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Abstract The biological traits of different species usually
predispose them to dissimilar levels of extinction risk.
Accordingly, we analysed genetic variation and population
genetic structure of two endangered forest monkeys to
determine how they were influenced by habitat change. The
Tana River red colobus and mangabey are of similar body
size, are sympatric and endemic to forests in Kenya. The
mangabey is frugivorous, terrestrial and exhibits female
philopatry but the colobus is folivorous, arboreal and both
sexes exhibit natal dispersal. We predicted that both spe-
cies would have low genetic variation due to high genetic
drift, and possible inbreeding, because their populations are
relatively small and subdivided in forest fragments. Nev-
ertheless, we expected the mangabeys to have a higher
genetic variation because they have a larger population,
and their higher vagility would enhance gene flow. Thus,
we expected a stronger population genetic structure in the
colobus because lower vagility would constrain dispersal
and increase genetic differentiation. Finally, we expected
both species to exhibit isolation by distance due to greater
gene flow among populations in close geographic prox-
imity. We genotyped 146 colobus and 76 mangabeys with
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nine microsatellite markers and found that both species had
relatively high heterozygosities but low allelic richness.
Furthermore, allelic richness, heterozygosity and genetic
differentiation were all higher in the mangabey and only
the mangabey exhibited isolation by distance. Taken
together, our results suggest that species with divergent
behavioral ecologies may exhibit differential vulnerabili-
ties to genetic erosion due to habitat change.
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Introduction

The biological traits of different species often predispose
them to dissimilar levels of extinction risk. Thus beetle
species that are rare and are habitat specialists are partic-
ularly vulnerable to extinction in fragmented habitats
(Davies et al. 2004), vagile arboreal geckos thrive in
fragmented habitats (Hoehn et al. 2007) and arboreal
monkeys that subsist on low-fruit diets are highly vulner-
able to agricultural expansion (Isaac and Cowlishaw 2004).

Even so, it is not always clear how, or why, particular
biological traits may predispose species to different
extinction threats (Davies et al. 2004; Henle et al. 2004,
Isaac and Cowlishaw 2004). This is an issue of primary
conservation importance because differential vulnerability
to extinction threats must determine which species ulti-
mately go extinct. Accordingly, we sought to investigate
the effects of habitat loss and fragmentation, habitat change
hereafter, on the genetic variation and population genetic
structure of two endangered forest monkeys with divergent
biological traits from eastern Kenya.
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Habitat change is the most serious threat to biodiversity
because its effects are diverse and widespread (Primack
2010). In particular, the breaking apart of habitat often
reduces population sizes of resident species and expands
the matrix which may also obstruct dispersal. The
obstruction of dispersal is a serious problem because it
undermines metapopulation persistence and gene flow
(Clobert et al. 2001), which may decrease genetic variation
through drift and inbreeding within subpopulations
(Frankham et al. 2010). The inability to disperse is a
ruinous prospect for any species because loss of genetic
variation compromises the ability of populations to adapt to
changes in the environment by undermining population
persistence, evolutionary potential and individual fitness
(Frankham et al. 2010; Keller and Waller 2002).

We focused on monkeys because primate biology and
the variety of their responses to extinction threats are well
documented relative to other taxonomic groups (Isaac and
Cowlishaw 2004; Cowlishaw and Dunbar 2000). Indeed,
non-human primates are a flagship order of mammals in
tropical forests (sensu Simberloff 1998) because most are
endemic to these forests where their species richness is
positively associated with forest extent (Reed and Fleagle
1995) and their biomass often exceeds 30 % of all mam-
mals (Fa and Purvis 1997). Even so, tropical forests
everywhere are undergoing increasing habitat change due
to burgeoning human populations and expanding per capita
resource consumption (Laurance 2007; Mayaux et al.
2005). Consequently, studies show that even protected
areas within tropical forests are becoming increasingly
isolated as surrounding habitats are degraded and destroyed
by development (DeFries et al. 2005). Thus, primates are
disproportionately threatened by tropical forest habitat
change (Mace and Balmford 2000; Mittermeier et al.
2007).

Tropical forest found in eastern Kenya is the only
known habitat of two endangered monkeys, the Tana River
red colobus (Procolobus rufomitratus, Peters 1879) and
mangabey (Cercocebus galeritus, Peters 1879). The forest
is found in fragments of various sizes with a combined total
area of 26-km?, but the monkeys are found in only some of
the fragments (Butynski and Mwangi 1994). The two
monkey species are of similar body size, but are dissimilar
in several behavioral ecology traits. The colobus are fo-
livorous, arboreal and both males and females disperse on
attaining sexual maturity (Marsh 1979; Mbora and Meikle
2004). Thus due to its arboreality, the Tana red colobus is
much more dependent on a relatively continuous forest
canopy than the largely terrestrial mangabey, and therefore
it has lower vagility in the fragmented forest landscape. In
contrast, the mangabey is a frugivore that spends at least
80 % of their time budget on the ground, only males dis-
perse on attaining sexual maturity, and females are strongly
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philopatric (Kinnaird 1992; Wieczkowski and Butynski
2013). Both monkey species are endangered because the
colobus population is estimated at less than 1,000 indi-
viduals and the mangabey population at about 2,000
(Mittermeier et al. 2007; Mbora unpublished data).

We predicted that both species would have low genetic
variation due to high genetic drift, and possible inbreeding,
because their populations are relatively small and subdi-
vided in forest fragments. We further hypothesized that
habitat change would influence the genetic variation, and
population genetic structure, of the two monkey species
differently given their dissimilarities in vagility, population
size and patterns of natal dispersal. First, we expected that
the mangabeys would have higher genetic variation than
the colobus because their greater vagility enhances gene
flow among forest fragments, and their population size is at
least twice as large. Secondly, we expected a stronger
population genetic structure in the colobus because lower
vagility would constrain dispersal and enhance genetic
differentiation in this species. While it is true that female
philopatry could promote significant genetic differentiation
in the mangabey, the tendency for new groups to form by
fissioning of existing groups (Dittus 1988) should attenuate
genetic structuring in this species. Third, we expected that
subpopulations that were in close geographic proximity
would exhibit greater gene flow among each other and
therefore we expected to find isolation by distance (IBD) in
both species (Wright 1943).

Materials and methods
The study area

The study area comprised approximately 26 km? of gallery
forest occurring in scattered patches of various sizes on
both sides of the Tana River in eastern Kenya (see Fig. 1 in
Mbora and McPeek 2010). This part of Kenya is arid as it
receives a mean annual rainfall of just 400 mm (Hughes
1990). As such, the forests are maintained by groundwater
and annual flooding, which limits their lateral extent to
about a kilometer on either side of the river (Hughes 1990).
The forests are embedded in a matrix of small-scale
farmland, riparian grassland and shrubs and comprise the
entire global distribution range of the Tana River red col-
obus (Procolobus rufomitratus) and mangabey (Cercoce-
bus galeritus).

We had mapped the forests as part of an earlier study
using aerial photographs, and systematically selected 28
fragments for long-term monitoring of the primate popu-
lations (Mbora and McPeek 2010; Mbora unpublished
data). We selected study fragments so as to capture the
range of habitat conditions within the floodplain and to
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ensure that comparable forest area was studied east and
west of the Tana River, and inside and outside the Tana
River Primate National Reserve (TRPNR).

We surveyed each study forest entirely as a team of
three observers to determine the number of resident groups
of colobus and mangabeys using the sweep sampling
method (Whitesides et al. 1988). Subsequently, we then
identified subsets of social groups for detailed assessments
of size and age-sex compositions through time as detailed
in Mbora and McPeek (2010). The fecal samples used for
the data reported here were collected in the field during the
months of July, August and September in 2005, 2006, 2007
and 2009. The samples were collected from 37 groups of
colobus in 23 forest fragments, and 27 groups of mangabey
in 17 forest fragments;—please also see below under data
analyses for details of how subpopulations were
designated.

Collection of fecal samples and DNA extraction

We collected fecal samples as 3 observers—DNMM and
two field assistants—by following the study groups, on
separate days for each species, from 0600 to 1130 h, and
then from 1500 h until nightfall. Upon observing an animal
defecating, we collected a sample of the feces using a
sterile collecting stick while wearing latex gloves. We tried
to sample as many individuals from each study group and
forest fragment as possible for each species.

Colobus feces are usually deposited in distinct pellets so
we simply collected 1-3 pellets depending on size. The
mangabey, however, does not usually produce its feces in
distinct pellets so we gleaned a sample from the outermost
part of the fecal deposit. In each case, the sample was
placed into a tube containing 30 ml of 100 % ethanol and
labeled with a permanent marker to indicate the date,
species identity, and coded to identify the troop and forest.
The ethanol and sample were then mixed by inversion
without shaking in order to maintain the bolus and avoid
losing target cells with the ethanol supernatant in the next
step. After 36 h, we carefully poured off the ethanol with
the tube loosely capped, and transferred the remaining solid
material into a new tube, labeled as above, and containing
silica for drying and storage (Nsubuga et al. 2004). The
samples were then stored cool and dry in a tent in the field,
and at —80 °C upon arrival in the laboratory until DNA
was extracted. We extracted DNA from the fecal samples
using the QIAamp DNA Stool kit (Qiagen, catalog #
51504) but instituted several modifications to the manu-
facturer’s protocol.

It is well established that the outermost layer of a fecal
sample yields the least degraded DNA and also contains
the lowest concentration of PCR inhibitors (Wehausen
et al. 2004; Fernando et al. 2003). Therefore, we started our

extraction procedure by carefully scraping off 15-60 mg
from the outermost layer of the bolus into a 2 ml micro
centrifuge tube. We used a sterile scalpel blade to scrape
each sample and changed gloves between samples. We
then followed the extraction procedures as outlined in the
Qiagen kit but also adopted some recommendations by
Wehausen et al. (2004). Specifically, we added about 2 ml
of ASL buffer, vortexed the mixture thoroughly to
homogenize and then heated the homogenate for 10 min at
56 °C. Additionally, we heated the elution buffer AE to
70 °C, allowed it to incubate in the spin columns for 3 min
and then centrifuged the eluate through the spin columns
twice to maximize DNA collection.

We were very careful to avoid cross contamination
among samples of our two species, and contamination of
our samples by other concentrated DNA sources. First, we
worked on samples from our two study species sequentially
rather than concurrently (i.e. we worked on the colobus and
then mangabey samples). Second, we extracted the DNA in
an area of the lab that was different and a distance away
from the area where we set up the PCR reactions. Third, all
the laboratory procedures reported here were performed in
a section of the laboratory dedicated to the analyses of
DNA from the two primates and this laboratory did not
work with any other species of primates or vertebrates.

DNA amplification and genotyping

Numerous studies have demonstrated that the low quality
and quantity of DNA recovered from feces can cause
genotyping errors (Taberlet et al. 1999). In particular, only
one allele of a heterozygous individual may be detected
(Gerloff et al. 1995; Taberlet et al. 1996) and PCR
amplification artifacts may be misinterpreted as true alleles
(Taberlet et al. 1996). Therefore, we used well-tested
procedures to minimize, or possibly eliminate, any geno-
typing errors (Beja-Pereira et al. 2009). First, immediately
following DNA extractions, we screened the samples to
ensure that they contained amplifiable DNA using a real-
time quantitative PCR procedure, and genotyped a sample
only if it contained at least 100 pg of amplifiable DNA
(Taberlet et al. 1996; Morin et al. 2001). Whenever feasi-
ble, extractions were repeated for samples that did not
contain amplifiable DNA. Second, we used same nine
microsatellite markers to genotype individuals of both
species in multiplex PCRs (Chamberlain et al. 1988). The
nine markers were a subset of 15 originally optimized and
used for the study of primate (Cercopithecidae) population
genetics by Bonhomme et al. (2005, 2008). Six of these
markers were tetranucleotides (D1S548, D3S1768,
D4S243, D7S52204, D8S1106, and D10S1432) and the
other three were dinucleotides (DQcar, MIB, MOGec;
Bonhomme et al. 2005). We used these particular nine
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markers because they showed the highest heterozygosity,
based on preliminary assessments, for our species and were
therefore the most informative, and using these highly
informative markers generated the same information with
fewer loci, helping us to conserve template DNA and to
minimize the risk of allelic dropout (Taberlet et al. 1996).
We optimized multiplexed combinations of the nine
markers to accommodate dye labels and product sizes as
appropriate, and then ran the reactions using the QIAGEN
Multiplex PCR Kit (catalog #: 206143) in a MJ Research
PTC-200 Peltier thermal cycler.

A sample from each individual was amplified in four
replicates, i.e. the multiple tubes approach (Taberlet et al.
1996). Each reaction contained 1.5 pL of the eluate from
the extractions as template, 7.5 pL of 2X Qiagen multiplex
PCR master mix, 1.5 pL of 2 uM each primer, 1.2 pL. BSA
and 3.3 pL. of RNase-free water for a final volume of
15 pL. The thermal profile was as recommended in the
PCR kit but our reactions required an annealing tempera-
ture of 57 degrees Celsius for 3 min and 35 cycles. Every
96 PCRs plate included two negative controls without
template DNA, and two positive controls with high quality
template DNA obtained from tissues samples. Template
DNA from colobus tissue was donated by colleagues who
work with closely related species of colobus in Uganda.
Template DNA for the mangabey was extracted from a
tissue sample acquired, and preserved in ethanol, when an
individual from one of the study groups was killed by a
bird of prey in August 2005 (Mbora and McPeek 2010).

Amplified products were subsequently genotyped with
an ABI Prism™ 3100 genetic analyzer (Applied Biosys-
tems). GeneMarker (SoftGenetics) and PeakScanner
(Applied Biosystems) were used to score individual
genotypes based on the ROX 500 size standard run with
each individual with careful manual checking. The final,
consensus, genotype comprised the alleles that were
observed in at least three of the four replicate reactions for
each individual.

Data analyses

We considered all individuals of each of the study species,
within the 26 km® of gallery forest, to be a single but
fragmented population. Thus, we treated all individuals
genotyped from the same forest fragment—or contiguous
fragments in some cases—as comprising a subpopulation
because this is how they are currently managed (Mbora,
personal observations). This resulted in eight subpopula-
tions for the colobus and seven for the mangabey;—the two
species were sympatric in 6 subpopulations, two subpop-
ulations contained only colobus and one only mangabey.
We tested for deviations from Hardy—Weinberg equi-
librium (HWE) in each subpopulation of each species for
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each locus separately, and across loci and subpopulation
using GenePop ver. 4.1.3 (Rousset 2008) and found that
some of the subpopulations deviated significantly from
HWE. Therefore, we used the program MICROCHECKER
(van Oosterhout et al. 2004) to determine if the deviations
from HWE were due to genotyping errors, allelic drop out,
short allele dominance or stutter products (Miller and
Waits 2003; Wattier et al. 1998; Shinde et al. 2003), or the
presence of null alleles which cause false homozygotes
(Shaw et al. 1999). We found that our data did not contain
any genotyping errors due to allelic drop out, short allele
dominance or stutter products. However, probable micro-
satellite null alleles were detected in two of the loci
(MOGc & D7S82204) for the colobus, and three of the loci
(D10S1432, D4S243 & MOGc) for the mangabey. There-
fore, we used the program FREENA (Chapuis and Estoup
2007) to estimate the null allele frequencies per locus
across all populations. We found that the frequency of null
alleles per locus across all populations was relatively low
and nearly identical in both species (colobus,
mean = 0.02; SD = 0.05; mangabey, mean = 0.02,
SD = 0.07). Thus, the frequency of null alleles did not
differ between the two species (t= —1.0, df = 223,
P = 0.30).

We evaluated the basic patterns of genetic variation
between the two species as follows. For each subpopulation
of each species, we calculated allelic richness, A,,, as the
number of alleles corrected for sample size using FSTAT
2.9.3 (Goudet 2001). We then computed the observed (H,)
and expected heterozygosity (H,), and the inbreeding
coefficient (Fig) per locus in each subpopulation of each
species using GenePop ver. 4.1.3 (Rousset 2008). We then
used two-sample t-tests to compare allelic richness, the
inbreeding coefficient, gene diversity and heterozygosity
between the two species.

We followed two approaches to investigate the popu-
lation genetic differentiation of the two species. First, we
tested for genic differentiation across all loci among the
subpopulations of each species using GenePop ver 4.1.3
(Rousset 2008). We tested the null hypothesis that alleles
were drawn from the same distribution in all subpopula-
tions (Raymond and Rousset 1995; Goudet et al. 1996).
Second, we investigated the population genetic differenti-
ation by calculating estimates of Fgr as global values for
each species, and as pairwise values between subpopula-
tions, across all loci for each species. The Fgr estimates
were calculated using the software program FREENA
because our dataset harbored null alleles (Chapuis and
Estoup 2007; Weir 1996). Within FREENA, we imple-
mented the ENA method to correct for the positive bias
caused by the presence of null alleles to provide accurate
estimation of Fgr and assessed the significance of mean Fgt
by constructing 95 % confidence intervals. We then
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evaluated the mean FST values between the two species
using a t-test.

The interpretation of genetic differentiation values
between species is often questionable because of their
dependence on the levels of genetic variation. Therefore,
we computed the standardized measure of genetic differ-
entiation G’gr (Hedrick 2005) which is based on Nei’s
metric (Nei 1972), as subpopulation pairwise values for
each species, as global values for each species and then we
used a two sample t-test to compare the mean genetic
differentiation between the species.

We further evaluated if dispersal and gene flow were
limited in each of the two species in two ways. First, we
tested for isolation by distance by assessing the correlation
between the genetic and geographic distances matrices for
each species using a mantel test (Mantel 1967), and a linear
regression of genetic distance against geographic distance
between all pairs of populations for each species. Genetic
distances were computed as Fgp/(1 — Fgt) — Fsr calcu-
lated as above using FREENA—and geographic distances
were measured as the natural logarithm of linear centroid-
to-centroid distances between forest fragments (Mbora and
McPeek 2010).

Second, we performed genetic spatial autocorrelation
analyses using GENALEX 6.5 (Peakall and Smouse 2012).
GENALEX 6.5 uses a multivariate analysis to simulta-
neously assess the spatial signal generated by multiple
genetic loci (Smouse and Peakall 1999; Smouse et al.
2008). Unlike the isolation by distance analysis which
seeks to describe genetic structure across an entire study
site, spatial autocorrelation explores the patterns of indi-
vidual genotypes at a smaller geographic scale. The pro-
cedure uses pairwise geographic and pairwise squared
genetic distance matrices to generate an autocorrelation
coefficient, r, related to Moran’s-I (Sokal and Oden 1978),
which measures genetic similarity between individuals
whose geographic separation falls within specified distance
classes. A significant positive autocorrelation means that
individuals within a given distance class are more geneti-
cally similar than expected by chance and the results are
typically presented in a correlogram (Peakall and Smouse
2012). We performed analyses for each species separately
within GENALEX using uneven distance classes. We
expected that samples within 2,000 m of each other should
exhibit significant positive spatial autocorrelation because
this is a typical dispersal distance for both colobus (Marsh
1979, 1981) and mangabey (Homewood 1978).

We used Bayesian clustering with program Struc-
ture 2.3.3 (Pritchard et al. 2000; Falush et al. 2003) to
evaluate the support for our empirical subpopulation des-
ignations. We had Structure cluster our samples into
k = 1-10 groups for each species, running it 5 times for
each k. All analyses were run for 500,000 steps following a

burn-in of 50,000 under a LOCPRIOR model with
admixture (Hubisz et al. 2009). All other parameters were
left at program defaults, and we evaluated support for
different values of k by comparing the mean log-likelihood
for each model and by calculating AK (Evanno et al. 2005).

Finally, we estimated the contemporary effective pop-
ulation size (N.) for each species to provide us with a
context for understanding whether the levels of genetic
variation and patterns population genetic differentiation
detected were consistent with their biological traits and
population sizes. We used the bias corrected single-sample
method based on linkage disequilibrium to estimate N,
(Hill 1981; Waples 2006; Waples and Do 2010) as
implemented in NeEstimator V2.01 (Do et al. 2014). We
assumed a random mating model, and estimated N, sizes
using a minimum alleles frequency cutoff (P, of 0.02,
which provides an optimal balance between precision and
bias across samples (Do et al. 2014). Additionally, 95 %
Confidence Intervals were generated using the jackknife
approach on loci.

Results
Genetic variation

We were to reliable genotype genotype 146 colobus from
eight subpopulations and 76 mangabeys from seven sub-
populations drawn from forest fragments across the dis-
tribution range of the two species. These numbers of
individuals represented 14 and 4 % of the estimated current
census populations of the colobus and mangabey
respectively.

The study subpopulations were largely in Hardy—
Weinberg equilibrium because when we evaluated the
alternative hypothesis of heterozygote deficit, we failed to
reject the null hypothesis of random union of gametes in 63
of 72 tests in the colobus (86 %) and 51 of 63 cases in the
mangabey (81 %). Similarly, when we evaluated the
alternative hypothesis of heterozygote excess, we failed to
reject the null hypothesis in 61 of 72 cases in the colobus
(85 %) and 60 of the 63 tests in the mangabey (95 %).

As we predicted, allelic richness was significantly higher
in the mangabey than in the colobus (t = —2.4, DF = 128,
P = 0.02; Fig. la; Table 1). Consequently, gene diversity
was significantly higher in the mangabey than in the col-
obus (t = —3.2, DF = 114, P = 0.00; Fig. 1b; Table 1),
as was the expected heterozygosity (t = —2.8, df = 116,
P = 0.00; Fig. 1b; Table 1). Among the colobus subpop-
ulations, the inbreeding coefficient, Fig, ranged from —0.60
to 0.77 (mean = —0.02, CI —0.08 to 0.04) and among
mangabey subpopulations it ranged from —0.39 to 0.71
(mean = 0.05, CI —0.02 to 0.13). Therefore, the mean Fig
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Fig. 1 Levels of genetic variation, allelic richness (A,,), gene diversity and heterozygosity (H.,), in the Tana River red colobus compared to the

Tana River mangabey

Table 1 Attributes of the genetic variation across nine microsatellite
loci in subpopulations of Tana River red colobus and mangabey

Attribute Colobus Mangabey 95 % CI°
(n = 72)* (n = 63)*
Mean SD Mean SD
Alleles sampled 559 253 598 281 -—1.01,0.82
Allelic richness 1.68 0.16 1.75 0.17 -0.13, —0.10
Gene diversity 0.70 0.11 0.77 0.15 -0.12, —0.03
Heterozygosity, 0.71 021 0.71 023 -0.07, 0.08
observed
Heterozygosity, 0.70 0.11 0.76 0.14 -0.11, —0.02
expected
Standardized G’ st 0.13 0.16 023 026 —-0.14, —0.04
Fis —-0.02 026 0.05 0.27 -0.17,0.02

? We sampled eight subpopulations in the colobus and seven in the
mangabey

° 95 % confidence interval from a two sample t-test

did not deviate significantly from zero for either species,
and there was no difference in F;g between the two mon-
keys (t = —1.6, P = 0.12; Table 1).

There were no differences in allelic richness, gene
diversity or heterozygosity east and west of the river, inside
or outside TRPNR for either of the species.

Population genetic differentiation

Genetic differentiation for each population pair (exact G
test) across all loci was statistically significant in 16 of 28
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comparisons in the colobus (57 %) and 15 of 23 compar-
isons in the mangabey (65 %). The subpopulation pairwise
Fst values ranged from 0.0 to 0.27 in the colobus and 0.0 to
0.26 in the mangabey, and global estimates of Fgt revealed
a slightly higher level of differentiation among the sub-
populations of the mangabey compared to the colobus
(mangabey: Fgt = 0.05; 95 % CI 0.03-0.07; colobus:
Fst = 0.03; 95 % CI 0.02-0.04). Subpopulation pairwise
standardized genetic differentiation, G’gt, ranged from 0.0
to 0.80 in the colobus and 0.0 to 0.95 in the mangabey.
And, global estimates of the standardized values of G’gt
indicated that differentiation was higher in the mangabey
(G’gt = 0.23, 95 % CI 0.18-0.28) than in the colobus
(G’st = 0.13, 95 % CI 0.11-0.15).

We found a positive and statistically significant associ-
ation between the matrices of pairwise genetic and geo-
graphic distances for the mangabey (r = 0.35, P = 0.0)
but not for the colobus (r = —0.01, P = 0.5; Mantel
1967). Furthermore, we found a positive linear association
between genetic distance (Fsp/l — Fgr) and the natural
logarithm of geographic distance between subpopulations
for the mangabey (R*> = 0.16, P = 0.0; Fig. 2b) but not
among the colobus (R2 = 0.0, P = 0.32; Fig. 2a). In both
species, samples within 1,500 m of each other exhibited
significant positive spatial autocorrelation (Fig. 3). The
Bayesian clustering did not support our empirical sub-
population designations because the clustering produced
designations that seemed ambiguous and arbitrary.

The estimated effective population size of the mangabey
(N, = 48, CI 32-81) was higher than that of the colobus
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Fig. 2 Pair wise genetic distances as a function of pair wise geographic distances (m) between subpopulations of Tana River red colobus (a) and

Tana River mangabey (b)

(N = 19, CI 14-25). It should be noted, though, that these
estimates of N, really reflect the effective number of
breeders, Ny, that produced this sample (Waples and Do
2010).

Discussion

Genetic variation and differentiation, colobus vs.
mangabey

As we expected the two most common measures of genetic
variation, multilocus expected heterozygosity (gene diver-
sity, H,) and allelic richness per locus (A,) were higher in
the mangabey than in the colobus (Fig. 1; Table 1).
However, contrary to our expectations, it was the manga-
bey populations that exhibited higher genetic differentia-
tion as indicated by the standardized measure of G’gt and
Fst and a significant isolation by distance (Fig. 2).

Given that the two monkeys are of similar body size,
have largely congruent distribution within the Tana River
forests, and were sympatric in six of the nine subpopula-
tions that we analyzed, differences in body size or distri-
bution range cannot be the reason for the differences in
genetic variation (Nevo et al. 1984; Wooten and Smith
1985). So, why does the mangabey exhibit higher genetic
diversity than the colobus? We believe that the higher
genetic variation in the mangabey stems, in part, from a
higher population size (Frankham 1996) because the

current census population of the mangabey is estimated to
be twice as large as that of the colobus (Wieczkowski and
Butynski 2013; Mbora unpublished data). And, our esti-
mates of the contemporary effective population size also
showed that the mangabey N, is more than twice as large as
that of the colobus. Paradoxically though, it is the frugiv-
orous mangabey that ought to have a lower population size
than the folivorous colobus.

Unlike folivorous monkeys that depend, for the most
part, on an abundant and widely distributed food resource
in foliage, frugivorous monkeys rely on fruit and similar
food types that are patchily distributed over time and space,
and are often scarce. Indeed, frugivores generally live in
larger social groups than folivores. As such, frugivores
require more food resources, use large home ranges and
should therefore be highly vulnerable to the loss of food
patches and increased edge effects when forest is degraded
(Johns and Skorupa 1987; Woodroffe and Ginsberg 1998;
Jones et al. 2001). However, highly terrestrial frugivorous
primates, like the Tana mangabey, are also known to
exhibit considerable ecological flexibility (Wieczkowski
and Butynski 2013; Kinnaird 1992; Homewood 1978;
Fimbel 1994). And when food availability decreases, the
mangabey increases the time it spends foraging, the total
distance it moves, the area over which it forages per day
and the diversity of items that it consumes (Homewood
1978). Therefore, it is plausible that faced with the deg-
radation of the forest habitat, the mangabey adjusts to the
changes by moving greater distances to forage more widely
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Fig. 3 Spatial autocorrelations (r) for the Tana River red colobus (a) and mangabey (b). The error bars are 95 % CI about the null hypothesis of

no spatial structure, i.e. r = 0.0

to satisfy its food requirements, and is therefore able to
maintain a comparatively larger population size.

In contrast to the mangabey, no ecological flexibility is
evident among the Tana colobus (Marsh 1981). In this
canopy dwelling monkey, the population abundance, range
use and probability of occupying a forest fragment are all
strongly associated with the distribution and the abundance
of its main food tree species (Mbora and Meikle 2004;
Marsh 1981). Therefore, the colobus population abundance
is particularly vulnerable to diminution by the removal of
important food tree species due to forest habitat change.

So why does the mangabey exhibit greater genetic dif-
ferentiation, and isolation by distance, in contrast to the
colobus? We believe that the greater genetic differentiation
in the mangabey stems from its pattern of natal dispersal,
while the IBD stems from the dynamics of social group
formation over time. The Tana mangabey, exhibits the
male biased pattern of natal dispersal typical of most old-
world (cercopithecine) monkeys (Pusey and Packer 1987).
This, in combination with the fact that social groups in this
species are composed mostly of females (Wieczkowski and
Butynski 2013; Kinnaird 1992; Homewood 1978), implies
that there should be close genetic relatedness within groups
but high genetic differentiation among groups. Further-
more, new groups in cercopithecine monkeys are typically
formed by the fissioning of existing groups along matrilines
when environmental conditions are stressful (for example,
food shortage in Macaca sinica: Dittus 1988). And
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following group fissioning, daughter groups are character-
ized by a higher average level of within-group relatedness
than the parent group (Melnick and Kidd 1983; Whitlock
and McCauley 1990). Thus, because cercopithecine mon-
key social groups are generally characterized by low within
group genetic diversity, group fissioning followed by col-
onization of new areas should lead to a pattern of isolation
by distance (Melnick and Hoelzer 1996; Wright 1943).

In contrast to the mangabey, the Tana River red colobus
is one of a handful of old-world primate species in which
both males and females repeatedly transfer among social
groups (Pusey and Packer 1987). This pattern of natal
dispersal should generally homogenize genetic relatedness,
and reduce differentiation among social groups, just as we
found in this species. Thus, in the Tana River red colobus,
habitat change may not be constraining dispersal as much
as we expected, or the effects of habitat change on dis-
persal are not yet detectable at the level of population
genetics.

Genetic variation in endangered endemic species

Endemic species are expected to exhibit low genetic vari-
ation because of their restricted ranges (Nevo et al. 1984),
and endangered species should have low genetic variation
due to diminished populations (Frankham 1995). Accord-
ingly, endemic endangered species, such as we studied,
should exhibit disproportionately low genetic variation.
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However, while our study species exhibited low levels of
allelic richness with an average of less than two alleles per
locus, they also had relatively high average heterozygosity
(Table 1). Now, as is well established, a population that has
passed through a bottleneck in the effective number of
breeders should have less genetic diversity than the amount
it contained before experiencing the bottleneck (Nei et al.
1975; Leberg 1992). However, because rare alleles are
more readily affected by drift than more common ones are,
population bottlenecks typically decrease allelic richness
much more than they do heterozygosity (Nei et al. 1975).
As such, the low allelic richness we found, coupled with
the low effective population sizes, is evidence that habitat
change has taken a toll on the genetic variation of these
species. Nonetheless, the high levels of heterozygosity
(Table 1) also suggest that the current low census popu-
lations of these species are probably a recent occurrence
(Mbora and McPeek 2010) because population bottlenecks
of short duration generally have little effect on heterozy-
gosity (Allendorf 1986; Nei et al. 1975).

Heterozygosity is often used to compare genetic diver-
sity among species (Primack 2010; Evans and Sheldon
2008; Garner et al. 2005) and therefore we can compare the
heterozygosity of our study species to that of other mam-
mal groups. The colobus had a mean heterozygosity of 0.70
(£0.11), the mangabey 0.76 (£0.14), and taken together
the two monkeys had a mean heterozygosity of 0.73
(£0.13). These mean heterozygosities compare quite
favorably with the mean heterozygosities documented
across all placental mammals at 0.68 (+0.01) and across all
primates as a group at about 0.72 (£0.06; Garner et al.
2005). Indeed, our two species had a much higher mean
heterozygosity than that found in demographically chal-
lenged mammal populations across the globe which have a
mean heterozygosity of 0.50 (£0.03) (Garner et al. 2005).

We are well aware that the direct comparisons of genetic
variation among species are often obfuscated by factors
such as ascertainment biases, as well as demographic and
genetic stochasticity. However, we believe that these
comparisons are useful because they provide important
baseline information for conservation purposes (Primack
2010; Evans and Sheldon 2008; Garner et al. 2005).
Indeed, average heterozygosity provides a good measure of
the capability of a population to respond to selection
immediately following a bottleneck (Petit et al. 1998; Al-
lendorf 1986). Therefore, our findings suggest that these
two, and other species like them, should not be discounted
from conservation action because of their current small
populations because they have the potential to recover,
genetically. However, our findings also suggest that given
the low allelic richness, immediate concerted conservation
efforts are needed to save these species and others like
them because the number of alleles remaining is important

for populations’ long-term responses to selection, and
therefore survival of a species (Allendorf 1986).

In conclusion, our results suggest that the Tana colobus
and mangabey exhibit differential vulnerabilities to genetic
erosion by habitat change, possibly due to divergent
behavioral ecology. On the one hand, the terrestrial man-
gabey probably uses its lomocotor and dietary versatility to
adjust to changes in the forest habitat and maintain a larger
population in which there is greater gene flow. On the other
hand, the population of arboreal colobus is compromised
by the loss of food canopy tree species. These findings are
consistent with studies focused on other species and
showing that biological traits, rather than stochastic pro-
cesses, determine persistence or extinction of species fac-
ing different threats (Henle et al. 2004; Turner 1996).
Indeed, case studies show that habitat loss and fragmen-
tation often represent dissimilar levels of extinction risk to
different species in beetles (Davies et al. 2004), non-human
primates (Isaac and Cowlishaw 2004), birds (Owens and
Bennett 2000), geckos (Hoehn et al. 2007) and many other
species (Henle et al. 2004). In this context, our study gets at
a fundamental mechanism by which habitat loss and frag-
mentation may elevate extinction risk for some species and
not others because reduced genetic variation undermines
individual fitness, population persistence, and ultimately
the capacity of any species to adapt and evolve in response
to environmental change.
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