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Abstract

The process and consequences of hybridization are of interest to evolutionary biologists
because of the importance of hybridization in understanding reproductive isolation,
speciation, and the influence of introgression on population genetic structure. Recent studies
of hybridization have been enhanced by the advent of sensitive, genetic marker-based
techniques for inferring the degree of admixture occurring within individuals. Here we
present a genetic marker-based analysis of hybridization in a large-bodied, long-lived
mammal over multiple generations. We analysed patterns of hybridization between yellow
baboons (Papio cynocephalus) and anubis baboons (Papio anubis) in a well-studied natural
population in Amboseli National Park, Kenya, using genetic samples from 450 individuals
born over the last 36 years. We assigned genetic hybrid scores based on genotypes at 14
microsatellite loci using the clustering algorithm implemented in sTrRucTURE 2.0, and
assessed the robustness of these scores by comparison to pedigree information and through
simulation. The genetic hybrid scores showed generally good agreement with previous
morphological assessments of hybridity, but suggest that genetic methods may be more
sensitive for identification of low levels of hybridity. The results of our analysis indicate
that the proportion of hybrids in the Amboseli population has grown over time, but that the
average proportion of anubis ancestry within hybrids is gradually decreasing. We argue
that these patterns are probably a result of both selective and nonselective processes,
including differences in the timing of life-history events for hybrid males relative to yellow
baboon males, and stochasticity in long-distance dispersal from the source anubis population
into Amboseli.
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Introduction

Naturally occurring interspecific hybrids have been of
long-standing interest in evolutionary biology because of
their importance in helping to understand the processes
of introgression, speciation, and reproductive isolation (Mayr
1942; Anderson & Stebbins 1954; Barton & Hewitt 1985;
Arnold 1992; Arnold & Hodges 1995). Depending on the
adaptive consequences of hybridization, hybrids can reveal
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strong selective boundaries between species when hybrids
are selected against, or can illustrate how increased
heterozygosity and genetic diversity may lead to a hybrid
fitness advantage. Additionally, hybridization is itself an
important mechanism of evolutionary change. Through
the introduction of new genetic variation and new allelic
combinations, hybridization may influence the evolutionary
trajectory of the hybrid population, the parental populations,
or both (Anderson & Stebbins 1954; Lewontin & Birch 1966;
Arnold 1992; Rieseberg 1997; Rieseberg et al. 2003).

The evolutionary consequences of hybridization are
related to the frequency of interspecific mating, the genetic
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distance between parental species, and the fitness effects of
hybridity. Studies on hybridization, particularly within
hybrid zones, have largely focused on this last component,
especially on the classification of hybrids as either more or
less fit than one or both of their parental species. Hybrids with
relatively high fitness suggest hybrid advantage or hybrid
superiority; this is often associated with hybridization that
occurs in specialized ecological circumstances (e.g. temporal
or clinal ecological transitions). In contrast, hybrids with
relatively low fitness suggest that selection against hybrids
in a ‘tension zone” helps to maintain species boundaries
and counteracts the effect of regular gene flow (Barton &
Hewitt 1985; Grant & Grant 1992; Barton 2001; reviewed in
Arnold & Hodges 1995). Alternatively, if hybrid fitness is
equivalent to that of the parental species and independent
of ecological context, hybrids may represent a snapshot of
species fusion in process (Rhymer & Simberloff 1996;
Salzburger et al. 2002). This framework provides three
mutually exclusive predictions about the consequences of
hybridization, differentiated by the direction of relative
fitness differences between hybrids and the parental species
(Moore 1977; Arnold & Hodges 1995). However, while
these predictions suggest that the conditions surrounding
hybridization and the fitness consequences of hybridization
are static, the rate and consequences of hybridization within
a population may in fact fluctuate over time.

Here, we describe a dynamically changing pattern of
hybridity in a wild population of savannah baboons from
the Amboseli basin of southern Kenya, a known baboon
hybrid zone (Maples & McKern 1967; Samuels & Altmann
1986, Alberts & Altmann 2001). The focal population has
been under continuous observation on a near-daily basis
since 1971, resulting in a data set representing up to six
generations of individually known animals. DNA samples
are available for a large number of these individuals
(Altmann et al. 1996; Alberts et al. 2006; Loisel et al. 2006).
The Amboseli baboon population is comprised primarily
of yellow baboons (Papio cynocephalus). It represents one of
the type examples of the widespread ‘ibean” morphotype
of yellow baboons (Jolly 1993; see Supplementary material),
which shares more morphological similarities with anubis
baboons than do the two other yellow baboon morphotypes
(the “typical” and ‘kinda’” morphotypes), possibly because
of anubis admixture that has occurred in the ibean lineage
over the course of evolutionary history (Jolly 1993). In
addition, hybrids are found in the population due to the
occasional immigration of anubis (olive) baboons (Papio
anubis) from outside the basin (Alberts & Altmann 2001).
Specifically, six anubis males have immigrated into study
groups in the basin over the course of the study (see
Supplementary material), and one small (c. 18) mixed-sex
group of anubis baboons also entered the basin in the early
1980s (Samuels & Altmann 1991). Hybrids now occur in
both study groups and in nonstudy groups in the basin,
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and they have resulted not only from these anubis immi-
grations, but also from the movement and successful
reproduction of hybrid males between and within study
and nonstudy groups.

The status of Amboseli as a hybrid zone is consistent
with the geographical distribution of baboon species: this
population is situated on the boundary between the ranges
of yellow and anubis baboons, with yellow baboons appro-
ximately to the south and east and anubis baboons to the
north and west (Jolly 1993; Newman et al. 2004; see Fig. 1in
Alberts & Altmann 2001 for a fine-scale map of the study
area). These two species represent two of the five commonly
recognized baboon species (or subspecies: see discussion in
Jolly 1993) within the genus Papio (also including P. hamadryas,
P. papio, and P. ursinus), all of which exhibit moderate
geographical separation, are readily distinguished mor-
phologically, and represent a range of distinct patterns of
social structure and behaviour (Jolly 1993, 2001; Henzi &
Barrett 2003; Newman ef al. 2004). Nevertheless, all baboon
species can interbreed with their neighbouring congeners
to produce viable, fertile hybrid offspring, and several
naturally occurring hybrid zones have been described near
the geographical boundaries between species (Maples &
McKern 1967; Nagel 1973; Phillips-Conroy & Jolly 1986;
Alberts & Altmann 2001; Jolly & Phillips-Conroy 2007).
Hybrid anubis-yellow baboons have also been documented
in captivity (e.g. Ackermann et al. 2006).

Intriguingly, in both the well-described anubis-hamadryas
hybrid zone in Ethiopia and in the Amboseli anubis-yellow
hybrid zone, morphological estimates of hybridity indicate
that patterns of hybridization and introgression have
changed over time (Phillips-Conroy & Jolly 1986; Alberts &
Altmann 2001). In Ethiopia, the original pattern described
by Nagel (1973) based on work in the late 1960s was char-
acterized by spatially distinct anubis, hybrid, and hamadryas
groups, with hybrids confined to a narrow intermediate
zone between the two parent species. Between the late 1960s
and 1973, the anubis-hamadryas hybrid zone expanded
and gave way to a graded clinal pattern, suggesting that
hybrids enjoyed success in backcrossing into both parent
populations (Phillips-Conroy & Jolly 1986). Hybrids have
also been reproductively successful within Amboseli. Based
on morphological estimates of hybridity, the frequency of
hybrid births in Amboseli increased from the 1960s and
1970s, when no anubis and few possible hybrid baboons
were observed, to the 1990s, when hybrids made up an
estimated 10% of births (Alberts & Altmann 2001). These
changes may reflect either increasing anubis baboon gene
flow into the predominantly yellow baboon-occupied
basin, the selective outcome of fitness differences between
hybrid baboons and yellow baboons, or a combination of
both. Analyses based on morphological scoring of hybrids
indicated that hybrid males tend to undergo natal dispersal
earlier in life than do yellow males (Alberts & Altmann
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2001). Dispersal represents a major life-history marker for
male baboons, and variation in the timing of this event is
correlated with the timing of other important social and
reproductive milestones, including age at physical maturation
and age at first mate-guarding episode, a proxy for first
reproduction (Alberts & Altmann 1995; Charpentier ef al.
2008). Therefore, if the benefits of earlier dispersal are not
offset by costs later in life, earlier dispersal may result in
a selective advantage. We hypothesized that a selective
advantage would therefore accrue to hybrids, mediated
by early maturation and dispersal in males, and that this
advantage would be reflected in changes in the frequency
of hybrid individuals in the population. This possibility
motivates a more in-depth, genetically based analysis of
hybridity within the Amboseli population.

Towards that end, here we extend our previous analysis
of hybridization patterns in Amboseli by assessing multilocus
microsatellite genotypes for evidence of admixture in this
population. This genetic analysis of hybridity is an important
extension of our previous morphological analysis of hybridity.
First, genetic marker-based analyses do not depend on
observer-defined phenotypes (e.g. pelage colour or body
size) identified a priori to differentiate the parental species.
Second, relying on specific phenotypes can be misleading
because phenotypic differences may reflect variation at only
one or a few loci, whereas hybridization is a genome-wide
phenomenon. In cases involving dominant and recessive
variants, the degree of hybridization inferred from the trait
is particularly vulnerable to overestimation or under-
estimation because heterozygotes may not express the mean
parental phenotype. Third, credible intervals can readily be
assigned to genetic marker-based hybridity estimates,
permitting interpretation of these estimates in the light of
quantitative uncertainty. Finally, genetic assignments of
hybridity lend themselves directly to analyses of admixture-
mediated changes in population genetic structure, which
can help address questions about the possible fitness con-
sequences of hybridity and introgression. We also compare
our results to previously collated morphological hybridity
estimates. Such comparisons help identify any systematic
biases that differentiate the morphological and genetic hybrid
scoring methods, and particularly increase confidence in
those assignments for which morphological and genetic
estimates are congruent.

We assigned genetic hybrid scores with data from 14
unlinked microsatellites typed in 450 Amboseli baboons
born from 1968 to 2004, using the Bayesian clustering
algorithm implemented in the program STRUCTURE 2.0
(Pritchard et al. 2000; Falush etal. 2003). These hybrid
scores estimate the proportion of each individual’s genome
derived from P. anubis ancestry. Similar approaches have
been previously applied towards the identification of
introgression in European wildcats (Beaumont et al. 2001;
Pierpaoli et al. 2003; Lecis et al. 2006), characterization of

hybrid zone dynamics in Baltic fish (Nielsen et al. 2003, 2004),
and confirmation of the genetic integrity of endangered
species, such as the black-faced impala (Lorenzen &
Siegismund 2004). We assessed the robustness of our results
by checking for consistency of the hybrid score assignment
in families using pedigree data, and through simulations
that tested the sensitivity of our results to different conditions.

Our analyses suggest that, even with a modest number
of genetic markers, we have good power to identify the
signature of hybridity within individual baboons. Using
these data, we describe how hybridization patterns within
the Amboseli population —both changes in the abundance
of hybrids and in the distribution of hybrid scores — have
changed over time. We evaluate these results in the light of
known and inferred patterns of anubis immigration into
this population, and speculate on the resulting implications
for the evolutionary dynamics of this hybrid zone.

Materials and methods

Samples and genotyping

We assigned genetic admixture scores to 450 Amboseli
baboons born between 1968 and 2004. All subjects were
born in or immigrated into groups subject to long-term
monitoring by the Amboseli Baboon Research Project, with
continuous observation starting in 1971 and continuing to
the present (Altmann & Alberts 2003; Alberts et al. 2006).
Those born into study groups had birth dates known to
within a few days. Birth dates for immigrants were estimated
using morphological and behavioural evidence and a set of
criteria calibrated to baboons of known age, such as pelage
condition and canine wear (Alberts & Altmann 1995;
Alberts et al. 2003). One of the study groups began feeding
at a refuse pit associated with a tourist lodge in the 1980s
(Altmann & Muruthi 1988; Muruthi et al. 1991; Altmann &
Alberts 2005). Because this alternative foraging pattern
influenced immigration and emigration in this group, we
excluded from our analysis all individuals born into this
group after 1979.

In order to capture change in hybridity within the popu-
lation over time, we partitioned the total data set into four
nonoverlapping data partitions, or ‘cohorts’, corresponding
to individuals born in the late 1960s or 1970s (the 1960s/
1970s data partition: n = 31), the 1980s (1980s: 1 = 117), the
1990s (1990s: n = 187), and the 2000s (2000s: n = 115). The
10-year span of these partitions is somewhat arbitrary, but
is a convenient method of dividing the data set and allows
for one to two generations (~6 years in this population) to
pass between re-evaluations of the data.

As part of previous analyses of paternity and relatedness,
all 450 Amboseli baboons included in this analysis were
genotyped at 14 polymorphic microsatellite loci. Genomic
DNA was available for all individuals based on either
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extractions from blood samples obtained during infrequent
dartings or from noninvasively collected faecal samples
(for details on faecal DNA extractions see Buchan et al.
2005; Alberts et al. 2006). The methods used for genotype
assignments and data on the performance of the 14 micro-
satellite primer pairs have been reported by Buchan et al.
(2005) and Alberts et al. (2006). Importantly for these analyses,
no two loci were located on the same chromosome, ensuring
that there was no physical linkage between any of the 14
markers (Rogers et al. 2000). Infrequent polymerase chain
reaction (PCR) failure and inconsistent genotyping results,
which may occur during noninvasive genotyping, led to
missing data for 2.48% of the total Amboseli genotyping
data set (i.e. for a small subset of individuals at a few loci).

In order to help generate estimates of yellow-anubis
hybridity, we also produced genotypes from the same set
of microsatellite markers for a total of 13 Papio anubis
individuals. Three of these were anubis males that immigrated
into Amboseli study groups from anubis source populations;
they were designated as anubis based on their morphology
and coat colour as assessed by experienced observers. The
other 10 P. anubis samples were from Masai Mara National
Reserve, Kenya, about 250 km to the northwest of Amboseli
and far from the range of yellow baboons, as well as from
any hybrid zone (Jolly 1993; Kingdon 1997). All Masai Mara
samples were collected in August 2004 and were obtained
as extracted DNA from the Integrated Primate Biomaterial
and Information Resource (courtesy of R. Sapolsky; sample
numbers are provided in Table S1, Supplementary material).
Due to PCR failure or inconsistent genotyping, 2.14% of the
total set of individual-by-locus genotypes for Masai Mara
individuals was missing in this analysis.

Summary statistics on heterozygosity at the 14 micro-
satellite markers for the Amboseli population (including
the three anubis males that immigrated into Amboseli)
and for the Masai Mara population are provided in Table
S2, Supplementary material.

Assignment of genetic hybrid scores

For the 450 Amboseli baboons included in this study, we
generated an estimate of the proportion of each individual’s
genome attributable to anubis (as opposed to yellow) baboon
heritage (i.e. a ‘genetic hybrid score’) using the admixture
analysis implemented in the program STRUCTURE 2.0
(Pritchard et al. 2000; Falush et al. 2003). STRUCTURE uses a
Bayesian model-based clustering algorithm to estimate the
allele frequency distributions for each marker locus for each
source population (K) that contributes to the admixed
population. The program probabilistically assigns each
genotyped allele for each individual to one of these
populations. The result is an estimate of the amount of genetic
material contributed from each source population to each
individual. Importantly, this method allows individual-
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specific admixture estimates to be produced even when
most alleles are shared between source populations, and
does not require prior specification of allele frequencies in
these populations. Rather, it draws on genotype data for
all individuals in the data set (n =463 total individuals,
including 13 individuals of known genetic background) in
order to assign estimates of admixture. The degree to which
the assignments maximize linkage equilibrium and Hardy—
Weinberg equilibrium within populations determines the
likelihood of a particular set of assignments.

We ran STRUCTURE under the F model, which allows
allele frequency spectra between the source populations to
be correlated and allows admixture within individuals
(Falush et al. 2003). All individuals were analysed in a pooled
analysis (see Supplementary material and Table S3 for
justification of this decision). We flagged the 13 anubis baboons
(10 Masai Mara baboons and three anubis immigrants into
Amboseli) as members of a single identified population
and flagged the 450 Amboseli baboons as unassigned to
a population. We set the total number of populations, K,
equal to 2. Thus, the 450 Amboseli individuals could have
been assigned to the anubis cluster (made up of the Masai
Mara baboons and the three anubis immigrants), to an
alternative cluster distinct from the anubis cluster, which
we interpret as characteristic of a yellow baboon genetic
make-up, or as hybrids between the two clusters. Ideally,
we would have drawn more of the anubis sample from the
population of origin for anubis immigrants into Amboseli,
but sampling constraints prevented us from pursuing this
strategy both because the identity of this population is
uncertain, and because sampling from unhabituated baboons
is logistically difficult. Hence, we also examined the effects
of our small anubis sample size using three different sets of
simulations, described below.

Each analysis was run with a burn-in length of 100 000
Markov chain Monte Carlo iterations and a run length of
1 million iterations (see Supplementary material for
parameter settings). To obtain a final genetic hybrid score
for each individual, we reran the entire analysis three
times and averaged the proportion of each Amboseli indi-
vidual’s genome assigned to the anubis population over
these three runs.

Comparison with morphological hybrid scores

Morphological hybrid scores were assigned prior to genetic
analysis, based on observation and scoring of seven
phenotypic characteristics that distinguish anubis and
yellow baboons: coat colour, body shape, hair length, head
shape, tail length and thickness, tail bend, and muzzle skin
appearance (see Alberts & Altmann 2001). Three to four
experienced observers independently assigned separate
morphological hybrid scores, which were then averaged
into one composite hybrid score (Alberts & Altmann 2001).
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We rescaled these morphological hybrid scores to
correspond to the scale of the genetic hybrid scores,
with 0 representing pure yellow and 1 representing pure
anubis. Interobserver agreement and agreement between
morphological scores assigned at different life stages were
both high (Supplementary material). In all comparisons of
morphological hybrid scores and genetic hybrid scores, we
used the average of the composite scores assigned during
adulthood as the morphological point estimate of hybridity.
For those individuals that had yet to reach adulthood by
the end of data collection or that died before reaching
adulthood, we used the average of composite scores assigned
as juveniles instead (1 = 84). In all, morphological hybrid
scores were available for 315 of the 450 Amboseli baboons
used in the genetic analysis.

In order to assess agreement between the morphological
scores and the genetic hybrid scores assigned in this study,
we calculated the Pearson correlation between the two
scores for the same individuals (n = 315). However, because
the Amboseli population is predominantly yellow, a large
proportion of these scores fall at or near 0. We therefore
calculated a P value for this correlation using a nonparametric
approach. We randomly permuted the genetic hybrid scores
10 000 times against constant morphological hybrid scores,
using the R statistical package (rR Development Core Team
2006). We ranked the observed correlation coefficient, 7,
from the actual data among the 10 000 r-values calculated
from these permutations. The significance of the observed
correlation was defined as the proportion of larger r-values
observed in the random permutations.

Assessment of the consistency of genetic hybrid scores
using pedigree data

In order to test whether our method of assigning genetic
hybridity was consistent across individuals, we correlated
the genetic hybrid score for individuals with the midpoint
value for their parents, when all three baboons were included
in the study (1 = 272 offspring—parent triads, including the
offspring—parent triads that included anubis immigrants).
Because STRUCTURE infers the population of origin for
each allele copy for each individual (not the probability of
population of origin for each allele across individuals) and
has no prior information on pedigree relatedness, a strong
correlation between the parental mean and the offspring
hybrid score is not a necessary outcome of the program,
and should occur only when it is performing consistently
for the whole data set. For comparison, we conducted the
same analysis using morphological hybrid scores (1 = 151
offspring—parent triads). Because of the large number of
zero or near-zero values in both data sets, significance values
for these analyses were assigned by repeated permuta-
tions of parental midpoint values on constant individual
hybrid scores; this approach was identical to the method

we used to assign significance in the morphological hybrid
score-genetic hybrid score comparison. A high correlation
between parents and offspring for the genetic hybrid
scores would indicate that assignments were made in a
consistent manner; it would not independently validate
these scores, because paternity assignments were made
using the same microsatellite loci used for the hybridity
analysis. However, this method does act as an independent
measure of the validity of the morphological scores,
because the morphological hybrid scores were assigned
using a completely different data set than that used to
generate pedigrees.

Assessment of the robustness and replicability of genetic
hybrid scores using simulation

We used three sets of simulations to assess whether the
genetic hybrid scores we assigned were robust to replication
and/or different estimates of the allele frequency spectra
for the known anubis baboons. Because we use a relatively
small number of known anubis in the analysis, the
estimated allele frequencies based solely on the known
anubis will approximate the ‘true” allele frequency spectra
in the anubis source population, but are almost certainly
inexact. The purpose of these simulations is to test whether
the genetic hybrid score assignments remain stable within
a realistic range of uncertainty surrounding these allele
frequency estimates.

Simulation 1: replicability of hybrid scores given observed allele
frequencies. We generated 100 simulated baboon data sets
that were of the same size (450 individuals) as the empirical
data set and that exhibited a similar distribution of genetic
hybrid scores as inferred from the observed genetic data.
We asked how well the inferred hybrid score for a
simulated individual matched with the known degree of
hybridity for the same individual, given (i) the observed
degree of genetic differentiation between yellow and
anubis baboons, (ii) the number of markers used in this
study and the observed allelic diversity for each marker,
and (iii) the number of individuals in the data set. This
analysis assessed the replicability of our results, given the
same model of allele frequency distributions for both
source populations.

First, we created a ‘yellow” pool of alleles from the gen-
otypes of 120 Amboseli individuals with the lowest genetic
hybrid scores (range = 0.029-0.058 in the empirical data
set), and an “anubis’ pool of alleles from the 10 Masai Mara
baboons and the three anubis immigrants into Amboseli,
for all 14 markers. These pools of alleles were used to create
all 450 simulated individuals in the 100 simulated data sets
in Simulation 1. Second, to create each individual within a
simulated data set, we randomly drew a genetic hybrid
score from the 450 actual (i.e. not simulated) genetic hybrid
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scores in the empirical data set. Third, simulated genotypes
were created for each of these simulated individuals by
sampling twice from the anubis pool of alleles at a probability
equal to the value of the genetic hybrid score previously
assigned for that individual, or else from the yellow pool of
alleles, for each of the 14 marker loci. For example, if a
genetic hybrid score of 0.60 was randomly drawn from the
observed data set, then for each of the two alleles at each of
the 14 marker loci, the simulated individual would have a
60% probability of being assigned an allele from the anubis
pool of alleles, and a 40% chance of being assigned an allele
from the yellow baboon pool of alleles. The proportion of
the total genotypes drawn from the anubis baboon pool of
alleles following this step represented the ’known” hybrid
score for that simulated individual. All samplings were
conducted with replacement, so that for each draw of a
genetic hybrid score for each new individual in the simulated
population, and for each draw of an allele from the anubis
or yellow baboon pools, the original probabilities still
obtained. We repeated this procedure 100 times to create
100 simulated data sets, each containing 450 individuals.
The resulting data sets were run in STRUCTURE using the
parameter set chosen for the original assignment of genetic
hybrid scores (see Supplementary material) to produce the
‘inferred’ genetic hybrid scores for the simulated individuals.
In order to assess the accuracy of hybrid score assignment,
we evaluated the difference between this inferred genetic
hybrid score and the known genetic hybrid score for each
simulated individual (1 = 45 000).

Simulation 2: sensitivity of hybrid scores to incorrect estimates of
anubis allele frequency distributions. Assignment of individual
genetic hybrid scores depends in part upon the inferred
allele frequency distributions for the 14 marker loci in the
two source populations; these are drawn from a large
sample in the case of the Amboseli population, but from a
small sample in the case of anubis baboons. This small
sample size could potentially affect the accuracy of our
inferences due to incorrect estimation of the anubis allele
frequency distributions for the marker loci.

In Simulation 2, we investigated this possibility by
randomly simulating 10 individuals from the genotype
pool of the 13 anubis baboons, as in Simulation 1. We used
this subset of 10 individuals as the full set of anubis
baboons in the analysis, in combination with the actual
empirical genotype data for the 450 Amboseli baboons,
which we designated of unknown ancestry for the simulation.
Each run therefore drew on true genotype data for 450
unknown Amboseli individuals and simulated data for 10
anubis baboons instead of 13 known anubis baboons. We
then produced genetic hybrid scores in STRUCTURE using
the same parameter set chosen for the original assignment
of genetic hybrid scores. This subsampling routine created
modest run-to-run fluctuations in allele frequencies within
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the pool of anubis. We also repeated this set of simulations
using a sample of only five anubis baboons, which created
much larger fluctuations in the allele frequencies for the
anubis. We repeated both sets of simulations 100 times
each and then analysed the difference between the
hybrid scores assigned to individuals in the subsampled,
simulated data sets and the hybrid scores assigned to
the corresponding individuals in the actual data set. The
results of these simulations provide an estimate of the
threshold at which small sample sizes of anubis will cause
large errors in the inferred allele frequency distributions
for the anubis source population, which would also affect
hybrid score assignment.

Simulation 3: sensitivity of hybrid scores to the detection of rare
alleles. A small sample size of anubis baboons may also
impact genetic hybrid score assignment due to a failure
to sample rare alleles in the anubis population. In such
cases, allele frequency distributions will not be greatly
affected, but rare alleles that are actually shared between
both anubis and yellow populations will then look like
private alleles found only in yellow baboon populations.
Individuals that carried these alleles would therefore be
assigned genetic hybrid scores that are biased towards
lower values.

In Simulation 3, we asked how the small sample size of
anubis individuals may have impacted our results due to a
failure to sample rare anubis alleles. First, we randomly
selected one of the 14 marker loci. Then, we randomly
removed one of the three rarest alleles for that locus from
the data set. Designation of rare alleles was based on
observed allele frequencies among the pool of 13 anubis
baboons. We readjusted the frequencies of the other alleles
upwards to compensate for the missing allele by uniformly
allocating the number of times the missing allele was
originally observed across the remaining set of alleles. This
process simulated the resulting genotype data if we had
failed to sample one rare allele at one of the 14 marker loci.
We then produced genetic hybrid scores in STRUCTURE
using this altered data set. After 100 iterations of this
simulation, we asked how well the resulting hybrid scores
correlated with the hybrid scores produced in the full analysis.
We repeated the same procedure in two additional sets of
simulations, in which we simulated a failure to sample one
rare allele at each of five marker loci and one rare allele at
all of the marker loci, respectively. If the differences between
the results of these simulations and the results from the
whole data set are small, then the genetic hybrid scores
we have assigned are robust to missing rare alleles within
the anubis data set. This test is in fact conservative, because
the definition of ‘rare allele” we use here encompasses
alleles that actually were sampled in the anubis data set,
and are therefore unlikely to be extremely rare among true
anubis populations.
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Analysis of temporal changes in hybridization patterns

We used three metrics to assess potential changes in
hybridization patterns over time. First, we asked about
increase, decrease, or stability in the percentage of hybrid
baboons born in the population from the late 1960s/1970s
to the present. We defined hybrid individuals as all Amboseli
baboons in the data set for which the lower bound of the
90% credible interval for their genetic hybrid score was
greater than or equal to 0.05. This cut-off is a conservative
threshold that assures that we have counted as hybrids
only the individuals for which a genetic hybrid score of 0,
corresponding to a pure yellow genomic composition, could
be ruled out with high confidence. We calculated the
percentage of hybrids born into the population separately
for the 1960s/1970s, 1980s, 1990s, and 2000s data partitions.

Second, we asked whether the degree of hybridization
among hybrids showed any trend up or down over time.
We defined degree of hybridization as the average of genetic
hybrid scores in a data partition, considering only hybrids.
Changes in the degree of hybridization reveal information
about introgression, gene flow, and the success of anubis
and/or hybrid baboons in reproducing within the Amboseli
population. For example, if all hybrids in every data partition
had hybrid scores around 0.50, with no change over time, we
would infer that although anubis baboons could successfully
mate within Amboseli, F, hybrids generally suffered from
poor reproductive success. In contrast, if the degree of
hybridization among hybrids decreased over time but the
number of hybrids (as revealed by the categorical analysis
described above) did not, we would infer that backcrosses
and hybrid-hybrid matings were common in the population
due to hybrids reproducing in the population.

Third, we examined the frequency distribution of hybrid
scores of individuals born in different decades to ask
whether the frequency distribution of hybrid scores shifted
down over time; this analysis included both hybrid and
nonhybrid individuals (i.e. the full set of individuals in the
study). We conducted two-sample one-tailed Kolmogorov—-
Smirnov tests comparing the distribution of hybrid scores
among the cohorts represented by each pair of temporal
data partitions. A significant result would indicate that a
random draw from the more recent cohort would be signi-
ficantly more likely to correspond to a lower hybrid score
than would a random draw from the earlier cohort. This
third metric is closely related to the above analysis of
changes in hybridization among hybrids, but also tests
whether the patterns of change among individuals with
high genetic hybrid scores (those for whom anubis ancestry
can be inferred with very high confidence) are reflected in
the hybrid dynamics in the population as a whole. Because
we did not identify any hybrids in the 1960s/1970s data
set, we excluded those individuals from this component of
our analysis.
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Fig.1 Genetic hybrid scores (i.e. proportion anubis ancestry) for
each of the 450 individuals in the analysis, averaged over three
STRUCTURE runs and shown as the cumulative proportion of the
sampled population. Each black point represents the mean hybrid
score for one individual. Individuals are ordered along the y axis
from lowest (least anubis ancestry) to highest (most anubis
ancestry) genetic hybrid scores. Flanking lines show 25%, 50%,
75%, and 90% credible intervals. Individuals with lower 90%
credible intervals > 0.05 (boundary indicated by solid vertical line)
were considered hybrids for the purposes of this analysis.

Results

Genetic hybrid score assignments in Structure

Our analysis generated a mean hybrid score (+90%
credible interval) for each of the 450 Amboseli baboons.
Individual hybrid scores showed very close run-to-run
agreement (mean standard deviation across runs for the
same individual = 0.0025). Figure 1 shows the cumulative
distribution of genetic hybrid scores for all Amboseli
individuals. Ninety per cent credible intervals were largest
for baboons with mean hybrid scores in the midrange values,
as has also been the case for similar analyses of admixture
in other systems (Beaumont et al. 2001; Pierpaoli et al. 2003).
Ninety-nine of 450 individuals were deemed to have anubis
ancestry based on their genetic hybrid scores, using the
criterion of credible intervals with a lower bound > 0.05.
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Agreement between genetic hybrid scores and
morphological hybrid scores

In general, we observed good agreement between morpholo-
gical hybrid scores and the genetic hybrid scores assigned
in this study (n =315, r = 0.484, P <0.0001). Permutation
tests yielded P < 0.0001 in 10 000 permutations, demonstrating
that the observed correlation was not a product of the
structure of the data set but actually reflected significant
concordance between these two metrics. However, the
cumulative distribution of genetic hybrid scores was
right-shifted (towards more anubis ancestry) relative to
the cumulative distribution of morphological scores (compare
Fig. 1 with Fig. 3in Alberts & Altmann 2001). Discrepancies
in the scores originated primarily from individuals who were
assigned higher genetic hybrid scores than morphological
hybrid scores. This bias is clear when the two metrics are
compared in subsets. Individuals with low genetic scores
(< 0.25) almost invariably had morphological scores that
were also lower than 0.25 and similar to the genetic scores
(only five of 200 animals in this category violated this pattern).
However, individuals with genetic hybrid scores above
0.25 generally had morphological scores that were lower
(more yellow) than their genetic scores: specifically, 68 of
the 77 individuals with genetic scores between 0.25 and 0.5
and for whom we had both scores had morphological hybrid
scores lower than their genetic scores. Only nine had
morphological scores higher than their genetic scores.
Similarly, 28 of the 36 individuals with genetic hybrid
scores between 0.5 and 0.75 had morphological hybrid
scores lower than their genetic scores, whereas only eight had
morphological hybrid scores higher than their genetic scores.

These comparisons suggest that differences between the
two metrics were not random, but were caused almost
entirely by cases in which genetic estimates indicated some
anubis admixture, but morphological assessments did not.
In other words, the individuals inferred as predominantly
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Yellow-anubis F, hybrid
F, backcross to anubis
Anubis

Hybrid of unknown pedigres

Fig. 2 Pedigrees showing a subset of the

Yellow hybrid crosses and backcrosses that we

have observed in the Amboseli population.
All genotyped offspring and some grand-
offspring of two anubis male immigrants
(GIZ and PIS) are shown, as well as crosses
between other hybrids in the population.
Note that four of PIS’s offspring are GIZ’s
grandoffspring. The genetic hybrid score
for each individual is shown in italics below
the three-letter ID. Circles represent females

Srzr ;’g; and squares represent males; yellow, F;
; hybrid, anubis, and backcrossed individuals
|——L| (based on pedigree relationships and genetic
i DEA hybrid score) are represented as different
0.560 0.635 colours.

yellow by the genetic analysis were almost always assessed
as predominantly yellow in morphological analyses, and
individuals assessed as hybrids in the morphological
analyses were almost always assessed as hybrids in the
genetic analyses, but individuals assessed as hybrids in the
genetic analyses were frequently assigned morphological
scores that suggested lower levels of anubis ancestry.

Consistency within the data set

Comparisons of individual genetic hybrid scores with
the midpoint values of the parents showed that the
assignment of genetic hybrid scores was extremely
consistent with predictions from previously constructed
pedigrees, such that the distance between the scores of
parents and the scores of offspring were in agreement
with Mendelian inheritance at the 14 microsatellite
markers (n =272, r =0.905; P < 0.0001). As an example,
Fig. 2 shows the genetic hybrid scores of offspring of
several different types of crosses that we observed in the
study population, including yellow X anubis crosses,
both types of backcrosses, and hybrid-hybrid crosses.
These results suggest that an individual’s genetic hybrid
score is a good representation of genome-wide hybridization.
The same analysis conducted on a distinct data set, the
morphological hybrid scores, yielded r = 0.588 (n = 151,
P < 0.0001). Parent—offspring resemblance in hybrid scores
based on morphological traits, although high, is apparently
not as consistent a metric as one based on genetic markers.
Both measures indicate a general ability to assign hybrid
scores across a wide range of degrees of admixture.

Simulation results

The results of all three simulations are summarized in
Fig. 3. Together, they showed that the genetic hybrid scores
we assigned were (i) highly repeatable given the parameters
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Fig. 3 Simulation results. Arrows show the value of the median error for each simulation. (a) Results from Simulation 1, showing the
distribution of the margin of error between inferred genetic hybrid scores and known, simulated admixture proportions for each of 450
individuals in 100 simulated data sets (n = 45 000). Margins of error were calculated as the absolute value of the difference between the
inferred hybrid score from sTRUCTURE runs and the actual simulated degree of anubis ancestry for each individual. (b) and (c) Results from
Simulation 2, showing the distribution of the absolute value of the difference between inferred genetic hybrid scores for runs in which 10
anubis individuals were included and for runs in which five anubis individuals were included, respectively, and corresponding hybrid
scores assigned to the same individuals in the full analysis. (d), (e), and (f) Results from Simulation 3, showing the distribution of the
absolute value of the difference between inferred genetic hybrid scores for runs in which a rare allele was not sampled at 1, 5, and all 14
loci, respectively, and corresponding hybrid scores assigned to the same individuals in the full analysis. All STRUCTURE runs were conducted

using the same parameters we applied to the observed data.

of the observed data (Fig. 3a); (ii) robust to modest errors
in measuring allele frequencies (but less so to the more
extreme errors that would result if, for example, we had
sampled only five individuals; Fig. 3b, c); and (iii) robust to
cases in which rare alleles were not sampled (Fig. 3d—f). In
particular, the results of Simulation 2 suggest that increasing
the number of anubis individuals in the analysis tends
to stabilize the point estimates of genetic hybridity, but
that we have achieved much of this stability already by
sampling 13 individuals. Interestingly, Simulation 3 suggests
that rare alleles in the anubis population provide very little
information about hybridity in the Amboseli population.

Changes in patterns of hybridization over time

The percentage of individuals born into the Amboseli
population with hybrid ancestry increased in the study
groups over the time period we considered (Fig. 4a). Whereas
none of the baboons in the sample born from 1968 to 1979
had anubis ancestry based on our criterion, 12.8% of the
genotyped individuals born during the 1980s (15 of 117
animals), 25.1% of animals born during the 1990s (47 of
187), and 31.3% of those born from 2000 to 2004 (36 of 115)

had anubis ancestry based on our criterion. This suggests
that the proportion of individuals with anubis ancestry
increased in the Amboseli population throughout the study,
but that the rate of increase slowed after the year 2000.

In contrast to the increase in the percentage of hybrids
born over time, our results suggest that the mean genetic
hybrid score assigned to hybrid individuals actually
decreased in the population over time (Fig. 4b). The mean
hybrid score among hybrids decreased by 0.055 between
animals born in the 1980s (0.522 + 0.099 SD) and those born
in the 2000s (0.467 + 0.131 SD), and the variance in hybrid
scores within data partitions increased. This suggests that
the hybrids we detected were increasingly offspring of
backcrosses and crosses between hybrids (see Fig.2 for
examples), and not F, hybrids.

This trend was further supported by the results of
pairwise Kolmogorov-Smirnov tests (Table 1) comparing
the frequency distributions of all hybrid scores (including
both hybrids and nonhybrids) across the sequential data
sets. We observed a subtle but significant decrease in the
distribution of hybrid scores among individuals born in
the 1980s and the 2000s, but no significant differences
between sequential decades, which was unsurprising given
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Table 1 D values for pairwise one-tailed Kolmogorov—-Smirnov
tests comparing the distribution of hybrid scores across temporal
data sets within Amboseli. Significance values are given in
parentheses; significant values (P < 0.05) are indicated in bold.
Comparisons against the 1960s/1970s were not conducted due to
the small sample size of individuals in that data partition, which
included a single anubis individual and no apparent hybrids

1980s 1990s 2000s
1980s *
1990s 0.130 (0.089) *
2000s 0.196 (0.012) 0.082 (0.386) *

that the decrease in average hybrid score among hybrids
was also only detectable on this scale. The overall pattern
suggests that, while the representation of hybrids in the
population has increased, hybrids born today are likely to
have a smaller proportion of anubis ancestry relative to
hybrids born 15-20 years ago. This trend has changed the
distribution of hybrid scores in the population as a whole.

Discussion

Robustness in the genetic hybrid score assignments

Using the clustering method implemented in STRUCTURE,
we were able to assign estimates of anubis ancestry to 450
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2000s

individuals in the Amboseli baboon population, and to
identify 99 of the 450 individuals as highly probable
hybrids. Although we used only a modest number of
markers and a small number of anubis individuals for this
analysis, the results of the simulations suggest that our
scores are robust and reliable measures of genetic hybridity.
Additionally, the agreement we observed within parent—
offspring triads shows that the genetic hybrid score
assignments are consistent with expectations from pedigree
data. Most importantly, although the 90% credible intervals
surrounding many of the genetic hybrid score estimates
are large (but comparable to those in other similar studies:
see Beaumont et al. 2001; Pierpaoli et al. 2003), the lack of
strong genetic differentiation between temporal data sets
(Table S4, Supplementary material) suggests that year of
birth and error in genetic hybrid score assignment are
unlikely to be correlated. Thus, while this uncertainty
adds noise to the data set, it is unlikely to have created or
significantly altered the trends over time we have identified.

We also observed good agreement between the genetic
hybrid scores assigned here and previous morphologically
based estimates of hybridity, especially given the complete
independence of the two metrics and the subjectivity inherent
in assigning morphological hybrid scores. Our results are
comparable to the results of Beaumont et al. (2001), who also
compared morphological methods and genetic methods of
assessing hybridity in wildcat-domestic cat hybrids. They
report a ‘strong correlation” between these methods based



2008 J. TUNG ET AL.

on a significant Spearman rank correlation (Spearman’s
p =0.372, P < 0.01); this is similar to the significant correlation
we report of r = 0.484. Because genetic and morphological
scores represent two completely independent methods of
assessing yellow-anubis ancestry, this result provides strong
support for the assertion that we are accurately identifying
hybridity in our study population. Much of the discrepancy
between the two scores occurred when genetic estimates
indicated a hybrid background but morphological scores
suggested these individuals were yellow. Such results are
similar to those of Pierpaoli et al. (2003) in wildcats and to
those of Noren et al. (2005) in foxes, in that they also identified
probable hybrids that show no clear morphological signature
of hybridity (‘cryptic hybrids’).

These differences may reflect a greater sensitivity to
detecting hybridity using genetic markers than with
phenotypic traits in some cases. However, because of the
modest number of loci used here and the conservative
threshold we used to classify hybrids, it is also likely that
genetic assignments will produce some false negatives and
false positives. Increased confidence in a genetic hybrid
score can be conferred when independent assessments of
hybridity, such as morphologically based hybrid scores,
corroborate the genetic hybrid score. Overall, the results of
our simulations, comparisons with morphological scores,
and pedigree analysis suggest that, in general, the majority
of individual estimates do not strongly differ from the
‘true’ proportion of anubis ancestry for those individuals.

Dynamic patterns of hybridization among the Amboseli
baboons

The results of our analyses suggest that patterns of hybrid-
ization are changing in Amboseli over time. Specifically,
the number of hybrids born into the population increased
from the late 1960s and 1970s through the early 2000s,
although the rate of increase seems to have slowed in the
final decade of the analysis. While individuals with anubis
ancestry were rare in the 1960s and 1970s, hybrids were
born with increasing frequency in Amboseli beginning in
the 1980s, and individuals with some degree of anubis
ancestry comprised more than one-quarter of the baboons
born into the study population by the 2000s. At the same
time, the level of anubis ancestry among hybrids born into
the population appears to have gradually decreased within
this period, reflecting gradual introgression of ‘anubis-like’
genetic material into the still predominantly yellow baboon
population. This pattern was also apparent in the shift of
the distribution of genetic hybrid scores towards lower
values over the last two and a half decades.

These results indicate that the pattern of hybridization in
Amboseli has been dynamic over time. This argues for the
importance of observing hybrid zones over multiple time
points, either by repeated sampling or by assigning indi-

viduals observed together to different age cohorts (Albert
et al. 2006), in order to capture the magnitude and direction
of these changes (see also Lecis et al. 2006; Verardi et al. 2006
for alternative approaches). Understanding the dynamics
of hybridization is critical because hybridization can alter
population genetic patterns over time, thus impacting related
evolutionary processes such as adaptation and speciation
(Moore 1977; Arnold 1992; Rieseberg et al. 2003).

The most commonly described hybrid zone patterns do
not appear to pertain to Amboseli. The rapid increase over
time in the abundance of hybrids within Amboseli, despite
the low level of observed Papio anubis immigration, suggests
that hybrids were not selected against, as would be the case
if hybrids exhibited reduced fitness relative to the yellow
baboon parental species. Instead, hybrid individuals have
clearly reproduced successfully within the Amboseli popu-
lation, and have done so over multiple generations to
create descendant crosses and backcrosses, as the broad
distribution of the genetic hybrid scores indicates (Fig. 1).
In fact, both previous and current analyses suggest that
hybrid males in this population mature and disperse at an
earlier age than yellow males (Alberts & Altmann 2001;
Charpentier et al. accepted) and this may confer a selective
advantage on hybrid males (see discussion in Charpentier
et al. accepted).

However, the possibility of hybrid advantage runs
counter to our observation that the distribution of hybrid
scores has shifted downwards through time. A simple
pattern of consistent anubis immigration and subsequent
anubis and hybrid advantage over yellow baboons would
lead one to predict higher rather than lower average anubis
ancestry in the population over time, while an alternative
pattern of hybrid superiority over both parental types
would predict the maintenance of a steady intermediate
level of anubis ancestry. These two conflicting pieces of
evidence lead us to hypothesize that the dynamics of the
Amboseli hybrid zone are driven by both nonselective
processes (specifically, stochasticity in the immigration rate
of anubis males into Amboseli) and selective processes
(specifically, an advantage experienced by hybrids relative
to yellow males). Such an advantage, coupled with a low
rate of anubis immigration, would account for the increase
over time in the number of hybrids in the population and
the simultaneous decrease in anubis ancestry among
hybrids, as well as the unchanged genetic distance between
Amboseli and the Masai Mara anubis population during
the study period.

Nonselective processes

With respect to stochasticity in the rate of anubis immigration,
we envision a scenario in which chance plays a large role in
whether anubis males immigrate into Amboseli. All of the
nearest possible anubis source populations are moderately
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far from Amboseli, and are separated from it by physical
obstacles, particularly a large stretch of waterless land
inhospitable to baboons. The severity of these physical
obstacles will presumably fluctuate over time due to local
changes in habitat or weather, resulting in a low rate of
anubis male immigration that varies stochastically over time.
These barriers create a moderate degree of geographically
mediated prezygotic isolation between these populations.

Existing data on the Amboseli baboon population
indicate that anubis male baboons have immigrated into
the population at a mean rate of about once every 6 years
(Alberts & Altmann 2001). How far do they have to travel
to do this, and is this within the typical range of dispersal
distances for male baboons? If the necessary travel distance
is on the extreme end of dispersal distances, then this
would account for the low and variable rate of anubis
immigration into Amboseli. Although most male baboons
disperse to neighbouring baboon groups during both natal
and secondary dispersal (Samuels & Altmann 1986; Alberts
& Altmann 1995), males occasionally disperse much farther:
currently, several males natal to the Amboseli study groups
are resident in groups up to 30 km from their natal home
range (Alberts and Altmann, unpublished data). Rogers &
Kidd (1996) used Wright’s isolation-by-distance model
(Wright 1946) to estimate that two-thirds of male yellow
baboons in the Mikumi region of Tanzania dispersed less
than 15-22 km from their natal groups, based on the effective
population size of the Mikumi population and estimates
of population density. We applied Wright’s model to the
Amboseli data in a similar manner, using an effective
population size of 1037-3456 (estimated from genotype
data presented in Storz et al. 2002) and a population density
of 1.5 baboons/km? in the late 1980s and early 1990s
(Samuels & Altmann 1991). The resulting estimate suggests
that about two-thirds of Amboseli males dispersed less
than 10.5-19.1 km from their natal groups during this time.
If members of the source P. anubis population show a similar
pattern of dispersal, and if the proportion of anubis immi-
grants into the Amboseli population is approximately
0.025 (~6 immigrant males over the 30-year study period
were anubis), then these individuals would potentially
have to travel some 20.6-37.5 km to reach the Amboseli
basin. As noted above, the degree to which the physical
environment in this stretch of land operates as a barrier to
crossing this distance would introduce an additional degree
of stochasticity to these events.

Selective processes

However, those anubis males that immigrate successfully
into Amboseli do successfully reproduce (Samuels & Altmann
1991; Alberts & Altmann 2001), and the number of hybrids
in the population has in fact increased over time. These
observations support the hypothesis, posed above, that
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selective processes might be acting alongside stochastically
varying rates of gene flow to influence the dynamics of this
hybrid zone. Specifically, we hypothesize that early hybrid
male maturation relative to yellow males reflects a selective
advantage that has contributed to the increase over time in
the number of animals with anubis ancestry (see discussion
in Charpentier et al. 2008).

The hypothesis that hybrids are advantaged relative to
yellow baboons is also supported by the geographical
patterning of genetic variation in Papio in the wild (Newman
et al. 2004; Wildman et al. 2004), which has led CJ. Jolly
(personal communication) to argue that anubis baboons
represent an ‘invasive’ phenotype relative to other members
of the genus Papio. According to this hypothesis, the anubis
phenotypeis engaged in a gradual process of range expansion
driven by dispersal of anubis males into other Papio
populations. The patterns of earlier dispersal and earlier
maturation observed among hybrid males (Alberts &
Altmann 2001; Charpentier et al. 2008) may represent one
mechanism by which this invasive tendency is manifested.

Conclusions

We report changing patterns of hybridization in the Amboseli
baboon population over the past three and a half decades.
Specifically, we observed an increased abundance of hybrids
during this time, coupled with a shift in the population to
a decreased level of hybrid ancestry among hybrid
individuals. These patterns emphasize the utility of long-term
observations on hybrid zone dynamics; we would not have
been able to identify these trends using samples from any
single point in time. By utilizing longitudinal data, we not
only identified the presence of trends over time, but also
began to identify the evolutionary and demographic
influences that have shaped the particular hybrid zone
dynamics within this population. Our results suggest that
some selective advantage among hybrids may combine
with low gene flow and stochastic variance in dispersal to
produce the patterns we have observed. These hypotheses
are amenable to additional testing, using both empirical
data on life-history markers and reproductive success within
the study population, and detailed theoretical population
genetic models.
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