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Dispersal is a major life history trait of social organisms influencing the behavioral and genetic struc-
ture of their groups. Unfortunately, primate dispersal is difficult to quantify, because of the rarity
of these events and our inability to ascertain if individuals dispersed or died when they disappear.
Socioecological models have been partially developed to understand the ecological causes of different
dispersal systems and their social consequences. However, these models have yielded confusing re-
sults when applied to folivores. The folivorous red colobus monkey (Procolobus rufomitratus) in Kibale
National Park, Uganda is thought to exhibit female-biased dispersal, although both sexes have been
observed to disperse and there remains considerable debate over the selective pressures favoring the
transfers of males and females and the causes of variation in the proportion of each sex to leave the
natal group. We circumvent this problem by using microsatellite DNA data to investigate the predic-
tion that female dispersal will be more frequent in larger groups as compared to smaller ones. The
rationale for this prediction is that red colobus exhibit increased within-group competition in bigger
groups, which should favor higher female dispersal rates and ultimately lower female relatedness. Ge-
netic data from two unequally sized neighboring groups of red colobus demonstrate increased female
relatedness within the smaller group, suggesting females are less likely to disperse when there is less
within-group competition. We suggest that the dispersal system is mediated to some degree by scram-
ble competition and group size. Since red colobus group sizes have increased throughout Kibale by
over 50% in the last decade, these changes may have major implications for the genetic structure and
ultimately the population viability of this endangered primate. Am. J. Primatol. 00:1–13, 2013. C© 2013

Wiley Periodicals, Inc.
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INTRODUCTION
Dispersal from the natal unit is one of the most

important characteristics of an animal’s life history
[Clobert et al., 2001] and males and females vary con-
siderably in how often and far they disperse. Female-
biased dispersal is common among mammals
[Greenwood, 1980] and such sex-biased transfers in-
fluence the genetic relatedness in a group [Lawson
Handley & Perrin, 2007]. For example, female-
biased dispersal will result in a greater degree of re-
latedness among the males in a group. However, dis-
persal is difficult to study, because it is very rare and
determining if individuals successfully dispersed or
died when they disappear is very challenging [Di
Fiore, 2003; Di Fiore et al., 2009]. Thus, the selec-
tive pressures favoring each sex to disperse and what
causes variation in the proportion of females and
males to leave the natal group remains controversial.

Efforts to understand dispersal have drawn in-
sights from investigations of the ecology, behavior,
and social systems of primates, which have all been
formalized in socioecological models [Isbell & Young,
2002; Koenig, 2002; Snaith & Chapman, 2007; Sterck
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et al., 1997; Wrangham, 1980]. Genetic data have
been very informative for testing these models [Di
Fiore et al., 2009; Langergraber et al., 2007; Lukas
et al., 2005; Morin et al., 1994; Strier et al., 2011].
These socioecological models have focused predom-
inantly on how the distribution of females drives
variation in social systems, behavior, and disper-
sal, with these patterns explained primarily by the
variance of resources and predation [Koenig, 2002;
Wrangham, 1980]. In situations where males are
needed for group defense, or there are no advantages
to form female coalitions to defend food resources
[Isbell, 1991; Lukas et al., 2005; Wrangham, 1979],
females are often the dispersing sex and males are
philopatric. This creates a male-bonded social sys-
tem, rather than a typical female-bonded one.

However, the forces shaping folivore dispersal
are not clear, as there is often little in the way of
male home range defense and because leaves are
very abundant in tropical forests, it has been hy-
pothesized that increased within-group competition
for food resources (scramble competition) should be
less intense or absent for folivorous primates [Isbell,
1991; Janson & Goldsmith, 1995; Oates, 1994; Struh-
saker & Leland, 1987]. However, there is mount-
ing evidence that folivores may exhibit significant
scramble competition. Folivores have been demon-
strated to exhibit increased day range as group size
increases [Snaith & Chapman, 2008], are resource
limited in larger groups [Koenig & Borries, 2002],
exhibit patch depletion [Snaith & Chapman, 2005;
Tombak et al., 2012], and their biomass is predicted
by the quality of food resources [Chapman et al.,
2004; Oates et al., 1990]. These findings suggest that
resources are limiting to folivores and that scram-
ble competition may be restricting group sizes [Bor-
ries et al., 2008; Snaith & Chapman, 2007, 2008].
If so, individuals living in larger groups would face
increasing scramble competition for food resources
[van Schaik, 1989; van Schaik & van Hooff, 1983],
which would ultimately influence rates of dispersal
and the genetic structure of a population [Di Fiore
et al., 2009].

Female-biased dispersal characterizes the red
colobus monkeys (Procolobus rufomitratus) in
Uganda’s Kibale National Park [Struhsaker, 2010],
which is home to the largest viable population of
the endangered P. r. tephrosceles [Chapman et al.,
2010a; Struhsaker, 2005]. This subspecies numbers
+17,000 individuals in the park and the population
appears to be growing. While this population exhibits
female-biased dispersal, both sexes have been ob-
served to disperse and there remains considerable
controversy over the causes and variance of these
transfers [Oates, 1994; Struhsaker, 2010; Struh-
saker & Leland, 1985]. Average red colobus group
sizes across the park have increased by 50% over the
last 15 years [Gogarten et al., in press] and these
changes may have led to increased within-group

competition [Chapman & Chapman, 2000; Snaith
& Chapman, 2005]. Understanding the implications
of these group size changes on dispersal and ulti-
mately the genetic structure of this last stronghold
of red colobus is imperative for their conservation
and management [Hedrick & Kalinowski, 2000].

Following this logic, we hypothesized that there
would be a relationship between group size and
sex-biased dispersal patterns. We predicted that in-
creases in group size among red colobus would lead
to increased scramble competition for food, which
would in-turn increase the frequency of female-
biased natal dispersal (relative to smaller groups),
and reduce female relatedness in larger groups. We
tested this prediction that female dispersal will be
more frequent in larger groups by analyzing mi-
crosatellite data from two neighboring red colobus
groups of varying size [Allen et al., 2012]. The de-
gree of female relatedness within each group is used
as an index of sex-biased dispersal patterns.

METHODS
Study Site and Groups

Kibale National Park is located in western
Uganda at the foothills of the Rwenzori Mountains
[Chapman & Lambert, 2000]. It is a 795 km2 park
consisting of moist mid-altitude forest, home to some
of the highest primate biomass documented any-
where on the globe [Chapman et al., 2010a; Oates
et al., 1990]. Two groups of red colobus, called Large
Mikana and Small Camp, range in the area adjacent
to the Makerere University Biological Field Station,
primarily in a region of old growth forests known as
K30 [Chapman et al., 2010a; Snaith & Chapman,
2005]. Large Mikana is a big stable group of red
colobus consisting of ∼130 individuals, which was
already well established in 2003 [Chapman et al.,
2010a; Snaith & Chapman, 2005]. Small Camp is a
newer group, which appeared to have formed just
prior to 2003 and was initially displaced by Large
Mikana and other bigger neighboring groups. The
Small Camp group exhibited continuous growth be-
tween 2006 and 2011, during which it increased from
59 to 104 individuals [Fig. 1; Gogarten et al., in
press]. From 2006 to 2007, Small Camp consisted of
10 breeding males and 25 breeding females. Com-
parable counts of reproducing males and females
are not available for Large Mikana, because of the
greater difficulties of observing all individuals and
breeding events in this big group. Female reproduc-
tive rate appears to be higher in smaller groups
such as Small Camp than in larger ones such as
Large Mikana (Chapman, unpublished data). Aver-
age group size was 48 animals for 16 groups of red
colobus in the area of the Makerere University Bio-
logical Field Station and 43 individuals for 27 other
groups from elsewhere throughout the park.
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Fig. 1. Group size of Small Camp since 2006. Counting arboreal
primates (e.g., red colobus) in dense forest canopy is difficult,
and thereby, is fraught with error (e.g., when animals sneak
unnoticed by observers). However, the group counts of this graph
(n = 27) are thought to be complete because they were obtained
opportunistically when the entire Small Camp was crossing en
masse across open areas. The solid and dashed lines represent
the predicted group size through time and its 95% confidence
bands, respectively. These predictions were generated using a
generalized additive model (GAM) with a smoothing spline on
time since the first group count. This GAM does not assume
a linear relationship between group size and time [Zuur et al.,
2009] and was built with the R package “mgcv,” version 2.14.2 [R
Development Core Team, 2012; Wood, 2011]. The model explains
88% of the variation in group size through time (R2 = 0.878,
P < 0.001).

Group Samples and Microsatellite Data
Allen et al. [2012] collected blood and fecal

samples for microsatellite DNA typing from 18 and
32 individuals of Large Mikana and Small Camp,
respectively, over 1 year starting in 2006. Samples
from ten and four more individuals from each
group, respectively, were then added in 2008. The
28 individuals of the Large Mikana sample consist
of 12 adult females, 14 adult males, 1 juvenile
male, and 1 male of unknown pre- or postdispersal
age. The 36 individuals of the Small Camp sample
include 23 adult females, 12 adult males, and 1
juvenile male. The two juvenile and unknown males
of Large Mikana and one juvenile male of Small
Camp were included along with the adults in the
calculations of within- and between-group genetic
variation, but were excluded from the pairwise
relatedness and pedigree analyses of the two groups
(see below). These three males were included in the
former, because they share no known a priori rela-
tionships with the other members of their groups.
Thus, they constitute valid independent samples
of their gene pools. Conversely, these three males
were excluded from the latter, which were focused

on the relationships of group members after dis-
persal. Thus, the pairwise relatedness and pedigree
analyses were limited to the 61 postdispersal adults.

Allen et al. [2012] also collected blood and fecal
specimens for microsatellite DNA typing from 21
individuals of four other groups in Kibale. These
authors performed three different tests with the to-
tal microsatellite data to verify that Large Mikana,
Small Camp, and these four other groups (Dura,
K-30, Mainaro, and Sebatoli) conform to a single pan-
mictic population. On the basis of their results, these
four additional groups were also included in the
pairwise relatedness and pedigree analyses, specif-
ically to estimate empirically the background allele
frequencies of the red colobus population in Kibale.

The capture of individuals and the collection and
handling of their blood and fecal samples followed
Goldberg et al. [2009]. In brief, blood samples were
stored on Whatman Classic FTA cards (WB 12030),
whereas fecal specimens were treated with the two-
step procedure of Nsubuga et al. [2004]. Two to four
fecal samples were collected from each individual.
All 85 genotyped animals are individually named
and are readily identifiable on the basis of their
hair color, birthmarks, scars, broken tails, and other
distinguishing features [Tombak et al., 2012]. Total
genomic DNA was extracted from the blood and fecal
specimens with the FTA card protocol and Qiagen
QIAamp Stool Mini Kit (catalog number 51504)
according to their manufacturers’ recommendations.
To obtain adequate DNA for genotyping, DNA was
extracted from two to four fecal specimens per
individual.

The 85 individuals were genotyped for 11 mi-
crosatellite loci, which are known to be polymorphic
in other colobines (Di Fiore, personal communica-
tion). These loci were amplified with a three-primer
nested PCR approach [Schuelke, 2000], run on an
AB3730xl automated sequencer (96 capillary), and
scored with GeneMarker® (Softgenetics, State Col-
lege, PA). All loci were amplified three to four times
from multiple extracts per individual to ensure the
consistency and accuracy of the scored genotypes.

The resultant data set of 11 microsatellite loci
was checked for genotyping errors with MICRO-
CHECKER, version 2.2.3 [van Oosterhout et al.,
2004]. One locus (D17S1290) was subsequently re-
moved from the data set by Allen et al. [2012], be-
cause of its significant numbers of null alleles and
scoring errors. Following these authors, the final
data set used in the current study consists of ten
microsatellite loci (D14S306, D3S1766, D2S1399,
D7S1817, D20S206, D8S60, D8S165, D1S207, C2A,
and D5S1457).

Standard Statistics
Estimates of within-group genetic diversity (na,

ne, Ho, and He for observed and effective numbers of
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alleles and observed and expected heterozygosities,
respectively) were calculated with POPGENE, ver-
sion 1.3.2 [Yeh & Boyle, 1997]. Each locus of a group
was tested against its Hardy–Weinberg expectations
with the G-test of POPGENE. Wright’s FIS was es-
timated for each locus with FSTAT, version 2.9.3
[Goudet, 2002] and then across all loci with GDA,
version 1.1 [Lewis & Zaykin, 2001]. The significance
of each per-locus and total FIS was assessed with
10,000 randomizations of the genotypes and 10,000
bootstrap replications across loci, respectively. Each
pair of loci within a group was tested for genotypic
linkage disequilibrium with the G-test and 10,000
permutations of the genotypes in FSTAT. To cor-
rect for multiple comparisons, a sequential Bonfer-
roni correction was applied in all group-wide series
of tests [Rice, 1989].

A follow-up series of delete-1 jackknifing with
GDA was performed for Large Mikana, in response
to our finding of a significantly positive total FIS for
this group (see below). In this delete-1 jackknifing,
each locus of the Large Mikana data set was sequen-
tially removed and the resultant dropout matrix was
then reanalyzed as before with GDA [Shao & Tu,
1995]. The removal of one locus at a time in the
delete-1 jackknifing allowed us to identify which loci
are responsible for the heterozygote deficit in Large
Mikana, which is implicated by its significantly pos-
itive total FIS.

The above statistics and tests are for within-
group variation: In turn, Wright’s FST was estimated
with GDA to quantify the level of genetic divergence
between Large Mikana and Small Camp. The signif-
icance of their FST was evaluated with 10,000 boot-
strap replications across loci.

Pairwise Relatedness
The microsatellite data sets of Large Mikana and

Small Camp were each analyzed with ML-RELATE
[Kalinowski et al., 2006]. This approach uses maxi-
mum likelihood (ML) to estimate from co-dominant
genetic markers (i.e., microsatellites) a coefficient of
relatedness (r) and a relationship for every pair of
individuals in a group [Wagner et al., 2006]. Thus, it
relies on a traditional strategy, whereby the sampled
individuals of a group are treated as independent
pairs that span only one or two generations [Blouin,
2003; Jones et al., 2010].

In our ML-RELATE analyses of Large Mikana
and Small Camp, the population-wide allele frequen-
cies were set to the empirical estimates of the total
microsatellite data set for these two groups, Dura,
K-30, Mainaro, and Sebatoli. A correction was made
at each locus for typing errors due to null alleles
[Kalinowski & Taper, 2006]. Ten thousand simu-
lations were generated under each null hypothesis
(i.e., possible relationship) to estimate a 95% con-
fidence set of relationships for every pair of adults

in the Large Mikana and Small Camp samples.
Each pair of individuals was scored according to its
95% confidence set as either “related” (half sib, full
sib, and/or parent/offspring), “unrelated” (unrelated
only), or “ambiguous” (unrelated and half sib, full
sib, and/or parent/offspring). These scores were then
summarized for the males and/or females of Large
Mikana and Small Camp.

Comparisons of the ML-RELATE frequencies of
related, unrelated, and ambiguous pairs between
Large Mikana and Small Camp are limited by a lack
of independence (i.e., each individual is compared
{n − 1} times to the other members of its group) and
by the disproportionate sampling of the two groups
at the time of their sample collections. In recogni-
tion of the first constraint, Fisher’s exact test was
used in the frequency comparisons between groups
for its heuristic value rather than to estimate a for-
mal probability. In acknowledgment of the second
limitation, delete-d jackknifing [Shao & Tu, 1995;
Siddall, 1995] was performed with the 23 adult fe-
males of the Small Camp sample, given (1) that the
disproportionate sampling of the two groups is par-
ticularly acute for females and (2) that the females
(but not the males) exhibit different levels of struc-
ture between the two groups (see below).

The ML-RELATE comparisons of the Large
Mikana and Small Camp females are based on
female/female pairs and not directly on individuals.
The 12 sampled females of Large Mikana represent
66 female/female pairs. The number of breeding fe-
males in Large Mikana is estimated as ∼50 assum-
ing (1) that this group was approximately twice as
big as Small Camp at the time of their sample col-
lections and (2) that the general sex ratio for red
colobus is ∼2.6 [Struhsaker, 2010; Chapman, un-
published data, for these two groups and 52 others].
Thus, the proportion of sampled female/female pairs
to breeding females is 1.32 (66/50) for Large Mikana.
Conversely, the proportion of sampled female/female
pairs to breeding females is 10.12 (253/25) for Small
Camp at the time of its sample collections. By numer-
ical evaluation, we find that a reduced subsample
of eight adult females for Small Camp most closely
approximates the proportion of female/female pairs
to breeding females for Large Mikana (1.32). Specifi-
cally, eight subsampled females represent 28 female/
female pairs for Small Camp, and thus, a proportion
of female/female pairs to breeding females of 1.12
(28/25) for this group.

Correspondingly, delete-d jackknifing of the
23 Small Camp females was performed with sub-
samples of eight. Specifically, 15 of the 23 adult fe-
males in the Small Camp sample were randomly re-
moved from their data set to generate a subsample
of eight retained females. Such subsampling was re-
peated 200 independent times. The 200 subsamples
were reanalyzed as before with ML-RELATE and
their numbers of related female/female pairs were
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summarized in a frequency histogram. The observed
number of related female/female pairs in the Large
Mikana sample was compared to this frequency his-
togram to test its significance after correcting for the
disproportionate female sample sizes.

Pedigree Reconstructions
The microsatellite data sets of Large Mikana

and Small Camp were also each analyzed with
FRANz, version 2.0.0 [Riester et al., 2009, 2010].
This approach uses ML to estimate multigenera-
tion pedigrees from co-dominant genetic markers
[Almudevar, 2003]. FRANz differs from ML-
RELATE and other related approaches in that it
treats the sampled individuals of a group as a col-
lective whole (rather than as pairs) that may span
more than two generations.

In our FRANz analyses, the population-wide al-
lele frequencies were fixed (as in ML-RELATE) to
the empirical estimates for all six red colobus groups.
The numbers of breeding males and females in Small
Camp were set to 10 and 25, respectively, based
on direct counts of identifiable individuals. Corre-
spondingly, these numbers were doubled to 20 and
50 for Large Mikana as described above. Typing er-
rors were accounted for by the model of Kalinowski
et al. [2007] using the default rate of 0.01 [Pompanon
et al., 2005]. As recommended by Riester et al. [2011],
both microsatellite data sets were first tested for the
presence of full sibs. As no significant full sib rela-
tionships were detected, all subsequent FRANz anal-
yses were done without this search option.

The robustness of the ML pedigrees was eval-
uated with two different procedures. The first pro-
cedure involved Metropolis-coupled Markov chain
Monte Carlo (MCMCMC) sampling to estimate the
posterior probabilities of each link in the ML pedi-
grees [Huelsenbeck & Ronquist, 2001]. These MCM-
CMC runs consisted of heating with three heated
chains and one cold chain. Each chain was run for
100,000,000 total steps with samples taken every
2,500 generations from the cold chain after a burn-in
of 10%. The second procedure involved a series of 11
tests to assess the stabilities of the ML pedigrees to
changes in the numbers of breeding males and fe-
males and in the typing error rate (Table I). These
11 tests included varying the numbers of breeding
males and females for Large Mikana from their orig-
inal settings of {20, 50} to the alternative values of
{10, 25}, {30, 75}, {40, 100}, {35, 35}, and {50, 20}.
Similarly, the second procedure involved varying the
typing error rate for both Large Mikana and Small
Camp from its default setting of 0.01 to the alterna-
tive values of 0.05, 0.10, and 0.15.

Initially, each ML pedigree was scored for its
“connection index,” which is defined as the number
of links in the genealogy divided by the sample size.
This summary statistic offers a straightforward way

to compare the level of structure (i.e., relatedness)
among ML pedigrees (e.g., between those for Large
Mikana and Small Camp). In turn, more formal sta-
tistical (probabilistic) comparisons of the ML pedi-
grees are complicated by the lack of independence
among related individuals and the fact that par-
ents can have multiple offspring. In light of these
complications, we focused on the unlinked (i.e., fully
unrelated) individuals of each pedigree, which are
independent by definition, and relied on binomial
testing to calculate the total probability of obtain-
ing in Large Mikana ≥ “x” unlinked females and/or
males by chance alone. The probabilities of unlinked
females and/or males in these tests (p) were esti-
mated from their empirical frequencies in the ML
pedigree for Small Camp, which is represented by
the larger of the two samples. In this way, the ex-
pected larger sampling error of the smaller Large
Mikana data set was directly accounted for in the
calculations of the total binomial probabilities. At
the same time, p was now parameterized with the
larger Small Camp sample, which is expected to have
greater statistical power.

Comparisons of the structure between the Large
Mikana and Small Camp pedigrees are further con-
strained by the same problem of disproportionate
sampling that limited the ML-RELATE analyses.
As before, this disproportionate sampling was cor-
rected by delete-d jackknifing of the 23 Small Camp
females. By definition, a pedigree link refers to a
connection between two individuals. The number
of such possible connections for the Large Mikana
females is 234 (i.e., 66 female/female plus 168
female/male arcs for the 12 females and 14 males
of this sample). Thus, the proportion of possible fe-
male connections to breeding females is 4.68 (234/50)
for Large Mikana. Conversely, the number of such
possible connections for the Small Camp females is
529 (253 female/female plus 276 female/male arcs
for the 23 females and 12 males of this sample).
Thus, the proportion of possible female connections
to breeding females is 21.16 (529/25) for Small Camp.
By numerical evaluation, we again find that a re-
duced subsample of eight adult females for Small
Camp most closely approximates the proportion of
possible female connections to breeding females for
Large Mikana (4.68). Specifically, eight subsampled
females represent 28 female/female and 96 female/
male pairs for Small Camp, and thus, a proportion
of possible female connections to breeding females of
4.96 (124/25) for this group.

Correspondingly, delete-d jackknifing of the 23
Small Camp females was performed as before, ex-
cept that the 200 jackknifed data sets were now each
analyzed with FRANz. The observed proportion of
unlinked females in the Large Mikana sample was
compared to the frequency histogram for the 200
jackknifed data sets to test its significance after ad-
justing for the uneven female sample sizes.
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TABLE I. Stability Tests of the ML Pedigrees for Large Mikana and Small Camp

Parameter settings ML pedigrees

Run Breeding Breeding Typing Connection
Group conditions males females error rate Links index Description

Large
Mikana

Actual run
(Fig. 3A)

20 50 0.01 6 0.23 Numbers of breeding males and females
are less certain for Large Mikana

Test A 10 25 0.01 7 0.27 Numbers of breeding males and females
are reset to those for Small Camp

Test B 30 75 0.01 4 0.15 Numbers of breeding males and females
are increased by 50%

Test C 40 100 0.01 4 0.15 Numbers of breeding males and females
are doubled

Test D 35 35 0.01 5 0.19 While their total number is kept fixed,
numbers of breeding males and
females are set equal

Test E 50 20 0.01 5 0.19 While their total number is kept fixed,
numbers of breeding males and
females are reversed

Test F 20 50 0.05 7 0.27 Typing error rate is reset to an
intermediate value ∼33% in between
its default setting and empirical
maximum

Test G 20 50 0.10 8 0.31 Typing error rate is reset to an
intermediate value ∼67% in between
its default setting and empirical
maximum

Test H 20 50 0.15 8 0.31 Typing error rate is set to its empirical
maximum

Small
Camp

Actual run
(Fig. 3B)

10 25 0.01 23 0.66 Numbers of breeding males and females
for Small Camp are well-established
from the field data

Test I 10 25 0.05 30 0.86 See Test F
Test J 10 25 0.10 41 1.17 See Test G
Test K 10 25 0.15 52 1.49 See Test H

Note: The default setting of 0.01 and the “empirical maximum” of 0.15 for the typing error rate represent values that are typical and are the largest for
microsatellite data sets, respectively [Pompanon et al., 2005].

Research Compliances
Permission to conduct this research was given by

the Uganda Council for Science and Technology and
the Ugandan Wildlife Authority. The Animal Care
Committee of McGill University approved all pro-
cedures used in this study. All procedures followed
the American Society of Primatologists’ Principles
for the Ethical Treatment of Nonhuman Primates
and Ugandan law. All animal care regulations and
applicable national laws were followed.

RESULTS
Within- and Between-Group Genetic Variation

Large Mikana and Small Camp share sim-
ilar levels of within-group diversity for the ten
microsatellite loci (Table II). Both groups share a
mean ne of ∼3.9 and an average He of ∼0.71. After
sequential Bonferroni correction, none of the 45
pairs of loci in either group is in significant genotypic

linkage disequilibrium, none of the ten loci in either
Large Mikana or Small Camp differs significantly
from its Hardy–Weinberg expectations, and none
of the ten loci in either sample is associated with
a significantly positive or negative FIS. Total FIS is
not significantly different from zero for Small Camp
(−0.014, 95% bootstrap confidence interval of −0.071
to 0.041). Conversely, total FIS is significantly pos-
itive for Large Mikana (0.099, 0.015–0.173). This
significantly positive total FIS is indicative of a het-
erozygote deficit and is primarily due to loci D14S306
and D3S1766. These two loci are the only ones of the
Large Mikana data set with P < 0.05 for their per-
locus FIS (P = 0.011 and 0.016, respectively; never-
theless, these loci are nonsignificant after sequential
Bonferroni correction). Importantly, the delete-1
jackknife removal of either D14S306 or D3S1766 re-
sults in a nonsignificant total FIS for Large Mikana.
Conversely, the delete-1 jackknife removal of any
one of the other eight loci does not change the result
of a significantly positive total FIS for this group. The
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TABLE II. Within-Group Standard Statistics of Genetic Diversity in Large Mikana and Small Camp

Group

Standard statistic Large Mikana Small Camp

n (number of genotyped individuals) 27.300 (24–28) 34.800 (31–36)
na (observed number of alleles) 5.700 (3–8) 6.400 (3–11)
ne (effective number of alleles) 3.931 (1.834–6.627) 3.900 (1.877–6.028)
Ho (observed heterozygosity) 0.641 (0.444–0.852) 0.717 (0.528–0.917)
He (expected heterozygosity) 0.710 (0.463–0.865) 0.707 (0.474–0.846)
FIS (Wright’s fixation index) 0.099 (0.015–0.173) −0.014 (−0.071 to 0.041)

Note : The standard statistics for n, na, ne, Ho, and He correspond to their arithmetic means and ranges (in parentheses) for the ten microsatellite loci of
each group. Conversely, the standard statistics for FIS refer to their weighted means and 95% bootstrap confidence intervals across all loci.

heterozygote deficit in Large Mikana is attributable
to two particular loci and is thus not genome wide,
which indicates that it may be due to locus-specific
underdominant selection [Hedrick, 2011].

Between groups, FST for Large Mikana and
Small Camp (0.012) differs insignificantly from zero
according to its 95% bootstrap confidence interval
of −0.004 to 0.035. Thus, the two groups are impli-
cated as evolving over evolutionary time as members
of a single panmictic population [see also Allen et al.,
2012].

Pairwise Relatedness Differences
The frequencies of related, unrelated, and am-

biguous pairs of adult females and/or males are sum-
marized in Table III for Large Mikana and Small
Camp. Between 71% and 80% of all individual pairs
in the two groups are ambiguous as they cannot
be resolved as either related or unrelated given
the available microsatellite data. Nevertheless, the
different frequencies of resolved female/female and
male/male pairs document that a reduced level of fe-
male relatedness exists in Large Mikana. Thirty five
percent of all resolved female/female pairs in Small
Camp (18 out of 51) are related. Conversely, no re-
lated female/female pairs (0 out of 13) are found in
Large Mikana. This frequency difference would be
significant (Fisher’s exact test, two-tailed) if not for
the lack of independence among the multiple pairs

of females. In turn, 40% of all resolved male/male
pairs (6 out of 15) are related in Small Camp. How-
ever, this frequency is not that much greater than
that for Large Mikana males (35%, 9 out of 26), and
thereby, would not be significant (Fisher’s exact test,
two-tailed). These different frequencies for the re-
solved pairs of females and males in the two groups
support a pattern of less structure in Large Mikana,
primarily because of less female relatedness.

The frequency histogram for the delete-d jack-
knifing with ML-RELATE shows that the lowest
recorded number of related female/female pairs
among the Small Camp subsamples is zero (Fig. 2A).
This minimum count is represented by seven (3.5%)
of the 200 subsamples. The observed number of re-
lated female/female pairs in the full Large Mikana
data set is also zero (Table III). The lack of any re-
lated female/female pairs in the Large Mikana sam-
ple is significant at P = 0.035. This significance ex-
ists despite the subsampling of Small Camp females,
which corrects for the disproportionate female sam-
pling of the two groups at the time of their sample
collections. It verifies that the ML-RELATE evidence
for reduced female relatedness in Large Mikana is
real and not an artifact of sampling bias.

Multigeneration Pedigree Differences
The ML pedigree for Large Mikana is less struc-

tured than that for Small Camp (Fig. 3). The Large

TABLE III. Frequencies of Related, Unrelated, and Ambiguous Pairs of Adult Females and/or Males in Large
Mikana and Small Camp

Group Pairs Related Unrelated Ambiguous Totals

Large Mikana Female/female 0 (0.00)* 13 (0.20)* 53 (0.80) 66
Female/male 8 (0.05) 33 (0.20) 127 (0.75) 168
Male/male 9 (0.10)** 17 (0.19)** 65 (0.71) 91
Totals 17 (0.05) 63 (0.20) 245 (0.75) 325

Small Camp Female/female 18 (0.07)* 33 (0.13)* 202 (0.80) 253
Female/male 19 (0.07) 47 (0.17) 210 (0.76) 276
Male/male 6 (0.09)** 9 (0.14)** 51 (0.77) 66
Totals 43 (0.07) 89 (0.15) 463 (0.78) 595

Note: Proportions are given for each row in parentheses. The single and double asterisks mark the two sets of related and unrelated female/female and
male/male frequencies, respectively, which are highlighted in the text.
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Fig. 2. Frequency histograms summarizing the results of the
delete-d jackknife tests with ML-RELATE (A) and FRANz (B).
Each jackknife test is based on 200 random subsamples of the
23 adult females of Small Camp. Specifically, each subsample
is derived from the random retention of 8 of the 23 females in
the complete Small Camp sample. In (A), the test statistic is the
number of related female/female pairs for their matrix. In (B),
it is the proportion of unlinked females in the ML pedigree for
their data set. Arrows mark the observed estimates of these two
test statistics for the 12 adult females of the full Large Mikana
sample (Fig. 3A, Tables III and IV).

Mikana pedigree extends up to five generations, in-
cludes six links, and is associated with a connection
index of 0.23. Conversely, the Small Camp pedigree
extends up to eight generations, contains 23 links,
and is associated with a connection index of 0.66.
More than twice as many individuals in the Large
Mikana pedigree (69%) are unlinked as in that for
Small Camp (31%; Table IV). The higher frequency
of unlinked individuals in the Large Mikana pedi-
gree is significant (binomial test, P < 0.001).

The reduced structure of the Large Mikana pedi-
gree is most evident for females (Table IV). The fre-
quency of unlinked females in the Large Mikana
pedigree (92%) is more than three times greater than
that for Small Camp (30%). This higher frequency of
unlinked Large Mikana females is significant (P <

0.001). Conversely, the frequency of unlinked males

in the Large Mikana pedigree (50%) is not that much
greater than that for Small Camp (33%). This higher
frequency of unlinked Large Mikana males is not
significant (P = 0.143).

None of the 6 and 23 links in the Large Mikana
and Small Camp pedigrees is supported by a pos-
terior probability of ≥0.95 (results not shown). Con-
versely, the 11 tests of stability and the delete-d jack-
knifing with FRANz indicate that the conclusion of
a less-structured pedigree for Large Mikana is ro-
bust. In the stability tests, the structure of the Large
Mikana pedigrees decreases with an increase in the
numbers of breeding males and females (tests A–C
and the actual run; Table I). In turn, the structure of
the ML pedigrees for both Large Mikana and Small
Camp increases with the typing error rate (tests F–K
and the two actual runs). Importantly, the tests with
higher rates of typing errors for Small Camp (I–K)
document that its ML pedigree for the actual run
is conservative. In short, regardless of which condi-
tions are used, the Large Mikana pedigrees remain
less structured than that of the conservative actual
run for Small Camp (Table I). The “worst-case” sce-
nario occurs when the typing error rate is set for
Large Mikana to either 0.10 or 0.15. However, even
then, the connection index for Large Mikana (0.31)
remains less than half of that for the conservative
actual estimate of 0.66 for Small Camp.

The frequency histogram for the delete-d jack-
knifing with FRANz shows that the highest recorded
proportion of unlinked adult females among the 200
Small Camp subsamples is 0.750 (Fig. 2B). This
highest estimate is represented by 19 (9.5%) of the
200 subsamples. Conversely, the observed propor-
tion of unlinked females in Large Mikana (0.92) is
greater than that for all 200 Small Camp subsam-
ples (Fig. 3A, Table IV). The delete-d jackknifing test
with FRANz is significant at P < 0.005. Once again,
this significance documents that the FRANz support
for reduced female relatedness in Large Mikana is
real and not contingent on the original samples of
the two groups.

DISCUSSION
Congruent Results for Reduced Genetic
Structure in Large Mikana

The microsatellite data demonstrate that less ge-
nealogical structure exists in Large Mikana than in
Small Camp, primarily because of reduced female
relatedness in the bigger group. This conclusion in
favor of lower relatedness in Large Mikana is cor-
roborated by multiple lines of evidence including the
ML-RELATE analyses (Table III), the actual FRANz
runs (Fig. 3, Table IV), the FRANz stability tests (Ta-
ble I), and the delete-d jackknifing of Small Camp
females (Fig. 2).
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Fig. 3. Maximum likelihood pedigrees for the adults of Large Mikana (A) and Small Camp (B). Males are represented by rectangles,
whereas females are designated by circles. The numbers of breeding males and females are 20 and 50 for Large Mikana, respectively.
These numbers are 10 and 25 for Small Camp.

TABLE IV. Frequencies of Linked and Unlinked
Adult Females and Males in the ML Pedigrees of Large
Mikana and Small Camp (Fig. 3)

Linked Unlinked
Group Sex individuals individuals Totals

Large Mikana Females 1 (0.08) 11 (0.92) 12
Males 7 (0.50) 7 (0.50) 14
Both 8 (0.31) 18 (0.69) 26

Small Camp Females 16 (0.70) 7 (0.30) 23
Males 8 (0.67) 4 (0.33) 12
Both 24 (0.69) 11 (0.31) 35

Note: Proportions are given for each row in parentheses.

The lack of formal statistical support from the
FRANz posterior probabilities is attributable in
large part to the absence of detailed age data, which
are important for the assignment of parent/offspring

directionality to the pedigree links [Riester et al.,
2009]. It may also be due to the absence of signifi-
cant full sibs, which help to narrow down the search
for parentages [Wang, 2007]. In particular, the lack
of formal statistical support due to the absence of
specific age data may help to explain the unexpected
deep depth of the ML pedigree for Small Camp,
which spans eight generations (Fig. 3B). Given that
the minimum breeding age for red colobus is four,
the deep pedigree for Small Camp requires that male
MTD of generation one is at least 32 years old, which
would make him older than the known maximum
age of ∼30 years for this species [Struhsaker, 2010].
However, our age data for the individuals of the pedi-
gree are limited to designations of “adult.” Thus, in
the absence of more detailed age data, it remains
possible that MTD is the son (rather than father)
of male BEI, which would thereby reduce the depth
of the Small Camp pedigree by one generation. An
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analogous (albeit more complicated) argument can
also be made for male STM, who is the sole repre-
sentative of generation eight. These possible rever-
sals in link directionality and their corresponding
reductions in pedigree depth serve as an important
reminder that detailed age data are always of value
for inferring relatedness.

FRANz remains a relatively new approach that
has not been extensively tested with either simu-
lated or real data sets [Riester et al., 2009, 2010].
Thus, its congruent results with those of ML-
RELATE are important, because they offer support
for its utility. Unlike other approaches that focus
on individual pairs, FRANz collectively treats the
sampled individuals of a group as potential mem-
bers of a large extended family that can span three
or more generations. This ability to treat the sam-
pled individuals more broadly is of particular inter-
est to species such as the red colobus, which has over-
lapping generations, begins breeding between ages
4 and 5, and can live more than 30 years [Struh-
saker, 2010]. On the basis of its congruence with
ML-RELATE and its more realistic handling of indi-
viduals, we recommend the use of FRANz for the es-
timation of relatedness. However, we also acknowl-
edge that more testing of FRANz is now needed to
verify its utility and present both analyses to facili-
tate comparisons with other studies.

Genetic Structure, Female Dispersal, and
Group Size

Our microsatellite DNA data support a lower
level of female (but not male) relatedness in Large
Mikana, which may be attributed to a greater fre-
quency of female-biased dispersal within this big-
ger group. Thus, our genetic results support previ-
ous field studies suggesting female-biased dispersal
by red colobus that were based primarily on indi-
vidual disappearances and immigration into study
groups [Marsh, 1979; Struhsaker, 2010; Chapman,
unpublished data]. Interestingly, the level of bias
toward female dispersal seems to be dependent on
group size, although further longitudinal investiga-
tions or studies of additional groups are needed to
verify the generalizability of this finding. This may
help explain the large variety of dispersal systems
previously proposed for red colobus; much of this
variation may have been due to studying groups of
different sizes. This apparent plasticity in social sys-
tems is intriguing, and when coupled with decades of
field research [Chapman et al., 2010a, 2010b; Struh-
saker, 2010], supports the hypothesis that group size
and dispersal are interrelated, which suggests links
between ecological processes and social systems. So-
ciological models previously proposed for primates
[Isbell & Young, 2002; Koenig, 2002; Snaith & Chap-
man, 2007; Sterck et al., 1997; Wrangham, 1980]

have generally viewed the social system of a species
as a somewhat fixed characteristic that is shared
by all individuals of the species or even genus and
that is largely conserved among related evolution-
ary lineages [i.e., it exhibits phylogenetic inertia;
Chapman & Rothman, 2009; Struhsaker, 1969]. The
current study suggests that at least one fundamen-
tal characteristic of social systems, which individ-
uals disperse when they reach sexual maturity, is
plastic and depends on the group size and possibly
the nature of competition experienced within these
groups [Chapman & Rothman, 2009]. This suggests
that socioecological models that have been quite suc-
cessful at explaining differences in social systems
between species and genera will be applicable to un-
derstanding the sociological variation within species
as well [Chapman & Rothman, 2009; Hohmann &
Fruth, 2003; Nakagawa, 2008; Pochron & Wright,
2003; Sinha et al., 2005]. This may have major im-
plications for understanding the evolution of primate
social systems and incorporating within-species vari-
ation is becoming an increasingly important as-
pect of comparative analyses [Felsenstein, 2008; Ives
et al., 2007; Stone et al., 2011].

Several studies have documented within-species
variation in the behavior of red colobus. Snaith and
Chapman [2008] observed several groups in Kibale
and demonstrated that home ranges, daily travel dis-
tances, and group spread increase, while reproduc-
tive success decreases, with increasing group size.
Similarly, a longitudinal analysis of the behavioral
patterns of Small Camp demonstrated that as the
group increased in size by over 70%, its dietary di-
versity and traveling duration increased, while time
for feeding decreased [Gogarten et al., in review]. All
of these trends indicate increasing levels of scramble
competition with larger group size [Snaith & Chap-
man, 2005; Gogarten et al., in press]. In turn, other
field studies of red colobus have suggested that male
aggression toward females and their infants (includ-
ing infanticide) can drive female dispersal [Lawson
Handley & Perrin, 2007; Marsh, 1979; Struhsaker
& Leland, 1987], but these are typically very rare
events that are difficult to quantify. Our microsatel-
lite DNA evidence suggests that females are more
likely to disperse from their natal units at larger
group sizes, thereby providing further support for a
link among group size, competition, behavior, and
the genetic structure of groups.

The rarity of dispersal events and the inabil-
ity to exclude death as a possibility for individuals
who disappear from a group makes studying these
transfers extremely difficult. Our study joins several
others [Di Fiore, 2003; Di Fiore et al., 2009; Ham-
mond et al., 2006; Melnick & Hoelzer, 1992; Wikberg
et al., 2012] in demonstrating the value of genetic ap-
proaches in understanding primate social systems.
However, there are a number of other potential
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confounding factors that might influence differences
in dispersal patterns between groups, such as the
two studied here. For example, studying dispersal
could be influenced by habituation, as unhabituated
individuals may be less likely to join a group with
human observers. We view this as an unlikely expla-
nation for the observed results, because individuals
who immigrated habituated rapidly in the presence
of conspecifics that did not react to human observers
and there was ample opportunity to immigrate while
investigators were not with the study group. In addi-
tion, by studying the genetics of adult individuals in
the group and the long lived nature of red colobus, we
are able to observe the genetic legacy of immigration
and dispersal that happened prior to habituation.
We hope that future studies will be able to use these
genetic methods to conclusively test the socioecolog-
ical model and to compare rates of dispersal across
a range of group sizes to examine plasticity in these
vital demographic characteristics.

One excellent opportunity to test the generaliz-
ability of our result is the recent expansions of Small
Camp, which has now grown to over 104 individuals
(Fig. 1), thereby making it nearly as big as Large
Mikana was in the current study. Future studies
may benefit from the collection of new microsatellite
data from the current members of both groups. We
predict that updated microsatellite data will reveal
a new level of relatedness in Small Camp, similar
to that of Large Mikana, as the former is now much
closer in size to that of this bigger group. Thus, we
expect that its levels of scramble competition, male
aggression, female dispersal, and relatedness will all
have converged onto those of Large Mikana.

Given the recent increases in red colobus
group sizes that have been documented throughout
Kibale [Gogarten et al., in press], the current study
suggests that there may be park-wide changes in
the genetic structure of the groups. These changes
may positively impact the population viability of
this endangered species [Frankham et al., 2009;
Ouborg et al., 2010]. Increases in female dispersal
due to increased group size will result in the greater
spread of alleles across groups, thereby enhancing
the genetic diversity of the entire population. Such
genetic variability has been implicated in the evolv-
ability of populations, particularly in the face of
changing environments, which are currently threat-
ening primates globally [Chapman & Gogarten,
2012]. Increasing group sizes also lead to changes
in behavior, which will have cascading effects on
disease dynamics, diets, and more, thereby further
necessitating standing genetic variation if this
population is to survive and adapt [Gogarten et al.,
in review]. Understanding the interactions among
changing group sizes, behavior, ecology, and genetics
represents an important avenue of future research
that will have major management and conservation
implications.
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