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Abstract

Since the introduction of allozyme methods in the mid 1960s it has been a standard practice to report Wright’s
measure of population subdivision, FST , for surveys of genetic variation. Its widespread use has provided us with a
sense of what values can be expected in particular situations and how they can be interpreted. With some theoretical
justification, FST has also been used to estimate rates of gene flow. However there are conditions under which FST

is inappropriate for gene flow estimation and can lead to incorrect or even absurd conclusions. These pitfalls
have prompted critics to suggest that FST has failed to deliver what its proponents have promised and should be
abandoned. A further challenge has been the development of new methods that offer even greater promise. Thus it
is reasonable to ask if perhaps it is time to retire FST and turn to new and more powerful methods for the inference
of gene flow from genetic markers. Here I will argue that although gene flow should be estimated by more powerful
approaches whenever practical, FST remains a useful measure of the average effects of gene flow and will continue
to be used for comparative purposes.

What is FST?

Several definitions of FST can be found in the liter-
ature. Wright’s original definition (Wright 1951) is
based on the inbreeding coefficient: the probability of
alleles that are identical-by-descent (from an ances-
tral population) being combined in zygotes. This
is the most fundamental definition of FST because
inbreeding coefficients are defined simply by the
pattern of mating. With this definition it is possible
to estimate FST from allele frequencies, but FST is
not defined by allele frequencies and is independent
of the particular characteristics of individual loci or
alleles. Later definitions that were intended to be
more practical are based explicitly on parameters of
allele frequency distributions, such as the propor-
tion of variance in allele frequencies that is among
populations:

FST = Var(p)

p̄(1 − p̄)

Definitions of FST that differ from Wright’s have been
given distinct names, including GST (Nei 1973), θ

(Weir and Cockerham 1984), NST (Lynch and Crease
1990), and RST (Slatkin 1995). Some definitions lend
themselves to a general analysis of variance approach
that can be been extended to all forms of genetic
variation (Excoffier 1992). However if they do not
correspond to inbreeding coefficients they will not
necessarily have the same relationship to gene flow as
FST .

FST as a measure of gene flow

The use of FST as an indirect measure of gene flow
is suggested by Wright’s island model of population
subdivision (Slatkin 1985). Wright considered several
models of population structure, although his “infinite
islands model” (Wright 1951, 1965) is most often
cited as the basis of gene flow estimation. It assumes
an infinite number of equal-sized island populations
that exchange migrants at a constant rate. The island
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populations can be treated as replicates that are charac-
terized by just two parameters: population size (N) and
the migration rate (m). The strength of genetic drift is
proportional to 1/N, while the strength of gene flow is
proportional to m. Wright showed that at equilibrium:

FST = 1

(4Nm + 1)

Slatkin and Barton (1989) reviewed the theoretical
literature on the relationship between FST and gene
flow and investigated the robustness of estimates based
on this relationship. They found support for the
generality of the island model from both analytical
theory and from their simulations in which estimates
of Nm were reasonably close to their true values.
Their conclusion was that FST provided useful esti-
mates of average gene flow in populations at equi-
librium. However a decade later two commentaries
were published that stridently argued against the use
of FST to estimate gene flow. Bossart and Prowell
(1998) suggested that in spite of the “difficulties asso-
ciated with interpreting patterns of molecular variation
and model-based estimates . . . these cautions have not
been widely embraced by the scientific community”.
They pointed to publications in the journal Evolu-
tion between 1996 and 1997, which they claimed
showed that “analyses of population structure rely
almost exclusively on antiquated methodology”. The
methodology they referred to included the use of
allozymes as genetic markers as well FST . This pessi-
mistic view was soon challenged (Bohonak et al.
1998), with additional statistics to show that papers
in Molecular Ecology utilized DNA markers more
often than allozymes, and very few papers (2/67)
in either Evolution or Molecular Ecology interpreted
Nm estimates literally. The second paper that criti-
cized FST -based estimation of gene flow appeared
the following year and focused on mathematical and
statistical problems (Whitlock and McCauley 1999).
It included results from simulation of an island model
in which estimates of both FST and Nm were subject
to extremely high variance. They concluded, “it is
rare that FST can be translated into an accurate
estimate of Nm” and stated that estimates of Nm
were only likely to be correct within a few orders of
magnitude. However with the parameters they chose
for their simulation (Nm = 50), it is not surprising
that inaccurate estimates resulted. As discussed below,
the accuracy of FST -based estimates of gene flow is
critically dependent on demographic and genetic para-
meters. This explains how such disparate conclusions

could be reached by Slatkin and Barton (1989) on one
hand and Bossart and Prowell (1998) or Whitlock and
McCauley (1999) on the other.

In spite of its known limitations, estimates of
FST are often consistent with biologically-informed
expectations. For example, empirical estimates of
gene flow based on FST are strongly rank-correlated
with independent assessments of vagility (Bohonak
1999). Thus while FST does not always provide an
accurate estimate of gene flow it is unlikely that these
estimates are usually wrong by orders of magnitude.
Fortunately, because we do understand the limitations
of FST we can evaluate the appropriate assumptions
and avoid the most serious kinds of misuse.

The Infinite Island model

A common criticism of FST -based estimation of gene
flow is that it assumes the infinite island model of
population structure, which is clearly unrealistic. The
model stipulates an infinite number of populations, no
selection, no mutation and gene flow that is unaffected
by the geographic distance between populations. No
one has seriously argued that natural populations have
these characteristics; the model is just a convenient
abstraction that isolates the opposing effects of genetic
drift and gene flow. However the model is relevant
to the interpretation of data from real populations
because it is possible to relax its assumptions without
greatly altering the relationship between FST and Nm.
The number of populations doesn’t really have to be
infinite (or even a very large number), mutation and
selection are only likely to be important when popula-
tions are very large, and even if gene flow is limited
by distance the overall value of FST is expected
to be similar to that obtained for the infinite island
model (Slatkin and Barton 1989). Another simplifi-
cation of the island model is that the parameters N
and m are the same for every population; it is a model
of the overall effects of gene flow among a group
of populations rather than a model of the effects of
gene flow between particular pairs of populations. If
estimates of other parameters are needed, the island
model is inappropriate. Unfortunately, it has not been
a trivial matter to develop estimates of gene flow for
more complex “landscape” models (Felsenstein 1982),
although there has recently been some progress. The
infinite island model has provided a robust, albeit
coarse guide to how overall levels of gene flow influ-
ence overall FST . Use of the island model in this way
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neither requires nor implies that its assumptions are
thought to be true.

When is FST accurate?

Much of the argument over the usefulness of FST

for estimates of gene flow has to do with the char-
acteristics of the populations being considered. In
most of the simulations used by Slatkin and Barton
(1989) the population size was 128. In contrast, FST

is sometimes estimated for populations that span large
portions of a species range and are likely to number in
the millions or more (e.g. Bossart and Scriber 1995).
This is a crucial distinction because estimates of gene
flow from FST are problematic when genetic drift is
weak (effective population sizes are large). FST can be
thought of as a dynamic balance between genetic drift
and gene flow, and even a small amount of gene flow
can overcome weak drift and bring FST close to zero.
Small values of FST cannot be precisely estimated
because they correspond to differences in population
allele frequencies that are small relative to differences
that arise by chance in samples of populations (Weir
and Cockerham 1984; Waples 1998). Because of the
non-linearity of the relationship between FST and Nm,
when FST is small the variance in its estimator is trans-
formed into a much larger variance in the estimator of
Nm (Waples 1998). These estimation problems with
low FST explain the high variance found in Whitlock
and McCauley’s simulation (Whitlock and McCauley
1999), in which the true value of FST was only 0.005
(N = 100, m = 0.5).

If both genetic drift and gene flow are weak
the equilibrium value of FST may be large enough
to provide a precise estimate of gene flow but the
observed FST may be far from this equilibrium. The
time required to be near equilibrium is on the order of
1/[2m + 1/(2N)] (Crow and Aoki 1984). Large popula-
tions that were historically connected but are now
completely isolated would be fixed for different alleles
at equilibrium; but the time required to approach this
equilibrium could be far greater than the age of most
species. Estimates of gene flow based on such data are
of course inappropriate, and likely to produce absurd
results such as non-zero gene flow between species
that have long been reproductively incompatible.

When genetic drift and gene flow are weak the
effects of other forces such as selection and mutation
may be significant. The potential effect of mutation
on FST in large populations is especially important.

Although it is often stated that FST is not very sensi-
tive to mutation rates, this conclusion is only valid
when effective population sizes are small (i.e., 1000
or less) and mutation rates are much lower than migra-
tion rates (Crow and Aoki 1984). However when large
populations are surveyed for markers such as mito-
chondrial sequences or microsatellite loci that have
high mutation rates, the effect of mutation on FST

may be considerable. High mutation rates will lower
FST (Crow and Aoki 1984; Neigel 1997; Balloux
2000), although this is counter to the notion that
microsatellites are “high resolution” markers (Bossart
and Prowell 1998). This results in a upward bias
in estimates of gene flow when highly polymorphic
markers are used (Hedrick 1999). Differences in muta-
tion rate among loci will also lead to high interlocus
variance in FST estimates. Whether this represents
a limitation in the application of population genetic
models to the estimation of gene flow or a problem in
the way FST is estimated depends on one’s definition
of FST (Neigel 1997).

The scenario depicted in Figure 1 illustrates
a crucial difference between FST defined as an
inbreeding coefficient and FST defined in terms of
allelic differences. In this scenario there are two
populations and one locus with two major allelic vari-
ants: A and B. These major variants are only distantly
related and are distinguished by a large number of
independent point mutations. All of the A-alleles are
found in one population: the A-population, while all
of the B-alleles are found in the other population: the
B-population. Each major allelic variant is represented
by four minor variants that are distinguished by single
point mutations, and each has a frequency of 0.25
in the population where it occurs. As shown in the
figure, in each population all alleles are identical-by-
descent with respect to the ancestral population. Thus
by Wright’s original definition, FST is 1 which would
correspond to an Nm estimate of zero. However if FST

is defined in terms of the frequencies of the minor
variants, its value would be 0.14 and the estimate of
Nm would be 1.5. It is likely that a survey of restric-
tion site variation would distinguish only the major
variants while a DNA-sequence survey would detect
all of the minor variants and thus lead to these very
different estimates of FST and Nm. This example also
illustrates the effect of mutations on FST . Infrequent
mutations would distinguish only the two major alleles
while more frequent mutations would generate minor
variants and lead to lower values for estimates of FST

based on allele frequencies.
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Figure 1. Identity-by-descent versus sequence identity for two
groups of alleles that distinguish two populations.

Slatkin (1991) showed that FST could be defined in
terms of coalescence times between alleles rather than
the frequencies of mutations that distinguish them.
This idea was applied to the development of RST

(Slatkin 1995) as an estimator of FST that is relatively
insensitive to mutation rates and thus more appropriate
for rapidly mutating microsatellite loci. As expected,
the value of RST tends to be higher than other esti-
mators of FST . However RST also tends to have a
higher variance than other measures of population
differentiation and is sensitive to violations of the step-
wise mutation model (Balloux et al., 2000; Richard
and Thorpe 2001). Presumably the use of RST to
estimate Nm trades an increase in accuracy (less bias)
with a decrease in precision (more variance).

New and improved methods

Distributions of population genetic variation contain
information that is lost when characterized by a single
measure such as FST . This is especially true of vari-
ation with phylogeographic structure (Avise, Arnold
et al. 1987). This information could be used not only
to obtain more accurate estimates of Nm, but also to
estimate additional parameters of more complex and
realistic models of population structure. Changes in
the sizes of populations or in levels of gene flow over
time are predicted to create recognizable patterns, and
these patterns are often thought of as “signatures” of

particular kinds of population histories (Avise 2000).
For example, it is predicted that gene genealogies will
exhibit a “star phylogeny” (Figure 2) in a population
that has been expanding in size (Avise, Neigel et al.
1984; Slatkin and Hudson 1991). These descriptive
patterns are useful as heuristics and help us understand
how we can use population genetic data to reconstruct
population histories (Templeton 1998). However it is
not clear that they provide reliable evidence of partic-
ular kinds of population histories. Often the same
pattern may be created by any of several different
population histories. For example, a star phylogeny
could also result if a once continuous population
became fragmented (Figure 2). Furthermore, because
of the stochastic nature of population structure, appar-
ently striking (and statistically non-random) patterns
can arise simply by chance (Ball, Neigel et al. 1990).
To test the interpretation of such a pattern, the null
hypothesis should not be simply the absence of a
statistically significant pattern but should also include
the possibility that the pattern has been generated by
something other than the proposed cause.

The problem with matching population genetic
“signatures” to particular scenarios is that there are
many different population structures or histories that
are compatible with a particular set of data. What is
needed is a measure of how much the data supports
one scenario over others. Likelihood provides such
a measure and maximum likelihood methods can be
used to choose the model (or parameters of a model)
that has the most support from the data (Edwards
1992). Likelihood calculations require a probability
model. Early attempts to develop likelihood methods
for estimation of gene flow assumed some form
for the distribution of allele frequencies among
populations that allowed the likelihood of observed
distributions to be calculated for different values of
gene flow parameters (Barton, Halliday et al. 1983;
Wehrhahn and Powell 1987; Slatkin and Barton
1989). More recently, coalescent models (Tavarae
1984) have been used to calculate the likelihood of
observed genetic data purely in terms of underlying
population genetic parameters such as mutation
rate, effective population size, and migration rate.
These models eliminate the need to reduce the
information in the data to either a single statistic or
a single generalized distribution. The early successes
of this approach have been impressive. Beerli and
Felsenstein (1999, 2001) have developed a method
that simultaneously estimates the effective sizes of
multiple populations as well as rates of migration
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Figure 2. Star phylogenies generated either by population expansion or past population subdivision.

between every pair of populations. This method
is implemented in the program MIGRATE, which
is available as a free, open-source download from
http://evolution.genetics.washington.edu/lamarc.html.
There has also been rapid progress in the development
of methods to infer historical changes in population
structure (Nielsen and Slatkin 2000; Nielsen,
Mountain et al. 1998; O’Ryan, Harley et al. 1998).
These methods would be more appropriate than FST

for estimates of gene flow between large populations
that currently experience low gene flow.

Over the past few years it has become clear that
analysis of data by likelihood methods and coales-
cent models could overcome many of the limitations
of FST for estimation of gene flow, and it has even
been predicted that these methods will replace the use
of FST (Beerli and Felsenstein 2001). However at
present, this approach is limited by its computational
requirements so that it is difficult to estimate multiple
parameters from data sets that represent large numbers
of individuals, populations, and loci. This also limits
the speed with which these methods can be tested with
data from simulations. Because likelihood calculations
are sensitive to violations of the underlying probability
model, it will be important to examine the robustness
of these estimates as it has been for FST .

Direct estimates of gene flow

Estimates of FST based on genetic markers reflect the
cumulative effects of genetic drift and gene flow for
groups of populations. Because of this “averaging”,
they are not appropriate for estimates of gene flow
between specific pairs within a network of populations
or for estimates of instantaneous rates of gene flow
(Felsenstein 1982). This is not to suggest that pair-
wise values of FST are not useful. FST can be used
simply as a relative measure of population divergence
without assuming any particular relationship to gene
flow. Correlations between pair-wise estimates of FST

and geographic distance can also be used to detect
“isolation-by-distance”, the dependence of gene flow
on geographic distance (Slatkin 1993). However FST

between populations within a network may be affected
by indirect as well as direct connections. A classic
example is provided by Wright’s “Continent-Island”
model (Wright 1931, 1940), in which there is no gene
flow between “islands” but FST among island popula-
tions is lowered by gene flow from the “continent”
to the “islands”. If an estimate of contemporary
gene flow between specific populations is needed,
direct estimates of gene flow are more appropriate.
Direct estimates may be based on standard mark-and-
recapture methods, or genetic markers can be used to
identify the source populations of migrant individuals
or gametes (Devlin and Ellstrand 1990; Davies, F.
X. Villablanca et al. 1999). These methods provide a
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view of gene flow that is complementary, although not
necessarily superior to indirect methods such as FST .
Rates of gene flow are likely to fluctuate considerably
in natural systems and intermittent episodes of high
gene flow that would be detected by their long-term
effect on FST could be missed in short-term obser-
vations (Slatkin 1985, 1987). FST is thus better at
providing the “big picture” of the overall, cumulative
effects of gene flow and its role in evolution.

A role for FST?

There are now two major alternatives to FST for the
estimation of gene flow. For questions about contem-
porary gene flow to particular sites, direct estimation
based on mark-and-recapture or genetic identifica-
tion of migrant sources is the preferred alternative.
For questions about patterns of gene flow among
multiple populations, questions that have usually
been addressed with FST , there is now an alter-
native approach based on likelihoods calculated by
coalescent methods. The new likelihood methods are
expected to be generally superior to those based on
FST , and can be used under conditions when FST

should not be, such as large effective population sizes
with low gene flow. With progress in reducing their
steep computational requirements and more extensive
testing, methods based on likelihood calculations
and coalescent models could soon replace FST for
estimation of gene flow (Beerli and Felsenstein 2001).
As these new methods become practical, it will be
important to compare them with estimates based on
FST . From such comparisons will we be able to objec-
tively judge FST as a measure of gene flow and gauge
the progress that we have made.

Even with the development of powerful alterna-
tives, it is likely that we will continue to use FST

as a relative measure of population structure and for
comparative estimates of gene flow. FST has been the
standard measure of population structure for several
decades and is of fundamental theoretical importance.
Furthermore, it is often the only information we have
about gene flow from past studies. These older studies
will continue to be important as baselines against
which changes in population structure can be detected
and as part of a growing knowledge base of popula-
tion genetic variation. Although it may be desirable to
reanalyze data from past surveys of variation with new
methods, it will not often be possible to do so because
the necessary data has not been included in publica-

tions and is no longer available from authors (Leberg
and Neigel 1999). Fortunately, FST does impart useful
information about gene flow and we are aware of its
limitations.
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