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Offspring born to related parents may show reduced fitness due to
inbreeding depression. Although evidence of inbreeding depression has
accumulated for a variety of taxa during the past two decades, such
analyses remain rare for primate species, probably because of their long
generation time. However, inbreeding can have important fitness costs
and is likely to shape life-history traits in all living species. As a
consequence, selection should have favored inbreeding avoidance via sex-
biased dispersal, extra-group paternity, or kin discrimination. In this
paper, we review empirical studies on the effects of inbreeding on fitness
traits or fitness correlates in primate species. In addition, we report the
methods that have been used to detect inbreeding in primate populations,
and their development with the improvement of laboratory techniques.
We focus particularly on the advantages and disadvantages using
microsatellite loci to detect inbreeding. Although the genetic data that
are typically available (partial pedigrees, use of microsatellite hetero-
zygosity as an estimate of genomewide inbreeding) tend to impose
constraints on analyses, we encourage primatologists to explore the
potential effects of inbreeding if they have access to even partial pedigrees
or genetic information. Such studies are important because of both the
value of basic research in inbreeding depression in the wild and the
conservation issues associated with inbreeding, particularly in threatened
species, which include more than half of the currently living primate
species. Am. J. Primatol. 69:1370–1386, 2007. �c 2007 Wiley-Liss, Inc.
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INTRODUCTION

Inbreeding, which occurs in offspring born to related parents, has well-
defined genetic consequences, i.e., an increase of homozygosity in the whole
genome [Charlesworth & Charlesworth, 1999]. The consequences of increased
homozygosity at loci affecting fitness are often negative, either because recessive
deleterious alleles are expressed or because homozygosity reduces heterozygote
advantage [Charlesworth & Charlesworth, 1987]. The strong detrimental effects
of inbreeding in animal populations can include reduced overall fertility [Amos
et al., 2001; Charpentier et al., 2005a; Gallardo et al., 2004; Hoffman et al., 2004;
Seddon et al., 2004; Slate et al., 2000], affected growth [Charpentier et al., 2006;
Coltman et al., 1998; Pujolar et al., 2005], reduced survival [Coulson et al., 1998,
1999; Mandal et al., 2004], and increased disease susceptibility [Acevedo-
Whitehouse et al., 2003]. Inbreeding depression thus appears to have the
potential to shape life history, behavioral, morphological and physiological traits
in all living species, from simple to complex. Selection to avoid inbreeding has
been proposed as an important force influencing a range of behavioral traits. For
instance, inbreeding avoidance is suggested to be one of the ultimate causes of
sex-biased dispersal or extra-group copulations [Pusey, 1990; Pusey & Packer,
1987; Pusey & Wolf, 1996; see however Perrin & Mazalov, 1999; 2000].
Inbreeding avoidance may also shape social relationships, such as mate choice
behaviors: individuals generally avoid mating with relatives whom they
encounter as potential mates, which also implies the ability to discriminate kin
[Pusey & Wolf, 1996]. Reproductive suppression and delayed reproduction have
also been proposed as potential inbreeding avoidance mechanisms [Blouin &
Blouin, 1988]. The evolution of inbreeding avoidance behaviors will depend on
their plasticity to respond to the costs associated with inbreeding depression.

Population genetic models predict that the increased homozygosity resulting
from inbreeding will expose recessive deleterious alleles to selection and, as a
consequence, further inbreeding will become harmless, after purging of the
genetic load [Waller, 1993]. Indeed, some studies find no inbreeding depression in
their studied species, suggesting the possibility that such purging may have
occurred [Peer & Taborskyi, 2005; Thünken et al., 2007]. These and similar
findings have led some researchers to question whether inbreeding depression
really occurs in natural populations [see for review: Keller & Waller, 2002].
Nevertheless, even if lethal and semi-lethal mutations can be quickly purged via
inbreeding, the large fitness costs of this purging may affect population viability
[Barrett & Charlesworth, 1991]. Further, mutations that are only mildly
deleterious are difficult to eliminate and are the principle cause of inbreeding
depression [van Oosterhout et al., 2000; Wang, 2000; Willis, 2000]. Moreover,
many animal species experience gene flow at high enough rates to reintroduce
genetic load quickly via immigrants. The theoretical and experimental results
reviewed in Keller and Waller [2002] suggest that purging will not substantially
reduce inbreeding depression for most wild populations. Studies on inbreeding
depression are thus highly pertinent, particularly in threatened populations
facing habitat destruction and fragmentation.

Small, fragmented populations, with limited sex-biased dispersal, perhaps
due to deforestation or other anthropogenic disturbance, will experience
population subdivision and hence potentially severe inbreeding depression.
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Populations with a reduced number of individuals and limited or fragmented
distribution often show lower genetic variability compared with widely dis-
tributed species in large continuous habitats because of the higher probability of
the occurrence of genetic drift and inbreeding [Frankham, 2003; Goossens et al.,
2006]. Results from Goossens et al. [2006] strongly suggested that recent
anthropogenic environmental changes were the main cause of the orang-utan
(Pongo pygmaeus) population collapse in Sabah (northern Borneo). They also
found that this decline had already led to the loss of significant genetic diversity,
mostly through the loss of rare alleles. Inbreeding depression has been
demonstrated to cause extinctions in deliberately inbred populations [Frankham,
1995, 2003; Newman & Pilson, 1997], and has also contributed to extinction in
one natural population of butterflies [Saccheri et al., 1998]. Further, populations
with low genetic diversity are expected to suffer more seriously from diseases,
pests, and parasites than those with high genetic diversity [Frankham et al.,
2002]. Currently, much information on inbreeding and extinctions come from
species used in laboratory experiments. It is therefore essential to know whether
these findings can be extrapolated to other species and taxonomic groups.

Although the incidences and consequences of inbreeding have been well
studied during the last two decades in a variety of taxa [Charlesworth &
Charlesworth, 1987; Crnokrak & Roff, 1999; Keller & Waller, 2002], such
analyses are rare for primates, probably because of their long generation time.
Studying inbreeding depression requires comprehensive data on life-history
traits, which are not always easily retrievable, especially in species living in closed
environment such as tropical forests, the habitat of about 90% of primate species.
It also requires genetic analyses or detailed and deep pedigrees for the detection
of inbred individuals. Another notable problem for estimating the severity of
inbreeding depression in free-ranging or wild populations through the use of
genetic markers is that an important fraction of neonates die each year in both
captive and wild primate populations before paternity can be assigned (14.4%
of newborns died before 1 year of age in rhesus macaques from Cayo Santiago
[A. Widdig, unpublished data] and 35% of conceptions resulted in either fetal
losses or deaths in the first year of life in wild savanna baboons from Amboseli
[Altmann & Alberts, 2003; Beehner et al., 2006a,b]). We do not know yet if fetal
losses or individuals that die as young infants tend to be more inbred than those that
survive, but, if so, population rates of inbreeding are likely to be underestimated.

In this review, we present the empirical studies to date on the effects of
inbreeding on fitness traits in primates. Second, we review and discuss the
methods used to detect inbreeding in primate populations and their develop-
ment with the improvement of laboratory techniques. We focus particularly on
the advantages and disadvantages of the use of microsatellite heterozygosity as
an estimate of genome-wide inbreeding. Because inbreeding depression
constitutes an important threat that can directly affect population persistence,
and because 161 primate species are facing high risks of extinction in their
natural occupancy (of 274 evaluated, i.e., 59%; IUCN 2006 red list), the aim of
this review is to encourage primatologists to explore the potential effects
of inbreeding in their studied populations if they possess even partial pedigrees
or genetic information.

EMPIRICAL DATA ON INBREEDING DEPRESSION IN PRIMATES

Studies of captive-bred primates have often cited inbreeding depression as
the cause of a wide range of congenital malformations. These include fused labia

1372 / Charpentier et al.

Am. J. Primatol. DOI 10.1002/ajp



in common marmoset (Callithrix jacchus) with affected females being function-
ally infertile [Isachenko et al., 2002]; anencephalic and acranial females and blind
males in rhesus macaques (Macaca mulatta; Rawlins & Kessler [1983]); limb
malformations in rhesus and Japanese macaques (Macaca fuscata; Nakamichi
et al. [1997]); defects of the diaphragm in golden lion tamarins (Leontopithecus
rosalia; Bush et al. [1980]); a supernumerary left kidney in squirrel monkeys
(Saimiri sciureus; Stills & Bullock [1981]); achondroplastic-like dwarfism,
polydactylism and syndactylism in neonatal tamarins (Saguinus oedipus and
Saguinus fuscicollis; Chalifoux & Elliott [1986]); and greater risk of contracting
human lymphoma in hamadryas baboons [Papio hamadryas; Crawford &
O’Rourke, 1978; but see Crawford et al., 1984, 1987].

However, although these studies cited inbreeding depression as the likely
cause of these congenital malformations, they did not quantify inbreeding.
Researchers began to attempt to quantify inbreeding and measure its fitness
effects in primate populations in the late 1970s. Among the first was a study by
Ralls and Ballou [1982], which involved an analysis of inbreeding depression
acting on infant survival in 16 captive primate species, using breeding records.
They found that mortality was higher for inbred infant in 15 out of 16 studied
species. We have identified 14 other studies on wild, free-ranging, or captive
populations between 1979 and 2006, and have summarized these 14 studies in
Table I (those in which inbred individuals experienced a loss of fitness) and
Table II (those that found no effect of inbreeding). The results summarized in
Tables I and II illustrate several important points about inbreeding depression.
First, they show that inbreeding may not affect all fitness traits equally in
different populations of the same species or even in the same population. Indeed,
the intensity of inbreeding depression may vary depending on life-history stage,
trait measured, experimental habitat, or environmental conditions [Keller &
Waller, 2002]. Such variation in susceptibility to inbreeding should reflect the
interaction of genes with the environment and may also reflect the fact that some
traits are influenced by more or fewer loci showing more or less directional
dominance [Keller & Waller, 2002]. For example, in captive rhesus macaques,
although inbred offspring displayed lower (estimated) birth weight, inbreeding
depression did not occur for infant growth, yearling mortality, morbidity, or
female fertility [Smith, 1986]. In semi-free-ranging mandrills (Mandrillus
sphinx), reproductive success of both females and alpha males were affected by
inbreeding depression—i.e., females and alpha males that were more inbred
experienced reduced reproduction relative to those that were not inbred.
In contrast, the reproductive success of subordinate males was not affected by
inbreeding depression—i.e., inbred and non-inbred subordinates reproduced
equally well [Charpentier et al., 2005a].

Second, sensitivity to inbreeding has been related to gender which is probably
a result of different physiological trajectories of development as well as different
life-history traits between the sexes [Charpentier et al., 2006, see also in non-
primate species: Coulson et al., 1999; Prugnolle et al., 2004]. Inbreeding
depression influenced female growth (both height and weight), but not male
growth in mandrills [Charpentier et al., 2006 and see discussion on the potential
causes therein]. Lacy et al. [1993] also showed sex differences in survival in
captive Callimico. Inbreeding depression in male offspring was much weaker
than in female offspring: only males sired by full-sib and parent-offspring matings
(f 5 0.25) had lower survival. In Callimico, inbreeding depression was much more
severe in females than in males and even females sired by first cousins or less
related animals (f 5 0.0625) showed lower survival than non-inbred females.
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Because mortality among non-inbred offspring was similar between males and
females, the authors suggested that ‘‘genetically debilitated females are more
likely to die’’ and that the ‘‘investigations of parental care might reveal
interesting sex biases’’ [Lacy et al., 1993].

Tables I and II are ordered chronologically, revealing both the evolution
of the techniques used to assess inbreeding, and a change in the fitness traits
studied to assess inbreeding depression. The development of new molecular
techniques (e.g., DNA fingerprinting, PCR-based microsatellite genotyping,
and automated DNA sequencing) has allowed the progressive replacement of
behavioral observations by genetic paternity determination. Furthermore,
although early studies concentrated on infant survival [e.g., Ralls & Ballou,
1982], a diverse set of life history and behavioral traits have now been analyzed
in some species (reproductive success, dominance, morphological parameters,
etc.). It may be that the development of molecular techniques has been paralleled
by an increase in both the quantity (number of generations available) and quality
(diversification of traits analyzed) of our knowledge of primates.

METHODS USED TO DETECT INBREEDING AND INBREEDING
DEPRESSION: STRENGTHS AND WEAKNESSES

Behavioral Observations of Potentially Inbred vs. Non-Inbred
Reproductions and Potential Errors

The first studies on inbreeding depression in primates concerned mainly wild
populations, primarily of macaques and baboons [but also see Ralls & Ballou,
1982]. Behavioral observations of sexual activities between reproductive
individuals were used to determine whether conceptions involved relatives,
generating inbred offspring [Alberts & Altmann, 1995; Bulger & Hamilton, 1988;
Dietz & Baker, 1993; Packer, 1979; and see Table I]. At this time, behavioral
techniques were the only practical method available to estimate who reproduced
with whom in most wild studies (but see early paternity analyses via protein
electrophoresis in captive primates and DNA fingerprinting in free-ranging
primates, e.g., Stern and Smith [1984] and Kuester et al. [1994], respectively; and
early DNA fingerprinting studies in wild birds, e.g., Burke and Bruford [1987],
Quinn et al. [1987], Wetton et al. [1987], Wrege and Emlen [1987]). However,
mating behaviors are not easily observed in the wild, especially for arboreal
primate species living in tropical forests, and behavioral observations are also
problematic owing to the difficulties of observing covert mating behavior (e.g.,
extra-pair or extra-group copulations [Widdig et al., 2004] and ‘sneaky’ strategies
[Berard et al., 1994; Kuester & Paul, 1992; Soltis et al., 2001]) and nocturnal
behavior [Eberle & Kappeler, 2004; Schülke et al., 2004]. More particularly, in
species where females mate with several males during the reproductive period
(typically Old World species forming multimale–multifemale social groups), little
is known concerning whether paternity is determined by male monopolization
during critical time periods, female choice during these time periods, or sperm
competition [Dixson, 1998, 2002; Engelhardt et al., 2006].

The improvement of genetic techniques has allowed researchers to evaluate
how observed mating behaviors correlate with true paternities. It is clear from a
number of studies that paternities cannot be determined from mating behavior
alone. In wild populations, high-ranking males often produce more offspring than
expected based on their mating success (e.g., long-tailed macaques Macaca
fascicularis, De Ruiter et al. [1994]; patas monkeys Erythrocebus patas: Ohsawa
et al. [1993]; savanna baboons Papio cynocephalus: Alberts et al. [2006]). In
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contrast, in captive or semi-free ranging populations, high ranking males and/or
successful mate guarders often produce fewer offspring than expected based on
their mating success (e.g., mandrills: Setchell et al. [2005]; Barbary macaques:
Paul et al. [1993]; Japanese macaques: Inoue et al. [1993]). This may reflect the
fact that captive and semi-free ranging populations often live at unusually high
densities in which surreptitious copulations may be more prevalent than in the
wild [e.g., Berard et al., 1994]. At any rate, the difference between wild and
captive populations demonstrates the flexibility of primate mating behavior, and
highlights the fact that in species where females mate multiply, observers
can never assume to see all copulations. Thus, even when mating behavior and
paternity are well correlated [e.g., Altmann et al., 1996; Gust et al., 1998],
pedigree construction requires much more detail than behavioral observations
can provide, rendering the use of genetic tool necessary to establish kin
relationships and inbreeding coefficients for each individual.

Genetic Analyses as a Tool in the Study of Inbreeding Depression:
Applications and Limits

The earliest applications of molecular techniques to the study of primate
behavior and genetic structure used allozyme markers [Stern & Smith, 1984]. As
early as 1986, Smith used these techniques to determine paternities and compare
life history-traits among inbred and non-inbred captive rhesus macaques (see
Tables I and II). During the past two decades, microsatellite loci have become one
of the favorite genetic markers for various applications, including parentage
assignment and the study of inbreeding depression. In this way, paternity
determination became more common in primatology in the 1990s and a variety
of questions have been addressed [see for review Di Fiore, 2003]. The possible
genetic techniques used for assigning paternity are widely explained and
discussed elsewhere [Di Fiore, 2003; Martin et al., 1992], and we will not go
further in the description of the methods used.

Problems Linked With Pedigree Data
One aim of paternity determination using genetic analysis is to reconstruct

pedigrees. Indeed, the most straightforward approach for estimating inbreeding
in natural populations is through the use of well-resolved pedigrees. However,
such studies are relatively rare [Pemberton, 2004] because the required
generations of deep and dense pedigrees represent a tremendous effort. Further,
even relatively few gaps in a pedigree can dramatically reduce the researcher’s
ability to calculate accurate inbreeding coefficients [Marshall et al., 2002]. Indeed,
for most primate populations, pedigree construction via molecular parentage
analysis remains challenging and often yields incomplete pedigrees, in part
because of the long generation time in primates. Furthermore, primate samples
for genetic analyses (mainly feces and hairs for wild populations, blood or tissues
from free-ranging or captive animals) have in most cases been collected only for
one or two decades, resulting in pedigrees that are too shallow in time to draw
accurate conclusions.

In primates, pedigree reconstructions are thus scarce. However, a complete
five generation pedigree on a mandrill colony housed at CIRMF, Gabon, was
reconstructed through paternity analyses using microsatellite loci [Charpentier
et al., 2005c]. The resulting pedigree was complete as all potential sires were
genotyped. Of 193 offsprings for whom paternity was determined, 58 (30%) were
found to be inbred (range: f 5 0.0625–0.25). However, under more naturalistic
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conditions, inbreeding avoidance is likely to be more effective than in this
mandrill colony, where males cannot migrate (although even in this colony,
avoidance of consanguineous mating was detected between close relatives, i.e., for
dyads with R 5 0.5 [Charpentier et al., 2005c]). For example, in semi-free ranging
rhesus macaques from Cayo-Santiago (Puerto Rico), genetically sampled since
1992, only 37 out of a total of 864 (4.2%) offspring with partial pedigrees available
were inbred (i.e., born to related parents). Note that we considered only offspring
with both parents genotyped and for whom the matriline was known. In these
macaques, inbreeding levels among the 37 inbred offspring varied from f 5 0.004
to 0.25 (A. Widdig, unpublished data), with the more inbred individuals resulting
from parent-offspring reproductions. That is, in spite of the fact that the rhesus
monkeys are not able to disperse away from the island population, they achieved
a relatively low rate of inbreeding, which falls in the range reported by Ralls et al.
[1986] for 28 wild species of birds and mammals.

In large populations experiencing natural male or female migration, inbred
events are probably quite infrequent. However, the lack of deep pedigrees in most
such populations does not allow any definitive conclusion about how accurately
incomplete pedigrees reflect actual inbreeding levels [and see Marshall et al.,
2002]. We thus suggest that results on inbreeding coefficients obtained from
incomplete pedigrees should be carefully interpreted. Further analyses should
also include information coming both from the pedigree and the genetical
information directly, in the form of heterozygosity.

Heterozygosity-Fitness Correlations
An alternative approach to the use of pedigrees is to exploit the fact that

inbreeding reduces heterozygosity [Hartl & Clark, 1997]. The consensus of a
number of recent studies in several animal species is that associations between
multilocus heterozygosity and the components of fitness are common [Britten,
1996]. In various animal species, heterozygosity has been shown to correlate
positively with a number of fitness traits [Acevedo-Whitehouse et al., 2003; Amos
et al., 2001; Coltman et al., 1998; Coulson et al., 1998, 1999; Gallardo et al., 2004;
Hoffman et al., 2004; Mandal et al., 2004; Pujolar et al., 2005; Seddon et al., 2004;
Slate et al., 2000]. These studies have generally invoked inbreeding depression as
the likely underlying mechanism. However, several recent empirical and
theoretical studies have questioned the validity of using multilocus heterozygosity
as an estimate of inbreeding [Balloux et al., 2004; Coltman & Slate, 2003;
Pemberton, 2004; Slate et al., 2004]. If neutral genetic diversity reflects
genomewide heterozygosity at unlinked genes (i.e., inbreeding), the heterozyg-
osity-fitness correlation should be equivalent across neutral markers, and not due
to one or few loci linked with genes under selection (i.e., local effect). Balloux et al.
[2004] therefore proposed that studies should look for heterozygosity-fitness
associations that appear to be marker specific, by simply re-analyzing the
heterozygosity-fitness correlation and fitting each locus individually.

To date, only one study has used microsatellite heterozygosity to test for
inbreeding depression in a primate species [Charpentier et al., 2005a]. Here the
authors tested whether the benefits of greater genetic diversity were due mainly
to a genome-wide effect of inbreeding, or to heterosis at one or a few loci.
Multilocus effects best explained the correlation between heterozygosity and
reproductive success, indicating the occurrence of inbreeding depression in this
mandrill colony. Furthermore, the authors were able to compare genetical
information obtained both from a pedigree [see Charpentier et al., 2006] and
microsatellite heterozygosity. They found that pedigree information was limited
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by its depth; that is, it can only provide information about the period of time
covered by the pedigree. Specifically, in this case, the pedigree did not reflect the
fact that the 15 founder mandrills came from two distinct areas in Gabon, and
that outbred mating consequently occurred in the first generations [Charpentier
et al., 2005a].

The Future
We have shown that accurate pedigree data are difficult to obtain, but should

be pursued whenever possible. At least, a complete two-generation pedigree
should provide estimates of f good enough to detect inbreeding and study its
effects. The use of microsatellite data to estimate inbreeding appears one of the
best current alternatives to pedigree data, if precautions are taken as follow.
First, neutral diversity should reflect genomewide heterozygosity at unlinked
genes, if the heterozygosity-fitness correlation is equivalent across neutral
markers. Second, for inbreeding to be detectable with the use of neutral
heterozygosity, variation in inbreeding in the studied population is necessary
[Balloux et al., 2004]. However, an ideal primate data set would include an
estimate of genetic diversity through both a pedigree and a microsatellite data set.
This would allow researchers to estimate both the real kinship links between
individuals that reproduce in a given population, as well as identify potential
outbreeding events in cases where reproductive individuals come from genetically
differentiated populations. Third, in species where the whole genome has been
sequenced (rhesus macaques and chimpanzees Pan troglodytes), the genomic data
will open new opportunities to genotype and analyze a large number of both
selected and neutral markers to estimate precisely inbreeding.

CONCLUSIONS

The implications of inbreeding depression analysis for conservation are very
important, because modern genetic tools provide powerful methods to demon-
strate the consequences of habitat destruction on the genetic structure of primate
populations [Andayani et al., 2001; Evans et al., 2001; Fredsted et al., 2004;
Goossens et al., 2006]. A decrease in genetic variability is likely to reduce the
capacity for adaptation to changing and unpredictable environments, capacity
which is proportional to the genetic variance [Fisher, 1930]. In contrast, high
genetic variability theoretically maximizes a population’s ability to remain viable
in the face of unpredictable environmental challenges. We therefore strongly
encourage primatologists, particularly those working on endangered species, to
obtain molecular data and to estimate both the extent of inbreeding and its
variance in their study populations. Studies of semi-free ranging and captive
populations will often be as valuable as those of wild populations, because they
can provide insight into the extent to which animals will avoid inbreeding under
various conditions, and into specific manifestations of inbreeding depression
in different species. Inbreeding analyses should involve either pedigree construc-
tion or analyses of heterozygosity at microsatellite loci, or both. We also urge
researchers to evaluate the severity of inbreeding depression through an analysis
of various fitness estimates or correlates.
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