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ABSTRACT

The level of gene flow considerably influences the outcome of evolutionary processes in structured
populations with spatial heterogeneity in selection pressures; low levels of gene flow may allow local ad-
aptation whereas high levels of gene flow may oppose this process thus preventing the stable maintenance
of polymorphism. Indeed, proportions of fitness space that successfully maintain polymorphism are sub-
stantially larger in spatially heterogenous populations with lower to moderate levels of gene flow when
compared to single-deme models. Nevertheless, the effect of spatial heterogeneity on the evolutionary
construction of polymorphism is less clear. We have investigated the levels of polymorphism resulting from a
simple two-deme construction model, which incorporates recurrent mutation as well as selection. We further
compared fitness properties, stability of equilibria, and frequency distribution patterns emerging from the
construction approach and compared these to the static fitness-space approach. The construction model
either promotes or constrains the level of polymorphisms, depending on the levels of gene flow. Comparison
of the fitness properties resulting from both approaches shows that they maintain variation in different parts
of fitness space. The part of fitness space resulting from construction is more stable than that implied by the
ahistoric fitness-space approach. Finally, the equilibrium allele-frequency distribution patterns vary sub-
stantially with different levels of gene flow, underlining the importance of correctly sampling spatial struc-
ture if these patterns are to be used to estimate population-genetic processes.

THE outcome of selection in habitats with spatial
heterogeneity in selection pressures is critically

influenced by levels of gene flow (Lenormand 2002;
Kawecki and Ebert 2004). For example, low levels of
gene flow may result in local adaptation within a deme
of a metapopulation, whereas high levels of gene flow
may cause locally advantageous alleles to be lost. Se-
lection in a metapopulation is more likely to result in
the maintenance of genetic variation if the levels of gene
flow are low compared to the heterogeneity of the demes
(Smith and Hoekstra 1980; Karlin 1982). Therefore,
according to population-genetic models, the potential
for heterogeneous habitats to maintain genetic varia-
tion is highest in models with low levels of gene flow
(Felsenstein 1976; Hedrick et al. 1976; Star et al.
2007).

To investigate the potential of spatial heterogeneity
to maintain polymorphism, most of these population-
genetic models use simple single-locus viability-selection
models with a limited number of alleles (mostly two;
Levene 1953; Bulmer 1972; Karlin 1982) or particular
selection schemes (Muirhead 2001; Nagylaki and Lou

2001). Yet, for a single-deme model, the proportion of
random fitness space that maintains genetic variation
becomes vanishingly small for even moderate numbers
of alleles (Lewontin et al. 1978). While this proportion is
higher in a spatial two-deme model, it is still small for a
higher number of alleles, a result indicating that the part
of fitness space maintaining many alleles remains none-
theless very restricted (Star et al. 2007). In a different
approach to the study of genetic polymorphisms, it has
been shown that measures of the size of stable fitness
space need not be indicative of how easy it is to construct
these polymorphisms in an evolving system where muta-
tions are introduced one by one to a standing stock of
alleles (Spencer and Marks 1988). Indeed, a simple evolv-
ing single-locus model will easily reach the small parts of
fitness space that are stable (Marks and Spencer 1991).
Nevertheless, these construction models may be con-
strained due to other factors, such as sex-dependent
viabilities, lowering the ease with which polymorphisms
are constructed (Marks and Ptak 2000). Such models
have not previously been studied in a spatial context;
hence it is unknown if different levels of gene flow either
constrain or promote the construction of selectively main-
tained genetic polymorphism in a heterogeneous habitat.

The present study investigates the levels of polymor-
phism resulting from a construction approach incorporat-
ing recurrent mutation and selection in a simple two-deme
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viability-selection model with different levels of gene
flow. The fitness properties of fitness matrices emerging
from the construction approach are compared to the fit-
ness properties resulting from a fitness-space approach
to see if similar areas of the fitness space are reached. We
also analyze the ease with which new mutations invade
this model. Since multi-deme viability systems can have
polymorphic equilibria that are locally rather than glob-
ally stable, the stability of the equilibria resulting from
the recurrent mutations is investigated. Finally the equi-
librium allele-frequency vectors are investigated to see
if particular patterns emerge from the construction
approach.

MODEL

The model analyzed here is based on the well-known
system of recurrence equations for constant-viability se-
lection at a single locus, but then adapted for two demes.
Thus, the frequency of the ith allele (i¼ 1, 2, . . . , k), Ai, in
the dth deme (d 2 {1, 2}), after selection is given by

ps
i;d ¼

P
k
j¼1 wij ;dpj ;dpi;dP

k
i¼1

P
k
j¼1 wij ;dpi;dpj ;d

ð1Þ

in which pi;d is the current frequency of Ai in the dth
deme and wij ;d ð¼ wji;d) is the fitness of the AiAj ge-
notypes in the dth deme. Migration follows selection,
and a proportion (m) of the frequency vector pi,d is
divided over both demes, giving the new frequency of
Ai in deme d,

p9i;d ¼ 1� m

2

� �
ps

i;d 1
m

2
ps

i;d
; ð2Þ

where d ¼ 2 if d ¼ 1 and vice versa. The model is
initiated with a single allele with a frequency of 1.0 and a
homozygote fitness of 0.5 in both demes. Each gener-
ation, a new allele (Ak11) is added to a random deme
with an initial allele frequency of 10�4 and all new
fitnesses (wiðk11Þ;d for i ¼ 1, . . . , k 1 1 and d ¼ 1, 2) are
independently drawn from the uniform distribution on
½0, 1�. Because each genotype has a unique fitness, we are
essentially studying an ‘‘infinite alleles’’ model. Muta-
tions occur not just at a single site, but anywhere within a
gene and these changes lead to different gene products
from which the different fitnesses arise. Any allele is
considered extinct if

P2
d¼1 pi;d , 10�4. The model was

run for seven different levels of gene flow (m 2 {0, 0.01,
0.05, 0.1, 0.2, 0.5, 1.0}) up to 10,000 generations with
1000 replicates for each level of gene flow. To compare
the results with a homogeneous habitat, we also ran
1000 replicates using a single-deme model with the same
initial settings and extinction definition described above.

After 10,000 generations, the fitness sets, the number
of alleles present (n), and allele-frequency vectors were
recorded for further analysis. The fitness data were

analyzed for levels of heterozygote advantage and for
correlation of fitness values between demes to investi-
gate the extent of balancing selection due to heterozy-
gote advantage and local adaptation. To investigate the
ease with which mutations invade the model, we re-
corded the number of successfully invading mutations
and their persistence time. The distributions of allele-
frequency vectors were analyzed and the Ewens–Watterson
test (Ewens 1972; Watterson 1978) was used to dis-
cover if the allele frequencies were detectably different
from those expected under the neutral hypothesis.

A substantial part of the fitness space maintaining
fully polymorphic equilibria in a two-deme model leads
to locally stable rather than globally stable equilibria
(Star et al. 2007). To investigate the stability of the equi-
libria resulting from the construction approach, each
recorded fitness set was evaluated with 250 random ini-
tial allele-frequency vectors that were generated using
the ‘‘broken-stick’’ method (Marks and Spencer 1991).
Each of these 250 runs was iterated until equilibrium,P

i;d j p9i;d � pi;d j, 10�8 or until any allele became ex-
tinct at

P2
d¼1 pi;d , 10�4. Fitness sets that led to the

maintenance of all recorded alleles for all initial allele-
frequency vectors were defined as type I fitness sets.
Those that led to the maintenance of all alleles for ,250
of the runs were defined as type II fitness sets. The pro-
portion of frequency vectors leading to a fully poly-
morphic equilibrium, as a measure of the size of domain
of attraction, was also recorded for type II fitness sets.
Furthermore, since the model is stopped after an arbi-
trary time, a number of fitness sets may have one or
more transient alleles (Marks and Spencer 1991). These
fitness sets never maintained the recorded total number
of alleles and were defined as type III fitness sets.

Several properties emerging from the construction ap-
proach were compared with those from a fitness-space
approach (Star et al. 2007). This comparison is not
straightforward since the construction model results in
higher levels of polymorphism. Comparisons of hetero-
zygote advantage, fitness correlations between demes and
on distributions of allele-frequency vectors were made
for those simulations for which n ¼ 5, the only level of
n for which enough replicates were obtained in both
approaches for each value of m. Comparisons of the size
of domain of attraction for type II fitness sets were made
using data from the fitness-space approach averaged over
the number of alleles (n).

RESULTS

Gene flow has a strong effect on the average number
of alleles maintained after 10,000 generations (Figure 1
and Table 1). In the two-deme model, more than twice
as many alleles are maintained on average in absence of
gene flow compared to the number maintained at high
levels (m $ 0.5). All post hoc comparisons ½Tukey’s hon-
estly significant difference (HSD) test� were significant
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(P , 0.0001) except for the comparison between the
highest two levels of migration (0.5 and 1.0). Thus, in
comparison with the single-deme model, more alleles
are maintained for lower and intermediate levels (m ,

0.2) of gene flow, while for higher levels (m $ 0.2) of
gene flow, fewer alleles are maintained.

Heterozygote advantage: Viability selection is capable
of maintaining high to moderate levels of polymorphism
in a single deme if the fitness sets have a specific struc-
ture (Lewontin et al. 1978; Karlin 1981). An example
of such a specific structure is a form of heterozygote
advantage whereby the mean fitness of heterozygotes is
greater than the mean fitness of homozygotes. We de-
fined the amount of heterozygote advantage in the fit-
ness sets after 10,000 generations, as H ¼ �wi , j ;d � �wii;d ,
where the averaging is over all fitnesses and both demes.
We use H as a heuristic for the relative importance of
heterozygote advantage as a form of balancing selection
in the two-deme model. Individual runs of the construc-
tion model result in different numbers of alleles present
(n) after 10,000 generations and we analyzed data only
for combinations of n and m that had at least 10 rep-
licates (Table 1).

Levels of gene flow and the number of alleles have an
interaction effect on the levels of H (Figure 2). For the
two-deme model, this interaction effect is mainly due to
a varying response to lower numbers (n # 4) of alleles
and higher levels (m . 0.1) of gene flow (Figure 2a).
The interaction effect is also due to the comparison to
the single-deme model, as its levels of heterozygote ad-
vantage increase differently for increasing numbers of
alleles. For higher numbers (n $ 5) of alleles, levels of
heterozygote advantage in the two-deme model are
more affected by gene flow than by n and the interaction

effect diminishes (Figure 2, b–d). Gene flow has a larger
effect on the amount of H in the construction model
when compared to the fitness-space approach for the
same number of alleles. These results show that, for a
similar level of polymorphism, heterozygote advantage
is more important in the construction approach when
compared to the fitness-space approach for higher
levels of gene flow while the opposite is true for lower
levels of gene flow.

Disruptive selection: As a measure of disruptive selec-
tion, we calculated Pearson’s correlation coefficients (r)
between the fitnesses of the genotypes in the two demes
for each fitness set with n $ 2. Negative correlation co-
efficients imply local adaptation and disruptive selec-
tion. Only combinations of n and m were analyzed for
which at least 10 replicates were found.

Gene flow and number of alleles have an interaction
effect on Pearson’s correlation coefficients (Figure 3).
As in the patterns found for levels of heterozygote ad-
vantage, the interaction effect of gene flow and number
of alleles diminishes with an increasing number of al-
leles. The general pattern that emerges is that at low lev-
els of gene flow, disruptive selection is prominent across
all levels of polymorphism. As gene flow increases, fit-
nesses become more correlated, and disruptive selection
no longer emerges as an important form of balancing
selection. Interestingly, as with the patterns in levels of
heterozygote advantage, the construction approach and
the fitness-space approach result in completely different
levels of disruptive selection relative to the amount of
gene flow.

Figure 1.—The average number of alleles (n) maintained
after 10,000 generations as a function of gene flow in the two-
deme model. The shaded symbol indicates the result for the
single-deme model. The error bars are 95% confidence inter-
vals. Gene flow has a strong significant (single-factor ANOVA,
F7,7992 ¼ 1569, P , 0.0001) effect on the average number of
alleles maintained. Data from the single-deme model were
added as an additional level to the factor.

TABLE 1

The number of simulations leading to n alleles for
different levels of gene flow

m

n 0 0.01 0.05 0.1 0.2 0.5 1 Sa

1 4 3 2 3 5
2 6 19 40 31 48 18
3 5 24 73 175 224 185 101
4 1 13 56 154 278 354 363 241
5 14 26 117 199 266 277 282 302
6 40 90 176 227 152 91 96 208
7 107 139 196 156 60 21 21 97
8 160 196 172 87 25 2 25
9 224 201 111 52 2 1 3
10 196 150 84 25 1
11 121 112 38 3
12 90 44 11 1
13 36 13 4 1
14 9 9 1
15 2 1
16 1
�n 9.35 8.67 7.16 5.80 4.60 4.24 4.26 4.86

For each level 1000 simulations were performed.
a Indicates n for the single-deme model.
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The positive correlations at moderate to high levels of
gene flow are indicative of the requirement for heterozy-
gote advantage to maintain polymorphism as the spatial
structure begins to dissipate. Note also that we gener-
ated higher levels of polymorphism (n . 8) only when
disruptive selection was evident, possibly indicating that
disruptive selection is a particularly important form of
balancing selection for higher levels of polymorphism.
Furthermore, these results are not due to high numbers
of rare alleles: A similar pattern was found when per-
forming this analysis using only the fitness values of geno-
types with common alleles (i.e., with frequencies .5%;
data not shown).

Invasions: The effect of gene flow on the number of
mutations that successfully invaded the system and their
persistence was investigated using two different ap-
proaches. We counted the total number of invasions and
calculated the ratio of long-term mutants (i.e., persistent
for .1000 generations) over short-term mutants (i.e.,
persistent for ,1000 generations).

Only mutants that became extinct before 10,000 gen-
erations were used in the persistence analysis.

Gene flow has a strong effect on both the number of
invasions and the ratio of long-/short-term invasions
(Figure 4). For the number of invasions, most post hoc
comparisons (Tukey’s HSD test) were significant, except
for the comparison m ¼ 0 vs. 0.01 and for the ratio of
long-/short-term mutants, most of these comparisons
were significant, except for the comparisons m ¼ 0.1 vs.
1.0 and m ¼ 0.2 vs. 0.5. These results show that the two-
deme model has more invading mutants compared to
the single-deme model for any level of gene flow and
this number of invasions peaks at an intermediate level
of gene flow (m¼ 0.02). Nevertheless, in general, higher
invasion rates need not result in higher levels of poly-
morphism after 10,000 generations. Indeed, the lower
ratio of long-/short-term mutants in the two-deme model
for most levels of gene flow (m . 0.05) shows that the
increased number of invasions is mainly the result of an
increase in short-term mutants rather than long-term

Figure 2.—Levels of heterozygote advantage
(H ) as a function of gene flow (m) for fitness sets
containing n alleles after 10,000 generations. The
shaded symbols indicate the results for the single-
deme model whereas the open symbols indicate
those for the fitness-space approach (see text for
explanation). Standard errors are very small and
are omitted for clarity. The dashed line indicates
zero heterozygote advantage, which is the average
for randomly generated fitnesses. Gene flow (m)
and the number of alleles (n) have a significant in-
teraction effect (ANCOVA, F7,7914 ¼ 134, P #
0.0001, m as factor, n as covariate) on H .

Figure 3.—Pearson’s correlation coefficients
(r) between two demes for fitness values as a
function of gene flow (m) for fitness sets with
n $ 2. The error bars are standard error intervals.
The dashed line indicates zero correlation, which
is the average for randomly generated sets of fit-
nesses. The open symbols indicate the results for
the fitness space approach (see text for explana-
tion). Gene flow (m) and the number of alleles
(n) have a significant interaction effect (ANCOVA,
F6,6924 ¼ 34.1, P # 0.0001, m as factor, n as cova-
riate) on r.
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mutants. Consequently, after 10,000 generations, most
of these short-term mutants have become extinct and
do not influence the final level of polymorphism. In
contrast, even though a strong reduction is observed
in the number of invasions for lower levels of gene flow
(m , 0.2), proportionally more of these invasions are
long-term mutants, resulting in higher levels of polymor-
phism after 10,000 generations compared to the single-
deme model.

Stability of equilibria: The stability of the fitness sets
was investigated using two different approaches: First,
the proportion of simulations leading to type I, II, or III
fitness sets was recorded for each level of gene flow. Type
I fitness sets maintain the recorded polymorphic equi-
librium for all of the 250 initial random allele-frequency
vectors, type II maintain this equilibrium for some of
these vectors, and type III fitness sets never maintain the
recorded polymorphic equilibrium. As such, type I fit-
ness sets can be considered the most stable, type II fit-
ness sets moderately stable, and type III fitness sets the
least stable. Second, the proportion of initial allele-
frequency vectors leading to equilibrium for type II fit-
ness sets was recorded as a measure of the size of domain
of attraction. A type II fitness set with a larger domain
is considered more stable. The effect of gene flow on
domain size was investigated for all levels of gene flow
for which at least 10 type II fitness sets were found.

Gene flow has a particularly strong effect on the types
of fitness sets that maintain polymorphism; most fitness
sets are type I for high levels of gene flow whereas for low
levels of gene flow most were type II (Table 2). Because
any fully polymorphic equilibrium is globally stable for a

single-deme model, no type II fitness sets exist for this
model. The proportion of type III fitness sets decreases
more moderately with higher levels of gene flow, but is
higher in the single-deme model when compared to the
two-deme model for the highest levels of gene flow. In
analyzing the size of the domain of attraction for type II
fitness sets, only a sufficient number was found for m #

0.2. For these fitness sets most initial frequency vectors
lead to a fully polymorphic equilibrium (Figure 5). Fur-
thermore, the proportion of initial frequency vectors
leading to equilibrium increases for higher levels of
gene flow.

Overall, both the proportion of type I fitness sets
increases and the size of domain of attraction enlarges
with higher levels of gene flow, thus the fitness sets are
more stable for these levels of gene flow. The size of the
domain of attraction in the construction model is larger
in comparison to the fitness-space approach where only
the minority of initial frequency vectors leads to fully

Figure 4.—The square root of the number of invasions
(circles, left y-axis) and the square root of the ratio of long-/
short-term mutants (triangles, right y-axis) as a function of gene
flow. The shaded symbols indicate the results for the single-
deme model. The error bars are 95% confidence intervals.
Gene flow has a strong significant effect on the number of in-
vasions (single-factor ANOVA, F7,7992¼ 1350, P # 0.0001) and
the ratio of long-/short-term mutants (single-factor ANOVA,
F7,7992 ¼ 589, P # 0.0001). Both responses were square-root
transformed to comply with the ANOVA assumption of homo-
scedasticity of residuals.

TABLE 2

The proportion of simulations leading to type I, II, or III
fitness sets for different levels of gene flow

m I II III

0 0.01 0.63 0.37
0.01 0.03 0.62 0.35
0.05 0.15 0.52 0.33
0.1 0.36 0.36 0.28
0.2 0.70 0.10 0.20
0.5 0.87 0.00 0.13
1 0.85 0.00 0.15
Sa 0.79 0.00 0.21

a The number of fitness sets using data from the single-
deme model.

Figure 5.—Size of domain of attraction measured by the
proportion of initial allele-frequency vectors leading to fully
polymorphic equilibrium as a function of gene flow for type
II fitness sets. The error bars are standard error intervals. For
the construction model, gene flow has a significant (Kruskal–
Wallis, x2

4 ¼ 182, P , 0.0001) effect on the size of domain of
attraction.
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polymorphic equilibrium for m # 0.2 (Figure 5) (Star

et al. 2007).
Frequency distributions: The distribution of allele

frequencies after 10,000 generations was summarized by
calculating the index I, the sum of squared differences
of the frequencies from the mean (Lewontin et al. 1978).
Two indices of I were calculated for each final allele-
frequency vector; one index was calculated using the
allele-frequency vector (pi,d) taken from one of the demes,
the other index was calculated using the pooled frequency
vectors over both demes. The latter index was used to
investigate the frequency distributions that emerge if the
underlying spatial structure is ignored. The index I is
given by I ¼

Pn
i¼1 pi;1 � ð1=nÞð Þ2 for the frequencies in

a single deme and by I ¼
Pn

i¼1 pi;d � ð1=nÞ
� �2

for the

pooled allele frequencies over both demes and only
frequency vectors for which n . 1 were used for both
indexes. If all alleles have equal frequency, I ¼ 0, and
if one allele is close to fixation I � ðn � 1Þ=n. We are
mainly interested in the effect of gene flow on the index
I. Nevertheless, the number of alleles also affects the
values of this index, not the least by increasing the
maximum possible I values for increasing number of
alleles. Only combinations of n and m were analyzed for
which at least 10 replicates were found.

Gene flow and the number of alleles have an in-
teraction effect on I on the basis of the allele-frequency
vectors taken from one of the demes (Figure 6). For the
pooled frequency vectors, no significant interaction ef-
fect was detected, but both gene flow and the number of
alleles separately influenced this index (Figure 6). Post
hoc comparisons (Bonferroni) between levels of gene
flow for the pooled index show that the distributions of
frequencies for these vectors in the two-deme model are
less skewed for any level of gene flow when compared to
the frequency vectors of the single-deme model (Table
3). The distribution of pooled allele frequencies is most

even for the lowest (m , 0.05) and the highest (m . 0.2)
levels of gene flow. Gene flow appears to have a larger
effect on the distribution of frequency vectors taken
from a single deme than on the pooled frequency vectors,
but the significant interaction effect with the number of
alleles prevents further analysis using post hoc tests. Nev-
ertheless, large differences exist between distribution
of frequency vectors taken from a single deme and the
pooled frequencies, especially for low (m , 0.1) levels of
gene flow. In comparison to the fitness-space approach
(Star et al. 2007), the construction approach results in
more skewed frequency distributions for both types of
indices, mainly for lower levels of gene flow.

Neutrality: The Ewens–Watterson test compares the
observed level of homozygosity to that which is expected
under neutrality. This test was used to examine if the
allele-frequency vectors after 10,000 generations were
detectably different from those expected under the
neutral hypothesis. Again for each run of the simula-
tion, neutrality was examined using two measurements

Figure 6.—Distribution of allele-frequency vec-
tors measured by the square root of index I for n al-
leles as a function of gene flow (m). The index I was
calculated using allele frequencies from one of the
demes (black symbols), pooled frequencies from
both demes (white symbols) and frequencies from
a single deme (gray symbols). The red symbols indi-
cate the results for the fitness-space approach (see
text for explanation). The error bars are standard
error intervals. For the construction model, m and
n have a significant interaction effect (ANCOVA,
F7, 7914 ¼ 4.69, P # 0.0001, m as factor, n as covari-
ate) on the single index I. For the pooled index I,
no significant interactioneffect wasdetected. Both
m (F7,7921¼108, P # 0.0001) and n (F1,7921¼109, P
# 0.0001) have a significant effect on the pooled
index I. Both indexes were square-root trans-
formed to comply with the ANCOVA assumption
of normality of residuals.

TABLE 3

Significance values for multiple comparisons for the
index I between levels of gene flow for pooled

frequency vectors using Bonferroni

m 0 0.01 0.05 0.1 0.2 0.5 1.0 S

0 —
0.01 NS —
0.05 * * —
0.1 * * NS —
0.2 NS NS * * —
0.5 * * * * * —
1.0 * * * * * NS —
Sa * * * * * * * —

*P , 0.0001. NS: P . 0.05.
a The comparisons with data from the single-deme model.
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that are similar as described for the indices I above; one
measurement used the allele-frequency vector (pi,d)
taken from one of the demes, the other used the pooled
frequency vectors from both demes. Following the pro-
cedure described by Marks and Spencer (1991) and
Spencer and Marks (1992), from each of these two pop-
ulation frequency vectors per run, 200 sample frequency
vectors were taken, each with a sample size of 200 genes.
For each of these sample frequency vectors, the sample
homozygosity (F̂ ) was calculated and compared to the
lower and upper critical points of Ewens sampling dis-
tributions (Ewens 1972; Watterson 1977, 1978). Each
single sample vector was considered a binomial exper-
iment with a constant probability of rejection. Then, if
significantly .5% of the sample vectors for a particular
population vector are rejected as nonneutral, that pop-
ulation vector is detectably different from a vector ex-
pected under the neutral hypothesis. This detection occurs
when .9% of the sample vectors are rejected (binomial
distribution with N ¼ 200 and P ¼ 0.05).

Gene flow has a considerable effect on the proportion
of vectors that deviate from neutrality (Figure 7). For
allele-frequency vectors taken from one of the demes,
the proportion of vectors that deviate from neutrality due
to F̂ in the lower critical region increases with higher
levels of gene flow. This proportion is lowest for an in-
termediate gene flow (m ¼ 0.1) for the pooled allele-
frequency vectors. Only for lower (m , 0.2) levels of gene
flow and allele-frequency vectors taken from one of the
demes, substantial numbers of vectors were detected
that deviate from neutrality due to F̂ in the upper criti-
cal region. The probability of calculating either lower or
higher F̂ -values depends on the level of skew of allele-
frequency distributions. A skewed distribution will more

likely result in higher F̂ -values and an even distribution
will more likely result in lower F̂ -values. Thus both the
level of gene flow and the manner in which the final
allele-frequency vectors are sampled have a large effect
on the outcome of the Ewens–Watterson test as both
have a large influence on the skew of frequency distri-
butions. Overall, the proportions of allele-frequency vec-
tors that are detectably different from those expected
under neutrality are low.

DISCUSSION

Spatial heterogeneity has long been considered a
potential solution to the problem of the maintenance of
genetic variation (Lewontin 1974; Kassen 2002). Here
we show that this solution need not always work: A spa-
tial construction approach demonstrates that the simu-
lated environmental heterogeneity can either constrain
or promote the levels of polymorphism, depending on
the level of gene flow between the demes. High levels of
gene flow decrease the levels of polymorphism when
compared to the single-deme construction approach.
For these high levels of gene flow, heterozygote advan-
tage emerges as the dominant form of balancing selec-
tion that maintains polymorphism; substantial disruptive
selection is not evident since fitness sets become posi-
tively correlated between the demes. Thus, for high lev-
els of gene flow, the evolutionary process selects mutants
that have fitness sets with heterozygote advantage and
similarly structured fitness values in both demes. The
probability of randomly generating fitness sets satisfying
these particular requirements in a two-deme model is
lower when compared to the single-deme model, since
two fitness sets (one set for each deme) of similar struc-
ture need be generated instead of only one. The lower
probability of attaining heterozygote advantage in both
demes results in lower levels of polymorphism after
10,000 generations compared to a single-deme model.
A similar result has been reported for a sex-dependent
viability-selection model (Marks and Ptak 2000). In-
deed, that particular sex-dependent viability-selection
model is a special case of our two-deme model with the
highest level (m¼ 1) of gene flow: Males and females can
be considered separate demes with complete mixing each
generation.

Moving from a single-deme to a two-deme model with
high levels of gene flow gives contrasting results using
the construction and fitness-space approaches. In the
latter the potential to maintain polymorphism increases
due to a combination of heterozygote advantage and dis-
ruptive selection (Lewontin et al. 1978; Star et al. 2007);
in the former the level of polymorphism decreases and
disruptive selection is not apparent. These contrasting
results suggest that, for a given level of polymorphism,
the regions of fitness space reached by a population
under a more natural process of mutation and selection
are quite different from those regions implied using the

Figure 7.—Proportion of simulations with allele-frequency
vectors that were significantly different from neutrality as a
function of gene flow. Samples were taken from one of the
demes (triangles) and from pooled frequency vectors from
both demes (circles). Frequency vectors were rejected if
$18 of the generated sample homozygosity (F̂) values were
lower (solid symbols) or higher (open symbols) than the critical
points of Ewens’ sampling distribution (see text for explanation).
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more static fitness-space approach for high levels of gene
flow.

For low levels of gene flow, results are more similar
when comparing levels of polymorphism in the con-
struction approach and the potential to maintain vari-
ation in the fitness-space approach (Star et al. 2007).
The construction approach maintains substantially higher
levels of polymorphism and the fitness-space approach
results in more potential to maintain variation when
each of these different approaches are compared to
their equivalent single-deme models. Nevertheless, for
comparable levels of polymorphism, both approaches
have fitness sets with strikingly different fitness proper-
ties. Heterozygote advantage is the dominant form of
balancing selection in the fitness-space approach, while
disruptive selection emerges as the important form of
balancing selection in the construction approach for
these lower levels of gene flow. Thus, for both lower and
higher levels of gene flow, the process of mutation and
selection in the construction approach results in the
maintenance of polymorphism in a region of fitness
space that is, on average, different from that implied by
the fitness-space approach.

Interestingly, for the construction approach, disrup-
tive selection emerges as a result of the evolutionary pro-
cess, rather than due to any fitness restriction or forced
trade-off between the demes, as fitnesses are randomly
assigned between the two demes. This emergence of dis-
ruptive selection is similar to the emergence of hetero-
zygote advantage as a result of evolutionary processes
in single-deme models (Ginzburg 1979; Turelli and
Ginzburg 1983; Spencer and Marks 1988; Marks and
Spencer 1991). We suggest that generating negatively
correlated fitnesses between the demes will make the
construction of polymorphism easier for low levels of
gene flow, and harder for higher levels of gene flow. The
opposite effect might be observed by generating more
positively correlated fitnesses between the demes. The
latter model would become more similar to a spatially sub-
divided model without spatial heterogeneity in selection
pressures (e.g., Muirhead 2001). We are currently in-
vestigating a model in which correlated fitness sets are
generated.

Invasibility and stability: The evolutionary process
allows for more invasions in the two-deme model com-
pared to the single-deme model, especially for inter-
mediate levels of gene flow. Nevertheless, most of this
increase in invasions is due to an increase in short-term
mutants, which may have little effect on the levels of
polymorphism after 10,000 generations. After this num-
ber of generations, stability analysis shows that the alleles
present in the majority of the replicate runs are part of
true polymorphic equilibria, and the final levels of poly-
morphism are not heavily influenced by the presence of
large numbers of transient mutants.

Gene flow has a very strong influence on level of
stability of the fitness sets found after 10,000 genera-

tions and on the proportion of frequency vectors that
lead to fully polymorphic equilibria. Both the propor-
tion of more stable fitness sets and the average size of
domain of attraction increase for higher levels of gene
flow. A form of heterozygote advantage appears to be
the sole form of balancing selection as the spatial struc-
ture begins to vanish and this form of balancing selec-
tion is more likely to have a globally stable equilibrium
in the absence of strong environmental heterogeneity
(Lewontin et al. 1978; Karlin 1982). The higher sta-
bility of the spatial model at higher levels of gene flow is
most likely due to this increase in average levels of het-
erozygote advantage in combination with constraints on
the fitness sets of mutations that can successfully invade.

Regardless of the level of gene flow, the fitness sets
resulting from the construction approach have a larger
size of domain of attraction when compared to the fitness-
space approach (Star et al. 2007). Successfully invading
alleles necessarily have to increase their frequency from
low frequencies and therefore will be more likely to have
fitness properties that will protect them from becoming
extinct at these low frequencies. These results suggest
that the nonequilibrium mutation-selection process se-
lects for fitness sets that are part of a more stable portion
of fitness space than is expected by the ahistoric fitness-
space approach.

Frequency distributions and neutrality: Allele fre-
quency distributions resulting from balancing selection
often result in distributions that are fairly even (Lewontin

et al. 1978). In a single deme the frequency distributions
emerging from the construction approach are more
skewed when compared to the distributions resulting
from the fitness-space approach (Marks and Spencer

1991). In contrast, the two-deme models result in a whole
range of frequency distributions that can be more even
or more skewed, depending on the level of gene flow.
For low levels of gene flow, ignoring the spatial structure
of the two-deme model (by pooling the allele frequen-
cies from both demes) results in more even frequencies,
underestimating the skew of frequency distributions in
each deme at these levels of gene flow. Thus, if allele-
frequency distributions are to be used as signatures of
certain population-genetic processes, then it may be
necessary to understand the underlying spatial structure
of the population.

Frequency distributions resulting from selection of-
ten cannot be distinguished from the neutral theory
using the Ewens–Watterson test (Gillespie 1991; Marks

and Spencer 1991; Spencer and Marks 1992). In our
two-deme model, gene flow has a strong effect on these
frequency distributions and as such on the outcome of
the Ewens–Watterson test. Higher levels of gene flow
cause continuous mixing of the frequencies between the
demes. This mixing prevents the skewed frequency dis-
tributions leading to high sample homozygosity (F̂ ) and
increases even frequency distributions leading to low
sample F̂. Similarly, for low levels of gene flow, frequency
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distributions become more even by pooling the frequen-
cies from both demes effectively ignoring the spatial
structure of the two-deme model. Such pooling obviously
leads to an underestimation of the number of vectors
that can be distinguished from the neutral theory due to
high sample F̂. Traditionally, frequency distributions that
are considered nonneutral due to a low sample homo-
zygosity (F̂ ) are regarded as evidence for selection for
heterozygotes, whereas frequency distributions rejected
due to high sample F̂ are regarded as evidence for selec-
tion against heterozygotes (Manly 1985). These expla-
nations should be regarded with caution, especially if the
underlying spatial structure is unknown. Furthermore,
both the large influence of gene flow on the frequency
distributions and ignoring the spatial structure further
reduce the already low power of the Ewens–Watterson
test. These results show that allele frequency distribu-
tions alone are not likely to be sufficient to determine
the presence of selection in natural populations, an
argument made previously by Gillespie (1997) and
Kreitman (2000). Moreover, it would seem that screens
for selection based on a skewed frequency distribution
may well be underestimating the amount of selection.

In summary, whether the spatial construction ap-
proach leads to higher or lower levels of polymorphism
when compared to its single-deme equivalent is critically
determined by the level of gene flow. Regardless of gene
flow, the construction and fitness-space approaches
result in fitness sets with both qualitatively and quanti-
tatively different properties. Furthermore, the resulting
polymorphic equilibria from the construction approach
are more stable than a static fitness-space approach might
suggest. Most patterns of allele frequencies resulting from
selection in the two-deme model cannot be properly
distinguished from those expected under the neutral
theory, especially when spatial structure is ignored when
sampling these frequencies.
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