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Abstract

Recently developed methods of individual-based analysis of genetic data allow an unprec-
edented opportunity to understand the relationships among fragmented populations. By
defining population structure and identifying migrant individuals, such analyses can
provide a framework to aid in evaluating the threats posed by inbreeding and reduced
genetic variability as a consequence of limited gene flow among fragments. Here we inves-
tigate population structure in the critically endangered Cross River gorilla (Gorilla gorilla
diehli) by applying a suite of individual-based analyses to data obtained from between one-
quarter and one-third of the estimated total population through the use of noninvasively
collected DNA samples. The population structure inferred using data from 11 autosomal
microsatellite loci was broadly consistent with geography and habitat fragmentation, but
showed no simple isolation-by-distance effects. In contrast to previous field surveys, which
suggested that all gorilla localities were isolated from one another, we infer low levels of
gene flow and identify migrants between habitat fragments as well as individuals of
admixed ancestry, suggesting persistent recent reproductive contact between many of the
localities. These results are encouraging for the conservation of the Cross River gorilla
population. Conservation efforts should strive to maintain connectivity between subpop-
ulations that are still in migratory contact and attempt to restore connectivity where it has
been lost.
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Introduction

Understanding the structure of threatened populations,
particularly those that exist in degraded or fragmented
habitats, is crucial for their effective conservation (Lande &
Barrowclough 1987; Simberloff 1988; Hanski & Gilpin
1997; Taylor & Dizon 1999; Kraaijeveld-Smit et al. 2005).
When small populations become fragmented and migration
between subpopulations decreases or is eliminated,
consequent increases in inbreeding and loss of genetic
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diversity can have serious negative effects on the long-
term viability of population fragments and by extension,
the population as a whole (Keller ef al. 1994; Lacy 1997;
Bjilsma et al. 2000; Sherwin & Moritz 2000; Coulon ef al.
2004). Determining which subpopulations are in migratory
contact with each other can highlight important dispersal
corridors as well as identify isolated areas, thereby suggesting
priority areas for conservation.

Researchers increasingly are turning to genetic methods
for the inference of population structure (e.g. Ciofi &
Bruford 1999; Paetkau et al. 1999; Maudet et al. 2002; Eggert
et al. 2004; Piggott et al. 2005; Proctor ef al. 2005; Aspi ef al.
2006). Approaches employing multiple loci in the nuclear
genome provide the most comprehensive description of
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the effects of dispersal and subdivision upon the genetic
variation of populations. Individual-based Bayesian
approaches (see reviews in Manel ef al. 2003; Beaumont &
Rannala 2004; Bertorelle ef al. 2004; Pearse & Crandall
2004) allow inference of population structure, gene flow
and demographic history with greater precision than
previous approaches which relied upon idealized
population models and summary statistics (e.g. Fgp, Pearse
& Crandall 2004).

Despite the potential of these methods for use in a broad
conservation context, their application has often been
limited to taxa that are commercially valuable (e.g. chickens,
Rosenberg et al. 2001; bluefin tuna, Carlsson et al. 2004),
from which high quality samples are easily acquired (e.g.
Bavarian red deer, Kuehn et al. 2003; grand skinks, Berry
et al. 2004; Norway rats, Abdelkrim et al. 2005), or which
have high public profiles (e.g. mountain lions, Ernest ef al.
2003; grizzly bears, Proctor et al. 2005; Finnish wolves, Aspi
et al. 2006). Research on population-scale patterns of genetic
diversity in wild primates has been limited (DiFiore 2003),
but includes a study revealing population subdivision and
demographic history in Bornean orangutans (Goossens
et al. 2005, 2006).

Here we describe population structure and patterns of
migration in the Cross River gorilla, an elusive and under-
studied primate, as inferred from nuclear microsatellite
markers applied to DNA derived from a large collection of
noninvasive samples. These gorillas are located at least
200 km northwest of other gorilla populations and are
largely restricted to rugged highland areas straddling the
Nigeria-Cameroon border. Recently revived as a distinct
subspecies, Gorilla gorilla diehli (Sarmiento & Oates 2000;
Groves 2001), the Cross River gorilla is one of Africa’s most
critically endangered primates (IUCN 2005). Recent
surveys suggest that the total population likely numbers
fewer than 300 individuals and is fragmented into as many
as 10 separate localities with limited potential for repro-
ductive contact and unknown population structure
(Oateset al. 2003; Sunderland-Groves et al. 2003; Sunderland-
Groves & Jaff 2004). This population is under intense threat
from bushmeat hunting and habitat loss and fragmentation.
Despite its distinctiveness and high degree of threat, little
is known of the Cross River gorilla beyond cranial
morphology, basic distribution and single-site studies of
feeding ecology (Sarmiento & Oates 2000; Oates ef al. 2003;
Stumpf et al. 2003).

Materials and methods

Study area and sample collection

The gorillas occupy extremely rugged terrain ranging in
altitude from less than 200 m above sea level (m a.s.l.)
in the lowlands of Takamanda Forest Reserve in Cameroon

and Cross River National Park in Nigeria, to above 2000 m
a.s.l. near Kagwene Mountain in Cameroon. Their habitat
is highly seasonal with marked dry and rainy seasons. The
combination of wide altitudinal range and marked seasonality
creates a varied habitat, including lowland forest, dry forest,
submontane and montane forest and montane grassland
(Oates et al. 2003, 2004; Bergl et al. in press). The gorillas
appear concentrated in 10 areas surrounded by considerable
human activity: three in Nigeria, six in Cameroon, and one
which spans the border between the two countries (Fig. 1).

Between December 2002 and September 2004, faecal
samples (N = 322) were collected from gorilla night nests
and trails during intensive nest searches and reconnais-
sance walks at all known Cross River gorilla localities. We
used flame-sterilized spatulas or disposable sterile tongue
depressors to place ~1 cm3 of faeces in RNALater (Ambion)
solution at an approximately 1:7 ratio. All samples were
estimated to be less than 5 days old when collected.
Samples were stored at —20 °C following storage in the
field for up to one month at ambient temperature.

DNA was extracted from faecal samples with a QlAamp
DNA stool kit (QIAGEN) according to the manufacturer’s
instructions with small modifications (Nsubuga et al. 2004).
Since DNA yield from field-collected faecal samples is
unpredictable and low DNA concentration can lead to
errors in subsequent analyses, we quantified the amount of
DNA in each sample using real-time polymerase chain
reaction (PCR). Samples which yielded sufficient quanti-
ties of usable DNA (Morin et al. 2001) were selected for
genotyping via the PCR at 11 autosomal microsatellite loci
polymorphic in gorillas (D1s550, D2s1326, D4s1627,
D5s1457, D5s1470, D7s817, D7s2204, D8s1106, D10s1432,
D16s2624, vWEF; Bradley et al. 2000). Microsatellite loci
were amplified in 20 pl reactions consisting of 1.25x Super-
Taq buffer (HT Biotechnology), an additional 0.8 mm MgCl,
for a final total concentration of 2.3 mm, 250 nm each primer
with the fluorescent label (FAM, HEX or NED) on the
forward primer, 250 um each dNTP,16 pug BSA, 0.33 U
SuperTaq (HT Biotechnology, previously mixed 2:1 with
Taq Start Antibody (BD Biosciences)), 2-4 ul DNA template
and 10.5-12.5 pl ultra-pure H20. PCRs were conducted in
a PTC-200 thermocycler (MJ Research) under the following
conditions: initial denaturation of 3 min at 94 °C; 45 cycles
of 30s at 94 °C, 30 s at 55-60 °C, and 30s at 72 °C; and a
final extension for 30 min at 72 °C. To control for allelic
dropout (stochastic nonamplification of one allele), multiple
PCR replicates were performed according to the concentration
of DNA in each sample (Morin et al. 2001). In practice,
DNA yields were such that most homozygote genotypes
were confirmed by a minimum of seven replicates (Taberlet
et al. 1996; Taberlet & Luikart 1999). All heterozygotes were
observed in a minimum of two separate reactions. Sex of
putative migrant individuals (see below) was determined
through typing of the amelogenin locus (Bradley et al. 2001).
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Fig.1 Approximate distribution of the Cross River gorilla in Nigeria and Cameroon (newly discovered putative gorilla locality to the
southeast not shown). Distribution of forest and nonforest based on Landsat 7 data from January 2003 (R. Bergl unpublished data). Gorilla

locality names are indicated by text boxes.

PCR products were electrophoresed on an ABI 3100 genetic
analyser and alleles sized using GENESCAN software (Applied
Biosystems).

Discrimination of individuals

In order to ensure that duplicate samples (i.e. gorillas
that were sampled more than once) were not included in
the analysis, only unique multilocus genotypes were used.
Unique genotypes were identified using the programs
IDENTITY 1.0 (Wagner & Sefc 1999) and cervus (Marshall
et al. 1998). Samples that had mismatches at up to two loci
were re-examined for possible genotyping errors or
allelic dropout. We calculated the probability of identity
statistic, P, the probability that two different individuals
will share the same multilocus genotype at a given
number of loci (Paetkau & Strobeck 1994). We used a more
conservative variant of P, Pyp.pe (the probability
that a pair of siblings will share the same genotype; Waits
etal. 2001) to ensure that the loci used could reliably
discriminate related individuals. Allele frequencies and
private alleles were calculated using cONVERT (Glaubitz
2004).
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Linkage, null alleles, and Hardy—Weinberg equilibrium

Data were tested for deviations from linkage disequilibrium
and Hardy-Weinberg equilibrium using GENEPOP 3.4
(Raymond & Rousset 1995). For loci with fewer than four
alleles, the complete enumeration method (Louis & Dempster
1987) was used. In all other cases, tests employed the
Markov chain method of Guo & Thompson (1992). The
presence of null alleles, stuttering and small allele dominance
was tested using MICROCHECKER (van Oosterhout ef al.
2004). Data were tested both as a single population and by
sampling locality. Significance values for multiple comparisons
were adjusted by Bonferroni correction (Rice 1989).

Population structure

Two different Bayesian analyses were used to investigate
population subdivision in the Cross River gorilla. First, we
used the model-based clustering method implemented in
STRUCTURE 2.1 (Pritchard etal. 2000) to determine the
optimal number of genetic clusters present in the population.
STRUCTURE divides sampled individuals into a number of
clusters (K) independent of locality information (i.e. based
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only on multilocus genotypic data), so as to minimize
deviations from Hardy-Weinberg and linkage equilibrium.
The program uses a Markov chain Monte Carlo (MCMC)
procedure to estimate P(X1K), the posterior probability
that the data fit the hypothesis of K clusters. The program
also calculates the fractional membership of each individual
in each cluster (Q).

Real and simulated data have shown that it is not
straightforward to determine the optimal value of K when
complex population structure is present (Pritchard ef al.
2000; Pritchard & Wen 2004; Evanno et al. 2005; McRae
et al. 2005), so we took two approaches in choosing K. First,
we calculated AK, a measure of the second order rate of
change in the likelihood of K (Evanno et al. 2005). Simula-
tion studies examining a range of patterns of genetic
subdivision have shown that the modal value of AK
corresponds to the most pronounced genetic subdivision
present in the data. Second, we also compared posterior
probabilities for the values of K with the highest P(X 1K)
using a Mann-Whitney U test, following the approach of
Rosenberg ef al. (2001). We conducted 20 independent runs
for each K between 1 and 10 using the admixture model
and correlated allele frequencies. Exploratory STRUCTURE
runs demonstrated that a burn-in period of 500 000 steps,
followed by 10¢ steps of data collection, was sufficient to
ensure convergence of the MCMC.

A potential drawback of STRUCTURE's clustering technique
is that it assumes all potential source populations have
been sampled. This can lead to misassignment of migrant
individuals and individuals with migrant ancestry from
unsampled populations. We performed an exclusion test
(Cornuet et al. 1999) in GENEcLAss 2.0 using population
simulations in order to statistically test whether one or
more of the sampled localities could be ruled out as the
area of origin for each individual. The probability of
individual genotypes coming from each locality was
calculated by comparing individual genotypes to 10 000
simulated individuals per locality. We selected the simulation
method introduced by Paetkau et al. (2004) as it is more
representative of real population processes than other
methods (e.g. Rannala & Mountain 1997; Cornuet ef al.
1999) which have been shown to produce an inflated rate
of type I errors (Paetkau et al. 2004; Piry et al. 2004). This
resampling method models populations via sampling of
hypothetical gametes (as opposed to alleles), which are
then combined to create simulated individuals.

We also estimated Fg using 6 (Weir & Cockerham 1984).
Fg estimates were calculated for all sampling locality pairs
in ARLEQUIN 2.0 (Schneider et al. 2000). Significance of
pairwise Fq; values was calculated using permutation tests
(N =1000) and Bonferroni corrected for multiple comparisons.
We tested for correlation between Fg;. (Fp/ (1 — Fgp); Rousset
1997) and geographical distance using Mantel tests
implemented in the 1ISOLDE extension of GENEPOP.

Detection of migrants

The two Bayesian approaches, STRUCTURE and GENE-
cLass 2.0, were also used to identify migrants and those
individuals with migrant or mixed ancestry. Though prior
population information is not used in the clustering
approach taken by STRUCTURE when investigating population
structure, it can be incorporated when attempting to
determine which individuals are not residents of their
sampled population. When the useEroPINFO option of
STRUCTURE is employed, the program assumes an initially
high probability that each individual is a resident of its
sampling locality. Using prior population information
greatly assists the clustering process and allows the
program to calculate posterior probabilities that individuals
belong to their sampled locality/cluster. STRUCTURE was
run this way with the previously inferred STRUCTURE cluster
memberships (K=3, from clustering analysis without
population information) used as prior population in-
formation. When limited information about migration is
present in the data, this method of analysis can be sensitive
to the migration rate (MIGPRIOR) assigned as an initial
condition (Pritchard & Wen 2004). Therefore, we conducted
runs using a range of values (0.001-0.1) for MIGPRIOR as
suggested by Pritchard et al. (2000). Choice of MIGPRIOR
did not substantively affect the program output, so only
results for MIGPRIOR = 0.05 are presented here. Burn-in
and run length were the same as for runs without prior
population information.

We selected the ‘detect migrants’ function in GENECLASS
2.0 as it is explicitly designed to identify first generation
migrants (Paetkau et al. 2004; Piry et al. 2004), i.e. individuals
born in a population other than the one in which they were
sampled. Given the relatively long generation time in
gorillas and the recent and ongoing fragmentation of the
Cross River gorillas” habitat, data on recent migration will
be most representative of current population processes.
GENECLASS 2.0 uses a suite of likelihood-based statistics,
in combination with resampling methods, to calculate
probabilities that individuals are first generation migrants.
We used two different likelihood-based test statistics to
identify migrant individuals. L, the likelihood of finding a
given individual in the population in which it was sampled,
is the most appropriate statistic to use when all potential
source populations have not been sampled (Paetkau et al.
2004; Piry et al. 2004). However, L, lacks power when
compared to other estimators (Paetkau et al. 2004), and
may cause migrant individuals whose source populations
have not been sampled to go undetected. Thus, we also used
L,/L,,..» the ratio of L, to the greatest likelihood among all
sampled populations (Paetkau ef al. 2004), which has greater
power, but is again most informative when all source
populations have been sampled. With L, /L, ., migrants
from unsampled populations can be misclassified as
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residents, since L, and L,,,, will have similar values. We
employed the Bayesian criterion of Rannala & Mountain
(1997) in combination with the resampling method of
Paetkau et al. (2004; described above) to determine the
critical value of the test statistic (L, or L, /L,,,,) beyond which
individuals were assumed to be migrants. We selected
an alpha level of 0.01 to determine critical values, as simu-
lated data have shown this level to represent an appropri-
ate balance between stringency and power (Paetkau et al.
2004).

Population history

The relative likelihoods of two models of population
structure, pure drift vs. immigration-drift equilibrium,
were calculated with the program 2mop (Ciofi ef al. 1999).
In metapopulations adhering to the pure drift model,
allele frequencies in each member population are solely
the product of random changes, and the effect of migration
between populations is negligible. Conversely, in a
situation of immigration-drift equilibrium, population
allele frequencies are the result of a balance between gene
flow and genetic drift. The 2mM0OD program uses an
MCMC procedure to compare likelihoods of the two
scenarios and produce probabilities of the data fitting
each model. The MCMC simulation was run for 100 000
iterations, with the initial 10% of data discarded to
avoid dependence on starting conditions. Probabilities of
each model were calculated using both sampling locality
and STRUCTURE cluster as the population unit. The
probability that two alleles are identical by descent (F)
was calculated as a relative measure of the effect of drift on
individual populations. F was determined via density
estimation using estimates of F from each step of the
MCMC.

Results

Identification of unique individuals and descriptive
statistics

Of the 322 samples collected, DNA quantification revealed
that 184 (57.1%) contained sufficient DNA for further
analyses. Rain and humidity, in combination with the steep
terrain and cryptic behaviour of the gorillas, prevented the
collection of consistently high quality samples from all
sampling localities. The small number and poor quality of
samples from three Cross River gorilla localities (Okwangwo-
Takamanda, Takamada East and Takamanda North)
resulted in these areas being unrepresented in the analysis.
Individual multilocus genotypes were on average 97.4%
complete. Genotypes with more than five missing alleles
were excluded from further analysis, except for one
individual with 10 missing alleles (54.5% complete) from
an under-sampled area which was included as it could be
identified as unique. Of the total set of genotypes, 71
(38.6%) were determined to represent unique individuals
and constitute approximately one-quarter of the total
estimated population (Table 1). Six pairs of samples from
within the subset of 71 had mismatches at only one or two
loci. These nearly matched individuals were always from
the same locality. Since these pairs could not be definitively
determined to represent a single individual, all analyses
were conducted both with and without the potentially
duplicated individuals. There was no significant difference
in the results between the two sets of genotypes, so the
results for the full set of 71 individuals are presented here.

Probability of identity calculations showed that the
power of the loci used to discriminate between individuals
was high. Pip-sipsy the most conservative of the Pp) esti-
mators, was 1.32 X 104, indicating that the probability that

Table 1 Faecal sample collection effort and number of individuals genotyped by locality

No. No. No. of unique Estimated

Locality collected genotyped individuals population size*
Afi Mountain 73 34 18 25-30
Upper Mbulu 42 9 5 20-30
Takamanda South 35 21 10 15-25
Boshi Extension 16 11 6 20-25
Kagwene Mountain 79 62 15 20-30
Mbe Mountains 30 24 7 24-32
Mone North 38 23 10 25-35
Okwangwo-Takamanda 1 0 NA 20-30
Takamanda East 0 NA 20-30
Takamanda North 2 0 NA 15-25
Total 322 184 71 204-292

*Qates et al. (2003), Sunderland-Groves & Jaff (2004).
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even related individuals would have the same genotype is
extremely low. Thus, different samples which produced
duplicate multilocus genotypes (and were excluded from
the analysis) can be assumed with high confidence to
represent the same individual.

When all sampling localities were pooled, no evidence of
significant linkage disequilibrium (LD) was found (P < 0.05
after Bonferroni correction), but two loci showed evidence
of nonamplifying ‘null’ alleles. However, when the
sampling localities were tested individually, no null alleles
were detected. This suggests that evidence of null alleles in
the global test is the result of genetic structure in the
population, not systematic nonamplification of an allele.
Further tests for errors in the data showed no evidence
for stuttering or small allele dominance.

When individual localities were examined for HWE,
only one locus at one locality (Afi Mountain) was signi-
ficantly out of equilibrium after Bonferroni correction.
Such mild deviations from HWE are to be expected given
the likely presence of related individuals in the sample
(Bourgain et al. 2004; Lukas et al. 2004). As with tests for null
alleles, significant deviations from HWE (Bonferroni corrected
P < 0.05) were observed at two loci when all samples were
tested as a single population. These results are consistent
with a Wahlund effect (disequilibrium caused by treating
several separate populations as one; Wahlund 1928)
arising from the presence of population substructure.
Overall, the results suggest that the individual sampling
localities are at equilibrium.

Population structure

Calculation of AK from the STRUCTURE output produced a
modal value of the statistic at K = 3 (Fig. 2). While the largest
value of AK was at K =3, a second mode was present at
K =5. The height of the modal values of AK indicates the
strength of the population subdivision signal (Evanno ef al.

40
35
30
25

AK

20
15
10

Fig.2 AK (a measure of the rate of change in the STRUCTURE
likelihood function) values as a function of K, the number of
putative populations.

2005), here suggesting deep subdivision at K = 3, and less
pronounced differentiation at K = 5.

Examination of Ln P(X | K) values from the program also
suggested a level of subdivision at K=5. As has been
reported with other data sets (Rosenberg ef al. 2001; Evanno
et al. 2005), variance in Ln P(X | K) increased at higher values
of K. This variance prevented easy identification of the
highest likelihood K. Clustering patterns of the highest
likelihoods were found at K = 5, 6, and 7, though which of
these solutions was most likely varied on a run-to-run
basis. When median values of Ln P(X | K) were compared,
K =5 had the highest likelihood overall (Mann-Whitney U
test, 2-tailed P < 0.05).

Thus, though there is evidence for population subdivision
at both K=3 and K=5, K=3 appears to be the optimal
solution for the following reasons. In cases where the
STRUCTURE program finds clustering solutions with similar
probabilities at different values of K, the lowest value is
typically the most accurate (Pritchard et al. 2000; Pritchard
& Wen 2004). The presence of related individuals in the
sample, as is likely the case in our sample, can also lead to
overestimation of the true value of K (Pritchard & Wen
2004) and has been seen in other studies (e.g. Berry et al.
2004). Additionally, the model of correlated allele frequencies
employed in the analysis, though it allows for the differ-
entiation of closely related populations, is more likely to
overestimate K than other models (Pritchard ef al. 2000).
We therefore chose the three cluster solution (K = 3) as the
hierarchical level which best describes the genetic subdivision
in our sample of the Cross River gorilla population.

All runs at K = 3 produced identical clustering solutions
(Fig. 3) with similar values of cluster membership Q for all
individuals within localities. The three clusters correspond
roughly to geography, with the majority of individuals
from each sampling locality clustering together. A Western
cluster is present, with all individuals from Afi Mountain
assigned to this cluster. A limited number of Afi individuals
also have partial inferred ancestry (mean Q = 0.07, range
0.008-0.45) in a Central cluster. The majority of gorillas
from Upper Mbulu also belong to the Western cluster and
most Boshi Extension individuals show significant fractional
membership (mean Q = 0.25, range 0.06-0.58) there.

A Central cluster is formed by individuals from Takamanda
South, Boshi extension, Mbe Mountains, and Mone North.
Mbe Mountains and Mone North individuals have ancestry
almost exclusively in this cluster. One Mbe individual is
assigned to the Western cluster, and one Mone North indi-
vidual has partial ancestry (Q = 0.38) there. The majority of
Takamanda South individuals assign to this cluster, though
three have full or partial membership (mean Q = 0.86, range
0.80-0.97) in the Western Cluster. Boshi individuals also
assign primarily to this cluster, though as mentioned
above, most individuals have some ancestry in the West-
ern cluster. All of the Kagwene Mountain gorillas assign
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unambiguously to an Eastern cluster. Little evidence of
ancestry from other clusters is found in this locality. One
individual from Upper Mbulu also assigns to this cluster.

At K=5, more fine-grained population structure is
present, but subdivision still closely follows geography.
The major change is that both Boshi Extension and
Takamanda South assign to their own clusters, while the
overall pattern of clustering remains the same. Asat K =3,
a level of genetic affinity remains between Afi, Boshi, and
Upper Mbulu, with four Afi individuals assigning to the
Boshi cluster. In a minority of runs, Takamanda South,
Mbe Mountains and Mone North each had slightly
different fractional membership in the same two clusters.
Kagwene Mountain remained distinct from the other
clusters and showed little evidence of gene flow from
other areas.

The rate at which individuals correctly assign to their
sampled locality can also be used as an assessment of popu-
lation genetic structure (Manel ef al. 2005). The exclusion
test with resampling produced an accurate assignment
rate of 80.3% when the locality of highest probability
was considered (Fig. 4). The majority of misassignments
were either to localities belonging to the same cluster, or
represented individuals identified in subsequent analyses
as migrants. In 73.6% of correct assignments, additional
localities other than that of highest probability could not be
ruled out as the source population. The pattern of locality
assignments that could not be excluded mirrors the results
of the STRUCTURE analysis. Generally, localities which
could not be rejected as having nonsignificant assignment
probabilities were those that according to STRUCTURE had
substantial ancestry from, or clustered with, the locality in
question. For example, 77.8% of Afi Mountain individuals
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Fig. 4 Distribution of highest probability assignments as deter-
mined using the resampling procedure in GENECLASS 2.0.

cannot be excluded from assignment to Upper Mbulu.
Both localities were grouped together by STRUCTURE's
clustering algorithm. GENECLASS also assigned at the same
frequency (77.8%) nontrivial probabilities to Boshi Exten-
sion as the area of origin of Afi individuals. This result is
concordant with the STRUCTURE analysis where Boshi
Extension has substantial ancestry in the Western cluster.
Results for other localities are similarly clear-cut: 91.7% of
misassignments of Takamanda South individuals are to
members of STRUCTURE's Central cluster, while the figure
for the Mbe Mountains is 75%. Kagwene Mountain
individuals have only 12 potential misassignments, and
the majority (70%) of these are very low probability
(P = 0.05-0.08). Indeed, misassignments in general, though
they could not be statistically excluded, had low probabil-
ities (mean P = 0.16).
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Table 2 Pairwise Fg; values (above diagonal) and significance (below diagonal) for each Cross River gorilla locality. Significant values

indicated with * (Bonferroni corrected P < 0.05)

Afi Upper Takamanda Boshi Kagwene Mbe Mone

Mountain Mbulu South Extension Mountain Mountains North
Afi Mountain — 0.04744 0.11843 0.14204 0.24214 0.10499 0.12121
Upper Mbulu NS — 0.11251 0.11746 0.14556 0.05988 0.106
Takamanda South * * — 0.14835 0.19705 0.07706 0.10445
Boshi Extension * NS * — 0.20454 0.09153 0.14189
Kagwene Mountain * * * * — 0.2079 0.18603
Mbe Mountains * NS * * * — 0.08738
Mone North * * * * * * —

Pairwise Fq; comparisons suggest the same pattern of
relationships as the Bayesian methods (Table 2). Within-
cluster Fq. values were almost uniformly lower than between-
cluster comparisons, and peripheral localities show greater
differentiation than those in the centre of the gorillas’
range. However, somewhat contrary to the individual-based
analyses, most localities show significant divergence from
one another. The exception is Upper Mbulu, which as in
the Bayesian analyses shows affinity with both Afi Mountain
and Boshi Extension. Mantel tests for correlation between
genetic and geographical distance were all nonsignificant
(P <0.05).

Detection of migrants and admixed individuals

The detection of migrants procedures in both STRUCTURE
and GENEcLASS produced very similar results (Table 3).
Using both previously determined sTRUCTURE cluster and
geographical sampling locality as prior population infor-
mation, STRUCTURE identified 3 individuals (B22-3, B20-2,
and B3-5) as potential migrants, or of migrant ancestry
(P=0.97, 0.748, 0.441). All other individuals had high
probabilities of being residents (P > 0.882 at K = 3) with
the probability of residency rapidly increasing to 0.99.
Each of the apparent migrants was an individual strongly
cross-assigned (highest Q > 0.90) to a nonhome cluster in
the analysis without population information. Two of the
three putative migrants are assigned to clusters adjacent to
the sampled locality; sample B3-5 from the Mbe Mountains
(Central cluster) is identified as a migrant from the Western
cluster and sample B22-3 collected from Upper Mbulu
(Western cluster) assigns to the Eastern cluster.
GENECLASS identified four individuals as migrants
(P <0.01), three with the L,/L,,,, ratio (B22-3, B20-2, and
B3-5), and two with L, (B20-2 and B17-11, B20-2 was
selected using both likelihood methods). The individuals
identified with L, /L, are the same individuals identified
by STRUCTURE as having high probability of being migrants.
B22-3 (detected with the L, /L,,,, ratio) assigned strongly to
a particular locality in the exclusion test, indicating a seemingly

clear population of origin. B3-5 assigned equally to two
localities, though one (Afi Mountain) is more likely given
its geographical proximity to the collection locality. These
individual assignments are in accord with the clustering
results from sTRUCTURE. The migrants identified with L, had
consistently low assignment probabilities for all localities
in the exclusion test, suggesting that these individuals
represent migrants from unsampled areas. Only one of
these samples (B20-2) was also selected by sTRUCTURE. Unlike
STRUCTURE, GENECLASS does not assume that all source
populations have been sampled and so it is more apt to
detect migrants from such unsampled populations. B22-3
and B20-2 were identified as females, while B3-5 and B17-11
were identified as males.

STRUCTURE also identified a number of individuals not
readily classified as migrants, but not clearly assigned as
residents either, suggesting that these individuals are the
products of admixture between localities. In STRUCTURE,
potentially admixed individuals are those that do not assign
with the majority of individuals from their locality, or which
have values of Q that indicated nontrivial membership in
more than one cluster. Ranking and plotting individual Q-
values following the approach of Beaumont et al. (2001)
allowed delineation of a set of samples that did not clearly
group in any one cluster (Fig. 5). Clear breaks are present
at Q=0.8 and Q =0.2. Individuals with Q scores falling
exclusively above and below these values assign strongly
to one cluster. We defined individuals with Q-values from
0.8 to 0.2 as potentially admixed (Lecis et al. 2006; Vaha &
Primmer 2006), resulting in seven samples of mixed ancestry
(although eight individuals fall within the admixture range,
one was identified by previous analyses as a migrant). These
admixed gorillas had substantially lower migrant proba-
bilities than did putative migrants, but their probabilities
were still higher (mean = 0.066) than the average value for
all resident individuals (mean = 0.009). Two individuals
that assigned with a cluster different to the majority clus-
ter for their sampling locality were also identified.

GENECLASS is not specifically designed to identify admixed
individuals. However, 10 gorillas (B12-4, B2-3, B22-6, B27-8,
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Table 3 Results of migrant detection analyses

GENECLASS F),

migrant
STRUCTURE Q probability
(C/W/E clusters; GENECLASS locality (L, L,/L,,.. STRUCTURE Final migrant/
no prior population of highest probability GENECLASS highest indicated migrant admixture
Sample Geographic origin information, K = 3) assignment—exclusion test assignment probability with A, *P < 0.01) probability classification
B22-3 Upper Mbulu 0.026/0.030/0.944 Kagwene Mountain 0.788 0.9937* 0.970 MS
B20-2 Takamanda South 0.017/0.973/0.009 Upper Mbulu 0.078 0.9957* 0.748 MU
B17-11 Mone North 0.492/0.380/0.129 Boshi Extension 0.058 0.994* 0.054 MU
B3-5 Mbe Mountains 0.063/0.907/0.031 Afi Mountain/Upper Mbulu 0.3498/0.317 0.9977* 0.441 MS/MU
B12-4 Upper Mbulu 0.298/0.581/0.121 Boshi Extension 0.172 0.984 0.117 AD
B2-3 Afi Mountain 0.447/0.509/0.044 Mbe Mountains 0.067 0.960 0.059 AD
B22-6 Upper Mbulu 0.156/0.624/0.220 Upper Mbulu 0.303 0.704 0.034 AD
B27-8 Boshi Extension 0.558/0.370/0.072 Boshi Extension 0.439 0.574 0.020 AD
B27-10 Boshi Extension 0.722/0.176/0.102 Boshi Extension 0.910 0.099 0.007 —
B27-11 Boshi Extension 0.728/0.239/0.032 Boshi Extension 0.999 0.001 0.003 —
B28-1 Boshi Extension 0.398/0.584/0.018 Boshi Extension 0.835 0.172 0.009 —
B16-8 Mone North 0.975/0.008/0.016 Mone North 0.081 0.92 0.001 —
B1-5 Afi Mountain 0.020/0.974/0.006 Afi/Boshi 0.8174/0.8143 0.188 0.002 —
B4-10 Afi Mountain 0.024/0.955/0.021 Afi/Upper Mbulu 0.4934/0.4498 0.517 0.005 —
B6-6 Afi Mountain 0.014/0.976/0.010 Afi/Upper Mbulu 0.5904/0.5919 0.405 0.001 —
B27-9 Boshi Extension 0.909/0.080/0.011 Boshi Extension 0.062 0.942 0.010 —
B19-10 Takamanda South 0.185/0.803/0.012 Takamanda South 0.664 0.343 0.007 —
B21-11 Takamanda South 0.892/0.080/0.028 Awurri/Boshi/Mone North 0.224/0.202/0.197 0.767 0.003 —
B19-11 Takamanda South 0.183/0.803/0.014 Takamanda South 0.803 0.205 0.007 —

MS, migrant whose source locality was determined; MU, migrant whose source locality could not be determined; AD, admixed individual.

605 SVTIIIOD YHAIY SSOUD NI HINLONALS NOILVINIOd



510 R. A. BERGL and L. VIGILANT

14

Fig. 5 Ranked mean Q (proportional mem-

gpgamsnnentt i indivi
Ja04aa % bership in each cluster) for each individual
0.9 AA;" . in each cluster. Admixed individuals have
a o values between 0.2 and 0.8.
0.8 1 oo
ad
0.7 1
o

064 * Central o
o o Western 4
S 051 ¢ Eastern A°
2 R

0.4 1 An“

0.3 1 a

o
021 .
AL
o
011 " .
Aooo®
'Y} *
IQ“-“‘ ,,.oooo"°.
0_m---uun"""“!..oooooooooooo ' ' '
0 10 20 30 40 50 60 70
Rank

B16-8, B1-5, B4-10, B6-6, B27-9, B21-11) assigned to areas
other than their home locality, had low assignment
probabilities for all localities, or had similar probabilities
for several areas. Though these samples may represent
individuals who cannot be accurately assigned due to a
lack of information in the data, the low or similar probabilities
could also be indicative of admixed ancestry.

We used a conservative approach and classified individ-
uals as admixed if both programs suggested evidence of
migrant ancestry. Thus, four individuals with mixed Q,
low (< 0.50) or ambiguous GENECLASS assignment proba-
bilities, and high (> 0.50) probabilities of being an F;
migrant were identified as having migrant ancestry
(B12-4, B2-3, B22-6, B27-8). Based on our criteria, we could
not definitively identify any other animals as admixed.
However, since these criteria require admixed Q in STRUCTURE,
individuals with ancestry from more than one locality
within the same cluster will not be identified as admixed.
Six more individuals (B16-8, B1-5, B4-10, B6-6, B27-9, B21-
11), though not showing admixture in STRUCTURE, did not
clearly assign with their sampling locality in the GENE-
cLass analysis and may represent additional individuals
of migrant ancestry.

Population history

The probabilities of the two models of gene flow (pure drift
or immigration-drift equilibrium) were calculated using
the coalescent-based approach of Ciofi & Bruford (1999).
When all sampling localities were considered as separate
populations, neither the pure drift model, nor the model of
immigration-drift equilibrium was substantially more likely
[P (immigration-drift equilibrium) = 0.524, Bayes factor =
1.1]. However, when sTRUCTURE cluster (K = 3) was used as

the unit of population, the value of P (immigration-drift
equilibrium) increased to 0.906 (Bayes factor =9.6). An
immigration-drift equilibrium model would not be in accord
with the population structure and migrant analyses which
showed relatively greater genetic isolation of the extreme
Eastern and Western localities. However, when F values
were examined, the greater isolation of the Western and
Eastern clusters was evident (Fig. 6). The probability of
genes being identical by descent was low in the Central
cluster (F = 0.05, 95% highest posterior density (HPD) range:
0.026-0.104). In contrast, the Western and Eastern cluster
had higher F values (F = 0.16, HPD range: 0.098-0.254 and
F =0.19, HPD range: 0.125-0.292, respectively), suggesting
that, relative to the Central cluster, these areas are more
influenced by drift. This is consistent with our other
analyses which did not detect migration into either the
Western or Eastern clusters.

Discussion

Population structure of the Cross River gorilla

Through the use of noninvasively collected genetic data,
we were able to detect previously unknown population
structure in the Cross River gorilla. Our analysis suggests
that three subpopulations are present; namely, a large
central subpopulation consisting of the majority of known
Cross River gorilla localities, and two peripheral subpopu-
lations represented by the gorillas of Afi and Kagwene
mountains, respectively. This pattern of subdivision cor-
responds largely to patterns of habitat fragmentation. The
constituent localities of the central subpopulation are all
(with the exception of Mone North which is separated by
a small road and scattered farm land) connected by
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Fig. 6 Density plots of F, the probability that two alleles are
identical by descent, for each Cross River gorilla cluster.

continuous forested lowland habitat. In contrast, Afi
Mountain is almost totally isolated from other gorilla areas
by farmland and a frequently travelled highway. Likewise,
Kagwene Mountain, though connected to Upper Mbulu by
a narrow forest corridor, is largely surrounded by substantial
areas of montane grassland and farmland.

Our results imply that habitat discontinuities such as
roads and farmland play a larger role in genetic substruc-
turing of population than linear distance. Such relation-
ships have also been observed in other large mammal taxa
living in fragmented habitats including bears (Proctor ef al.
2005) and orangutans (Goossens et al. 2005). Several
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anecdotal reports of Cross River gorilla presence in
lowland areas exist from both historical (Mansfield 1908)
and contemporary accounts (Fay 1987; Bucknell & Groves
2002; Bergl unpublished data), and western gorillas (Gorilla
gorilla ssp. gorilla) have been reported to cross roads. The
presence of migrants and forest corridors between the
central localities also hints at the genetic affinities of
the three unsampled Cross River gorilla localities. Though
we were unable to collect usable samples from these areas,
the pattern of relationships between sampled localities
suggests that these unsampled areas would also belong to
the central population.

One relationship that is not in accord with geography is
the apparent genetic affinity between the Afi Mountain
and Upper Mbulu gorillas. These localities are separated
by of 50 km and several intervening gorilla localities, yet
exhibit considerable genetic similarity in all analyses. This
association could be observed if a historically continuous
subpopulation including both areas had historically existed
across the northern limit of the gorillas” range. As this
subpopulation became fragmented by human activity and
habitat loss, Afi Mountain and Upper Mbulu could have
retained similar allele frequencies by chance, resulting in
the association seen in our analyses. Alternatively, there
may have been a historical division of the population into
northern and southern groups and the current pattern of
genetic similarity is the result of further subdivision.
However, the sample size from Upper Mbulu is small, and
so does not warrant excessive interpretation. We do not
suggest that Afi Mountain and Upper Mbulu form a
contemporary population.

While the genetic data strongly point to the presence of
three subpopulations in the Cross River gorilla, and we
were able to identify a number of migrant and admixed
individuals in the Cross River population, there is also
evidence of ongoing differentiation. The weak signal for
division into five subpopulations, combined with the
high frequency of accurate assignments, suggests that
fragmentation of the gorilla population is not static.
Although individual animals do move through lowland
areas, the rate at which this movement occurs is likely
decreasing, mediated by continued human activity in the
region. The degree and duration of fragmentation is probably
not yet extreme enough to create genetically isolated
populations at all localities. However, such isolation is likely
if current conditions continue.

Fg;-based analysis of population structure

Though many of the pairwise comparisons of Fg were
significant, Fg. values showed the same patterns of similarity
between localities as the individual-based analyses. This
observation supports the contention that Fgp and its
various estimators are better used as a relative comparison
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of differentiation when considering a network of populations
(Nei 1973, 1987; Neigel 2002). Since Fg; requires a priori
delineation of populations, and since this division may be
somewhat ad hoc, the pattern of similarity is potentially
more important than whether specific pairwise comparisons
are significant. Fg estimates may also be biased in situations
where, as with the Cross River gorilla, populations are
small, have experienced recent reductions in size, or have
become recently fragmented and do not adhere to models
of population structure upon which the estimator is based
(Pearse & Crandall 2004). In particular, the likely presence
of closely related individuals and parent-offspring pairs
within samples from each locality will increase apparent
levels of differentiation between localities and bias estimates
of differentiation. Thus, Fg; is perhaps best applied to
situations in which the units of analysis can be more
readily defined beforehand. In situations where prior
knowledge of population structure is limited, individual-
based approaches such as those presented here are likely to
produce results that are more biologically meaningful
(Pearse & Crandall 2004).

Migration in the Cross River gorilla population

Prior research on this population had concluded, based on
habitat discontinuities, hunting pressure in the lowlands,
and absence of gorilla signs in intermediary areas, that
each gorilla locality was effectively isolated from all others
(Oates et al. 2003; Sunderland-Groves et al. 2003), and
that gene flow between localities was therefore minimal
(though some local hunters reported occasional movement
of gorillas outside population nuclei, Bucknell & Groves
2002). The ranges of these gorillas were presumed to be
limited to hilly and mountainous regions which are less
affected by human disturbance. Though the gorillas are
indeed concentrated in these inaccessible areas, our genetic
data suggest that interchange of animal continues or has
recently occurred between many of the gorilla localities.
Our data show that some animals have migrated between
localities within the current generation. We were able to
identify as migrants four individuals (two males and two
females) from four different localities. Two migrants (one
male and one female) each moved from one of the two
most isolated localities (Kagwene and Afi mountains) into
the nearest neighbouring locality (Upper Mbulu and Mbe
Mountains, respectively).

Neither of these two source localities appears to be the
recipients of migrants. Both areas are genetically quite
homogenous, though one Afi individual apparently does
have admixed ancestry. In undisturbed gorilla populations,
where there are relatively high densities of gorillas, animals
that disperse from their natal group are likely to find other
groups or individuals quite readily. However, in areas
such as Kagwene and Afi mountains, where there appear

to be only single social groups or very small communities
of gorillas (Oates et al. 2003; Bergl unpublished data), oppor-
tunities for dispersing individuals to find new groups will
be limited. Thus, dispersers will be under relatively greater
pressure to travel long distances or cross barriers such as
roads and disturbed forest, potentially resulting in large
dispersal distances. This may explain the substantial distance
(approximately 10 km) crossed by the migrants from these
areas and why no migrants into these areas were found.

The other two migrants detected were collected in
Takamanda South and Mone North, but could not be
definitively assigned to a source population. Likely source
localities for these migrants, based on geographical
proximity, are among the unsampled gorilla areas. The
presence of these individuals in the data set highlights the
need for assessing whether all potential sources of migrants
have been sampled in these types of analyses. If we had
assumed that our data set represented all prospective source
populations, at least one migrant would have gone undetected.

The identification of individuals with admixed ancestry
was not as clear cut as the detection of migrants. Four
gorillas were identified by both the sTRUCTURE and
GENECLASS analyses as having a high probability of migrant
ancestry. Eleven other individuals showed evidence of
admixture in results from one of the two programs. Thus,
while we can only definitively identify four admixed
individuals, several others may in fact have recent ancestry
in an area other than their source locality. The presence of
admixed individuals suggests that not only are gorillas
able to move between localities on occasion, but that they
are also able to reproduce in the new area. Such dispersal
and subsequent reproduction is crucial for the maintenance
of long-term genetic health in small, fragmented populations
(Gilpin & Soulé 1986; Lacy 1997; Cunningham & Moritz
1998; Bjilsma et al. 2000).

Population history

Though our analyses of population structure indicate the
presence of at least three subpopulations within the Cross
River gorilla, the most probable model of gene flow was
one of immigration-drift equilibrium. Such a model would
predict a greater similarity in allele frequencies between
subpopulations than we actually observed. The disparity
between the two sets of analyses, in combination with high
F values in the isolated subpopulations, suggests that the
signal for immigration-drift equilibrium is an artefact of
historical panmixia. In recent history, the Afi and Kagwene
subpopulations were likely in much more regular contact
with the central subpopulation. If this contact was still present,
F values would be similar in each of the subpopulations.
This was not what we observed. The peripheral areas have
substantially higher levels of F, illustrating that drift plays
a much larger role in determining allele frequencies in
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these areas than in the central population. Migration from
Kagwene and Afi into the central population, in combination
with the unidirectional nature of this movement, is
apparently not sufficient to overwhelm the effect of drift
in the isolated areas and maintain genetic similarity across
the gorillas” range. While allele frequencies best fit an
equilibrium model, it appears that the isolation has simply
not been maintained long enough for frequencies to shift
to a pure drift model. Given the high F values and small
population sizes in the peripheral areas, the influence of
drift would be pronounced. That allele frequencies in the
population as a whole do not support a pure drift model
suggests that population fragmentation has been quite recent.
These results emphasize the impact human disturbance
has had on connectivity within the Cross River population
in the recent past.

Conservation implications

The genetic population structure we detected in Cross
River gorillas has important implications for the conservation
and management of this critically endangered primate.
Overall, our analyses suggest that the situation facing
this population is not as dire as had been assumed. We
documented reproductive connectivity during the current
generation between several localities, including the most
peripheral population nuclei, and genetic similarity be-
tween most of the sampled localities. Using conservative
criteria, approximately 11% (8 of 71) of individuals were
inferred to be migrants or to have recent ancestry from
more than one locality. Though migration levels are low,
they were considerably higher than prior nongenetic
studies (Oates et al. 2003; Sunderland-Groves et al. 2003)
had concluded. Even areas that had been assumed (Oates
et al. 2003; Sunderland-Groves et al. 2003) to be isolated
from other gorilla localities were determined to be in
occasional migratory contact with at least the nearest
locality. Unfortunately, equivalent data from other African
ape populations are not available, so it is not possible to
quantitatively compare levels of migration and genetic
structure in the Cross River population to those of other
less-fragmented populations. However, even in the absence
of a comparative data set, our data suggest that the overall
extent of migration across the Cross River population is sub-
stantially lower now than in recent history.

Conservation efforts must therefore, focus on the
maintenance, and if possible, expansion, of forest connec-
tivity between gorilla localities. While such actions present
a challenge for both conservation biologists and wildlife
managers, the situation allows for some optimism given
that substantial habitat remains between many of the areas.
Unlike the Cross River gorillas, some other threatened
primate populations (e.g. orangutans, Goossens et al. 2005)
exist in very highly fragmented habitats, necessitating
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substantial restoration of corridors. Only two of the gorilla
localities are separated by habitat discontinuities (i.e. roads
separating Afi Mountain and Mone North from the central
portion of the gorillas’ range), and in these cases, forested
habitat abuts the discontinuity. In all other cases, at least a
narrow forest corridor (and in many cases large continuous
areas of forest) connects the population nuclei.

Much of the forest which constitutes Cross River gorilla
habitat is already legally protected, and several additional
areas are currently being considered for protected area status.
Yet key corridors, such as those between Kagwene
Mountain and Upper Mbulu, and between Mone North
and the other members of the central subpopulation
currently have no legal status. Revision of the status of
these areas needs to be considered.

Besides habitat loss, other human activities such as
bushmeat hunting in particular, can also limit migration.
Extensive hunting in lowland areas is likely the main cause
of the gorillas’ current distribution in the highlands. This
pressure needs to be relaxed in order to allow migration
though, and potentially recolonization of, lowland habitat.
Control of hunting is particularly important in the centre of
the gorillas’ range, which contains the largest concentration
of gorillas and substantial areas (approximately 1300 km?)
of continuous forest. Conservation in this area presents a
particular challenge, as it consists of a continuous forest
block spanning the Nigeria—Cameroon border and the need
for a cooperatively managed trans boundary protected area
has been suggested (Sunderland-Groves & Jaff 2004).

Though connectivity between many of the gorilla
localities remains, it is possible that in the near future some
areas may become totally isolated. In such a case, the use
of translocation as a management strategy should be
considered. A discussion of the feasibility of translocation
in the context of the Cross River gorilla population is beyond
the scope of the current research. However, our results
could help to guide future translocation projects, if such
efforts were to be undertaken. Translocation efforts would
be most effective in increasing levels of genetic diversity if
animals are moved among each of the three genetically
identifiable subpopulations (Crandall ef al. 2000; Keller &
Waller 2002). Our analysis of the demographic history of
the Cross River gorilla suggests that the population was at
immigration-drift equilibrium in the recent past, and that
current subdivision is a product of human-induced
fragmentation. Translocation between localities would
therefore restore natural patterns of gene flow (Goossens
et al. 2002) and avoid concerns associated with admixture
of genetically distinct populations (IUCN 1998; Moritz
1999). Translocations could be particularly effective in
increasing genetic diversity in the Afi Mountain and
Kagwene Mountain localities given their small size,
apparent lack of immigrant individuals and greater
susceptibility to drift.
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While the genetic data offer important insights for the
management of the Cross River gorilla population, they
are only one source of information about the threats facing
these animals. Many other factors including bushmeat
hunting, demographics, habitat loss and fragmentation,
logistics, politics, financing, and feasibility must be con-
sidered when developing a comprehensive conservation
plan for these animals.
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