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■ Abstract Variation within a species may be structured both geographically and
by genetic background. We review the effects of such structuring on neutral variants,
using a framework based on the coalescent process. Short-term effects of sex differences
and age structure can be averaged out using fast timescale approximations, allowing a
simple general treatment of effective population size and migration. We consider the
effects of geographic structure on variation within and between local populations, first
in general terms, and then for specific migration models. We discuss the close parallels
between geographic structure and stable types of genetic structure caused by selection,
including balancing selection and background selection. The effects of departures
from stability, such as selective sweeps and population bottlenecks, are also described.
Methods for distinguishing population history from the effects of ongoing gene flow
are discussed. We relate the theoretical results to observed patterns of variation in
natural populations.

INTRODUCTION

The neutral theory of molecular evolution has transformed evolutionary genetics by
providing a null model against which alternative hypotheses can be tested (Kimura
1983). There is a rapid accumulation of data on natural variation at the DNA
level, from microsatellites to single nucleotide polymorphisms, much of which is
presumed to be nearly neutral. The action of selection at a particular site in the
genome can cause deviations from the patterns predicted by neutral theory at nearby
sites, which are not themselves the direct targets of selection (Kreitman 2000). This
is triggering efforts to conduct genome-wide searches for evidence of selection
(Akey et al. 2002, Harr et al. 2002). However, many other evolutionary processes
can cause departures from the predictions of classical neutral theory. Although this
complicates tests for the action of selection, it also provides opportunities to make
inferences about such processes.
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It is hard to disentangle all the processes that have shaped the properties of
samples from natural populations. In particular, neutral variants are affected by
both geographic structure and genetic structure (i.e., the division of the gene pool
into different genetic backgrounds, defined by loci that influence fitness). Here,
we emphasize the close analogy between the different kinds of structures and
their similar effects on neutral variation. Rather than reviewing the numerous
specific theoretical and empirical results, we aim to provide a general framework
for understanding the factors that shape neutral variation. This is essential for
correctly interpreting data. There are dangers in merely constructing plausible
scenarios that are consistent with what we see, without considering alternative
possibilities. Similarly, elaborate statistical methods can be misleading if the basic
assumptions (such as a single ancestral population or a lack of selection at linked
sites) are incorrect.

MODELS OF GENETIC DRIFT

The process of random genetic drift acting on neutral variants can be viewed in
several ways, each appropriate in different contexts. One useful descriptor is the
increase in relatedness between alleles in a population, i.e., inbreeding (Wright
1931). The degree of inbreeding can be quantified by the probability of identity
by descent, the chance that two distinct alleles trace back to the same ancestral
gene (Cotterman 1940; Mal´ecot 1941, 1969). Common ancestry is the inevitable
outcome of genetic drift in a finite population because drift consists of fluctuations
in the frequencies of alternative alleles, eventually leading to fixation (Fisher 1922,
Wright 1931). Neutral variability within a population can be quantified by the
probability that a pair of homologous genes or nucleotide sites have the same
allelic state (Kimura 1983).

Coalescence Theory

In recent years, genetic drift has increasingly been studied in terms of the coales-
cence of gene lineages (Donnelly & Tavar´e 1995, Hudson 1990, Slatkin & Veuille
2002). If a sample ofn homologous genes is taken from a population, we can
trace allelic lineages back in time. (By gene we simply mean a defined region of
DNA within which recombination is assumed to be negligible.) Consider a stan-
dard Wright-Fisher random mating, discrete-generation population ofN breeding
individuals; the next generation is formed by random draws with replacement from
the pool of 2N genes of the parental generation (Fisher 1922, Wright 1931). The
chance that any pair of genes come from a common ancestral gene in the previous
generation (i.e., they coalesce) is 1/(2N). If n is small compared withN, at most one
coalescent event will occur in any generation. The probability thatt generations
elapse before the first coalescence is approximated by an exponential distribution
with mean 2N/(n[n − 1]/2)= 4N/(n[n − 1]). Once this event has occurred, the
time to the next event follows an independent exponential distribution with mean
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4N/([n − 1][n − 2]), and so on until all the genes have coalesced into a single
common ancestor (Hudson 1990).

Following the ancestry of the genes in samples allows the development of
powerful statistical methods for making inferences about evolutionary processes
(Donnelly & Tavaré 1995, Hudson 1990, Slatkin & Veuille 2002). These inferences
are based on observed variability (i.e., mutations that have occurred since the
common ancestor of the sample). Given a distribution of genealogies, it is easy
to superimpose any chosen model of mutation and compare the results with data.
For example, under the infinite sites model of mutation, where at most a single
mutation segregates in the sample at a given nucleotide site (Kimura 1983), the
number of differences between a pair of sequences follows a Poisson distribution
whose mean is proportional to the time since their last common ancestor (Hudson
1990).

Much classical work on identity probabilities carries over to the coalescent
process. For example, under the infinite alleles mutation model (Kimura 1983),
each allele is assumed to have a probabilityµ of mutating to a different allele. We
can then determine the probability of identity in allelic state,f, between two genes,
from the probability distribution,ψ(t), of their time to coalescence, because they
are identical only if neither gene has mutated since they shared a common ancestor
(Hudson 1990, Wilkinson-Herbots 1998)

f =
∞∑

t=1

(1− µ)2tψ(t). (1)

For the Wright-Fisher model,ψ(t) ≈ 2N exp−t/(2N).
Mathematically, this expression is the moment generating function of the dis-

tribution of coalescence times for a pair of genes, from which the mean and higher
moments can be obtained by standard methods (Hudson 1990). Thus, classical
results concerningf are directly related to this distribution.

The Effects of Population Structure on Neutral Variation

Drift is caused by random variation in the reproductive contributions of individ-
ual genes, which depends on the demographic, spatial, and genetic structuring of
populations. Alleles at a locus may come from different local populations, or they
may differ in their background genotypes (for example, the numbers of deleterious
mutations that are present, or the genotypes at a locus subject to balancing selec-
tion). They may also be in different sexes, age classes, or stage classes. Multigene
families also represent a form of genetic structure (Ohta 2002). Stable genetic or
geographic structure sometimes increases variability because lineages may remain
associated with different genetic backgrounds or different places for a long time
(Wright 1943). Conversely, fluctuations in the structure of a population can greatly
reduce variability, as in the case of a population bottleneck (Maruyama & Fuerst
1985) or a selective sweep associated with the spread of a favorable mutation
(Maynard Smith & Haigh 1974). The effects of structure depend on how long



17 Oct 2003 15:54 AR AR200-ES34-05.tex AR200-ES34-05.sgm LaTeX2e(2002/01/18)P1: GCE

102 CHARLESWORTH ¥ CHARLESWORTH ¥ BARTON

genes remain associated with particular genetic backgrounds or demes, relative to
the timescales of coalescence and fluctuations in structure.

Analysis of movement of lineages between locations or genetic backgrounds
requires a theoretical framework known as the structured coalescent (Hey 1991).
In the past few years, this has been applied to many problems in evolutionary ge-
netics and widely used to make inferences about evolutionary processes (Slatkin &
Veuille 2002). We first describe the effects of different types of structure, treating
demographic, geographic, and genetic structure in parallel, and then considering
their joint effects.

GENERAL CONSIDERATIONS AND SOME
SIMPLIFICATIONS

Much of the power of the coalescent process to generate useful results about
samples of alleles from a population comes from the simple properties of the
probability distribution of coalescence times for a sample of alleles under the
Wright-Fisher model (Donnelly & Tavar´e 1995, Hudson 1990). With population
structure, the probabilities of coalescence of alleles may depend on their sources,
so that there is no longer homogeneity of coalescence time distributions for all
alleles. There are two ways to deal with structured populations: one is to find
simplifications that avoid some of the complexities, and the other is to look for
general but useful properties. These two approaches can, of course, be combined,
as we show below.

Short Timescales and the Effective Size of a Population

An important example of the first approach is when alleles at a neutral locus
move rapidly between different local populations, age classes, or genotypes at
other loci. When viewed over a longer timescale, these rapid movements simply
change the rate of genetic drift without causing any significant differentiation
between the different compartments that define the population structure (Nagylaki
1980, Nordborg 1997, Nordborg & Krone 2002). This simplifies the study of drift
in populations structured by sex, stage, or age, compared with previous methods
(Chesser et al. 1993, Wang & Caballero 1999), largely eliminating the need to worry
about such structure in the context of a geographically or genetically structured
population (Laporte & Charlesworth 2002).

To see this, we note that, to a very good approximation, the rate of genetic drift in
more complex situations than the Wright-Fisher model is inversely proportional to
the effective population size,Ne(Caballero 1994, Crow & Kimura 1970, Laporte &
Charlesworth 2002, Wright 1931). The effects of geographic structuring on genetic
differentiation betweendemes(defined as geographical units within which mating
is effectively random), depend on both theNe values of demes and the pattern of
gene flow among them (Maruyama 1977, Wright 1951).



17 Oct 2003 15:54 AR AR200-ES34-05.tex AR200-ES34-05.sgm LaTeX2e(2002/01/18)P1: GCE

GENETIC AND GEOGRAPHIC STRUCTURE 103

It has long been known that subdivision causes little noticeable neutral genetic
differentiation between populations, unless the products of migration rates and
the effective population sizes of demes are around 1 or less (Maruyama 1977,
Nagylaki 1980, Wright 1951). For geographic structure to cause significant genetic
differentiation, an allele sampled from demei with effective population sizeNei

must have been in this deme for a time on the order ofNei generations. Short-term
processes, such as movements of alleles between sexes or age classes, will generally
reach their equilibrium states much more quickly (Figure 1). We can then treat the
coalescence of alleles within demes (or stably maintained genotypes), and the
migration of alleles between demes, as taking place on a long timescale, separate
from the short-timescale processes involving age and sex classes (and some others
to be described later) (Figure 1). If the discrepancy between these two timescales
is large, an allele sampled from deme or genotypei can simply be treated as having
a fixed probabilityαir of being in classr (defined by age and/or sex), whose value
is determined by the matrix describing the flow of genes among classes (Laporte &
Charlesworth 2002, Nordborg 1997, Nordborg & Krone 2002).

We can use this principle to determine the probability,Pi, that two alleles sam-
pled from theith deme coalesced in the previous time period. For a population
with nonoverlapping generations, the relevant time period is the previous genera-
tion (and the generation time is 1). For age- and stage-structured populations that
reproduce over discrete time intervals, the generation timeti is larger than one time
interval (Charlesworth 2001, Nordborg & Krone 2002). In many cases, the chance
(Pir ) that two alleles which both trace their ancestry back to a particular classr
coalesce in this class is independent of the classes from which they were originally
sampled.Pi then takes the simple form

Pi =
∑

r

α2
ir Pir . (2)

The intuitive interpretation of this is that genes can only coalesce once they trace
back to the same class (Figure 1);α2

ir is the equilibrium probability that two genes
from demei both come from classr.

We can then defineNei as the reciprocal of twice the per-generation probability
of coalescence, or half the expected number of generations to coalescence:Nei =
1/(2ti Pi ). These expressions can be used to obtain effective population sizes for
different modes of inheritance, such as X- versus Y-linked genes, and autosomal
versus cytoplasmic genes (Charlesworth 2001, Laporte & Charlesworth 2002,
Nordborg & Krone 2002).

Long Timescales and Migration

We can now add the slow process of migration. Migration between demes requires
us to specify the probabilities for all possible kinds of migration between classes.
We can write mirjs for the probability that a gene sampled from an individual of
classr in demei originated from an individual of classs in demej in the previous
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Figure 1 The lines show the ancestry of alleles present in two classes (r and s,
indicated by thesquareor circle symbols) of individuals in two different demes (i and
j, indicated in gray). The classes could be sexes, age classes, or genotypes. An allele in
one class can be inherited from a parent in either class, or, more rarely, from a different
deme (via migration). The example shows two coalescent events and one migration
event; alleles in demesi andj eventually have a common ancestor (coalesce) in demej.
In this example, movement between the classes is much faster than movement between
demes (i.e., the migration rate between demes is low). The chance that two alleles from
the ith deme, which trace their ancestry back to a given class, coalesce in this class is
therefore independent of the classes from which they were found in the sample (i.e.,
in the present generation of the figure).

time period. Applying the fast timescale approximation, we can average over all
possible classes (weighting classr byαir ) and derive a net migration probabilitymi j

for demesi andj (Laporte & Charlesworth 2002). Combining this with Equation 2,
the simplification provided by the separation of timescales enables us to obtain a
more general version of the standard equilibrium equation for identity probabilities
under the infinite alleles model in a geographically structured population (Mal´ecot
1969, Nagylaki 1982).
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fi j ≈ (1− µ)2

(∑
kl

mikmjl fkl + δi j (1− fi i )Pi

)
, (3)

where fi j is the probability of identity of alleles sampled from demesi and j,
respectively;δi j is 1 wheni= j, and zero otherwise.

From Equation 1, this gives the moment generating functions from which the
probability distributions of times to coalescences of pairs of alleles can be deter-
mined (Wilkinson-Herbots 1998). In particular, the mean coalescence time,Ti j ,
for a pair of alleles sampled from demesi and j (Laporte & Charlesworth 2002,
Nagylaki 1998a) is given by

Ti j ≈ 1+
∑

kl

mikmjl Tkl − δi j Pi Tii (4)

However, one can only obtain simple analytic expressions for theTi j with
certain specific models of population structure (see below).

The Invariance Principle

There is, however, a powerful general result that can usefully be combined with
results derived by this approach. We can define a weighted mean coalescent time
for pairs of alleles sampled within demes as

T0 =
∑

i

v2
i /
∑

i

v2
i Pi , (5a)

wherevi is the ith component of the leading left eigenvector of the migration
matrix {mi j } (Laporte & Charlesworth 2002, Nagylaki 1998a). (vi measures the
equilibrium probability that an allele sampled from the population will be found
in demei at some time in the past.) Using this definition, Equation 5a gives

T0 = 1/
∑

i

v2
i Pi . (5b)

The weighted mean within-deme expected coalescence time is therefore indepen-
dent of the migration structure of the population (Laporte & Charlesworth 2002,
Nagylaki 1998a). This is a generalization of Maruyama’s geographical invariance
principle (Maruyama 1971, 1977; Nagylaki 1982).

As discussed above, the expected values of observable properties of genetic
variability based on differences between pairs of alleles, such as nucleotide site
diversity under the infinite sites model, depend on mean coalescence times (Hudson
1990). It is therefore attractive to use the invariant just derived to characterize the
properties of a species with spatially structured populations because it suggests
that the appropriately weighted mean diversity among pairs of alleles sampled
from the same deme should depend only on the mutation process andT0.

However, there is no general way to measurevi or Pi. In the absence of gross
asymmetries in the migration process, migration should spread genes fairly evenly
among demes, so thatvi should be approximately equal toki, the proportion of
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the total breeding population represented by demei. When the flow of migrant
individuals into each deme exactly balances the outward flow (conservative mi-
gration),vi equalski (Maruyama 1971, 1977; Nagylaki 1982). This applies to the
most frequently analyzed models of population structure, such as the island and
stepping-stone models (Mal´ecot 1969, Weiss & Kimura 1965, Wright 1943). It also
applies to “genetic migration” processes such as crossing over and unbiased gene
conversion, where the flow is between different genotypes (Nordborg 1997), but
it is violated in many biologically significant situations, e.g., with predominantly
unidirectional migration from a source to a sink population (Nordborg 1997), or
in a metapopulation with frequent local extinction and recolonization of demes
(Pannell & Charlesworth 2000, Whitlock & Barton 1997).

If the demographic factors that influence effective population size do not vary
among populations, thePi values for each deme must be approximately inversely
proportional to their numbers of breeding individuals. We can then writePi= 1/(2c
kiNT), whereNT is the total number of breeding individuals in the species andc is
the ratio of effective population size to census population size (for ways to calculate
c, see Caballero 1994, Crow & Kimura 1970, Laporte & Charlesworth 2002). If
these simplifying proportionalities hold, the mean within-deme coalescence time
is the same as that for a panmictic population, i.e., 2cNT (Nagylaki 1998a).

Geographic Differentiation: FST

The most widely used measures of between-population differentiation relative
to within-population variation are Wright’sFST (Wright 1943, 1951) and related
measures such asGST(Nei 1973) andθ (Weir & Cockerham 1984). AlthoughFST

has classically been defined in terms of variance in allele frequencies (Nagylaki
1998b; Wright 1943, 1951) or identity probabilities of alleles (Nagylaki 1998b),
it can also conveniently be defined in terms of mean coalescence times (Hudson
et al. 1992, Slatkin 1991, Takahata 1991). Slightly different measures have been
suggested by different authors; these become equivalent for a large number of
demes. We shall use the definition

FST = (TT − TS)/TT , (6)

whereTT is the expected coalescence time for a pair of alleles sampled randomly
from the population as a whole andTS is the expected time for pairs of alleles
sampled within demes (Hudson et al. 1992).

For a given set of demes,TT involves all possible pairs of demes from which
pairs of alleles can be drawn, with a specified weight for each deme pair, and
similarly for T0. If the weights used are thev values in Equation 5a,TS=T0.
The theoretical value ofFST can be related to empirical estimates obtained from
genetic data, with appropriate corrections for sampling biases (Hudson et al. 1992;
Weir & Cockerham 1984). The relation is particularly close for data on nucleotide
site diversity, given the proportionality between coalescence time and divergence
in this case (see above). For microsatellite loci that obey the stepwise mutation
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model, the analogue ofFSTbased on the variances in number of repeats within and
between populations (RST) can be used with Equation 6 (Goldstein & Schloetterer
1999).

Long Timescales: NeT

Species are often spread over large geographic ranges, or consist of very many
demes. Coalescence for a pair of alleles sampled randomly from the species as
a whole is usually much slower than the timescale of migration between local
subpopulations. The effective size of the whole population,NeT, can be defined
by setting the expected time to coalescence for a random pair of genes,TT, equal
to 2NeT. TT must obviously exceedTS because alleles sampled from two different
populations can only coalesce once their ancestors find themselves in the same
population. Unfortunately, no useful general formula forTT exists, although some
insights can be obtained from calculating the effects of the variance in the long-
term contributions of demes to the species’ gene pool (Whitlock & Barton 1997).
In the following sections, we show that the long timescale approximation provides
a powerful way of analyzing models of migration and population history. Over
sufficiently long times, ancestral lineages become dispersed uniformly over the
species’ range, and so the coalescent process for a pair of alleles approximates that
in a single panmictic population.

STABLE POPULATION STRUCTURE

The Island Model

The island model assumesd demes, each with the same effective sizeNe and a
probability m that a gene sampled from a given deme comes from a different,
randomly chosen deme in the previous generation. A pair of alleles sampled from
different demes waits an average of (d− 1)/(2m) generations to trace back to the
same deme; from Equation 5, once they are in the same deme, they wait an average
of T0= 2dNe generations to coalesce (Slatkin 1991). Their time to coalescence is
therefore exponentially distributed, with meanT0 + (d − 1)/(2m). The mean
coalescence time of two genes sampled randomly from the species as a whole is

TT = T0+ (d − 1)2

2dm
. (7)

This provides a measure of the total amount of genetic diversity in the species
as a whole; the differenceTT − T0 measures the absolute amount of population
differentiation. The corresponding expression forFSTreduces to Wright’s classical
formula (Wright 1943, 1951) when there are many demes.

Equations 6 and 7 imply thatNeTis increased to 1/(1−FST) times the panmictic
value (Wright 1943). However, we stress again thatNeT is not always increased;
reducedT0, due to departures from the conservative migration assumption,
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lowers NeT compared with panmixia (Nordborg 1997, Pannell & Charlesworth
2000, Wakeley & Aliacar 2001, Whitlock & Barton 1997). In such situations, di-
versity is reduced because demes vary greatly in their contributions to the next
generation, and alleles coalesce to common ancestors faster than in the above
model (Whitlock & Barton 1997). Nonetheless, the results from the island model
provide a useful framework for examining the properties of subdivided popula-
tions. For example, usingNe values given by Equation 2 for different modes of
inheritance, and values ofm under different assumptions about sex-specific mi-
gration rates, we can derive illuminating conclusions about the expected patterns
of genetic differentiation for genes with different modes of inheritance (Laporte &
Charlesworth 2002). Because the productNem determines the extent of popula-
tion differentiation, differences in mode of inheritance (e.g., lowerNe for Y-linked
versus autosomal genes) and sex differences in migration rates between the sexes
(e.g., the possible lower migration rates for human males than females) affect the
relative levels of genetic differentiation (Laporte & Charlesworth 2002).

For the island model, Wakeley (1998, 1999) has used the separation of timescales
between local migration and drift in the whole population to derive an elegant de-
scription of the whole genealogical process for a sample ofnalleles. The coalescent
process for a set of alleles sampled in an arbitrary way from a large set of demes
can be divided into two phases. The first is the scattering phase, during which two
or more alleles sampled from the same deme either coalesce within that deme or
switch demes. This phase ends when the ancestors of every allele in the origi-
nal sample are in different demes; from then on, the process enters the collecting
phase, which follows a standard coalescent process with effective sizeNeT and
the ancestral allele number remaining when the collecting phase starts (Wakeley
1998, 1999). The scattering phase will usually be short compared to the collect-
ing phase, so that the sampling properties of a collection of alleles can be well
approximated by assuming that mutations are placed onto the gene tree during
the collecting phase only (Wakeley 1999). This result provides a powerful way
of examining models of migration and population history. Below, we show that a
large two-dimensional population shows similar qualitative behavior.

Spatial Structure

With arbitrary deme sizes and migration rates, there is no general expression for
the distribution of coalescence times. However, numerical values can readily be
found by solving recursions such as Equation 3, and there are analytical results
for identity probabilities (Mal´ecot 1969, Maruyama 1977, Weiss & Kimura 1965,
Wilkinson-Herbots 1998). We next use these to give expressions for the overall
effective population size and distribution of coalescence times in spatially struc-
tured populations. It is mathematically convenient to work in continuous space,
rather than assuming discrete demes as in Equations 3 and 4. There are, how-
ever, two difficulties in analyzing spatial continua. First, the interactions between
neighboring individuals that are required to regulate population density make truly
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continuous models intractable (Felsenstein 1975). Second, there is strong genetic
differentiation over small spatial scales in a two-dimensional population that must
be taken into account. Nevertheless, it is possible to smooth out local fluctuations
by defining appropriate effective density and dispersal rates; over all but very local
scales, continuous models show the same behavior as their demic counterparts
(Barton et al. 2002).

One-Dimensional Habitats

Consider a discrete-generation population ofNT adults with equal probabilities of
reproductive success, evenly distributed around a circular habitat of lengthL; the
variance of distance moved in each generation isσ 2. An ancestral lineage makes a
random walk through this habitat, with an approximately Gaussian distribution of
distance moved and with a variance increasing through time asσ 2t. Each gene can
be considered to draw its ancestort generations back from a pool of approximately
2ρσ
√

t individuals, whereρ=NT /L is the population density (Barton & Wilson
1995, Wright 1943). The probability of coalescence timet for two nearby genes
declines with 1/

√
t (Barton & Wilson 1995, Wright 1943).

The mean coalescence time between genes separated by a distancex is

Tx = 2NT + x(L − x)/(2σ 2) (8a)

(Nagylaki 1978, Wilkinson-Herbots 1998). Two genes sampled from the same
point (x= 0) have mean coalescence timeT0= 2NT= 2ρL, consistent with the
invariance principle (Equations 5). However, we emphasize that these results for
mean coalescence times may be misleading because the distribution is highly
skewed (Barton & Wilson 1995): There is a 1% chance that coalescence occurs
more recently than 0.00008 (4ρσ )2and a 1% chance that it occurs after 3000 (4ρσ )2

generations.
The mean coalescence time for a randomly chosen pair of genes (2NeT) is

TT = 2NeT = 2ρL + L2/(12σ 2). (8b)

This expression can be combined with that forT0 to obtain an analogue ofFSTfor
alleles from populations separated by a given distance (Slatkin 1993, Wilkinson-
Herbots 1998). For a pair of alleles sampled at random over all the demes, this
approaches 1 for a large number of demes, consistent with the classical result that
genetic differentiation in linear habitats can be very high (Maruyama 1977; Weiss &
Kimura 1965; Wilkins & Wakeley 2002; Wright 1943, 1946). This implies that
species living in long one-dimensional habitats may have much higher total nu-
cleotide sequence diversities than species with comparable population sizes that
occupy two-dimensional habitats.

Two-Dimensional Habitats

Most organisms are distributed across a two-dimensional habitat. By the same ar-
gument as before, each gene can be considered to draw its ancestor one generation
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back from a Gaussian distribution covering an area of 4πσ 2 and hence from a pool
of 4πρσ 2 individuals. Wright called this the neighborhood size, which we write as
Nb (Wright 1946). It can be thought of as the number of individuals within one gen-
eration’s dispersal range. The probability of coalescence timet for two nearby genes
is now expected to decline approximately as 1/(2Nbt). There is no explicit formula
for the probability distribution, but it can be calculated numerically (Barton &
Wilson 1995). There is an appreciable probability, inversely proportional toNb,
that two nearby genes share very recent ancestry; this falls away very rapidly
with distance. In contrast, in a one-dimensional population, relatedness decreases
smoothly with distance, and genetic differentiation between locations separated
by short distances (<σ ) is negligible (Barton et al. 2002).

In a finite range of areaL2, with population densityρ, the mean coalescence
time for a pair of randomly sampled genes is

TT = 2ρL2+ L2 ln(KL/σ )/(2πσ 2), (9)

whereK is a constant of order 1, which depends on local population structure
(Barton et al. 2002). The two terms on the right-hand side of Equation 9 now both
increase withL2 for a given population density. This implies that, even over very
large distances initially separating two alleles, there will be significant coalescence
over both short and long timescales. The ratio of the two terms is proportional to
Nb. For smallNb, the second term dominates, implying that the overall genetic
differentiation between populations does not differ greatly from that for the island
model, given similar population sizes and migration rates (compare Equations 7
and 9) (Malécot 1969; Maruyama 1977; Wright 1943, 1946).

Stable Genetic Structure: Deleterious Mutations

We now turn from geographic to genetic structure, but for the moment keep the
assumption that population structure remains stable. An important type of ge-
netic structuring of a population is caused by the presence of deleterious alleles
maintained in the population by recurrent mutation at many loci (Charlesworth
et al. 1993). The effects of these deleterious alleles on neutral variability can be
investigated using the framework developed above (Nordborg 1997).

If selection against deleterious mutations is sufficiently strong, and if there are
no fitness interactions between loci, allele frequencies can be treated by standard
deterministic theory: At locusi, the frequencyqi of deleterious alleles isui/ti, where
ti is the selective disadvantage of heterozygotes, andui is the mutation rate from the
wild-type alleleAi to the mutant alleleai. We assume that recombination between
a given neutral site and locusi takes place at rateri. Gametes carryingAi andai

can be regarded as two classes; the rate of gene flow between them depends on the
mutation and recombination rates. The effect of a single selected locus on the mean
time to coalescence of a pair of alleles at the neutral locus can easily be obtained
using Equation 2 (Nordborg 1997). This can be extended tom loci, assuming
that they are independent of each other (i.e., in linkage equilibrium) (Hudson &
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Kaplan 1995, Nordborg et al. 1996, Nordborg 1997, Santiago & Caballero 1998).
The mean coalescent time is

T ≈ 2Ne exp−
m∑

i=1

qi /a
2
i , (10)

whereai = 1+ ri (1− ti )/ti .
By substituting plausible mutation, selection, and recombination parameters

into this equation, it is possible to show that such background selection can account
for much of the observed relationship between recombination rate and variability in
Drosophila melanogaster(Hudson & Kaplan 1995, Charlesworth 1996). This does
not, of course, prove that background selection is the sole cause of this relationship,
and the issue of how to explain the relationship between recombination rates and
levels of genetic diversity remains open (Andolfatto 2001, Lercher & Hurst 2002,
Nachman 2001).

More detailed results can be obtained when there is no recombination, as is ap-
propriate for Y chromosomes, asexual species, and highly self-fertilizing species.
The flow of neutral alleles between the multilocus genotypic classes can then be
described by a matrix similar to that used for flow among sexes and/or age classes
(Charlesworth et al. 1995, Gordo et al. 2002). If selection is sufficiently strong
relative to 1/Ne, the system behaves according to the fast timescale approxima-
tion. The expected time to coalescence is then 2f0Ne, wheref0 is the frequency
of the zero-mutation class (Charlesworth et al. 1993, Hudson & Kaplan 1994).
If selection is weak, the fast timescale approximation fails, and the equivalent of
Equation 4 must be used (Gordo et al. 2002). The effect of background selection
on diversity is then much smaller. This approach can even be used to give accurate
predictions of expected coalescence times when selection is so weak in relation to
drift thatMuller’s ratchetis operating, i.e., the frequency distribution of mutational
classes is unstable, with successive losses of the classes with the fewest deleterious
mutations (Gordo et al. 2002). It can also be used to construct statistical tests for
the departures from neutral expectations of variant frequencies caused by weak
background selection, by simulating genealogies of sets of alleles (Charlesworth
et al. 1995, Gordo et al. 2002).

Balancing Selection

The flow of genes by recombination between genotypes maintained by long-
continued balancing selection can be treated in a similar way to migration be-
tween demes but using the long timescale approximation (Hudson 1990, Hudson &
Kaplan 1988, Nordborg 1997, Takahata & Satta 1998). For example, consider two
selected alleles,A anda, which have been maintained at equal frequencies in a
discrete-generation panmictic population with effective sizeNe, for much longer
than the standard coalescence time. The probability that a neutral allele sampled
from a gamete carryingA derives from ana background in the previous generation
is thenr/2, wherer is the frequency of recombination between the neutral and
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selected loci. This is equivalent to the migration rate between two populations,
each of sizeNe. Substitution into Equation 7 shows that the expected coalescence
time between a random pair of alleles at the neutral locus is increased by 1/(2r),
or by 1/(4Ner) relative to the panmictic coalescence time 2Ne (Hudson 1990,
Nordborg 1997). Because recombination acts like a conservative migration pro-
cess, the coalescence time for a pair of neutral alleles sampled from the same allelic
class is simply the panmictic value.

We can use Equation 6 to obtain a measure of the extent of genetic differentiation
between the allelic classes at the selected locus. This is closely related to measures
of linkage disequilibrium between variants at the neutral and selected loci, and
between the neutral sites themselves (Charlesworth et al. 1997, Strobeck 1983). For
neutral sites for which 4Ner ¿1, the expected diversity and linkage disequilibrium
will thus be much higher than for more distant sites. The stochasticity of the
coalescent process, however, implies considerable random fluctuation around these
expectations, so that peaks of diversity and linkage disequilibrium may be hard to
detect in practice (Nordborg 2000).

Sometimes balancing selection acts at several genes [e.g., linked coadapted
loci such as the components of the Brassica self-incompatibility system (Sato
et al. 2002)], and/or on multiple sites in a gene [e.g., MHC loci (Takahata &
Satta 1998)]. Balancing selection at multiple sites can potentially cause greatly
increased diversity at tightly linked neutral loci (Barton & Navarro 2002) because
many genetic backgrounds are maintained and can diverge from each other. The
effect on neutral diversity depends on the number of distinct genotypic classes,
which increases exponentially with the number of selected polymorphic sites. But
with many selected sites, either linked polymorphisms come into strong linkage
disequilibrium, with only two common haplotypes segregating (Kelly & Wade
2000), or random fluctuations reduce variation below the predictions with stable
genotype frequencies (Navarro & Barton 2002).

There is evidence for increased neutral diversity due to balancing selection
for plant self-incompatibility alleles, a classical example of frequency-dependent
selection.Salleles are expected to remain polymorphic for long evolutionary times
(Vekemans & Slatkin 1994), and very similar alleles have recently been found in
related species of Brassica (Sato et al. 2002).Salleles indeed have extremely high
diversity at synonymous sites (Charlesworth & Awadalla 1998, Richman et al.
1996) and in the introns, which are presumably not under balancing selection
(Nishio et al. 1997). High variability is also found in MHC genes (Takahata &
Satta 1998) and for some loci encoding allozymes (Filatov & Charlesworth 1999).

The theoretical results can be extended to populations at equilibrium under a
system of regular inbreeding, such that the inbreeding coefficient at neutral loci is
F. Alleles at the selected locus move between genotypic classes on a fast timescale
and so can be treated as if they are in equilibrium. Using this result, the rate of
flow between classes at the selected locus is reduced by a factor (1− F) (Dye &
Williams 1997; Nordborg 1997, 2000), enhancing the increase in coalescence
time accordingly. We also have to take into account the fact that, by a similar
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argument, inbreeding decreases the effective population size by a factor of 1/(1+
F) (Laporte & Charlesworth 2002, Nordborg 1997, Nordborg & Donnelly 1997).
For high inbreeding coefficients, the region over which balancing selection causes
increased diversity and linkage disequilibrium, compared with the strictly neutral
case, is much wider than with random mating (Charlesworth et al. 1997; Nordborg
1997, 2000).

Combinations of Forces

In the real world, many of the processes we have been discussing act jointly to
influence levels of neutral genetic variability within and between demes. These
joint effects can be studied with the fast and slow timescale approach. For ex-
ample, under the island model, background selection reduces expected coalescent
times within demes (T0) without altering the increased expected coalescence time
for alleles from different demes (Charlesworth et al. 1997, Nordborg 1997). This
reduces the denominator of Equation 6, increasingFST. The same principle ap-
plies to almost any factor that reduces localNe values while leaving migration
rates unchanged, and can be expected to apply to a range of migration models
(Charlesworth et al. 1997).

With balancing selection and population subdivision, the increase in mean coa-
lescence time between selected alleles relative to the within-class coalescent time is
identical in form to the panmictic case (see above), with the appropriate change in
effective population size toNeT (Charlesworth et al. 1997, Nordborg 1997). When
background selection acts together with balancing selection, coalescent times are
reduced within allelic classes at the selected locus (especially in inbreeding popu-
lations, with their low effective recombination rates), but between-class coalescent
times are unaffected, so that it should be easier to detect the effects of balancing
selection (Charlesworth et al. 1997, Nordborg 1997).

Balancing selection causes reduced differentiation between demes compared
with neutral loci (Schierup et al. 2000) because an incoming migrant allele that is
not already present in a deme has an increased chance of establishment, so that its
effective migration rate is increased. The few available relevant empirical obser-
vations are consistent with this prediction. In the fungusSchizopyllum commune,
the incompatibility loci are much less differentiated than a reference locus (James
et al. 1999). Such differences in diversity patterns may allow balancing selection to
be detected, particularly now that data from multiple loci can be compared (Akey
et al. 2002, Baer 1999, Bamshad et al. 2002).

A different situation exists when different alleles at a locus are favored in differ-
ent demes (local selection) (Charlesworth et al. 1997). This reduces the effective
rate of migration at neutral sites linked to the selected locus because migrants
into a population carrying a locally deleterious allele are selected against. For the
simple case of a biallelic locus and two demes, with symmetrical migration and
strong selection against locally maladapted alleles, the effective migration rate
at a neutral site is approximatelymr∗/(s + r∗), wherem is the migration rate,
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s is the selection coefficient against an allele in the “wrong” deme, andr∗ is the
effective recombination rate between the selected and neutral sites (Charlesworth
et al. 1997). This can be substituted into Equations 6 and 7 to find the expected
equilibrium level of differentiation among demes. A similar result applies when
there is a selective disadvantage to heterozygotes at a selected locus, as can arise
with gene flow between partially reproductively isolated populations (Barton &
Bengtsson 1986).

The reduced effective migration rate due to these effects leads to increasedFST

or other measures of population differentiation. The increase depends on the rela-
tive values of the recombination rates and selection coefficients, whereas the effect
of balancing selection depends onNer. Increased variability can therefore extend
over a much wider section of genome than with balancing selection (Charlesworth
et al. 1997). Examples of increasedFST due to local selection are starting to be
discovered (Wilding et al. 2001).

FLUCTUATING STRUCTURE

Bottlenecks and Hitchhiking

A drastic population bottleneck causes an episode of enhanced genetic drift. Seen
forward in time, allele frequencies change randomly, and some alleles become fixed
in the population. Looking backward in time, we see lineages suddenly coalesce at
the bottleneck, such that only a few lineages in the ancestral population contribute
to our sample of alleles (Maruyama & Fuerst 1985, Tajima 1989). As variability
recovers, each mutation is represented in one lineage, and so there will be an
excess of rare variants. However, if several allelic lineages survive the bottleneck,
samples could contain several haplotypes, each with different sets of ancestral
mutations (Maruyama & Fuerst 1985, Tajima 1989); this produces an excess of
high-frequency polymorphisms. This mixture of different patterns, corresponding
to mutations that arose before and after the bottleneck, makes it difficult to infer
a bottleneck simply from the spectrum of allele frequencies, although one would
usually expect some detectable departure from neutral expectation (Charlesworth
et al. 1993, Tajima 1989). Population bottlenecks can also dramatically increase
levels of linkage disequilibrium, offering a potentially powerful way of detecting
their effects (Stumpf & Goldstein 2003).

The fixation of a new favorable mutation has a similar effect to a bottleneck
(Barton 2000, Maynard Smith & Haigh 1974). Sites tightly linked to the successful
mutation share their ancestry, all tracing back to one founding haplotype. Looking
back in time, sites that are not tightly linked may recombine away before coa-
lescence occurs, and so may show a more diverse ancestry. Thus, a hitchhiking
event will remove all variation in a narrow region (a selective sweep), whereas the
evolution of nearby sites is analogous to a population bottleneck combined with
immigration. The region of reduced variation is inversely proportional to the time
taken for the mutation to fix in the population, i.e., of orders/log (2N), wheres
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is the selection coefficient (Barton 2000, Kim & Stephan 2002). The effects of
multiple selective sweeps distributed randomly over the genome have also been
modeled (Kaplan et al. 1989, Stephan 1995). These results can be used to ask how
frequently selective sweeps must occur in order to account for the observed rela-
tions between variability and recombination rate (Nachman 2001, Stephan 1995).

In addition to reduced variability, selective sweeps may be detected from the
associated distortions of allele frequency distributions and effects on linkage dis-
equilibrium. Several statistical tests for these have been proposed (Braverman
et al. 1995, Fay & Wu 2000, Kim & Stephan 2002, Kreitman 2000, Simonsen
et al. 1995). Although some examples of significant departure from neutrality
have been detected in regions of low recombination inDrosophila(Langley et al.
2000), reduced variability is often observed without such departures (Jensen et al.
2002, Langley et al. 2000).

The contribution of selective sweeps to the association between low recombina-
tion and reduced variability thus remains unresolved. However, unexpectedly low
variability in regions of normal recombination may indicate the signature of recent
adaptive evolution. For example, some microsatellite loci inD. melanogastershow
reduced variation in non-African populations relative to African populations, sug-
gesting that selective sweeps are associated with adaptation to life outside Africa
(Harr et al. 2002). This local reduction was confirmed by finding that sequence
variation near these anomalous microsatellites is also reduced (Harr et al. 2002).

General Effects of Fluctuating Structure

We have discussed the most drastic changes in the structure of a population: a
sudden reduction in population size or the increase of a single mutant allele.
Less severe fluctuations also influence neutral diversity but are harder to describe
simply because so many situations are possible. In the context of spatial structure,
much attention has been given to metapopulations, in which local populations may
go extinct and then be recolonized (Pannell & Charlesworth 2000, Wakeley &
Aliacar 2001). More generally, random changes in deme size due to demographic
stochasticity, chaotic population dynamics, or extrinsic environmental variability
all tend to reduce genetic diversity (Whitlock & Barton 1997).

For similar reasons, balancing selection may sometimes reduce diversity. Imag-
ine a polymorphism maintained by balancing selection for very long periods of
time, but with allele frequencies fluctuating as environmental conditions change.
Neutral sites very close to sites maintained by selection will have increased diver-
sity (see above). However, neutral sites somewhat farther away will be associated
with a given selected allele for less time, and so will be less influenced by the
net change in background frequency; the effect is equivalent to a partial selective
sweep (Barton 2000). Even if diversity is increased in a narrow genomic region,
it may be reduced over a wider region (Sved 1983).

In addition, a locus under balancing selection at a stable frequency may only
recently have reached its equilibrium owing to the spread of a new variant to an
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intermediate frequency. The pattern of variability associated with the new allele
will then resemble that for a selective sweep, with greatly reduced variability
at closely linked sites and strong linkage disequilibrium, as is observed for the
Sodgene inD. melanogaster(Hudson et al. 1994). Other examples of balancing
selection, such as chromosomal inversions inDrosophila(Andolfatto et al. 2001)
and human loci associated with malaria resistance (Currat et al. 2002, Sabeti et al.
2002), also suggest recent increases in frequency.

Even in constant environmental conditions, deme sizes fluctuate through the
random reproductive success of their members, and frequencies of genetic back-
grounds fluctuate through genetic drift. These fluctuations can allow weakly se-
lected genes to affect neutral diversity: IfNes is of order 1, selection is strong
enough to have appreciable effects but does not fully determine the genetic struc-
ture. The coalescent approach can be extended to model directional selection on
a small number of linked selected sites (Fearnhead 2001, Neuhauser & Krone
1997). Simulations show that the joint effects on genealogies of drift and selec-
tion are surprisingly small in this case, unlessNes is very large (Przeworski et al.
1999, Williamson & Orive 2002). There can, however, be large net effects of
many weakly selected sites, such as synonymous variants in coding sequences
(Comeron & Kreitman 2002, Tachida 2000). Calculations based on the structured
coalescent also show that, even with quite strong selection relative to drift (e.g.,
Nes of order 10), stochastic fluctuations at a locus subject to balancing selection
can substantially reduce its effects on linked neutral diversity (Barton & Etheridge
2003).

Population Structure and Genetic Diversity
in Inbreeding Species

Populations reproducing by a regular system of inbreeding, such as self-
fertilization, provide a good example of the ways in which multiple forces act
on genetic variability within and between populations. As already mentioned, in-
breeding reduces localNe values (Laporte & Charlesworth 2002, Nordborg &
Donnelly 1997), the maximal effect being to halveNe with complete inbreeding.
A highly inbred hermaphroditic population should thus have equalNe values for
the nuclear and organelle genomes, assuming maternal transmission of organelles,
because both values will be half the nuclearNe for a random mating hermaphrodite
population with a comparable population size. Comparing a dioecious outcrosser
with a selfing hermaphrodite with similar population size, the organelleNe is
twice as high in the selfer. Relative neutral diversity values can thus be predicted
for panmictic populations.

Another effect of inbreeding is a reduction of the effective frequency of recom-
bination throughout the genome (Dye & Williams 1997, Nordborg 2000). This
increases the importance of processes such as background selection and selective
sweeps, which will further reduce localNe (Charlesworth et al. 1993, Hedrick
1980); this even affects the organelle genomes (Charlesworth et al. 1993). Finally,
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several differences from outcrossers lead to increased isolation between demes in
inbreeders (Baker 1953), both because self-pollination prevents female gametes
from outcrossing (Lloyd 1979) and because inbreeding species also generally
evolve reduced pollen or sperm output (Lloyd 1979), which lowers gene flow.
Many inbreeders are weedy colonizing species and may undergo frequent bottle-
necks during founder events, further reducing within-deme diversity (Schoen &
Brown 1991).

As discussed above, isolation may lead to high between-deme diversity, so that
total genetic diversity in a selfing species may be high, possibly even higher than
that for an otherwise comparable outcrosser, despite the factors reducing selfers’ lo-
calNevalues. On the other hand, situations with population turnover, including ex-
tinction and recolonization, can greatly reduce species’ genetic diversity (Pannell &
Charlesworth 2000, Wakeley & Aliacar 2001, Whitlock & Barton 1997), and this
may be more prevalent in inbreeding than outcrossing species (Ingvarsson 2002).
Thus, no general prediction can be made about relative species-wide diversity in
inbreeders and outbreeders.

Adaptation to specific local environmental conditions is also common in plant
populations (Baker 1953, Linhart & Grant 1996) and may cause local selective
sweeps, although we are not aware of any well-documented example. In addition
to reduced within-population diversity, the effect of local adaptation in retarding
genetic exchange can be very strong in inbreeders because of their low effective
recombination rates. Inbreeding populations are therefore even more isolated (rel-
ative to comparable outbreeding ones) than their reduced pollen movement would
predict. Large allele frequency differences, and highFSTvalues, may thus be seen
at marker loci (Charlesworth et al. 1997). This may account for the strong differ-
entiation at multiple loci observed between some highly inbreeding populations
such asHordeum spontaneum(Volis et al. 2002).

In inbreeders, it may thus be particularly difficult to identify loci that are the
targets of selection and distinguish them from genes whose diversity is affected
by selection at other loci. If a large proportion of loci are differentiated between
populations, this may imply either severe isolation long enough for sequences to
have diverged or lesser isolation plus some local adaptation. Haplotype structure
in species-wide samples of sequences is therefore not good evidence for balancing
selection maintaining variability within demes at the locus, or even at a nearby gene.

Many of the factors just outlined predict higherFST values in inbreeders than
outbreeders. Because many processes (see above) affect variability within demes
and differentiation between them, it is impossible to predict the quantitative effect
of inbreeding onFST. However, some qualitative predictions can be tested with data
on natural populations. There is clear evidence for reduced allozyme diversity in
inbreeding species, both species-wide, and (more markedly), within populations
(Hamrick & Godt 1990). Because some allozymes may be subject to balancing
selection, silent nucleotide site diversity should also be compared using DNA
sequence data. Few comparisons have so far been made for orthologous genes
from natural populations of related inbreeding and outcrossing species, but these
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studies also find low diversity within inbreeding plant populations (Baudry et al.
2001, Charlesworth & Pannell 2001), and inbreedingCaenorhabditisspecies have
low diversity species-wide, compared with the dioecious outcrossing congener
C. remanei(Graustein et al. 2002). The high diversity often found between inbreed-
ing populations suggests that extinction/recolonization cannot explain their low
within-deme diversity because this should reduce diversity in the entire set of pop-
ulations. The allozyme results for other inbreeding plants suggest the same conclu-
sion, but it is difficult to exclude other possibilities (Charlesworth & Pannell 2001).

POPULATION HISTORY VERSUS POPULATION
STRUCTURE

Distinguishing Complete Isolation from Partial Gene Flow

An important problem in reconstructing the history of populations within a species,
and the history of closely related species, is to distinguish whether populations have
been completely isolated from each other since their separation from a common
ancestor or whether limited gene flow continues between them (Avise 1999). In
either case, substantial genetic differentiation between the populations may coexist
with shared polymorphisms. For example, DNA sequence polymorphism data
indicate a surprising amount of shared polymorphism among some groups of
Drosophilasibling species (Kliman et al. 2000, Machado et al. 2002).

Attempts to infer historical events are difficult because of the stochasticity of
mutations (which provide the information used) and especially because of the
huge number of possible outcomes of the genealogical process (the evolutionary
variance) (Hudson 1990). This variance must be taken into account when using
genealogies reconstructed from sequences obtained from the same species, which
are the basis for inferences about the populations’ histories (Slatkin & Veuille
2002). For two populations recently separated from a common ancestor, Wakeley &
Hey (1997) provided statistics based on the numbers of fixed nucleotide differ-
ences, polymorphisms shared between the two populations, and polymorphisms
that are unique to each of the populations. For a single locus, the expectations of
these statistics can be related to the rate of gene flow, the time since divergence,
and the relative population sizes of the populations and their common ancestor.
Tests can be done using simulations of the distribution over loci of test statistics
for a null model of no gene flow (Kliman et al. 2000, Wakeley 1996, Wang et al.
1997) or by calculating the likelihood of a set of nucleotide sequence data for a
nonrecombining locus in two populations (Nielsen & Wakeley 2001).

Inferring Population History

These considerations imply that we need a large number of markers and a clear
pattern across a majority of neutral marker loci to infer the history of a set of popu-
lations. With molecular markers, the first requirement can be met for many species
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in the wild. The second is unlikely to be true within a species, where few variants
are diagnostic of populations or races; it may be seen in hybrid zones, where there
is a clear geographic pattern so that the hypothesis of isolation is supported by
the markers having different alleles at a consistent boundary (Barton & Hewitt
1985). However, the locations of such boundaries are not strong evidence for the
locations of ancestral populations; an apparently clear division of a nonrecom-
bining genome into two geographically distinct clades can occur quite frequently
by chance in a subdivided population (Irwin 2002). Furthermore, selection may
affect some markers in regions of environmental change, and inconsistent marker
behavior is indeed often observed in boundary regions (Martinsen et al. 2001,
Shaw 2002).

Much of the neutral diversity in outcrossing species is expected to be found
within any local population, except for completely isolated populations. In other
words, most of the ancestry of a sample of genes is in the distant past and has
spread throughout the species’ entire ancestral range. Phylogenetic inferences
about outcrossing populations will therefore be extremely difficult because shared
polymorphisms will be common, and few markers will have patterns that reflect
the populations’ histories (Wall 2000). A recent simulation study illustrates the
low ability to infer even simple historical patterns of population splitting and to
test alternative hypotheses (Knowles & Maddison 2002).

In inferring relationships between closely related species, such as humans,
chimpanzees and gorillas, multiple independently inherited markers are essential.
Indeed, when many genes are studied, variation among gene trees can be used to
estimate the effective population size of the common ancestor (Chen & Li 2001,
Wakeley & Hey 1997). Nuclear genes have therefore been added to earlier work
on mitochondrial sequences on human populations (Chen & Li 2001, Yang 2002).
For studying populations within species, mitochondrial sequences (and sometimes
chloroplast sequences for plants) have often been used for phylogeographic studies.
Because these genomes recombine rarely, or possibly not at all (McVean 2001),
they provide only a single outcome of the evolutionary history, with different loci
differing only by the mutational variance, so that independent data can be obtained
only from nuclear genes.

When population history is simple, or the histories of different species have
enough in common, useful inferences may be possible. For example, the general
picture of decreasing diversity with latitude suggests recolonization after the last
Ice Age in northern Europe (Hewitt 2001), and a similar pattern suggests northward
spread of the cactus Lophocereus in Baja, California (Nason et al. 2002). Genetic
distances based on studies of multiple allozyme loci are useful in inferring the
origins of populations, for example to show multiple recent evolution of inbreeding
populations of the plantEichhornia paniculatafrom outcrossing ones (Husband &
Barrett 1993).

The ancestry of human populations is of wide interest and has been inferred
in various ways (Harpending & Rogers 2000). One approach uses diversity dif-
ferences to suggest that Africans form a large and diverse source population from
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which less diverse populations were derived via founder events and bottlenecks.
Although a gradient of human diversity with distance from Africa is well estab-
lished for many loci (Harpending & Rogers 2000), it is difficult, even with the
large datasets now available, to exclude the alternative that low diversity outside
Africa reflects a past history of isolated small populations, during which ancestral
variants were lost (Takahata & Satta 2002).

The Annual Review of Ecology, Evolution, and Systematicsis online at
http://ecolsys.annualreviews.org
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Malécot G. 1969.The Mathematics of Heredity.
San Francisco: WF Freeman. 88 pp.



17 Oct 2003 15:54 AR AR200-ES34-05.tex AR200-ES34-05.sgm LaTeX2e(2002/01/18)P1: GCE

GENETIC AND GEOGRAPHIC STRUCTURE 123

Martinsen GD, Whitham TG, Turek RJ, Keim
P. 2001. Hybrid populations selectively filter
gene introgression between species.Evolu-
tion 55:1325–35

Maruyama T. 1971. An invariant property of a
subdivided population.Genet. Res.18:81–84

Maruyama T. 1977.Lecture Notes in Biomath-
ematics. 17. Stochastic Problems in Popula-
tion Genetics.Berlin: Springer-Verlag. 245
pp.

Maruyama T, Fuerst PA. 1985. Population bot-
tlenecks and non-equilibrium models in pop-
ulation genetics. II. Number of alleles in a
small population that was formed by a recent
bottleneck.Genetics111:675–89

Maynard Smith J, Haigh J. 1974. The hitch-
hiking effect of a favourable gene.Genet.
Res.23:23–35

McVean GAT. 2001. What do patterns of ge-
netic variability reveal about mitochondrial
recombination?Heredity87:613–20

Nachman MW. 2001. Single nucleotide poly-
morphisms and recombination rate in hu-
mans.Trends. Genet.17:481–84

Nagylaki T. 1978. A diffusion model for geo-
graphically structured populations.J. Math.
Biol. 6:375–82

Nagylaki T. 1980. The strong-migration limit
in geographically structured populations.J.
Math. Biol.9:101–14

Nagylaki T. 1982. Geographical invariance in
population genetics.J. Theor. Biol.99:159–
72

Nagylaki T. 1998a. The expected number of het-
erozygous sites in a subdivided population.
Genetics149:1599–604

Nagylaki T. 1998b. Fixation indices in sub-
divided populations.Genetics 148:1325–
32

Nason JD, Hamrick JL, Fleming TH. 2002.
Historical vicariance and postglacial colo-
nization effects on the evolution of genetic
structure in Lophocereus, a sonoran desert
columnar cactus.Evolution56:2214–26

Navarro A, Barton NH. 2002. The effects of
multilocus balancing selection on neutral
variability. Genetics161:849–63

Nei M. 1973. Analysis of gene diversity in sub-

divided populations.Proc. Natl. Acad. Sci.
USA70:3321–23

Neuhauser C, Krone SM. 1997. The genealogy
of samples in models with selection.Genet-
ics145:519–34

Nielsen R, Wakeley J. 2001. Distinguishing
migration from isolation: a Markov chain
Monte Carlo approach.Genetics158:885–96

Nishio T, Kusaba M, Sakamoto K, Ockendon D.
1997. Polymorphism of the kinase domain
of the S-locus receptor kinase gene (SRK)
in Brassica oleraceaL. Theor. Appl. Genet.
95:335–42

Nordborg M. 1997. Structured coalescent pro-
cesses on different timescales.Genetics
146:1501–14

Nordborg M. 2000. Linkage disequilibrium,
gene trees and selfing: an ancestral recom-
bination graph with partial self-fertilization.
Genetics154:923–29

Nordborg M, Charlesworth B, Charlesworth D.
1996. The effect of recombination on back-
ground selection.Genet. Res.67:159–74

Nordborg M, Donnelly P. 1997. The coalescent
process with selfing.Genetics146:1185–95

Nordborg M, Krone SM. 2002. Separation of
time-scales and convergence to the coales-
cent in structured populations. InModern
Developments in Population Genetics. The
Legacy of Gustave Malécot, ed. M Slatkin,
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