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Abstract While much can be learned about primates by

means of observation, the slow life history of many pri-

mates means that even decades of dedicated effort cannot

illuminate long-term evolutionary processes. For example,

while the size of a contemporary population can be esti-

mated from field censuses, it is often desirable to know

whether a population has been constant or changing in size

over a time frame of hundreds or thousands of years. Even

the nature of ‘‘a population’’ is open to question, and the

extent to which individuals successfully disperse among

defined populations is also difficult to estimate by using

observational methods alone. Researchers have thus turned

to genetic methods to examine the size, structure, and

evolutionary histories of primate populations. Many results

have been gained by study of sequence variation of

maternally inherited mitochondrial DNA, but in recent

years researchers have been increasingly focusing on

analysis of short, highly variable microsatellite segments in

the autosomal genome for a high-resolution view of evo-

lutionary processes involving both sexes. In this review we

describe some of the insights thus gained, and discuss the

likely impact on this field of new technologies such as

high-throughput DNA sequencing.
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Introduction

Primates are a favorite subject of studies in molecular

ecology, a field which employs molecular genetic tech-

niques to address questions linking ecology, behavior,

social structure, and conservation in an evolutionary

context. However, in contrast with other well-studied

species groups, for example birds (Griffith et al. 2002;

Westneat and Stewart 2003), reptiles (Uller and Olsson

2008), and fish (Garcia de Leaniz et al. 2007; Crispo and

Chapman 2008; Rocha and Bowen 2008), studies of pri-

mates face particular challenges. First, as compared with

most primates, many small vertebrates are numerous,

occur at high density, and have a fast life-history and

short generation time. This means it can take much more

time and effort to accumulate data from a large-bodied

primate population. Second, many small-bodied, and even

large-bodied, vertebrates can be captured and directly

handled, providing researchers with accurate measure-

ments of morphological characteristics and high-quality

samples of tissue or blood, for example Soay sheep

(Coltman et al. 1999), deer on the Isle of Rum (Nussey

et al. 2006), and meerkats (Griffin et al. 2003). With some

exceptions, for example lemur (Wimmer and Kappeler

2002; Olivieri et al. 2007) and baboon (Jolly et al. 1997),

noninvasive sampling methods and minimally disruptive

observation are preferred for study of primates. Third,

experimental manipulation of aspects such as resource

availability, population density, and mating partners are

increasingly eschewed for primates because of potentially

negative impacts upon their social organization and sta-

bility. Finally, many primate species are difficult to

observe because of their cryptic behavior. Therefore, to

reduce the impact of human research activities on pri-

mates, molecular primatologists often rely on noninvasive
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samples bearing limited amounts of DNA; this makes

genetic analysis more difficult.

Despite the challenges, molecular studies have been

successfully undertaken on many primate species, as will be

described in this review. Among the pioneers were Japanese

researchers who conducted genetic structure analyses on

endemic macaque species in the early 1980s using blood

protein polymorphism (Nozawa et al. 1982). A landmark

publication in 1992, a volume entitled Paternity in Prima-

tes, marked the advent of an intense focus on ascertaining

genetic relationships, particularly paternity, among mem-

bers of social groups (Martin et al. 1992). The aim of studies

quickly broadened to understanding dispersal patterns,

mating systems, reproductive strategies, and the influence

of kinship on social behavior (Di Fiore 2003). Such studies

have mainly been conducted at the level of the social group.

However, processes operating at the level of the social

group will affect the patterning of genetic variation across

the population and species in question. In this review we

will attempt to provide an overview of how behavior, social

structure, and population genetic structure can be linked by

genetic studies of primate populations aimed at providing

insights into the size, structure, and evolutionary histories of

primate populations.

What is a population?

The term population can and has been used in many dif-

ferent ways. In some cases a population is easily

recognized as a group of individuals connected by gene

flow, living in a continuous habitat and effectively isolated

from any other groups of individuals of the same species.

Gene flow exists within the population but is low or absent

among the populations, although it might have been

extensive in the past. Such a scenario is comparable with

an isolated pond for aquatic species. However, in most

cases it is much more difficult to define population

boundaries and thus assess how many individuals consti-

tute a population. For the purpose of this review we define

a population very loosely as a group of individuals con-

nected by gene flow that in recent times have occupied an

approximately contiguous range. Commonly, such popu-

lations are defined in geographical terms corresponding to

units such as a particular forest block, isolated forest

fragment, or island.

How many individuals constitute a population?

Given a geographically defined or otherwise delimited

population, a fundamental question concerns the number

of individuals or social groups present. In addition, it is

frequently of interest how many of these individuals are

reproductively active and thus contribute to the next

generation (i.e., the effective population size). Such

questions not only reflect the innate interest of researchers

in their study species but are also crucial for development

and application of conservation and management plans.

Especially in light of growing threats to many primate

populations—35% of all primate species are threatened by

extinction (IUCN/SSC Primate Specialist Group; website

accessed on July 3, 2008), population dynamics, i.e.

changes in population size over time, are of crucial

interest.

Limitations of field-based population size estimates

Traditionally, field researchers have used individual iden-

tification or direct observations to assess the size of groups

and populations (Collias and Southwick 1951; Chiarello

2000). If direct counts are impossible, because of factors

such as the elusive nature of the species under study,

challenging habitat, and the size of the area to be surveyed,

indirect methods such as dung and nests counts, and track

follows, are often used to estimate the population size

(Aveling and Harcourt 1984; Fay 1991; Yamagiwa et al.

1993; Hashimoto 1995; Plumptre and Harris 1995; Gese

2001; Johnson et al. 2005; Morgan et al. 2006; Plumptre

and Cox 2006). However, population surveys are compli-

cated by the limitations of the methods used. Using direct

observations, only a limited number of groups and/or

individuals can be counted (Long et al. 1994), while most

indirect methods require intensive and time-consuming

field work prior to any attempts to census populations

(Mathewson et al. 2008). For every traditional population

size study there is the need to estimate ‘‘auxiliary vari-

ables’’, for example:

– construction/deposition and decay rates for nests and

feces;

– the influence of environmental factors, for example

rainfall, on sign persistence;

– vegetation identification, and evaluation of observer

biases and detectability problems (Johnson et al. 2005;

Marshall et al. 2006; Mathewson et al. 2008).

In addition, such studies have to be carried out sepa-

rately for any new location and be randomly placed

spatially, because important factors will differ and thus

make population size estimates inaccurate and not com-

parable with one another (Laing et al. 2003; Kuehl et al.

2007; Mathewson et al. 2008). This is especially true if

estimates from a small number of geographically restricted

locations are extrapolated to bigger regions. In addition,

even when carefully carried out, intrinsic limitations of
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estimates obtained by utilizing indirect methods may result

in highly approximate numbers (Johnson et al. 2005;

Mathewson et al. 2008). Accordingly, researchers are now

beginning to use genetic methods to estimate animal pop-

ulation sizes, for example those of European otters

(Arrendal et al. 2007), brown bears (Bellemain et al. 2005),

pandas (Zhan et al. 2006), including primates (Guschanski

et al. 2008a; Arandjelovic, unpublished data).

Molecular censusing

An advantage of molecular censuses is that noninvasive

samples for genetic analysis, for example dung (Vigilant

et al. 2001; Bergl and Vigilant 2007), hair (Goldberg and

Wrangham 1997; Goossens et al. 2005), urine and saliva

(Hayakawa and Takenaka 1999; Inoue et al. 2007), or

extracts from discarded food items (Hashimoto et al.

1996), can be collected in parallel to field surveys (Gus-

chanski et al. 2008a; Schubert, unpublished data) or

opportunistically within the framework of other research

activities in the area (Bellemain et al. 2005; Arandjelovic,

unpublished data) (Fig. 1). This reduces the logistic and

financial load. New advances in sample collection and

storage methods (Nsubuga et al. 2004), extraction (Vallet

et al. 2008), and molecular genotyping techniques (Lampa

et al. 2008; Arandjelovic et al. 2008) using noninvasive

samples enable rapid and efficient analysis of hundreds of

samples (Lucchini et al. 2002; Banks et al. 2003; Creel

et al. 2003; Nsubuga et al. 2004; Bellemain et al. 2005;

Bergl and Vigilant 2007; Langergraber et al. 2007a; Pu-

echmaille and Petit 2007). A complete mitochondrial

genome was recently determined from fecal Propithecus

(sifaka) samples (Matsui et al. 2007). Depending on the

question of interest, the number of analyzed loci can be

reduced to a minimum that is sufficient to discriminate

between individuals, further reducing costs (Waits et al.

2001). Estimates of effective population size can be

undertaken using genetic information (Schwartz et al.

1998) and thus close a gap left by traditional censusing

techniques.

Recognizing the high potential of molecular survey

methods, several statistical capture–mark–recapture pro-

grams developed in recent years can utilize genetic

information for population size estimates (White and

Burnham 1999; Eggert et al. 2003; Miller et al. 2005; Petit

and Valiere 2006) and provide reliable results compared

with actual population sizes (Puechmaille and Petit 2007)

(Table 1). Some take into account that sampling for genetic

censusing is usually carried out in a single session (Miller

et al. 2005; Petit and Valiere 2006). Such collection pro-

cedures reduce the costs associated with coordinating

sampling sessions.

In contrast with traditional censusing techniques,

genetic censuses can be carried out everywhere sample

collection is possible, without the need of intensive

resource-consuming and time-consuming prior studies.

Pilot studies are recommended when working with a new

species or in a new habitat. Such studies are valuable for

development of efficient sample collection, storage,

extraction, and genotyping procedures, but will often be

already in place from previous genetic studies on a given

species. Thus, use of molecular census techniques will

reduce time and effort and produce accurate population

size estimates (Eggert et al. 2003; Zhan et al. 2006;

Puechmaille and Petit 2007).

Valuable additional information is recovered

by molecular censusing

Although the use of molecular techniques will increase

the costs of projects aimed at population size estimates

(note, however, that these costs can be dramatically

reduced by new procedures, as in Table 2), it is important

to mention that genotyping generates additional informa-

tion that cannot be recovered from traditional surveys. For

example, the sex ratio of the population can be estimated

(Guschanski et al. 2008a; Banks et al. 2003) using

markers amplifying homologous segments that differ in

size between the X and Y chromosomes (Bradley et al.

2001; Di Fiore 2005; Villesen and Fredsted 2006). Such

sex-ratio information is important as it gives insights into

population growth capacities. For instance, a male-biased

sex ratio in a population of the northern hairy-nosed

wombat raised serious concerns about the population

growth ability of this species (Banks et al. 2003). Even

for unhabituated social groups, parentage of offspring can

be assigned and thus variance in reproductive success

estimated, as was done for mountain gorillas (Bradley

et al. 2005; Nsubuga et al. 2008). This is, of course,

facilitated if additional information exists on the age of

individuals—in gorillas the diameter of the dung bolus is

used as a proxy for age (Schaller 1963). The noninvasive

samples collected during population censuses can also be

used in endocrinological analyses for assessment of the

reproductive status of females in the study population

(Garnier et al. 1998; Jurke et al. 2000; Heistermann et al.

2008).

Recurrent molecular censuses not only offer insights

into the dynamics of a given population or species but

also help to identify important life history data and

aspects of social structure through ‘‘molecular tagging’’

and subsequent tracking of individuals. This can enable

researchers to follow individual animals for many years

and potentially throughout their lives, infer individual
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movement through space and time, try to understand their

dispersal decisions, and study their (lifetime) reproduction

success.

Individual identification by genetic censusing has been

suggested as an efficient and accurate method for moni-

toring of re-introduced primate populations (Goossens

Collect in 99% ethanol Collect in RNAlater ®

Extract DNA with commercially available kits

Freeze

Genotyping using multiplex protocol

Fig. 1 Flow chart of sample

processing from collection to

genotyping. For sample

collection it is best to target

fresh dung (less than 24 h old).

For known individuals we

recommend collection of two or

three samples to confirm

identity. Three methods of

sample collection provide good

results. If conditions allow, one

can freeze the sample at -20�C

or in liquid nitrogen. Because

freezing is usually difficult in

the field, collection in RNAlater
or using the two-step collection

method (Nsubuga et al. 2004) is

recommended. Researchers

interested in the study of

pathogens may prefer to collect

samples in RNAlater
(Leendertz et al. 2006). Such

samples, of course, also contain

DNA of the study individual

and can be used for population

genetic studies (Eriksson et al.

2004). The two-step collection

method has been successfully

used for a variety of species

(great apes, macaques, black-

and-white colobus). We

recommend collection of

approximately 5 g (equivalent

to a teaspoonful) of fresh dung

and immersion in *35 ml 90–

99% ethanol. The ratio of dung

to ethanol should be

approximately 1:7; lower ratios

can result in lower genotyping

success. After storage in ethanol

for 24 h, the sample is

transferred on to silica beads for

complete desiccation. Whatever

method is used for sample

collection, DNA is extracted

from dung samples either using

commercially available kits

(Bradley et al. 2000) or by use

of other extraction methods

(Vallet et al. 2008).

Multiplexing procedures can

increase the speed and accuracy

of genotyping and help to save

the valuable genetic material by

utilizing only small amounts of

template (Lampa et al. 2008;

Arandjelovic et al. 2008).

Pictures are courtesy of

K. Langergraber, R. Ikfuingei,

T. Harris, and M. Arandjelovic

108 Primates (2009) 50:105–120

123



et al. 2003). It can be a valid alternative to time-consuming

direct follows and to potentially dangerous and time-lim-

ited radio-collar tagging, thus reducing the need for

human–animal interactions.

Population size dynamics

Whether obtained through field observation or genetic

approaches, population size estimates only reflect the

census population size, i.e. the number of individuals

present in the population, and do not give any indication

about the effective population size, Ne, i.e. the number of

individuals needed in a theoretically ideal population to

account for the level of variation observed in the actual

sampled population (Wright 1931, 1938). This quantity is

important as it reflects the long-term history of the popu-

lation, and populations with small effective population

sizes are thought to be at greater risk of extinction as a

result of genetic effects (Frankham et al. 2002). For

mammals the census size is generally expected to be 3–

10 times higher than the effective population size (Frank-

ham 1995; Storz et al. 2001). Factors such as overlapping

generations, skew in reproductive success, unequal sex

ratios, spatial or temporally structured populations—all

of which typically characterize primate populations—

complicate efforts to estimate Ne. Thus, researchers usu-

ally try, instead, to focus on specific questions such as

Table 1 Overview of software packages useful for molecular censusing, population structure, and landscape genetics

Software/method Usage Reference Available from

Mark Very complete software utilizing

maximum likelihood method for

capture–mark–recapture studies

and more; can accommodate

open populations

White and Burnham (1999) http://welcome.warnercnr.

colostate.edu/*gwhite/

mark/mark.htm

Accumulation curve/

rarefaction analysis

method

Population-size estimates; does not

rely on any specific model

Eggert et al. (2003) No publicly available software

provided

Capwire Maximum likelihood method for

capture–mark–recapture studies,

can account for two distinct

capture probabilities; designed

for a single sampling session

Miller et al. (2005) http://www.webpages.uidaho.edu/

*joyce/Lab%20Page/

capwire.html

Bayesian method for

population size

estimates

Capture–mark–recapture studies;

designed for a single sampling

session

Petit and Valiere (2006) No publicly available software

provided

Structure Detects population structure and

can assign individuals to

populations

Pritchard et al. (2000),

Falush et al. (2003)

http://pritch.bsd.uchicago.edu/

structure.html

Baps Estimates the number of genetic

clusters, detects migrants;

accounts for geography

Corander et al. (2003, 2004,

2008)

http://web.abo.fi/fak/mnf//mate/jc/

software/baps.html

Tess Detects population structure and

migrants; accounts for

geography

Francois et al. (2006), Chen

et al. (2007)

http://www.timc.imag.fr/

Olivier.Francois/tess.html

DistLM Distance-based multivariate

regression: useful for analysis of

correlates of population

structure

McArdle and Anderson

(2001)

http://www.stat.auckland.ac.nz/

*mja/Programs.htm

BIMr Identifies environmental factors

that help explain patterns of

geneflow

Faubet and Gaggiotti

(2008)

http://www-leca.ujf-grenoble.fr/

logiciels.htm

Geste Identifies environmental correlates

to genetic structure

Foll and Gaggiotti (2006) http://www-leca.ujf-grenoble.fr/

logiciels.htm

Circuitscape Isolation by resistance approach to

studies of genetic structure and

gene flow

McRae (2006), McRae and

Beier (2007)

http://www.circuitscape.org/

Circuitscape/Welcome.html

Please note that this table is not exhaustive but just an illustration of the methods mentioned in the text. A more detailed overview of computer

software for population genetic analysis can be found in Excoffier and Heckel (2006)

Primates (2009) 50:105–120 109

123

http://welcome.warnercnr.colostate.edu/~gwhite/mark/mark.htm
http://welcome.warnercnr.colostate.edu/~gwhite/mark/mark.htm
http://welcome.warnercnr.colostate.edu/~gwhite/mark/mark.htm
http://www.webpages.uidaho.edu/~joyce/Lab%20Page/capwire.html
http://www.webpages.uidaho.edu/~joyce/Lab%20Page/capwire.html
http://www.webpages.uidaho.edu/~joyce/Lab%20Page/capwire.html
http://pritch.bsd.uchicago.edu/structure.html
http://pritch.bsd.uchicago.edu/structure.html
http://web.abo.fi/fak/mnf//mate/jc/software/baps.html
http://web.abo.fi/fak/mnf//mate/jc/software/baps.html
http://www.timc.imag.fr/Olivier.Francois/tess.html
http://www.timc.imag.fr/Olivier.Francois/tess.html
http://www.stat.auckland.ac.nz/~mja/Programs.htm
http://www.stat.auckland.ac.nz/~mja/Programs.htm
http://www-leca.ujf-grenoble.fr/logiciels.htm
http://www-leca.ujf-grenoble.fr/logiciels.htm
http://www-leca.ujf-grenoble.fr/logiciels.htm
http://www-leca.ujf-grenoble.fr/logiciels.htm
http://www.circuitscape.org/Circuitscape/Welcome.html
http://www.circuitscape.org/Circuitscape/Welcome.html


whether a population has experienced a loss in diversity

and whether such a loss was recent or more ancient.

Mitochondrial DNA studies

One of the most effective tools offering insights into trends

in population sizes has been the rapidly evolving mater-

nally inherited mitochondrial DNA (mtDNA) molecule. It

has been shown that for populations that have experienced

an expansion in numbers, plots of the ‘‘mismatch distri-

bution’’ showing the numbers of differences between pairs

of mtDNA sequences, exhibit a peak, rather than a flat or

irregular distribution (Rogers and Harpending 1992). Such

a peak is characteristic of all human populations except

non-agricultural populations (Excoffier and Schneider

1999). It is also observed in eastern chimpanzees (Gold-

berg and Ruvolo 1997) but not in other chimpanzee

populations or in the bonobo (Gagneux et al. 1999), sug-

gesting chimpanzee population histories have varied

among different parts of Africa or that there is genetic

substructuring in some chimpanzee populations.

Japanese macaques are particularly interesting for study

because of their distribution across the archipelago over a

wide range of environmental zones. Study of mtDNA

sequences revealed that the variants in Japanese macaques

are very similar to those in eastern rhesus macaques, and it

is suggested that the split between the species occurred less

than a million years ago (Marmi et al. 2004). In an

impressively complete study, Kawamoto et al. (2007)

analyzed mtDNA control region sequences from 135

individuals collected across the entire distribution of Jap-

anese macaques. A tree relating all of the sequences

showed two main clusters whose distribution corresponded

to geography. Specifically, sequences of the A group were

only found in eastern Japan whereas sequences of the B

group were found in both eastern and western Japan. In

addition, nucleotide diversity was higher for the B group

sequences than for those of the A group, while the A

(eastern) group showed signs of population expansion.

These results suggest that Japanese macaques originated in

the west and more recently expanded to the east; by

effectively linking their data to faunal evidence the authors

suggest that the expansion occurred in the last

15,000 years.

On a smaller geographic scale, Hayaishi and Kawamoto

(2006) were able to use mtDNA to make inferences

regarding the history of Japanese macaques on Yakushima

Island. Island populations typically have low diversity in

comparison with closely-related mainland populations, and

so the finding of low diversity for the Yakushima Island

monkeys was not surprising. However, these workers argue

persuasively that the diversity found is too low to be

attributed to a founder event tens or hundreds of thousands

of years ago, and instead that the data suggest a bottleneck

and subsequent expansion following a volcanic eruption

some 7,000 years ago.

Nuclear DNA studies

Many primate species populations have been shown to

have decreased in size in the last several hundred years as a

result of human population growth and habitat exploitation.

Field surveys and historical records suggest a dramatic

reduction in population size of snub-nosed monkeys in the

last 400 years (Li et al. 2002), mostly because of high

human population growth, wars, deforestation, and hunt-

ing. By use of nest surveys, habitat loss and hunting

pressure were shown to have had a dramatic effect on the

orang-utan populations (Marshall et al. 2006). In recent

years, newly developed approaches, for example simula-

tion studies that utilize genetic information to reveal

demographic scenarios that could have generated the

observed genetic signature, have enabled researchers to

look into the past and not only infer whether changes in

population sizes have occurred but also to estimate the

sizes of the ancestral populations and determine the time-

Table 2 Estimation of the costs of consumables for a wild primate

population genotyping project

Item Price in EUR for 900

collected samples

Collection materials for 900 samples,

following the two-step collection

method (Nsubuga et al. 2004)

620

DNA extraction with QIAamp DNA stool

mini kit

2,800

DNA quantification using quantitative

PCR (Morin et al. 2001)

1,200

Sexing using the amelogenin assay with

three replicates for each sample

500

Performing PCRs at 15 loci with three

replicates for each sample

7,600

Genotyping using the ABI sequencer with

three dyes loaded at each time

3,600

Total 16,320

In this example, the population to be studied consists of an estimated

300 individuals unhabituated to human observation. To reliably

estimate the population size or to confirm an individual’s identity

from multiple samples, three samples are assumed to have been

collected for each individual. Furthermore, each sample is assumed to

be genotyped three times at each locus, including the sexing locus.

This procedure is highly conservative but is good practice in studies

utilizing noninvasive samples. The prices used for calculations are as

of 2008 in Germany. Salaries for laboratory personnel are not

included
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point of population size changes. For example, several

recent studies (Storz et al. 2002; Goossens et al. 2006) have

used data from microsatellite genotyping to test whether

reductions in population size can be attributed to climatic

events, such as happened during the Pleistocene, or to more

recent fragmentations associated with anthropogenic

changes.

Storz et al. (2002) reasoned that whatever conditions

allowed a late Pleistocene expansion of humans and eastern

chimpanzees (see above) might have had a similar effect

upon other co-distributed primates, such as the savannah

baboon. However, analysis using a suite of microsatellite

markers actually uncovered evidence of decline in the

population savannah baboons of a factor of eight over the

past 1,000–250,000 years, underscoring the variability of

primate population dynamics. This decline was far too

ancient to be attributed to anthropogenic effects. In con-

trast, a study on orang-utans from northeastern Borneo

could clearly date the population collapse to recent heavy

forest exploitation in this region in the last few decades

(Goossens et al. 2006). Although fragmented forests were

shown to still harbor quite large numbers of orang-utans

(Marshall et al. 2006) and therefore have high conservation

value, logging and, especially, hunting were identified as

factors most strongly affecting orang-utan chances of

survival.

Using autosomal microsatellite markers and Y-chro-

mosome-specific microsatellite loci, Kawamoto et al.

(2008b) studied the Shimokita macaques that occupy the

northernmost range of the species. The small number of

microsatellite alleles and Y-chromosomal haplotypes, low

allelic and haplotypic richness, and an overall low level of

genetic variability were consistent with the contemporary

isolation of the Shimokita macaques from other macaque

populations. However, the population was found to have

gone through a bottleneck much earlier than could be

attributed to the recent events of hunting and habitat

destruction by humans. The authors suggest that during the

post-glacial warming period that occurred approximately

5,000–10,000 years ago, the Shimokita population might

have been isolated from other populations by rising sea

levels. Additionally, human activities that began approxi-

mately 120 years ago seem to have led to a more recent

bottleneck of this population.

Determining the origin of a population

A similar signature of heterozygosity loss consistent with a

bottleneck was observed in an artificially introduced pop-

ulation of longtail macaques (Macaca fascicularis) in

Mauritius (Kawamoto et al. 2008a). This species is thought

to have been brought to Mauritius from Asia about four

centuries ago by Dutch or Portuguese travelers. The origin

of the maternal lineage was studied using mtDNA

sequences and inferred to be most likely from Java.

Another study confirmed the insular origin of the female

lineage and further suggested that the Y-chromosomal

haplotype was of continental origin from the Asian main-

land (Tosi and Coke 2007). Interestingly, the only other

macaque population that exhibits this unusual pattern of

mtDNA/Y variants is the population from Sumatra. Tosi

and Coke 2007 suggested that the mainland Y-haplotype

was introduced to Sumatra during the late Pleistocene as

the water level dropped and a land bridge formed between

Malaysia and Sumatra, enabling male migration. In study

of the origin of the Mauritius macaques two hypotheses

were invoked to explain the discrepant mtDNA/Y pattern.

First, the founders of the macaque population on the island

of Mauritius could be a mixed stock including females

from the Asian islands and males from mainland Malaysia.

Second, because the Sumatran macaques exhibit the same

pattern of mtDNA/Y diversity, the founders of the Mauri-

tian populations might have come from Sumatra. In any

event, after a bottleneck associated with a small number of

founders, the macaques spread through the island of

Mauritius. Although only two mtDNA haplotypes and a

single Y-haplotype were found in this population, the

autosomal diversity estimated using ten microsatellite loci

was still quite high (Kawamoto et al. 2008a).

Another macaque study performed to reveal the origin

of a population focused on the only macaque found in

Africa, the Barbary macaque (Macaca sylvanus) (Modolo

et al. 2005). Using mitochondrial DNA the workers ana-

lyzed the relationship between Moroccan and Algerian

Barbary macaques and revealed a deep separation of the

maternal lineage in these two populations. They also

addressed the origin of the Gibraltar macaque population

and found that both Moroccan and Algerian macaques

contributed to this population.

Studies on the likely origin(s) of captive primate pop-

ulations are useful for biomedical research, management of

captive populations, establishment of breeding programs,

and proper scientific design of reintroduction programs and

conservation. For instance, in biomedical research the

genetic background of study animals might affect their

response to test conditions and it is thus very important to

take it into consideration when designing experiments

(Stevison and Kohn 2008; Satkoski et al. 2008).

Dating population events and estimating population

size changes

With the possibility of using genetic information to esti-

mate when changes in population size occurred and times
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of lineage divergence, researchers have a means to test

hypotheses about which historical events may have played

a key role in these changes. For example, by using mito-

chondrial and nuclear sequences, the first colonization of

Madagascar by lemuriform primates was dated to approx-

imately 62 Ma (Yoder and Yang 2004), much earlier than

suggested by fossil records. This discrepancy can most

likely be attributed to the fact that comprehensive fossil

records of primate evolution are far too scarce (Fleagle

2002). The accelerated rate of radiation within the lemu-

riforms was dated to 42 Ma, a period of major changes in

global climate, with turnover of marine and terrestrial biota

and major extinction events. In a study on Yunnan snub-

nosed monkeys (Rhinopithecus bieti), one of the 25 most

endangered primates, researchers used sequences of the

hypervariable region of mtDNA to show that the species

went through a period of older population subdivision with

subsequent range expansion and more recent anthropogenic

fragmentation (Liu et al. 2007). The initial split was esti-

mated to coincide with the late Cenozoic uplift of the

Tibetan Plateau around 1.10–0.60 Ma, which caused great

diversification of the plateau planes, probably producing

boundaries between populations of snub-nosed monkeys.

Similarly, secondary contact after initial subdivision was

suggested for the black and gold howler monkey (Alouatta

caraya), which occupies the southernmost range of any

New World primate (Ascunce et al. 2007). For this species

mtDNA control region sequences show a signal of popu-

lation expansion, and this is thought to have occurred at the

beginning of the Holocene, as the climatic conditions

allowed the spread of forests.

Access to complete genome sequence information and

new sequencing tools is enabling the use of DNA sequence

data for more extensive investigations into primate popu-

lation histories. For example, as a complement to

description of the complete rhesus macaque genome

(Gibbs et al. 2007), researchers performed additional

‘‘resequencing’’ of segments totaling more than 150 kb in

nine and 38 rhesus macaques originating in China and

India, respectively (Hernandez et al. 2007). The data sug-

gest that the two populations split around 162,000 years

ago and underwent strikingly different demographic

changes, with the Chinese population subsequently tripling

in size while the Indian population decreased by a factor of

four.

Nuclear DNA sequence data from chimpanzees

also suggest very different evolutionary histories for

the different populations or subspecies, with a split

between western and central chimpanzees as recently as

*500,000 years ago and a split between the chimpanzee

and bonobo species only *800,000 years ago (Fischer

et al. 2004; Becquet and Przeworski 2007). Newer esti-

mates based on vastly larger amounts of data from just a

few individuals have refined those estimates, and suggest

that the western chimpanzee population size has decreased

while the central chimpanzee population has increased

fourfold since their split (Caswell et al. 2008). Thalmann

et al. (2007) demonstrated that even DNA from fecal

samples can be used in a large-scale sequencing study by

generating *15 kb of sequence information from western

and eastern gorillas. Since only a few eastern gorillas live

in captivity, two were represented by samples of feces. A

complex history for gorillas was inferred, with an initial

split around 1 Ma but continuing gene flow until about

80,000–200,000 years ago.

Dispersal, gene flow and population structure

Dispersal, one of the main life history characteristics of a

species, results in gene flow within and between popula-

tions. How individuals disperse across landscapes

determines the genetic structure of the population and so is

of great interest and importance, especially for threatened

species. Estimates of population structure and connectivity

are necessary for development of efficient conservation

plans, definitions of conservation units and assignment of

new conservation priority areas. Researchers and conser-

vation managers are now interested in aspects of

population isolation and in establishment of connectivity

between populations to provide gene flow and thus increase

the genetic diversity and potential viability of threatened

and small populations. By assessing the genetic structure of

a population much can be learned about factors favoring or

restricting dispersal. Furthermore, by evaluating sex-spe-

cific markers or studying the genetic structure of sexes

separately, researchers can make inferences about the

species’ social system.

Insights from genetics into dispersal patterns and events

Dispersal events are difficult to observe, because they are

rare and it is often impossible to monitor many individuals

and groups simultaneously. Even in well studied popula-

tions for which data have been collected for many decades,

dispersal can be observed only on a very limited spatial

scale. Molecular tracking that allows monitoring of a much

bigger area can help to solve this problem on the individual

level. At the population level, researchers have been using

molecular markers for many years to infer the extent,

distance, and frequency of dispersal.

Dispersal in primates is mostly male-biased (Pusey and

Packer 1987), with the prominent exceptions of the great

apes and hamadryas baboons (Hammond et al. 2006),

several New World monkeys (Symington 1988; Strier

112 Primates (2009) 50:105–120

123



1990), and red colobus (Struhsaker 1980). Thus, to exam-

ine the effects of sex-biased dispersal researchers often use

sex-specific markers to reveal male and female dispersal

histories (Melnick and Hoelzer 1992). Such markers have

included mitochondrial DNA (mtDNA); more recently,

identification of variable Y-specific markers in primates

(Erler et al. 2004) has facilitated the study of male-medi-

ated gene flow.

In apes, several studies compared patterns of variation

revealed using the mtDNA molecule and the Y-chromo-

some. Results for bonobos and chimpanzees found the

expected strong signal of male philopatry (Eriksson et al.

2006; Langergraber et al. 2007b). In recent years the

X-chromosome is gaining popularity, at least in studies of

humans, as an addition to the mtDNA to help uncover

female population history (Schaffner 2004). Despite its

great potential, no primate studies focused on inter-popu-

lation comparisons have yet used this valuable marker.

When working with sex-specific markers, one has to

keep in mind that the comparisons using these different

genetic systems have to be made with caution, because of

the different effective population sizes and effects of the

species’ social system. Different levels of differentiation

between male and female lineages, such as are inferred for

human populations, have traditionally been interpreted as

reflecting higher dispersal rates for one of the sexes (Se-

ielstad et al. 1998). However, high variance in reproductive

success for one of the sexes, typically the males, might

have contributed to such a signal. When sex-specific

markers are not available or as a complement, sex-biased

dispersal can be studied using autosomal markers and

comparing FST values of pre-dispersed and post-dispersed

individuals for each sex separately. This was demonstrated

in a study of a population of hamadryas baboons, and

results suggested recent evolution of female-biased dis-

persal in this species (Hammond et al. 2006).

In several primate species both sexes disperse, and thus

the dispersal distance and frequency of each sex is of

interest. When dispersal distances are small, direct obser-

vations might suffice to detect at least its presence and to

estimate its rate. Transfers between neighboring groups

that are habituated to human presence have been reported

in black-and-white colobus (Harris 2009), mountain goril-

las (Harcourt 1978), chimpanzees (Kawanaka and Nishida

1975), and baboons (Alberts and Altmann 1995), among

others. However, when individuals disperse out of the

study area the certainty that a dispersal event has occurred

is much smaller. Genetic studies, by providing information

from non-study animals through noninvasive sample col-

lection, can potentially cover a much larger area than is

possible with direct observations, and thus enable study of

long-distance dispersal and uncover the fate of disappeared

individuals. Long-distance dispersal was revealed in male

Japanese macaques by linking the mtDNA haplotypes of

adult males to social troops 45 km away from the study

area (Yoshimi and Takasaki 2003). A recent study of

western gorillas suggested that while both sexes disperse,

males travel farther (Douadi et al. 2007). In animals not

habituated to human presence, dispersal events can be

detected by indirect monitoring through sample collection

that is spaced over time. For example, transfers of females

between groups were detected in western lowland and

mountain gorillas, although no direct observations were

possible (Arandjelovic, unpublished data; Guschanski,

unpublished data).

Dispersal facilitates hybridization

Much work has focused on untangling the evolutionary

histories of various macaque species. Among the first

studies on gene flow within and among primate populations

were studies by Japanese researchers using blood protein

polymorphisms to infer the genetic structure of Japanese

macaques throughout their range (Nozawa et al. 1982).

However, subsequent analysis of restriction site polymor-

phism of mtDNA among the macaques produced results

inconsistent with phylogenies derived from morphological

and protein analyses (Morales and Melnick 1998). A study

including some of the earliest assessments of Y-chromo-

some variation in primates compared Y-chromosome and

mtDNA-derived phylogenies and suggested that male-

mediated gene flow has complicated the histories of

macaque species, with a possible hybrid origin of Macaca

arctoides (Tosi et al. 2000). Such male-mediated intro-

gression may not be exceptional, as a study of two

Sulawesi macaque species found evidence of male-medi-

ated gene flow across a narrow hybrid zone between

M. maura and M. tonkeana (Evans et al. 2001) and gene

flow also occurs between M. fascicularis and M. mulatta

(Tosi et al. 2002).

Assessing and explaining genetic structure

Genetic structure is the presence of a detectable pattern of

genetic subdivision within a sampled population. In pri-

mate populations, genetic structure can be induced by

several factors, including population history and demog-

raphy, social structure of the species, presence of dispersal

barriers, differences in dispersal abilities, and individual

habitat preferences. While demographical and historical

effects on population structure have been discussed above,

with population bottlenecks, expansions and secondary

contact leaving a detectable genetic trace, we will now

focus on the other aspects.
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In order to study factors influencing genetic structure,

the structure itself must first be assessed. In recent years,

the biases that can be introduced by defining the population

structure a priori, as is done for the classical AMOVA and

other FST-like-based approaches, have been recognized by

many researchers (Pearse and Crandall 2004). Conse-

quentially, new approaches have been developed that

enable estimation of population subdivision by use of

individual-based analysis (Pritchard et al. 2000; Falush

et al. 2003; Corander et al. 2003, 2004; Francois et al.

2006) (Table 1). In recognition of the great effect that

biotic and abiotic factors have on primates and other ani-

mals, landscape genetic approaches, which integrate

population genetics, landscape ecology, and spatial statis-

tics and thus allow assessment of the role of landscape

variables on population structure, are now more frequently

used (see Storfer et al. 2007 for an excellent review). In a

further step, several software packages are now able to

implement additional information on sampling location in

the genetic structure analysis (Chen et al. 2007; Corander

et al. 2008).

Dispersal barriers

Whatever the method used, one long-standing preoccupa-

tion of studies of population structure is assessment of

connectivity and isolation between different populations.

For instance, habitat breaks, unsurpassable rivers, or

mountain ridges are expected to negatively affect gene flow

and thus result in genetic differentiation of populations. In

humans, as in other primates, it seems that the pattern of

genetic variation observed is largely consistent with iso-

lation by distance, with some greater divisions

corresponding to continental breaks (Rosenberg et al. 2005;

Handley and Perrin 2007). Similarly, in a study of bonobos

it was found that genetic distances estimated from mtDNA

sequences increased with increasing geographical dis-

tances, but only when routes around impassable rivers were

taken into account, suggesting that rivers and distance

affect the genetic structure of bonobo populations (Eriks-

son et al. 2004). Recent work on another large-bodied ape,

the orang-utan, has convincingly shown that rivers pose a

barrier to gene flow on small and large geographical scales

(Jalil et al. 2008). Other species for which river barriers

seem to be important include, among others, gorillas

(Anthony et al. 2007), chimpanzees (Gonder et al. 2006),

and mouse lemurs (Guschanski et al. 2007). However, this

is not always the case, and an effect of rivers was not

detected in studies of spider monkeys (Collins and Dubach,

2000), long-tailed macaques (de Ruiter and Geffen 1998),

and a number of lemur species (Pastorini et al. 2003; Craul

et al. 2008).

If primate populations are isolated from each other by

unfavorable habitat, for example human settlements, it is

particularly difficult to assess the isolating effect of a

presumed barrier. Although primates will usually avoid

crossing such dangerous ground, the isolation might not be

complete and some gene flow might still be present, as was

shown for the highly endangered Cross River gorillas

(Bergl and Vigilant 2007). Also, cryptic factors that might

not be obvious to researchers will have an effect on gene

flow and thus population structure. For instance, while

animals may be capable of crossing areas of high elevation,

they might prefer not to do so and thus limit gene flow

between areas separated by mountains (e.g. mammals

(Ernest et al. 2003; Rueness et al. 2003; Perez-Espona et al.

2008), birds (Hull et al. 2008), and amphibians (Funk et al.

2005; Spear et al. 2005). Human-induced savannahs and

roads in Madagascar were shown to restrict gene flow

between populations of mouse lemurs (Radespiel et al.

2008), resulting in diminished mtDNA diversity of popu-

lations inhabiting isolated forest fragments and in

significant genetic isolation between populations (Gus-

chanski et al. 2007).

Natal habitat preferences

Any preferences of individuals to remain in habitats

familiar to them may affect genetic structure. Although

natal habitat-biased dispersal is much discussed in the

recent literature (Davis and Stamps 2004; Benard and

McCauley 2008), it has been little applied to studies of

primate populations (but see Murray et al. 2008; Radespiel

et al. 2008; Guschanski et al. 2008b). Primates are as

dependent as other animal species on a knowledge of their

habitat. On the individual level, preference to forage in

familiar habitats was shown for male chimpanzees (Murray

et al. 2008). In this species, males are philopatric and their

space use has often been explained by the distribution of

females. However, when alone, male chimpanzees were

shown to utilize areas in which they used to range when

still dependant on their mother, suggesting the important

role of habitat familiarity on individual space use. In

chimpanzees and in gorillas, little is known about the

factors emigrating females consider when choosing a new

group. Recent work exploring the pattern of genetic vari-

ation in an entire population of mountain gorillas suggests

that, in addition to social factors such as the number of

males and females in the potential new group, female

mountain gorillas may have a preference for groups rang-

ing at a similar altitude and exploiting vegetation similar to

that of their natal habitat (Guschanski et al. 2008b).

On the species level, different habitat preferences of

sympatric species were shown for mouse lemurs, with the
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golden-brown mouse lemur (Microcebus ravelobensis)

preferring low-altitude, humid habitats and the gray mouse

lemur (Microcebus murinus) preferring higher altitudes and

drier forest (Rakotondravony and Radespiel 2006). Fur-

thermore, Microcebus ravelobensis showed a dispersal

pattern that was consistent with dispersal along preferred

habitats (Radespiel et al. 2008). Such habitat preferences

would thus shape patterns of gene flow.

The presence of genetic structure within a continuous

habitat, that might be puzzling at first, can thus be the result

of unappreciated and cryptic habitat differences. If differ-

ent habitats, even within a continuous landscape, have

different degrees of permeability for primate species, dis-

persal may occur selectively along and into preferred

habitats, resulting in substantial genetic structuring and

high vulnerability to habitat breaks. In general, we suggest

that natal habitat preferences will be increasingly recog-

nized as playing an important role in affecting primate

behavior on both the individual and population levels.

Landscape genetics

After population structure has been convincingly detected,

the great challenge is then to assess the relative importance

of different environmental factors, for example distance,

habitat, temperature, different food resource availability,

rainfall, and others, on the genetic structure. Several

methods have been developed to help identify important

factors. Traditionally, a multivariate Mantel test (Smouse

et al. 1986) has been used in these cases. However, its

applicability for different situations has recently been

criticized (Raufaste and Rousset 2001; Rousset 2002). Now

researchers increasingly use distance-based multivariate

approaches (McArdle and Anderson 2001; Anderson

2004). Bayesian methods are also gaining popularity (Foll

and Gaggiotti 2006; Faubet and Gaggiotti 2008) (Table 1).

When evaluating habitat connectivity, new theoretical

work, such as the isolation by resistance model that is

based on the electric circuit theory (McRae 2006), provides

a powerful tool that can simultaneously take into account

multiple dispersal routes with varying degree of connec-

tivity (McRae and Beier 2007).

Prospects for the near future

New sequencing technologies (Margulies et al. 2005;

Bentley 2006) promise to have as big an effect on the scope

of genome research as did the invention of PCR (poly-

merase chain reaction) some twenty years ago. These

technologies allow a typical researcher to produce orders of

magnitude more sequence information than was previously

possible. By using information from the whole genome

sequences that are being generated from primate and other

animal species, we can target areas of the genome for

resequencing. This ability to sample more of the genome

will give us a much more representative view of genome

wide variation, and this can improve inferences regarding

population relationships and histories. Wild primate popu-

lations are often, of necessity, sampled using noninvasively

obtained DNA, which is typically low in concentration,

degraded, and mixed with large quantities of non-target

DNA from food, bacteria, and random environmental con-

tamination. Thus, the challenge to be overcome is the

effective use of such DNA with these new approaches.

As mentioned above, study of gorilla, macaque, baboon,

and even human and chimpanzee population histories

(Patterson et al. 2006) suggests that periods of inter-species

gene flow are typical in the past, or even in the present, for

primate populations or species. More studies need to be

conducted to determine whether it is usual for populations

to split over a relatively short period of time, or whether

complex scenarios involving long periods of gene flow are

more typical, and to identify the factors affecting these

transitions and the subsequent demographic histories of

the daughter populations. Theoretical studies have dis-

cussed scenarios that would promote sympatric speciation

(Doebeli and Dieckmann 2003) and we now have the

opportunity to test these theoretical concepts. The complex

scenarios revealed thus far remind us that the multidi-

mensional patterns of variation and gene flow among

populations make debating species definitions and classi-

fications a futile undertaking (Jolly, 1993).

In this new era of genome sequencing, there are still

many insights to be gained from studies using microsatel-

lite loci to establish individually distinctive genotypes of

hundreds of individuals. Steadily decreasing costs and

increased efficiency of genotyping from noninvasively

collected samples means that it is conceivable to assess

hundreds or even a few thousand samples in a reasonable

amount of time. As described above, these data can

increase the precision of population census estimates and

contribute additional information such as sex ratios, indi-

vidual relationships, dispersal events, and individual

monitoring. While much attention has been paid to the role

of barriers in structuring genetic variation, less research has

focused on the effects of valuable and attractive resources,

for example bais for western lowland gorillas (Parnell

2002), water-holes for baboons (Hamilton et al. 1975), and

high-sodium resources such as eucalyptus and aquatic

vegetation for black-and-white colobus (Harris, personal

communication; Oates 1978). Such attractants might

reduce population genetic structure by attracting many

social groups and promoting gene flow. This hypothesis

can be tested by direct observations at these spots of
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attraction by evaluating the frequency of extra-group cop-

ulations or inter-group transfers. Subsequently it would be

possible to genetically assess reproductive success, stabil-

ity of group membership, and genetic structure in

comparison with populations without such valuable

resources. Another topic deserving attention in the near

future includes the use of genetic data to identify asym-

metrical patterns of gene flow typical of source-sink

dynamics (Pulliam 1988). The understanding of these

dynamics is important for evaluation of habitat quality and

identification of dispersal corridors. This knowledge can in

turn guide conservation efforts.

While working on this review we were encouraged to

see the large number of recent high-quality studies using

molecular approaches to study primate populations. We

found numerous studies on great apes, our particular

research focus, and on baboons, macaques, and lemurs.

However, studies on other primate taxa are much less

common, and comprehensive studies on a wider range of

different populations and species of primates are needed.

This is a challenge as funding for wild primate studies is

not always easy to acquire. However, the importance of

deepening our understanding of present and historic pop-

ulation dynamics, population sizes, and the factors that

influence gene flow among populations remains unques-

tionable. This is especially true now while so many primate

species are threatened by extinction and action needs to be

taken to preserve them for future generations.
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