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Evolutionary biologists have long been interested in
the forces that are responsible for the apparent degree
of uniformity between conspecific populations. Since
random drift will ultimately result in the differentiation
of isolated populations, the prevention of divergence
requires interpopulational gene flow and/or the oper-
ation of similar selection pressures on the isolates. Ehr-
lich and Raven (1969) argued that uniform selection,
not gene flow, is the primary cohesive force in evolu-
tion. Many authors have subsequently sided with them,
although there now appears to be greater appreciation
for the subtle ways in which gene flow and selection
may interact (Levin, 1979; Levin and Kerster, 1974,
Endler, 1977).

A recent paper by Cohan (1984) challenges the very
roots of the uniform-selection idea, arguing that instead
of resulting in convergent evolution, uniform selection
operating on finite populations may often cause more
divergence than expected under drift alone. In short,
the expected probability of two populations fixing al-
ternate alleles under random drift alone is 2p(1 — p).
Directional selection increases the probability of fix-
ation of the favored allele while decreasing the prob-
ability of fixation of the alternate allele. Thus, since
2p(1 — p) is maximized at p = 0.5, selection will always
decrease the probability of fixation of alternate alleles
when the initial frequency of the favored allele is great-
er than 0.5. However, if p is small enough (the critical
frequency depending on the intensity of selection), the
probability that two populations under uniform selec-
tion will ultimately become fixed for alternate alleles
will be greater than 2p (1 — p).

This is not the first suggestion that the dynamics of
gene frequencies of finite populations under selection
may be radically different than those of infinite pop-
ulations. Robertson (1962), for example, demonstrated
that selection for heterozygotes (which ensures a poly-
morphism in an infinite population) may actually ac-
celerate the rate of fixation in small populations, pro-
vided the “equilibrium” gene frequency is sufficiently
extreme. In contrast to Cohan’s (1984) results for al-
leles that have an additive effect on fitness, however,
uniform heterotic selection enhances the probability of
fixation of the same allele in different populations.

If the phenomenon pointed out by Cohan (1984)
occurs frequently, it has significant implications for our
ability to demonstrate the operation of directional se-
lection in natural (including fossil) populations. One
way to test for the operation of uniform selection on
conspecific populations is to ask whether the popula-
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tion mean phenotypes are more similar to each other
than expected for populations under random drift alone
(see Lande [1977] for the case of divergent selection).
This is not an easy task, since the latter process depends
on effective population sizes and the time since iso-
lation, neither of which is readily determined in nature.
If Cohan (1984) is right, however, even when such tests
are possible, there would be little point in performing
them because the results would be ambiguous. In the
case of directional selection, the uniform selection hy-
pothesis might be evaluated with time-sequence data
that allow one to test whether the directional changes
in mean phenotypes are more similar than expected
by chance, provided common environmental effects
can be ruled out. However, estimates of interpopula-
tional variances would be uninformative.

There are a few reasons why the mechanism pro-
posed by Cohan (1984) may be of less general signif-
icance than he suggested. As can be seen in Figure 1,
the total gain in probability mass caused by selection
for low frequency alleles is always less than the loss of
probability mass for high frequency alleles. Thus, in
order for selection to cause a net enhancement of di-
vergence at the allelic level, the initial frequencies of
most favored alleles have to be less than 0.5 (consid-
erably less than 0.5 for large Ns). Such circumstances
are not impossible, and they might be expected for the
constituent loci of a character that has recently been
subjected to a change in the direction of selection. Co-
han (pers. comm.) has also pointed out how periods
of stabilizing selection punctuated by directional se-
lection would be conducive to his hypothesis. Under
these conditions, and with no overdominance, puri-
fying selection might normally keep the most favorable
allele at a locus near fixation. A new phase of direc-
tional selection would then often favor alleles that were
kept at low frequencies during the previous period of
stabilizing selection. However, contrary to Cohan
(1984), it cannot be assumed “that an allele never pre-
viously favored by selection will be in low frequency.”
Certainly, this will not be true in the case of effectively
neutral alleles.

In order to see the importance of the initial gene
frequency distribution, consider the case of initially
neutral alleles. This is appropriate since the null model
is the case of pure random drift, and it may be of
relevance to some of the studies in Cohan’s (1984) table
1 that concern selection responses to completely novel
challenges (pesticide and heavy metal tolerance). Pro-
vided there are a large number of possible alleles at a
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Fic. 1. Probability of fixation of alternate alleles in

two populations as a function of the frequency of the
selected allele (p), the selection coefficient (s), and the
population size (N). Note that the curve labeled <0.01
refers to all Ns < 0.01 including the case of pure drift.

locus, the steady state probability distribution for the
number of alleles with frequency in the range (p, p +
dp) under drift-mutation equilibrium is symmetrical,
and approximately flp) = 4Nu(l — p)*™-!p —! (Ki-
mura and Crow, 1964; Nei, 1975). (With the loss of a
little generality, this example will not discriminate be-
tween effective and total population size.) Thus, for a
locus with mutation rate u, the probability of two pop-
ulations (starting with identical gene frequencies) ul-
timately becoming fixed for different alleles is

1—-(1/2N)
- [ . 2@~ p)dp

B 8N . 1 @Nu+1)
Nu + 1 2N,

1(4Nu+l)
W

Since during the fixation process the original alleles
may secondarily mutate, D is more precisely the prob-
ability of two populations ultimately becoming fixed
by products of two different (in state) ancestral genes.
Note that as Nu becomes very large, essentially all pairs
of populations become fixed for different alleles. This
is because the effective number of neutral alleles under
drift-mutation equilibrium is approximately 4Nu + 1
(Kimura, 1968).

A similar derivation can be performed for the case
of populations exposed to novel, identical selection
pressures. Following Cohan (1984), I will assume that
selection is operating directionally on loci with additive
effects on fitness. The probability of fixation of alter-
nate alleles by two populations is then

1—-(1/72N)
D= J:/ o 2/@))I1 — ¢(p)] dp (¢)]

where ¢(p) is Kimura’s (1957) fixation probability and

1 — exp(—2Nsp)
o) =T g

1 — exp(—2Ns)
s being the selection coefficient and p being the fre-
quency of the favored allele. As Ns approaches 0, ¢(p)
approaches p. 1 have been unable to find a general,
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analytical solution to Equation (2), but have done the
integration by Gauss-Laguerre quadrature.

Figure 2 illustrates the dependence of D (scaled by
8Npu) on N for the case of random drift alone and for
several different intensities of selection on finite pop-
ulations. D is a rather complicated function of N, s,
and u, and although enhanced divergence under selec-
tion can occur even when the allele frequency distri-
bution is accounted for, the conditions for it are fairly
stringent. In general, the selection intensity must be
very weak (s < 1073) since this broadens the range of
gene frequencies over which the enhancement effect is
possible. In addition Nu must be large (>0.1) since this
results in more alleles with frequencies in the appro-
priate range. However, N cannot be too large or else
the selection process becomes essentially deterministic.
For most of the situations with initially neutral alleles
in which selection enhances the rate of divergence, the
magnitude of the effect is not very large, and possibly
not detectable by conventional techniques. Moreover,
those conditions that are most conducive to diver-
gence, large N and small s, are precisely the circum-
stances that would require a very long time for fixation.

Nevertheless, it is also apparent from Figure 2 that
there is a wide range of circumstances for which uni-
form selection will result in approximately the same
level of divergence as random drift alone. Hence, we
must remain cognizant that, at the level of individual
loci, an increase in the intensity of selection need not
result in a dramatic change in the rate of divergence
of populations.

Whether the interaction of weak selection with drift
can enhance the rate of divergence at the phenotypic
level is another question. In the case of pure drift (neu-
tral alleles), the fixation process proceeds without re-
spect to the phenotypic effect of alleles. The between-
population variance ultimately resulting from fixation
of the ith locus is therefore D,g? where g7 is the vari-
ance of effects of alleles initially present at the locus.
In the case of selection, however, the fixation process
will not be independent of the effects of alleles since,
in general, the selection coefficient for two alleles will
be positively related to their differences in phenotypic
effects. Since D declines with s under most circum-
stances (Fig. 2), the variance of effects among alter-
nately fixed alleles will most often be < g2. For diallelic
loci alone, selection will result in fixation of alternate
alleles most frequently at loci where allelic effects are
very similar. This further reduces the likelihood of
enhanced divergence under selection via Cohan’s (1984)
mechanism.

Too few directional selection experiments have been
performed with sufficient controls and replication to
allow a rigorous test of the idea that uniform selection
reduces the extent of phenotypic differentiation among
isolated populations. However, the experimental re-
sults of Clayton and Robertson (1957) and Enfield
(1977) indicate an approximately equal level of inter-
populational variance for selected lines and controls
after about 10-40 generations, whereas Jones et al.
(1968) found a striking increase in between-population
variance over controls after 50 generations of selection
for bristle number in Drosophila. Similar results have
recently been obtained by Cohan and Hoffmann (un-
publ.) in experiments with knockdown resistance to
ethanol in Drosophila. It is impossible to verify wheth-
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FiG. 2. Expected probability of fixation of alternate alleles in two populations for the case of selection (dashed
lines) and pure drift (solid lines), scaled by 8 Vu. The initial gene frequency is a function of population size (N)

and mutation rate (u) as defined in the text.

er the relatively high variance between selected lines
in these cases is due to the phenomenon envisioned by
Cohan (1984). It may in large part result from initial
differences in selected lines. )

In the long term, new mutations will contribute to
the differentiation of isolated populations, as may have
been the case for many of the examples cited in Cohan’s
(1984) table 1. This further complicates the issue. For
neutral characters, the rate of increase of between-pop-
ulation variance is approximately 2V,,/generation,
where V,,is the rate of input of new genetic variance
via mutation (Chakraborty and Nei, 1982; Lynch and
Hill, unpubl.). A lower degree of divergence might be
expected for selected populations as favorable alleles
lost by drift are ultimately replaced by new favorable
mutations and all populations converge on the same
mean phenotype. However, a formal theoretical anal-
ysis has not yet been performed in this area. Even if
such a supposition is true, it might take a considerable
amount of time before the effect would be noticeable,
because of the stochastic nature of the mutational pro-
cess. Moreover, mutations with epistatic effects might
radically alter the evolutionary paths that different
populations take in response to the same selection pres-
sures.

In summary, the important contribution of Cohan’s
(1984) study is the attention it focuses on the frequent
assumption that uniform selection enhances the degree
of uniformity among population mean phenotypes.
Cohan (1984) may be correct in stating that “weak,

uniform selection imposed on finite, identical popu-
lations will be at least as likely to hasten the random
divergence between populations as to retard it,” but
the reasons for this are still far from clear. What is clear
is that the power of uniform selection as a homoge-
nizing factor should not be accepted uncritically with-
out careful empirical scrutiny.
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Recently, Weir and Cockerham (1984) presented a
simplified version of Cockerham’s (1969, 1973) meth-
od for estimating Wright’s (1943, 1951) fixation indices
(F-statistics). They concluded that their method is more
precise than the others currently in use. In this study,
however, they did not consider the difference in as-
sumptions between the different methods. In the fol-
lowing, I would like to clarify this point, particularly
the difference between Cockerham and Weir’s method
and mine.

Cockerham’s (1969) and Weir and Cockerham’s
(1984) method is based on the following assumptions.
1) Conceptually, there are infinitely many populations
which are derived from the same ancestral population
at the same time, and s populations are sampled from
this ensemble population. All fixation indices are de-
fined in terms of the ensemble population, and the
fixation indices are estimated from genotype frequency
data from the s populations sampled. 2) All popula-
tions are statistically independent, and no mutation,
no migration, and no selection are assumed (Weir and
Cockerham, 1984). However, certain types of migra-
tion and selection can be incorporated as long as the
statistical independence is maintained (Cockerham,
1969, 1973). 3) The same population size (N) is main-
tained for all populations and for all generations (Weir
and Cockerham, 1984).

The above assumptions are essentially the same as
those of Wright’s (1951) inbreeding theory, and under
these assumptions Weir and Cockerham’s statistical
method seems to be correct. However, the problem lies
with the validity of the assumptions. Obviously, most
natural populations do not satisfy any of these as-
sumptions. Population sizes usually vary greatly, and
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they are almost never constant over time. This is so
even if we consider a relatively short evolutionary time.
Migration between populations is also a serious prob-
lem as Cockerham (1973) himself realized; the migra-
tion rate usually varies greatly from population pair to
population pair. The number of populations within a
species also varies with time, and at a given time some
populations are more closely related to each other than
to others. In addition to these factors, mutation and
selection are also expected to disturb Weir and Cock-
erham’s formulation.

What should we do then? Can we do nothing with
natural populations? My solution to this problem is to
abandon the above assumptions and to reformulate
fixation indices in a different way (Nei, 1977). I have
done this by redefining all fixation indices in terms of
existing populations for which genotype frequencies are
studied. In this case, no assumption is required about
the various factors that caused the differentiation of
the populations. We are simply interested in the extent
of genetic differentiation of the populations studied.
Obviously, there is no need to consider replicate pop-
ulations in this approach. However, since only a lim-
ited number of individuals are sampled from each pop-
ulation, it is necessary to estimate fixation indices
(parameters), as in the case of estimation of gene fre-
quencies or genetic distances (Nei and Chesser, 1983).

One might think that the fixation indices defined
above are less useful than Weir and Cockerham’s in-
dices. This is not true. Certainly, my fixation indices
refer only to the populations studied, but they can be
used for comparing the extent of genetic differentiation
among different sets of populations. For example, the
extent of genetic differentiation of European popula-




