
variability [Maudet et al., 2002]. A single additional
migrant per generation could significantly improve
levels of diversity, particularly if from a divergent
and more variable subpopulation (i.e., the Central
subpopulation). Such outcrossing of divergent popu-
lations has been demonstrated to stimulate recovery
of genetic diversity in a wide range of species [e.g.,
adders, Madsen et al., 2004; gray wolves, Vilá et al.,
2003; reviewed in Frankham, 2005; greater prairie
chickens, Westemeier et al., 1998]. As migration
from the peripheral subpopulations to the larger
Central subpopulation has been discovered [Bergl &
Vigilant, 2007], natural migration in the opposite
direction may be possible. Management efforts
should foster movement of individuals between
subpopulations by maintaining habitat corridors
and controlling hunting in lowland areas. Alterna-
tively, the possibility of translocating animals
between subpopulations could be explored.

Similar levels of HE for both the small Cross
River and large Mondika populations are encoura-
ging. Studies have shown that heterozygosity is
important for short-term evolutionary potential [Eng-
land et al., 2003] and is more representative of the
relationship between genetic diversity and fitness
than other measures [Da Silva et al., 2005; Keller &
Waller, 2002]. Similarly, the lack of difference in
diversity indices between Cross River, the Virungas
and Bwindi is promising, as the mountain gorillas
(though endangered) are generally considered to be
demographically stable [McNeilage et al., 2001;
Werikhe et al., 1998]. Together these results suggest
that the Cross River population is not in immediate
danger of extinction because of genetic factors.

However, levels of diversity in the Cross River
population must be viewed with caution. The bottle-
neck signature and low HI and AR compared with
Mondika, in combination with high estimates of Ne,
raise the possibility that the relatively robust levels
of HE in the Cross River gorillas are an artifact of a
historically larger population. In such a case, this
diversity would be transient and may be lost quickly
if the population is maintained at its current size.
The same situation has recently been reported in the
Kinabatangan orangutan population [Goossens

Am. J. Primatol.

856 / Bergl et al.



et al., 2005, 2006] and will undoubtedly become more
common as threatened wildlife populations become
smaller and more fragmented.
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