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Abstract

The timing of early life-history events, such as sexual maturation and first reproduction,
can greatly influence variation in individual fitness. In this study, we analysed possible
sources of variation underlying different measures of age at social and physical maturation
in wild baboons in the Amboseli basin, Kenya. The Amboseli baboons are a natural population
primarily comprised of yellow baboons (Papio cynocephalus) that occasionally hybridize
with anubis baboons (Papio anubis) from outside the basin. We found that males and females
differed in the extent to which various factors influenced their maturation. Surprisingly, we
found that male maturation was most strongly related to the proportion of anubis ancestry
revealed by their microsatellite genotypes: hybrid males matured earlier than yellow
males. In contrast, although hybrid females reached menarche slightly earlier than yellow
females, maternal rank and the presence of maternal relatives had the largest effects on
female maturation, followed by more modest effects of group size and rainfall. Our results
indicate that a complex combination of demographic, genetic, environmental, and maternal
effects contribute to variation in the timing of these life-history milestones.
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Introduction

Age at maturity can have a large impact on fitness, particularly
in expanding populations (Lewontin 1965; reviewed in
Roff 1992; Stearns 1992). However, life-history theory
postulates that investment in current reproduction imposes
costs in terms of the probability of future reproduction
and/or survival. That is, initiating reproduction at a
relatively young age may be beneficial in that it facilitates
the relatively rapid spread of an individual’s lineage, but it
may also exact a cost in terms of reduced survivorship
(Roff 1992; Stearns 1992). The timing of early life-history
events, particularly surrounding the age at which an
animal begins breeding, therefore has the potential to
greatly influence lifetime reproductive output and overall

fitness (Stearns 1976, 1992). Knowledge of the extent to which
these traits vary, and identification of sources of variation
in age at maturation, are important for understanding
the nature of these trade-offs and their potential fitness
consequences.

In this study, we analysed possible sources of variation
in age at maturation in female and male yellow baboons
(Papio cynocephalus) living in a natural population in the
Amboseli basin of southern Kenya. The Amboseli baboon
population is part of a larger extended population of baboons
in southern Kenya and northern Tanzania; baboons in both
Amboseli and the larger population are characterized by
high levels of genetic diversity (Loisel et al. 2006) and a general
pattern of outbreeding, facilitated by extensive male dispersal
within the region (Samuels & Altmann 1991; Alberts &
Altmann 2001; Storz et al. 2002; S.C. Alberts and J. Altmann,
unpublished data). Amboseli in particular is located within
a hybrid zone between yellow and anubis (Papio anubis)
baboons that runs southwest to northeast across Tanzania
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and Kenya (Maples & McKern 1967; Kingdon 1971; Samuels
& Altmann 1986; Alberts & Altmann 2001; Tung et al.
2008). Hence, in addition to previously suggested sources
of variance, including social dominance status and demo-
graphic effects, we examined the contributions of two addi-
tional potential genetic sources of variance — individual
heterozygosity and individual history of hybridization —
which have not been considered in prior analyses.

We considered the potential impact of neutral hetero-
zygosity on maturation scheduling because associations
between multilocus heterozygosity and components of
fitness have been demonstrated several times in both plant
and animal species (Britten 1996; but see Duarte et al. 2003
and references therein documenting no relationship between
heterozygosity and fitness correlates). Generally, greater
heterozygosity appears to have a beneficial effect on fitness-
related traits, and exhibits positive correlations with survival
(Laikre et al. 1997 and references therein; Coulson et al. 1998,
1999), growth (Coltman et al. 1998; Pujolar et al. 2005),
reproductive parameters (Slate et al. 2000; Amos et al. 2001;
Charpentier et al. 2005; Hoffman et al. 2004; Seddon et al. 2004),
and disease resistance (Acevedo-Whitehouse et al. 2003).
Furthermore, mate choice may also be influenced by
heterozygosity in potential mates (Mays & Hill 2004;
Hoffman et al. 2007), which could secondarily influence
maturation milestones such as age at first reproduction
or dispersal.

Our analysis of hybridity was motivated by earlier work
in this population based on morphological measurements
of hybridity, which suggested that hybrid males disperse
earlier than yellow males (Alberts & Altmann 2001). This
raised the possibility that anubis baboon ancestry may
contribute to variation in maturation-related traits. While
the impact of hybrid ancestry on fitness-related traits such
as survival or morphological development has been
extensively studied in some systems (Grant & Grant 1992;
Arnold & Hodges 1995; McClelland & Naish 2007), the
timing of maturation of hybrid individuals has been
examined in only a few studies, which have produced mixed
outcomes. For example, in Gambusia fishes, hybrids and
one parental form exhibited enhanced fitness correlates
compared to the second parental form: larger length at
birth, earlier maturation, and larger size (Scribner 1993).
In contrast, sexual maturation in hybrids between brown
trout and brook trout was severely impaired (Blanc &
Chevassus 1986). In Drosophila species, hybrids exhibited
intermediate maturation rates (Carracedo et al. 1989).

Hybridization can facilitate evolutionary diversification
in both plants and animals, including the evolution of
ecological diversity as well as the origin of new species
(Arnold 1997; Rieseberg 1997; Arnold 2004; Grant et al.
2005; Schwarz et al. 2005). Hybridization in wild primates
has been reported and, to some extent, studied in many
species (Brockelman & Srikosamatara 1984; Marshall &

Sugardjito 1986; Ciani et al. 1989; Supriatna 1991; Watanabe
& Matsumara 1991; Watanabe et al. 1991a, b; Supriatna et al.
1992; Cheverud et al. 1993; Bynum 2002; Detwiler et al. 2005;
Johnson et al. 2005; Arnold & Meyer 2006; Schillaci et al. 2007).
The occurrence of hybridization has been particularly
well characterized within the baboon genus Papio (Nagel 1973;
Phillips-Conroy & Jolly 1981, 1986; Alberts & Altmann 2001;
Beehner & Bergman 2006; Bergman 2006). However, analyses
of hybrid performance are rare in wild primate populations
(e.g. Alberts & Altmann 2001; Beehner & Bergman 2006;
Bergman 2006). In this study, we used a quantitative measure
of hybridity based on genotype at 14 microsatellite markers
dispersed across the baboon genome (Tung et al. 2008) to
analyse the potential relationship between maturation
timing and genetic hybridity in both sexes.

In previous work on this population, Altmann et al. (1988)
found that both age at menarche and age at first reproduction
in females were strongly influenced by maternal dominance
rank (daughters of higher-ranking females reached menarche
earlier and conceived earlier) and that this maternal effect
alone resulted in a reproductive advantage for these early
maturing females equivalent to roughly half an infant
over their lifetimes. Altmann & Alberts (2005) found that
maternal dominance rank actually made two independent
contributions to age at menarche. First, daughters of higher-
ranking females grew faster, and faster-growing juveniles
reached menarche earlier. Second, maternal dominance rank
also made an independent and direct contribution to age at
menarche after controlling for the effects of growth rate
(Altmann & Alberts 2005). Like menarche in females, sexual
maturity in male baboons (marked by testicular enlargement;
Alberts & Altmann 1995a) was influenced by maternal
dominance rank both indirectly (through growth rate)
and directly after controlling for growth rate (Altmann &
Alberts 2005), so that sons of higher-ranking mothers matured
earlier. Sons of higher-ranking mothers also attained their
first adult rank earlier, as did males whose mothers had
died during the males’ juvenile periods (Alberts & Altmann
1995a). Maternal rank did not directly influence age at first
sexual consortship in males (i.e. first mate guarding episode,
a reasonable proxy for age at first reproduction in males;
see also Alberts & Altmann 1995a), because this event was
strongly influenced by the availability of reproductive
females. However, the earlier rank attainment experienced
by sons of high-ranking mothers positioned them to take
advantage of these reproductive opportunities at an earlier
age because ages at rank attainment and first consortship
are highly correlated (Alberts & Altmann 1995a; see also
below). Finally, males whose mothers died in the males’
juvenile periods, and males with young mothers, were likely
to disperse at younger ages than other males (although age
at first dispersal, like age at first sexual consortship, was
heavily influenced by the availability of reproductive
females; Alberts & Altmann 1995b).
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In this study, we extend these previous analyses of
sources of variance in age at maturity in this population.
As maturational milestones, we focused on age at phys-
ical maturation (testicular enlargement in males and
menarche in females) and age at first attainment of adult
rank in both sexes, as well as age at first reproduction in
females and age at natal dispersal in males. In addition to
individual heterozygosity and hybrid ancestry, we included
in our analyses other variables that have previously
been associated with maturation in the work discussed
above, including those associated with maternal effects
and maternal kin, the environment (rainfall), and the
demography of social groups in the population (density
of adult females or excess of cycling females relative to
males, within groups).

Methods

Study population

This study focused on wild yellow baboons (Papio
cynocephalus) of both sexes living in the Amboseli basin of
Kenya. The study population has been the subject of
ongoing research for more than three decades, and is
described in detail elsewhere (see for example: Hausfater
1975; Altmann 1980; Altmann et al. 1988; Muruthi et al.
1991; Alberts & Altmann 1995a, b; Altmann et al. 1996;
Alberts et al. 2003; Altmann & Alberts 2003a). All animals in
study groups are individually known, and all demographic
and life-history events (births, maturation events, immigra-
tions, deaths and emigrations) are recorded on a routine
basis as part of daily monitoring in the study groups. In
all the following analyses, we excluded the one study
group (Lodge group) and its fission products that foraged
part-time at a refuse site associated with a tourist lodge.
This group experienced an enhanced energetic balance,
and consequently accelerated growth and maturation
schedules, because of its access to discarded human
foodstuffs (Altmann & Alberts 2005). In addition, no
males immigrated into this population during 12 years of
intensive monitoring, and natal males emigrated at a
reduced rate relative to wild-feeding groups, resulting in
increased levels of relatedness between potential mating
partners and a probable increase in inbreeding in this
group. These features (enhanced energetic balance combined
with reduced dispersal, and hence, reduced genetic diver-
sity; Altmann et al. 1996; Alberts 1999) made it a poor
candidate for this study.

We analysed variation in the timing of life-history
milestones for a total of 242 individuals, comprising 152
females and 90 males. Due to missing data (unknown
maturation dates or unknown values of the explanatory
variables for some milestones and some individuals), the
sample sizes for different statistical models vary.

Male and female life-history patterns

We first analysed age at physical maturation (testicular
enlargement and menarche) separately for males and
females. Testicular enlargement was assessed by systematic
visual inspection of the scrotal sac each month; before
testicular enlargement the scrotum appears as a transverse,
concave flap of skin, which rapidly enlarges and become
pendulous as the testes enlarge during puberty (see Alberts
& Altmann 1995a for details). Menarche was assessed by
daily visual inspection of the sexual skin for evidence of the
first sexual swelling (see Altmann et al. 1988; Gesquiere
et al. 2007 for details). These life-history milestones signal
puberty, and hence, the onset of adulthood for females and
of subadulthood (a prolonged period of reproductive
inactivity after puberty accompanied by a growth spurt;
Alberts & Altmann 1995a) for males. We then analysed
the age at 1st adult rank attainment in both sexes, defined
as the age at which an individual consistently began to
outrank at least one other adult of the same sex in agonistic
interactions (see Alberts & Altmann 1995a). Rank attainment
among adult females occurs gradually during the juvenile
period, before the female reaches menarche. The female’s
rank relative to other adult females then remains quite
stable throughout adult life (Silk 1987). By contrast, rank
attainment in males occurs rapidly approximately 2 years
after testicular enlargement, and coincides with the end of
subadulthood and the onset of a period of rapid rise in
dominance rank among adult males (Alberts & Altmann
1995a; see also in P. ursinus: Hamilton & Bulger 1990). We
consider it to signal the beginning of adulthood for males
(Alberts & Altmann 1995a). In males, we also studied age
at natal dispersal (females are the philopatric or matrilocal
sex in baboons and most other cercopithecine primate
species; Pusey & Packer 1987). Finally, for females, we analysed
variation in the age at first reproduction, measured as the
age at which females gave birth for the first time to a live
offspring. For males, age at first paternity was difficult to
assess even with extensive genetically based paternity
assignments because infant mortality is high, and first
offspring may die before they are sampled for paternity
analysis (Buchan et al. 2003; Alberts et al. 2006). Data were
available for an alternative measure, age at first consortship
for males. However, complete information on all the
potential explanatory variables used in these analyses
were available for only 21 of these males, limiting the
statistical power of the multivariate models we applied to
all other milestones. Consequently, although age at first
reproduction is an important life-history milestone in
males as well as females, we did not analyse variation in
any estimate of age at this event. The median and range for
male age at first consortship are included in Fig. 1.

In order to analyse sources of variance in age at maturity,
we first compiled data on attainment of maturational
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milestones in both sexes, extracting these data from the
long-term relational database of the Amboseli Baboon
Project, BABASE. Figure 1 shows the relationship between
age and attainment of the maturational milestones we
considered, for both sexes. In males, maturational milestones
were attained in a relatively invariant sequence: testicular
enlargement always preceded adult rank attainment by at
least a year (N = 46 males for whom both dates are accurately
known) and rank attainment virtually always preceded
first consortship (N = 27 males for whom both dates are
accurately known; the four cases in which first consortship
apparently preceded rank attainment probably result from
the high margin of error associated with ascertainment
of date of adult rank attainment — a brief and sometimes
unobtrusive event — compared to detecting first consortship
— a protracted and conspicuous event; in each of these four
cases, first consortship was observed at most a few weeks
before first rank attainment). In contrast to the predictable
sequence of occurrence for testicular enlargement, rank
attainment and first consortship, the timing of natal dispersal
was quite variable relative to these other milestones — some
males dispersed as juveniles; others as subadults, that is,
after testicular enlargement but before rank attainment;
and others as adults, that is, after rank attainment but
either before or after first consortship. The ages at which
testicular enlargement, first adult rank, and natal dispersal
were attained were significantly positively correlated (Pearson
correlations: testicular enlargement, first rank: N = 46,

r = 0.62, P < 0.0001; testicular enlargement, dispersal:
N = 79, r = 0.32, P = 0.004; rank-dispersal: N = 46, r = 0.39,
P = 0.007). Therefore, males tended to mature early by all
measures, or to mature late by all measures. Because testicular
enlargement was significantly correlated with adult rank
attainment and always occurred before it, we treated age at
testicular enlargement as a covariate in the analysis of age
at first adult rank. However, because the relative timing of
dispersal varied greatly between males, we did not consider
age at testicular enlargement or age at adult rank attainment
as covariates in the analysis of age at natal dispersal.

In females, the maturation sequence was invariant: females
attained first adult rank, then experienced menarche, and
finally gave birth to their first live offspring (N = 41 females
for whom complete data were available for all three life-
history milestones). Because age at menarche was significantly
positively correlated with age at first reproduction (Pearson
correlations, menarche-first reproduction: N = 95, r = 0.75,
P < 0.0001) and always preceded it, we treated age at
menarche as a covariate in the analysis of age at first
reproduction. However, although age at first adult rank
always preceded age at menarche and age at first live birth,
age at first adult rank was not correlated with either of the
other measures (rank-menarche: N = 76, r = 0.16, P = 0.16;
rank-first reproduction: N = 41, r = 0.14, P = 0.37). Therefore,
we did not include age at adult rank attainment as a covariate
when modelling age at menarche and age at first live birth
in females.

Fig. 1 Failure time graphs for the attainment
of maturational milestones as a function of
age for (a) males, and (b) females. Note that
these sample sizes differ from the ones used
in the statistical analyses because the graph
includes all individuals from wild-feeding
study groups for whom we had maturation
information; for some of these we lacked
the genetic or environmental information
necessary to conduct the multivariate
analyses. Arrows point to the median age at
which a given milestone was attained in
this study. (a) Males. Dashed line, testicular
enlargement (N = 96); alternated dots and
dashes, natal dispersal (N = 93); solid line,
rank attainment (N = 48); dotted line, first
consortship (N = 31). (b) Females. Dashed
line, menarche (N = 174); solid line, rank
attainment (N = 89); dotted line, first
reproduction (N = 97).
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Predictor variables

We considered three types of genetic and kinship-related
sources of variance (neutral heterozygosity, hybridity, and
maternal effects/maternal kin) and two types of nongenetic
sources of variance (group demography and rainfall) as
possible explanatory factors underlying variation in the
timing of maturation milestones within the Amboseli
baboon population. The full set of explanatory variables
are summarized in Table S1 (Supplementary material) and
discussed in detail below.

Genetic and kinship-related sources of variance. Up to 14
autosomal polymorphic microsatellite loci were typed
in 453 wild-feeding individual baboons, using primers
designed for human loci (Buchan et al. 2005; Alberts et al.
2006; Tung et al. 2008). All focal individuals in this
maturation study (N = 152 females, N = 90 males) were
genotyped at all 14 microsatellite markers, with the
exception of five individuals that were genotyped at 13 loci
each, and one at 9 loci.

Genetic diversity. We analysed the effect of genetic diversity
(neutral heterozygosity) on the focal individuals’ age at
maturation. As the metric of genetic diversity, we used
mean individual heterozygosity measured across all typed
microsatellites, HO (number of heterozygous loci/number
of loci genotyped). In the study population as a whole
(N = 242), mean heterozygosity was high, at 0.817 ± 0.007
(sem); the range across individuals was 0.5–1. To investigate
whether our 14 microsatellite loci gave a good picture of
genome-wide heterozygosity, we examined the correlation
between HO in two data sets, each containing half of the
microsatellites selected randomly from the 14 loci analysed
(Balloux et al. 2004). We repeated this analysis 1000 times
using splus 2000. We found a significant ‘HO–HO correlation’
(r = 0.10, P < 0.05) indicating that homozygosity at our 14
loci is likely to reflect inbreeding.

Hybridity. We analysed the effect of hybridity on timing of
maturation in both sexes using a continuous genetic hybrid
score for each individual that ranged in value from 0
(yellow) to 1 (anubis; Tung et al. 2008). This score represents
an estimate of the proportion of each individual’s genome
that is attributable to anubis baboon ancestry, based on
genotype at the polymorphic microsatellite loci we analysed.
Scores were derived using the admixture analysis imple-
mented in the program structure 2.0 (Pritchard et al.
2000; Falush et al. 2003; see Tung et al. 2008 for details). In
our data set, hybridity values ranged from 0.029 to 0.839
(median = 0.10). Most scores fell in the lower half of the
distribution, with a large cluster near 0, and only one
individual had a genetic hybrid score greater than 0.75.
This distribution suggests that the majority of the population

is composed of individuals with predominantly yellow
baboon ancestry; a smaller proportion of individuals in the
population is hybrid, and only a few individuals are pred-
ominantly anubis (Tung et al. 2008). We also had morphological
hybrid scores (based on standard morphological assessments;
Alberts & Altmann 2001) and pedigree data (based on
parentage analysis; Alberts et al. 2006) for some of the
individuals in this analysis (see Tung et al. 2008 for details).
We observed good agreement between morphological and
genetic hybrid scores (n = 315, r = 0.484). Permutation
tests yielded a significance value of P < 0.0001 in 10 000
permutations, demonstrating that this relationship reflects
real concordance between these two metrics. Comparisons
of individual genetic hybrid scores with the midpoint values
of the parents also showed extremely high consistency
within the data set (n = 272, r = 0.905; P < 0.0001 in 10 000
permutations). Therefore, empirical evidence from several
sources indicates that our hybrid scores are robust estimates
of hybrid ancestry (Tung et al. 2008).

Effects of mothers and other maternal kin. Maternity was
unambiguously determined by visual observations of females
during successive pregnancies and peri-parturitional events.
For evaluation of maternal effects, we first considered the
possible impact on offspring of maternal dominance rank
at offspring conception, because this is known to influence
a number of life-history traits and developmental and
social milestones in baboons and other primates (Altmann
et al. 1988; Alberts & Altmann 1995b; Pusey et al. 1997;
Bercovitch et al. 2000; Setchell et al. 2002; Altmann &
Alberts 2003b; Johnson 2003; Altmann & Alberts 2005).
Second, we examined the effects of the mother’s presence
or absence, considered during the month the life-history
milestones were reached. As an individual matures, the
probability that his or her mother has died increases. This
could produce a spurious relationship between mother’s
presence and the attainment of the maturational milestones;
that is, the longer an individual lives, the more likely he
or she is to mature and the more likely the mother is to
have died. However, if the relationship between maternal
presence and maturation were spurious in this way,
then the relationship would be stronger for each successive
maturational milestone. This was not the case; mother’s
presence influenced only the first maturational milestone
in females, rank attainment, and none of the maturational
milestones in males. We therefore considered that the
relationship between time and the probability of mother’s
presence was too weak to be a concern in our analyses.
Finally, we studied the effects of the number of mature
maternal half-sisters on maturation, also measured during
the month the life-history milestones were attained. We
considered the number of maternal half-sisters only when
at least 75% of the females present in the group at the same
time had a known mother (some females had unknown
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mothers because they were among the first studied females
in Amboseli). Because paternal pedigrees were less complete
than maternal pedigrees, we did not consider the influence
of paternal sisters on life-history traits. We discuss the effect
of potential presence elsewhere (Charpentier et al. 2008).

Environmental and demographic sources of variance. Rainfall
is a good predictor of food availability and activity budget
(Bercovitch & Strum 1993), both of which may influence
maturation. Hence, we included in our models the total
amount of rainfall that fell in the 12 months before attainment
of the life-history milestone in question. Because maturation
schedules may also be influenced by number of potential
mates and/or potential competitors, we also evaluated
demographic influences on attainment of life-history
milestones. Specifically, for female baboons, we measured
the number of mature females in the group (density in the
group) during the month in which maturity was attained.
Group size (measured as number of mature females) is
known to negatively influence both fertility and survival
for female cercopithecine primates in several populations,
probably reflecting feeding competition and/or socially
mediated stress effects (Bulger & Hamilton 1987; Silk 2001;
Altmann & Alberts 2003b). For males, we measured the
number of cycling females minus the number of mature
males present in the natal group during the month in
which physical maturity was attained (i.e. the number of
‘excess females’ in the group, following Alberts & Altmann
1995a). For males, the number of excess females is a direct
estimate of the intensity of sexual competition he will
experience (Alberts & Altmann 1995b; Altmann 2000). These
two demographic variables — number of mature females
and number of excess females — were correlated, such that
small groups were more likely to have an excess of cycling
females and the number of excess males increased with group
size (r = 0.58 across all data points). Because baboons are
large, long-lived mammals, the numbers of adult males
and females in a group are relatively stable, changing only
slowly over time. Consequently, the value of these variables
during the month in which a milestone was attained also
reflects demographic conditions for a number of months
previous to that month.

Statistical analyses

Testing assumptions of the model-fitting approach. Before
attempting to fit any models to the maturation data, we
checked whether any of the explanatory variables we
considered exhibited a high degree of codependency. We
used the REG procedure implemented in sas version 9 to
evaluate potential collinearities between variables, modelling
the pairwise relationship between each of the potential
explanatory variables discussed above. In order to fit our
data to a normal distribution, four males were removed

from the analysis of natal dispersal because three of them
dispersed extremely early and one dispersed extremely
late (2.58–3.57 years and 12.73 years, respectively). Inclusion
of these outliers caused the distribution to be non-normal,
violating the assumptions underlying the parametric
analyses we used; however, the results of our analyses
were qualitatively the same whether or not we included
these males. Similarly, one female was removed from the
analysis of age at first reproduction because she gave birth
for the first time atypically late (8.64 years). Age at first rank
in females was log-transformed to fit a normal distribution.
We used a Gaussian error structure for all models because
the residuals of the maturation analyses were all normally
distributed (Kolmogorov–Smirnov test, results not shown).

The results of the preliminary analyses identified colline-
arity between some of our explanatory variables. For example,
heterozygosity values were correlated with hybridity scores.
Therefore, we attempted to determine whether these colline-
arities created confounds in the analyses. To do so, we applied
several criteria. First, we checked that no predictor variables
were correlated above r = ± 0.70 (Pearson correlation
coefficients) for any pairwise combination of variables
(following Glantz & Slinker 2000). Second, because
confounding multicollinearities among three or more pre-
dictors can exist even when all pairwise correlations are
small (Norman & Streiner 2000), we assessed the severity,
number, and structure of multicollinearities. Specifically,
we regressed each predictor variable on all remaining
predictor variables, and used the R2 values from these
auxiliary regressions to compute the variance inflation
factor, VIF = 1/(1 − R2) in sas. As a general rule, models with
variables exhibiting VIF > 4 should not be considered
(reviewed in Glantz & Slinker 2000; Norman & Streiner
2000), and none of our models had VIF > 4.

Mixed model analysis. All models were analysed using a
mixed model approach (MIXED procedure in sas), where
social group membership was treated as a random effect, to
correct for potential random effects due to the group identity.
Because each of the study groups shifted its home ranges
from poor habitats to better habitats at a discrete point in
time during the three decades of study (Bronikowski &
Altmann 1996; Altmann & Alberts 2003b), we considered
the quality of the habitat (before home range shifts: 0, after
home range shifts: 1) as an additional random effect. All
other variables were treated as fixed effects. We used a
backward model selection procedure (Burnham & Anderson
1998) to select a best-fit set of explanatory variables.
Specifically, we started with all potential explanatory
effects incorporated into the model, and then removed the
effect with the highest P value from the model. We then
refit the model to the maturation data and repeated these
steps until all P values for individual parameters remaining
in the model were less than 0.10. For all model effects, we set
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the threshold for significance at P < 0.05, but we considered
effects with 0.05 < P < 0.10 indicative of trends. As a measure
of goodness-of-fit, we used the Akaike information criterion
(AIC, Akaike 1974). Final models showed, in all cases, the
best fit to our data in the sense that they had the lowest AIC
values of all models we tested. Full models before model
selection are presented in Table S1.

Results

Milestones in male baboons

Hybrid ancestry accelerated every maturational milestone
we examined in male baboons. Males with higher hybrid
scores (higher proportion of anubis ancestry) reached
testicular enlargement earlier than yellow males and exhibited
a trend towards earlier attainment of first adult rank

(Table 1; Figs 2 and 3). Although this latter relationship
was a nonsignificant trend, age at testicular enlargement
was also considered as a covariate in this analysis, and it
explained 37% of the total variance in age at first rank
attainment (Table 1). Given that hybridity influenced age
at testicular enlargement, and that age at testicular
enlargement influenced age at first rank, it follows that
genetic hybridity had an important effect on both of these
early life-history milestones in males. Hybrid males also
experienced natal dispersal earlier than yellow males
(Table 1, Fig. 4), and this variable was the only significant
source of variance in age at natal dispersal in males
(21.6% of the total variance explained). In contrast to
hybridity, individual heterozygosity exhibited no significant
relationship with any maturational milestone. We also found
that maternal rank influenced one milestone (Table 1):
sons of higher-ranking mothers exhibited earlier testicular

Table 1 Effects of genetic, demographic, and environmental explanatory variables on life-history traits in male baboons

Milestones Explanatory variables F d.f. P R2 (percentage) Direction

Testicular enlargement N = 80 Mother’s presence   0 1, 75 0.97 — —
Number of 
maternal half-sisters

0.17 1, 75 0.68 — —

Heterozygosity 0.11 1, 78 0.75 — —
Hybridity 6.97 1, 78 0.010 7.6 Earlier maturation 

with increasing hybrid score
Maternal rank 7.50 1, 78 0.008 8.8 Earlier maturation 

with higher ranking mothers
Number of 
excess females*

3.28 1, 78 0.075 3 Earlier maturation 
with increasing excess females

Rainfall 0.03 1, 75 0.87 — —
Adult rank N = 36 Age at maturation 33.66 1, 34 < 0.0001 36.9 Earlier attainment of rank with 

earlier physical maturation
Mother’s presence 0.34 1, 34 0.57 — —
Number of 
maternal half-sisters

0.48 1, 34 0.50 — —

Heterozygosity 0.02 1, 34 0.88 — —
Hybridity 4.14 1, 34 0.053 8.4 Earlier attainment of rank with 

increasing hybrid score
Maternal rank 0.35 1, 34 0.56 — —
Number of 
excess females*

1.54 1, 34 0.23 — —

Rainfall   0 1, 34 0.97 — —
Dispersal N = 73 Mother’s presence 0.02 1, 71 0.90 — —

Number of 
maternal half-sisters

1.90 1, 71 0.17 — —

Heterozygosity   0 1, 71 0.95 — —
Hybridity 20.03 1, 71 < 0.0001 21.6 Earlier dispersal with 

increasing hybrid score
Maternal rank 1.68 1, 71 0.20 — —
Number of 
excess females*

0.62 1, 71 0.44 — —

Rainfall 0.26 1, 71 0.61 — —

Effects included in the best fit model are shown in bold. Note that d.f. vary because of variation in sample size due to unknown number of maternal 
half-sisters in a few cases and unknown amount of rainfall for the very last year of the study (2006). *Number of excess females = number of cycling 
females minus number of mature males.
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enlargement. Finally, we found a small effect of demographic
context on a single maturational milestone: males tended
to reach testicular enlargement earlier when their social
group contained an excess of cycling females relative to adult
males (Table 1). However, this relationship only explained
3% of the total variance in age at testicular maturation.

Milestones in female baboons

Females with higher hybrid scores (higher proportion of
anubis ancestry) reached menarche earlier, but hybridity
explained only 3.7% of the total variance in age at menarche
(Table 2, Fig. 5). It appears that hybridity had relatively
little impact on female maturation, especially in comparison
to the results for males. Instead, maternal effects and

maternal kin had profound consequences for all maturational
milestones. Daughters of higher-ranking mothers attained
both first adult rank and menarche at earlier ages than
daughters of lower-ranking females (Table 2). The mother’s
death during the juvenile period delayed the age at which
females attained their first adult rank (Table 2). Finally,
females with more maternal half-sisters present in the group
reached menarche earlier (Table 2), suggesting that in some
contexts, close maternal kin other than the mother may
enhance fitness components in much the same way that a
mother does. In addition, we found that age at menarche
strongly predicted age at first reproduction in females,
with age at menarche explaining 53.1% of the total variance
in timing of first reproduction (Table 2). The physical and
demographic environments also influenced maturational

Fig. 2 Age at testicular enlargement in
male baboons as a function of genetic
hybridity score. The graph represents
residuals obtained from a regression that
included the other known predictors of this
milestone: maternal rank and number of
excess females (see Table 2). Negative
residuals represent individuals that matured
earlier than expected from this equation;
positive residuals represent individuals
that matured later than expected.

Fig. 3 Age at adult rank attainment in male
baboons as a function of genetic hybridity.
The graph represents residuals obtained
from a regression that included the only
significant predictor of this milestone: age
at testicular enlargement (see Table 2).
Negative residuals represent individuals
that ranked earlier than expected from this
equation; positive residuals represent
individuals that ranked later than expected.

Fig. 4 Age at natal dispersal in male
baboons as a function of genetic hybridity.
Because genetic hybridity was the only
effect in the final model of age at dispersal,
we plotted age at dispersal directly as a
function of hybrid score.
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milestones in females. Females reached menarche earlier,
and showed a trend towards achieving earlier first adult rank,
when rainfall in the previous year had been relatively high
(Table 2). Females also reached menarche and gave birth

earlier in groups characterized by relatively few mature
females, reflecting the negative density dependence of
female fertility that characterizes this population (Table 2
and Altmann & Alberts 2003b).

Table 2 Effects of genetic, demographic, and environmental explanatory variables on life-history traits in female baboons

Milestones Explanatory variables F d.f. P R2 (percentage) Direction

Adult rank 
N = 97

Mother’s presence 14.24 1, 95 < 0.001 13.2 Earlier attainment of rank 
with maternal presence

Number of 
maternal half-sisters

1.81 1, 95 0.18 — —

Heterozygosity 1.71 1, 95 0.19 — —
Hybridity 0.45 1, 95 0.51 — —
Maternal rank 20.65 1, 95 < 0.0001 17.8 Earlier attainment of rank 

with higher maternal rank
Number of 
mature females

0.14 1, 95 0.71 — —

Rainfall 3.90 1, 95 0.052 3.3 Earlier attainment of rank 
with increasing rainfall

Menarche 
N = 127

Mother’s presence 0.15 1, 125 0.70 — —
Number of 
maternal half-sisters

7.95 1, 125 0.002 7.4 Earlier maturation with 
more maternal half-sisters

Heterozygosity 0.28 1, 125 0.60 — —
Hybridity 7.20 1, 125 0.008 3.7 Earlier maturation with 

increasing hybrid score
Maternal rank 5.22 1, 125 0.024 3.9 Earlier maturation with 

higher maternal rank
Number of 
mature females

6.72 1, 125 0.011 3.1 Earlier maturation with 
decreasing number of females

Rainfall 5.06 1, 125 0.027 3.8 Earlier maturation with 
increasing rainfall

First reproduction 
N = 89

Age at menarche 102.79 1, 87 < 0.0001 53.1 Earlier reproduction with 
earlier menarche

Mother’s presence 1.28 1, 87 0.26 — —
Number of 
maternal half-sisters

0.05 1, 83 0.83 — —

Heterozygosity 0.30 1, 87 0.58 — —
Hybridity 0.24 1, 87 0.62 — —
Maternal rank 0.05 1, 87 0.83 — —
Number of 
mature females

5.76 1, 87 0.019 4.5 Earlier reproduction with 
decreasing number of females

Rainfall 1.62 1, 87 0.21 — —

Effects included in the best fit model are shown in bold. Note that d.f. vary because of variation in sample size due to unknown number of 
maternal half-sisters in a few cases and unknown amount of rainfall for the very last year of the study (2006).

Fig. 5 Age at menarche in female baboons
as a function of genetic hybridity. The
graph represents residuals obtained from a
regression that included the other known
predictors of this milestone: number of
maternal half-sisters, maternal rank, rainfall
in the previous year, and number of mature
females within the group (see Table 2).
Negative residuals represent individuals
that reached menarche earlier than expected
from this equation; positive residuals rep-
resent individuals that reached menarche
later than expected.
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Discussion

The results of this study highlight how variation in genetic,
environmental, demographic, and maternal effects act
together to influence variation in the timing of early life-
history traits in male and female baboons. Most of the
best-fit models we identified contained multiple effects,
and different maturational milestones were explained by
slightly different sets of variables. However, the strong
correlations between milestones, the invariant sequences
in which milestones were attained (with the exception of
natal dispersal in males), and the consistent pattern of
explanatory factors within, but not between sexes, indicates
the presence of strong maturation syndromes within each sex.

These syndromes are illustrated by a few highly consistent
relationships across milestones within sexes. In males, hybrid
ancestry had a pervasive effect, such that male baboons
with a greater proportion of inferred anubis ancestry reached
sexual maturity, achieved first adult rank, and dispersed
earlier from their natal group than yellow baboons. This
effect of hybrid ancestry is consistent with the fact that
testicular size and development are known to vary across
baboon species (Zinner et al. 2005; Jolly & Phillips-Conroy
2006), although no comparative data is available for ages
of male maturational milestones in other species. By con-
trast, maternal effects were the most powerful predictors of
maturity in females, predicting age at rank attainment and
age at menarche (and consequently age at first birth). The
strong influence of maternal effects on female life history is
a general phenomenon in cercopithecine primates; mothers
directly and indirectly influence their daughters’ physical
maturation and social status (reviewed in Walters &
Seyfarth 1987; Alberts & Altmann 2006). We also found an
effect of rainfall (a predictor of food availability; Alberts
et al. 2005) on menarche, such that female baboons reached
menarche earlier after particularly rainy years; they tended
to attain rank earlier after rainy years as well. However,
the consistently strong maternal effects that females
experience may be powerful enough to obscure the effects
of some other variables except in large samples. This may
account for the relatively modest effect of hybridity on only
a single measure of female maturity, age at menarche.

We did not find such strong maternal effects on males in
this study (see also Alberts & Altmann 1995b; Altmann &
Alberts 2005). In previous analyses (Alberts & Altmann
1995b), we found that high maternal rank accelerated adult
rank attainment for males, as well as testicular enlargement,
while in this, study we detected only an effect on testicular
enlargement. In previous studies, we also found that the
mother’s death during the male’s juvenile period accelerated
adult rank attainment as well as natal dispersal; no such
effects were found in this study. The difference between
this analysis and previous analyses may reflect the fact
that, as the number of yellow-anubis hybrids in this popu-

lation has increased over time (Alberts & Altmann 2001;
Tung et al. 2008), the strong effects of anubis ancestry on
these maturational milestones have swamped the influence
of maternal effects in males.

These striking differences between males and females
suggest again that the factors underlying life-history trade-offs
and reproductive investment differ substantially between
the two sexes. It is important to note that sets of influences
may differ not only in identity, but also in kind: in this case,
maternal effects are of paramount importance in females
(maternal rank is a strongly inherited maternal effect),
whereas conventional genetic effects are the most consistent
factors influencing maturation in males. This situation
creates the observed trade-off, in which maternal effects seem
to attenuate the influence of genetic hybridity in one sex,
but genetic hybridity similarly seems to attenuate maternal
effects in the other sex. These results represent a unique, but
rarely acknowledged, type of gene by sex interaction effect.

Interestingly, we identified no significant effects of
individual heterozygosity for any measure, in spite of a
significant, although modest, positive correlation between
hybridity and heterozygosity (Spearman rank correlation:
N = 440, r = 0.31, P < 0.0001). This result suggests that
genetic diversity and heterozygote advantage per se do not
account for the effect of hybridity that we have reported
here. Instead, we have identified a genetic background effect,
whereby either anubis ancestry or the combination between
anubis and yellow ancestry contributes to accelerated
maturation schedules in male baboons.

Potential mechanisms underlying the relationship 
between hybridity and maturation

We identified a significant effect of hybridity on maturation
in four of the six measures we used, and the effects of hybrid
ancestry were particularly pervasive in males, such that
hybrid males matured earlier than yellow males in all three
milestones we analysed. One possible explanation for this
is heterosis, or hybrid vigor, an increase in fitness among
hybrids such that hybrids are superior to both of the
parents (Falconer & Mackay 1996; Kohn et al. 2001; reviewed
in Arnold & Hodges 1995). An interpretation of heterosis
would be supported if hybrids mature earlier than both
parental phenotypes, and if earlier maturation resulted in
higher lifetime fitness. Alternatively, hybrids may represent
intermediate fitness phenotypes between two parental
populations, exhibiting hybrid advantage over one parent
species but not over both. This interpretation would be
supported if hybrids matured at intermediate ages relative
to the two parental phenotypes and if this intermediate
maturation resulted in intermediate fitness.

As a first attempt to differentiate between a heterotic vs.
a hybrid intermediacy hypothesis in accounting for our
results, we performed an additional test for a quadratic



2036 M .  J .  E .  C H A R P E N T I E R  E T A L .

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

effect of hybridity by adding a squared term of the genetic
hybrid score in the multivariate analysis. A quadratic effect
would suggest that the decrease in age at maturation with
hybridity is not linear, potentially signifying heterosis in
yellow–anubis hybrids depending on the sign of the
quadratic term. No quadratic effect was detected for any of
the four maturational milestones in which hybridity played
a significant role (results not shown), suggesting that hybrids
represent intermediate phenotypes between yellow and
anubis baboons. Although these results are suggestive, we
are cautious about making strong inferences in favour of
one hypothesis vs. the other. In particular, our attempts to
fit quadratic curves were limited by small sample size on
the upper end of the distribution. Ultimately, in order to
differentiate unambiguously between heterosis and hybrid
intermediacy in Amboseli, we would need both phenotypic
and lifetime fitness data for the anubis populations that send
immigrants to Amboseli, as well as for the Amboseli baboons.
Such data for anubis populations are not currently available,
and the source population for anubis immigrants into
Amboseli is unknown, although we suspect that they come
from the anubis population on nearby Mount Kilimanjaro
(Samuels & Altmann 1986; Alberts & Altmann 2001).

Prevailing evidence from several other studies of Papio
hybrids also supports a hypothesis of hybrid intermediacy
for most phenotypes. First, all five (sub)species within Papio
interhybridize and produce viable, fertile offspring where
species ranges meet, with no apparent evidence of dysgenesis
or heterosis from population-level surveys (see discussions
in Jolly 1993; Newman et al. 2004). Second, in the well-studied
anubis–hamadryas hybrid population in the Awash National
Park, Ethiopia, hybrids are generally morphologically
intermediate between the parents (Phillips-Conroy &
Jolly 1981), as are the yellow–anubis hybrids in Amboseli
(Alberts & Altmann 2001). Specifically, hybrid hamadryas-
anubis males in Ethiopia are closer to hamadryas male size
but hybrid females are more anubis-like, resulting in a less
pronounced sexual dimorphism in hybrids compared to
both subspecies (Phillips-Conroy & Jolly 1981). Finally,
Ackermann et al. (2006) assessed 39 morphological char-
acteristics — primarily cranio-facial measures — of hybrid
yellow–anubis baboons with known pedigrees at the South-
west Foundation for Biomedical Research. Anubis and
yellow baboons differed significantly on 1/3 of these 39
traits. Among hybrids, intermediate phenotypes between
the two parental forms were generally the norm for the
traits that differed; only one trait was significantly larger in
hybrids than in the parental types, and two were dysgenic
phenotypes (Ackermann et al. 2006). These latter results
also showed that hybridization may have different effects
on different traits.

The hypothesis of hybrid intermediacy for yellow and
anubis baboons is also in accord with a hypothesis proposed
by C. J. Jolly (personal communication), which posits that

anubis baboons represent the most invasive species in the
Papio complex, and that anubis genes are introgressed
widely into other Papio species, particularly yellow baboons.
In other words, Jolly proposes that anubis male baboons
repeatedly and successfully immigrate into yellow popu-
lations, swamping some of these populations to the extent
that they become phenotypically anubis while retaining
mtDNA sequences from their yellow female forebears. This
is consistent with the pattern described by Newman et al.
(2004) and Wildman et al. (2004) in which, among the five
major Papio groups, only anubis baboons lacked mtDNA
sequences unique to their species; in particular, all mtDNA
sequences identified in Kenyan anubis baboons also occurred
in Kenyan yellow baboons, while the reverse was not true
(Newman et al. 2004, Fig. 2). Newman and colleagues
posited local gene flow between yellow and anubis baboons
in East Africa to create this pattern, specifically sex-biased
gene flow from anubis to yellow populations (Newman
et al. 2004). Our results — that hybrid males, and to a lesser
extent hybrid females, mature earlier than their yellow
counterparts — are consistent with a scenario in which
anubis males immigrate into yellow populations and they
and their hybrid offspring experience a reproductive
advantage relative to yellow baboons. To fully test Jolly’s
‘invasive anubis’ hypothesis, both phenotypic and lifetime
fitness data on the anubis populations surrounding Amboseli
and complete lifetime reproductive success data for hybrid
and yellow individuals within Amboseli are necessary. The
results reported here set the stage for such a comprehensive
analysis of components of fitness for hybrid compared with
yellow baboons in Amboseli.

Although intermediate hybrid life-history phenotypes
are consistent with Jolly’s ‘invasive anubis’ hypothesis, the
question remains as to why, if earlier maturation enhances
reproductive success as expected, anubis baboons have not
spread more rapidly into the yellow baboon species range,
including Amboseli. One potential explanation is that
anubis and yellow populations are separated by geo-
graphical distances and/or semi barriers (such as tree-less,
waterless expanses of savannah) that make anubis immi-
gration into yellow populations a relatively rare event (see
discussion in Tung et al. 2008). Alternatively, if the anubis
males that do reach Amboseli represent an extreme maturing
phenotype (earlier maturation and dispersal), the tendency
towards early maturation in Amboseli hybrids described
here may not reflect a general pattern of relative fitness
across these baboon species, but instead a heritable propensity
for earlier maturation and dispersal in the particular offspring
of these early dispersing immigrants. If this were so, the
earlier maturation of hybrid Amboseli baboons would
reflect a benefit that resulted from being the offspring of
particularly early maturing anubis baboons, but not a
consequence of hybridity per se. Williams-Blangero &
Blangero (1995) demonstrated that age at first birth in
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captive anubis baboons was indeed highly heritable
(h2 = 0.87). Finally, the relationships we have reported may
actually be due to heterosis within a climate-related eco-
logical cline, not hybrid intermediacy. Darker pelaged
anubis baboons are generally associated with higher
elevation and cooler climates than those in which many
yellow baboons are found (Kingdon 1997): Amboseli may
then represent a boundary condition in which individuals
of mixed ancestry tolerate heat stress better than their
anubis parents (W. Porter and W. Klousie, personal com-
munication), but have an advantage in timing of maturation
over their yellow baboon parents. Finally, if we were to
observe Amboseli over a sufficiently long time period, we
might see that the hybridization documented here rep-
resents the beginning of an invasive wave of anubis
immigrants that will leave behind it, in future millenia, a
phenotypically anubis population in Amboseli, albeit one
characterized by the yellow mtDNA haplotypes present
there today.

Conclusions

This study demonstrates that a complex mix of maternal
effects, abiotic environment, demographic environment, and
genetic background all impacted the timing of important,
fitness-related milestones of maturation, such that males
and females were subject to different balances among the
sets of influences. Females were more constrained by the
stable matrilineal hierarchies into which they were born;
therefore, the effects of genetic background were muted, in
females, by maternal and kinship effects and by resource
availability. For males on the other hand, individual genetic
background had a much larger influence and maternal
effects were more muted. As a result, a female’s sons may
differ from each other much more than her daughters in
age at physical and social maturation, because of the genetic
contribution made by different fathers. This illustrates
the interesting point that maternal factors may modify the
influence of the genetic contributions and therefore the
evolutionary consequences of hybridity. For instance, if
maternal effects were as strong for the dispersing sex as
they were for the matrilocal sex in our study, the ‘invasive’
tendencies of the earlier-maturing parental type would be
attenuated compared to the situation we propose here. Details
of the manner in which these genetic and maternal factors
contribute to the evolutionary consequences of hybridization
represent an important subject for future research.
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