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Abstract

A theoretical relationship between isolation by distance or spatial genetic structure (SGS) and
seed and pollen dispersal is tested using extensive spatial-temporal simulations. Although
for animals Wright’s neighbourhood size  has been ascertained also, where  is the
axial variance of distances between parents and offspring, and it was recently confirmed that

 when dispersal of females and males differ, the situation for plants had
not been established. This article shows that for a very wide range of conditions, neigh-
bourhood size defined by Crawford’s formula  fully determines SGS,
even when dispersal variances of seed ( ) and pollen ( ) differ strongly. Further, self-
fertilization with rate s acts as zero-distance pollen dispersal, and 
fully determines SGS, for most cases where there are both likely parameter values and sub-
stantial SGS. Moreover, for most cases, there is a loglinear relationship, I(1) = 0.587 – 0.117
ln(Ne), between SGS, as measured by I(1), Moran’s coefficient for adjacent individuals, and
Ne. However, there are several biologically significant exceptions, namely for very low or
large Ne, SGS exceeds the loglinear values. There are also important exceptions to Crawford’s for-
mula. First, plants with low seed dispersal, high outcross pollen dispersal and high selfing
rate show larger SGS than predicted. Second, in plants with very low (near zero) seed dis-
persal, selfing decreases SGS, opposite expectations. Finally, in some cases seed dispersal
is more critical than pollen dispersal, in a manner inconsistent with Crawford’s formula.
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Wright’s (1943) original model of isolation by distance
showed how genetic structure within populations is gen-
erated by limits to parent–offspring dispersal distances.
He quantified isolation by distance with the average
inbreeding coefficient within various size ‘blocks’ or areas of
a population. Malécot (1948) reparameterized isolation
by distance in a more complete way by using spatial
probabilities of identity by descent between all pairs
of individuals, metrics that are closely aligned with
the spatial autocorrelation I-statistic of Moran (1950).
Isolation by distance displays spatial genetic correlations
that are relatively large for pairs of adjacent or nearby
individuals and generally decrease smoothly as the
distance of separation increases (e.g. Sokal & Wartenberg
1983). Both inbreeding coefficients and correlations are
smaller in populations that have larger Wright’s neigh-

bourhood size, which is a function of the variance of
dispersal distance. Although in the literature Wright’s
neighbourhood size is sometimes loosely referred to as a
‘panmictic unit’, Wright (1946) himself stated that there
is not likely to be panmixia within neighbourhoods
and indeed generally spatial genetic structure (SGS) exists
within neighbourhoods (e.g. Epperson 1995). Nonetheless,
Wright’s neighbourhood size, Ne, is a critical parameter
that generally controls the degree of isolation by distance
in the animal models of Wright and Malécot and SGS (e.g.
Rohlf & Schnell 1971; Sokal & Wartenberg 1983). Moreover,
Ne has proved to be a useful and popular measure of
dispersal distance standardized for population density
(e.g. if spatial distance is measured on a scale such that
an individual takes up on average 1.0 units of area, then
Ne = 4πσ2, where σ2 is the axial variance of dispersal
distance measured on the same scale).

Since Wright (1943) formulated his isolation-by-distance
model, most of the theoretical results on the case of isolation
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by distance of greatest interest, namely that for relatively
short distances in populations existing on the plane, came
from computer simulation studies, in part because math-
ematical analyses fail (e.g. diffusion methods — Nagylaki
1978). In particular, an explicit, essentially one-to-one rela-
tionship was recently demonstrated between the degree of
spatial autocorrelation and Wright’s neighbourhood size,
under a very wide range of conditions (Epperson 2005).
However, nearly all simulation studies, as well as most
mathematical results, including Wright (1943) and Malécot
(1948), have been based on dispersal of male and female
parents, not pollen and seed. In a series of studies, Craw-
ford (1984a, b) used a geometric explanation to argue for
a particular transformation of pollen and seed dispersal
into male-parent–offspring distance and female-parent–
offspring distance. He did not attempt, nor indeed is it pos-
sible, to carry this transformation through Wright’s and
Malécot’s mathematical equations to determine the degree
of isolation by distance, because both assumed the two
parent–offspring distances are independent, which gener-
ally will not be true for plants. Although, the assumption of
independence may not always be valid in animals, e.g.
where fertilized females may move considerable distances
before giving birth, dependence is omnipresent in plants.
Nonetheless, the transformation has become widely used
in the plant experimental literature (e.g. Govindaraju 1988;
Heuertz et al. 2003; Smouse & Robledo-Arnuncio 2005;
Robledo-Arnuncio & Austerlitz 2006). The validity of the
transformation, particularly the ranges of pollen and seed
dispersal distance variances over which it may determine
SGS, still has not been characterized. The ability to empiri-
cally determine rigorous and confident relationships between
plant dispersal characteristics and SGS requires direct
theoretical study.

Although Wright (1946, 1969) studied one case with no
female dispersal, the case of unequal sex-specific parent–
offspring distances was not characterized for either plants
or animals until recent simulation studies. In plants, paternal
genetic contributions are distributed and dispersed through
both pollen and seed, while female contributions are only
through seed; hence, their dispersal distances cannot be the
same unless pollen dispersal is zero. In addition, whenever
there is any seed dispersal, the distances of dispersal
of the parental contributions to any given offspring are
correlated in plants, which violates primary assumptions
made in both Wright’s and Malécot’s approaches. Thus,
questions remained regarding both the appropria-
teness of Crawford’s formula as well as Wright’s original
formulation when the sexes have differing dispersal
characteristics, and hence the generality of Wright’s neigh-
bourhood size as a predictor of spatial genetic structure.

Recently, simulation studies have shown that nearly
identical spatial autocorrelations are produced for a wide
variety of cases for animals in which there are differing

female ( ) vs. male ( ) axial variances of dispersal
distance, but similar total neighbourhood sizes (e.g. Epper-
son 1995, 2005). Total neighbourhood is defined as ,
where  (Crawford 1984b), i.e. parent–
offspring distance is taken as the average for the two
sexes. Based on numerous simulation studies, an empirical
relationship has been observed, I(1) = 0.544 – 0.102 ln Ne
(Epperson 2005), where ln is the natural logarithm and I(1)
is Moran’s correlation coefficient for adjacent individuals,
which has high statistical power as an indicator of global
autocorrelation under isolation-by-distance processes
(Epperson 2003). Total neighbourhood size determined I(1)
regardless of the relative roles of female and male animal
dispersal. Female dispersal variance was modelled to range
from zero up to very large numbers, in effect infinity, and
male dispersal distance was modelled to range from very
small to very large biological values (e.g. Epperson 1995,
2003, 2005). Although this invariance suggests that details
of dispersal are not critical in the determination of SGS, it
does not necessarily mean that Crawford’s relationship of
seed and pollen dispersal to female and male dispersal is
valid, even over the same range of distances.

It has been repeatedly pointed out in the recent literature
that seed dispersal can be more important than pollen dis-
persal (Hamrick & Nason 1996; Kalisz et al. 2001; Hardesty
et al. 2005). While this is in some ways obvious from
Crawford’s formula, , where the dispersal
distance variance of seed ( ) contributes twice as much
as that of pollen ( ), it remains unclear whether or not
this is the only factor, especially for extreme values of either

 or . For example, if  is very large or effectively
infinite as what may occur in some wind-pollinated plants, the
formula would predict zero spatial genetic structure, yet
highly limited seed dispersal should result in some excess
of spatial proximity of half-sibs and thus SGS (Kalisz
et al. 2001). Hence, questions remain on when unequal
paternal and maternal distances, as translated from seed and
pollen dispersal and including the fact that seed dispersal
moves both parental contributions, fit the predictions
originally modelled by Wright and Malécot.

The primary goal of this article is to use extensive
spatial-temporal computer simulations to test the relation-
ship of total dispersal variance or neighbourhood size with
spatial genetic structure, when plant biological processes
and factors of dispersal are taken into account. Dispersal
of pollen and seed are modelled explicitly, and both are
simulated to range widely and cover biologically relevant
conditions. In addition, self-fertilization can occur with
high frequency, where pollen movement is zero-distance;
hence, the effect of selfing on neighbourhood size and
SGS is also investigated. Previously, low levels of selfing
were modelled and observed to have little effect on
spatial genetic structure (Epperson 1990). In the first study,
Crawford (1984a) provided a compelling argument against
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previous formulations, and in favour of the idea that selfing acts
on SGS mainly through reducing the axial variance of pollen
dispersal distance, where self-pollinations are simply zero-
distance pollen movements. However, no analytical theory
has specifically addressed this concept. In the present
study, effects of selfing are studied by using low, medium
and high selfing rates, together with a wide range of seed
dispersal and outcross-pollination distance variances. In
total, the results cover a wide range of conditions and pro-
vide a direct and broadly applicable theoretical basis for
how pollen and seed dispersal determine SGS.

Methods

Simulations

Replicated spatial-temporal simulations of isolation by
distance were conducted, having input variables that
control seed and pollen dispersal and selfing rate and
output measures of SGS. Each simulated population
consisted of 10 000 individuals with diploid genotypes, located
on a 100 × 100 square lattice (a conceptual approximation
to continuous space), and each was initialized with a
random distribution of diploid genotypes at an arbitrary
locus, in Hardy–Weinberg proportions. A locus had five
alleles, each with initially equal frequency 0.2. For loci
with five alleles, the SGS of different alleles are almost
stochastically independent (Epperson 2003), hence rep-
lication of the process was enhanced. Allele frequencies
changed very little during the course of a simulation.
Previous simulation studies showed that numbers of alleles
and a wide range of frequencies have no effects on values
of Moran’s I-statistics (Epperson 2003).

Each set of simulations had a unique combination of
dispersal and selfing, with 100 simulations per set. Most
details of the simulation programme, which uses Monte
Carlo methods to simulate stochastic generations of life
cycles, were described previously (Epperson 1990). In the
present article, the programme was restructured and rewritten
to model pollen and seed dispersal, rather than male and
female dispersal. Self-pollination was also added. In
general, limited dispersal is modelled in the following
way. The location of the seed parent of an offspring was
chosen at random (using two uniform pseudo-random
numbers to choose the two coordinates) from one of the
nearest Ns neighbours, where Ns generally varied among
sets. Then, the male parent of the seed was chosen at ran-
dom from the nearest Np neighbours of the seed parent. Np
also varied among sets. This uniform distance function
may be considered unrealistic for many species in which
the probability of dispersal decays smoothly with dis-
tance. However, it is justified by the fact that it and many
other non-normal (including other platykurtotic as well
exponential and other leptokurtotic) forms of the dispersal

curve have very little effect on spatial structure, rather it is
the standardized neighbourhood size that matters, over a
wide range of conditions (e.g. Rohlf & Schnell 1971; Barton
et al. 2002; Epperson 2005; Lee & Hastings 2006). Dispersal
was ‘reflected’ off of the boundaries (Epperson 1990).

The first group of 16 sets directly and solely addressed
possibly contrasting functional roles of seed vs. pollen
distributions in the absence of self-fertilization beyond a
small incidental rate of 1/Np. The wide range of values of
Np vs. Ns, as well as the corresponding axial variances
(Wright 1943; Crawford 1984b) for pollen, , and seed,

, and Crawford’s total neighbourhood size Ne given by
, are shown in Table 1. Together, these 16 sets

represent the range over which there is both biologically
significant spatial genetic structure and biologically relev-
ant relationships of pollen to seed dispersal. Since seed
dispersal has twice the effect, even values of Ns of 100
would produce little SGS. A much larger value (625) of Np
was included, to mimic near-panmixia and to heighten
possible contrasts between seed vs. pollen dispersal effects.

As in most other simulation studies, each simulation
was run for 200 generations, by which time a population has
been at quasi-equilibrium for over 100 generations (e.g.
Sokal & Wartenberg 1983; Epperson 2005). In total, 1600
space–time simulations were run and analysed for this
group of simulations. In this group as well as the others,
the statistics were further averaged over five alleles for
each simulation; hence, extensive replication was achieved.

A second group of simulation sets combined the effects
of higher rates of selfing and their possible interactions
with seed and (outcross) pollen dispersal. This group had
a subset of the pollen and seed dispersal regimes in the
first group combined with three levels of selfing. Selfing
was added to the simulation model by imposing a prob-
ability (actualized by a uniform random number), s, that
the pollen parent of a seed produced by the seed-parent at
location x, was the same individual at x. When a selfing
event did not occur, then the pollen parent was chosen at
random from the Np plants centred about x. The total selfing
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Table 1 Values of Wright’s neighbourhood size, Ne, for the first
group of sets having both seed and pollen dispersal but only
incidental selfing, i.e. s = 0, s* = 1/Np. Sets were numbered
consecutively down rows, in columns 1–4, e.g. set 11 had Np = 121
and Ns = 49, with Ne = 113.10

Ns

Np 9 25 121 625

0.67 2.0 10.0 50.32

9 0.67 12.57 20.94 71.21 324.55
25 2.0 29.32 37.70 87.96 341.30
49 4.0 54.45 62.83 113.10 366.44
81 6.67 87.96 96.34 146.61 399.95
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rate, s* is equal to s + (1 – s)/Np (note the negligible effects
of population boundaries on Np are ignored here). It should
be noted that outcross pollinations (at rate 1 – s*) have a
correlation between the two axial dispersal distances, and
while this technically violates assumptions of Wright (1943)
and Crawford (1984b), it is of negligible size. Values of s
were taken as 0.1, 0.5, and 0.9. A value of 0.1 represents the
low selfing rate typical of nonobligate outcrossing plants,
and 0.9 typical of selfers. The value 0.5 is not often observed
in plants, but was included to confirm any trends associ-
ated with selfing rate.

The criteria for choosing the subset of the combinations
of Np and Ns from the first group to use in the second
group was that all biologically relevant ranges be included,
at least where substantial SGS is possible for the higher
selfing rates. High values of Np were one focus, as the
effects of selfing in reducing pollen dispersal could be
amplified. Moreover, such cases were of particular interest
since there are virtually no theoretical results on SGS in
plants having a mixture of wind-dispersed outcrossing and
high selfing rates. In total, 27 sets, or 2700 simulations were
conducted for the second group of simulations. Table 2
shows the combinations of Np and Ns for the sets in the
second group. It also gives the neighbourhood size that
would obtain if selfing were treated as zero distance pollen
movement, .

A third group of sets of simulations was conducted for
populations having higher rates of selfing but no seed
dispersal (Ns = 1). Initially, several sets were conducted
and these gave surprising results, which seemingly might
make a critical contrast between plant dispersal vs. animal
dispersal. Hence, a large number of sets having zero seed
dispersal were conducted to substantiate a potentially
new phenomenon. Values of Np ranged from nine to 625
and s again took the various values 0.1, 0.5, and 0.9. Table 3

gives the values of s*. In total, 21 sets or 2100 simulations
were conducted for the third group of simulations.

Figure 1 shows an example (set 13, no seed dispersal,
Np = 121, s = 0.9) of how extremely non-normal the dispersal
distance distribution can be when high rates of selfing
are considered as zero-distance pollen dispersal. Wright
(1943) assumed that dispersal distance is normally dis-
tributed and Malécot’s (1948) results make approximations
which lead to isolation by distance relying only on the
dispersal variance, not on the ‘shape’ of the distribution.

Table 2 Values of the predicted
neighbourhood size, if selfing were treated
as zero distance pollen movement,

, in the second
group of sets, which had seed and pollen
dispersal and higher rates of selfing. Sets
were numbered consecutively down rows,
e.g. set 8 had Ns = 9, Np = 121 and s = 0.5

N ss p0
2 24 1 2= + −π σ σ[ ( )/ ]s

Ns 9 9 9 9 25 25 25 49 49

Np 9 25 121 625 25 121 625 121 625

0.1 12.15 19.69 64.93 292.95 36.44 81.68 309.70 106.81 334.83
0.5 10.45 14.67 39.79 166.47 31.42 56.55 183.21 81.68 208.35
0.9 8.80 9.63 14.66 39.99 26.39 31.42 56.74 56.55 81.86

N ss p0 4 1 2= + −π σ σ[ 2 2( )/ ]

Table 3 Values of total selfing rate,
s* = s + (1 – s)/Np, used in the third group
of simulations, which have zero seed
dispersal. Sets were numbered consecu-
tively down rows, in columns 1–7, e.g. set
8 had Np = 49 and s = 0.5, and s* = 0.5102

s

Np 9 25 49 81 121 225 625

1/Np 0.1111 0.0400 0.0204 0.0123 0.0083 0.0044 0.0016

0.9 0.9111 0.9040 0.9020 0.9012 0.9008 0.9004 0.9002
0.5 0.5555 0.5200 0.5102 0.5062 0.5042 0.5022 0.5008
0.1 0.2000 0.1360 0.1184 0.1111 0.1075 0.1040 0.1014

Fig. 1 Contrasting pollen dispersal distance functions, all having
the same axial dispersal variance = 1.0. Shown are the pro-
bability density functions for the normal and the exponential
distributions, and the probability mass function for simulations
with Np = 121 and selfing rate 0.9.
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Although numerous simulation studies have shown that
the shape of the dispersal curve is largely unimportant
(Rohlf & Schnell 1971; Barton et al. 2002; Epperson 2005;
Lee & Hastings 2006; Robledo-Arnuncio & Austerlitz 2006),
such extreme forms have not been investigated.

Statistical characterization of populations

The spatial distributions of genotypes were characterized
by computing the statistics at generation 200 for each
simulation run, as has been done in most previous studies.
This choice is largely arbitrary but unbiased and efficient.
During the period from about 50 to several thousand genera-
tions, simulated populations exist in a quasi-stationary
phase (e.g. Sokal & Wartenberg 1983; Epperson 1990); hence,
any other generation in the range would also have been
adequate. It is much more informative to replicate pro-
cesses over entire simulations rather than over generations.

In preparation for calculation of Moran’s I-statistic for
the individual genotypes, for each allele, the genotype at
each location i was converted into the values Xi = 0, 0.5, or
1.0 according to the numbers (none, one, two) of that allele
that were carried in the genotype. For each allele, Moran’s
I-statistics were calculated based on these numeric values.
For each simulation, pairs or ‘joins’ were classified accord-
ing to distances classes, D, in multiples of lattice units. For
example, distance class one was 0–1.5 units, i.e. it included
nearest neighbours (distance = 1.0), analogous to single
space rook’s moves in the game of chess and diagonal
neighbours (distance = 21/2 or c. 1.41). Distance class two
included all pairs separated by distances in the range of
(effectively) 1.5–2.5, and for example included second
nearest neighbours analogous to two-step rook moves, as
well as other pairs. To reduce the amount of output to
manage, only distance classes one through 30 were recorded,
and it is noted that by distance class 30, the correlograms
have approached asymptotic values. To calculate Moran’s
I-statistic for each distance class D, let Zi = Xi – q, where
q is the mean of the genetic values also equal to the allele
frequency in the simulated population. The equation for spe-
cific distance class D is written: I(D) = [nΣiΣjwij(D)ZiZj]/
WDΣi , where wij(D) are binary (0,1) variables specifying
the inclusion (1) or exclusion (0) of the pair of individuals
i and j in class D, and WD is the sum of the weights or twice
the number of joins or pairs placed into class D (Cliff &
Ord 1981). Under the randomization null hypothesis,
these statistics are completely free of assumptions about
the underlying distributions (Cliff & Ord 1981). Hence, for
each simulation, I-statistics were calculated for each dis-
tance class and for each of five alleles.

For each set of simulations, the means and variances of
individual I-statistics were calculated, separately for each
distance class, across five alleles and the 100 simulations
per set. All standard deviations were small, ranging from

c. 0.025 for large I (small Ne) down to c. 0.005 for small I
(large Ne). Moreover, the standard errors on set averages
would be smaller still by a factor of the square root of 500,
hence in the range of 0.0002–0.001. Therefore, further
details of the variances are not reported, nor are statistical
significance levels for differences among sets. Moran’s I
is asymptotically normal-distributed, and for example
differences in values larger than 0.002 would always be
statistically significant, even though usually biologically
meaningless. All Moran I-statistics were calculated by the
simulation programme.

Most results on spatial genetic structure are presented in
terms of the Moran I-statistic for the shortest distance
class, I(1). There are several reasons for doing so (Epper-
son 2005), but most importantly, the use of the entire spa-
tial structure (or as it is characterized by the I-correlogram)
is complicated by the fact that estimates for different dis-
tances (distance classes) are not independent, but have
correlations that depend on the spatial distribution itself.
Thus, for example the Q-statistic of Oden (1984), which
tests entire correlograms for statistical significance, is
conservative. Oden (1984) found that tests of significance
for the first distance class and the Q-test have about the
same statistical power under the process of isolation by
distance. Further, a direct relationship between I(1) and
Ne has been observed for the case of male and female dis-
persal (Epperson 2005), and this relationship may be tested
against in the present study of seed and pollen dispersal,
to determine if and when both types of dispersal biologies
produce the same degree of isolation by distance solely
through their effects on total dispersal variance (and Ne).

Additional statistics were computed on set mean values
(over alleles and replicate simulations), in order to exam-
ine trends, including linear regression, using r 2.4.0 (The
R Development Core 2006).

Finally, although inbreeding per se is peripheral to
the main research questions, values for the fixation index
were calculated and reported. Both the allele-specific
maximum-likelihood estimator (MLE) of Brown (1970),
and the multi-allelic estimator of Li & Horvitz (1953) were
calculated; further, the averages of the MLEs over alleles
were calculated for each simulation and then averaged
over simulations for each set. Only the values of the Li and
Horvitz estimator are presented, because the values of the
average MLEs were nearly identical, always differing by
less than 0.001.

Results

Spatial genetic structure without selfing

Set average values of Moran’s statistic for the first distance
class, I(1), for the first group of simulation sets, having both
pollen and seed dispersal but only incidental selfing (s = 0,

z2
i
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s* = 1/Np), are shown in Table 4. Because the relationship
of I(1) to Ne appeared to be nearly exponential (Fig. 2),
linear regression of I(1) on ln Ne was conducted. The
regression had slope –0.073 and intercept 0.425, results similar
to the regression observed for male and female animal
dispersal, I(1) = 0.544 – 0.102 ln Ne, obtained in earlier
studies (Epperson 2005). Moreover, just as in the latter case,
values of I(1) for very large Ne tended to be underestimated
by linear regression. In other words, in both studies the
loglinear relationship does not hold for very large Ne.
Specifically, the rate of decrease of I(1) with increasing Ne
is markedly higher among the four sets having Ne > 150.
Hence, a second analysis was done after omitting models
with Ne > 150, and the regression was I(1) = 0.571 – 0.113 ln
Ne (Fig. 2), for all practical purposes identical to the animal
dispersal cases (Epperson 2005). The adjusted R-squared

value was 0.96 compared to 0.90 for the regression using all
16 sets, indicating a very tight fit. Thus, despite the wide
range of levels of pollen and seed dispersal represented
in the sets, the value of I(1) was fully predicted by
the logarithm of Crawford’s measure of Ne, as long as
the latter was in the range of c. 10–150 (Fig. 2). For example,
set 4 ( = 0.67, = 6.67) and set 10 ( = 10.0, =
0.67), which had identical Ne (87.96, Table 1) but very
different pollen vs. seed dispersal, produced very similar
values of I(1), 0.069 and 0.071, respectively. Finally, it
should be noted that the set with minimal pollen and
seed dispersal, set 1, produced a value, 0.313, that is somewhat
larger than predicted by the regression, i.e. somewhat of an
outlier (Fig. 2). The same was true for the case of smallest
Ne for male and female dispersal (Epperson 2005).

Entire I-correlograms were also similar for dispersal
models having the similar total neighbourhood size. An
example, for sets 4 and 10, which had very different seed vs.
pollen dispersal levels, as noted above, but identical values
of Ne and very similar correlograms, is shown in Fig. 3.

Spatial genetic structure with selfing

Mean values of I(1) for the second group of simulation sets,
having nonzero  and  but with substantial selfing
(s = 0.1, 0.5 or 0.9), are shown in Table 5. As expected,
values of I(1) were larger when selfing rate was increased,
and smaller as either  or dispersal variance for outcross
pollinations were increased.

Table 4 Values of Moran I-statistic for the first distance class for
the first group of models with seed and pollen dispersal and no
selfing, i.e. s = 0, s* = 1/Np. Sets were ordered consecutively down
rows, as in Table 1

Ns

Np 9 25 121 625

0.67 2.0 10.0 50.32

9 0.67 0.313 0.226 0.097 0.032
25 2.0 0.173 0.145 0.071 0.022
49 4.0 0.105 0.094 0.057 0.017
81 6.67 0.069 0.063 0.042 0.014

σs
2 σp

2

Fig. 2 Values of Moran’s I for distance class one (I(1)) for the 16
sets in the first group, having various levels of pollen and seed
dispersal (Table 1) and only incidental selfing (with rate 1/Np), as
a function of the natural logarithm of the total neighbourhood
size, Ne. Also shown is the regression for sets 1–12.

Fig. 3 Average I-correlograms for two sets in the first group of
simulations, having both seed and pollen dispersal and with only
incidental selfing (with rate 1/Np). The solid line is for set 4
(Np = 9, Ns = 81) and the dashed line for set 10 (Np = 121, Ns = 25).
The two sets had very different levels of seed vs. pollen dispersal,
but identical neighbourhood size, Ne = 87.96 (Table 1).
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In order to compare the observed values of I(1) to those
predicted if selfing is treated precisely as zero-distance
pollen movement, hence predicted neighbourhood

, attention must be paid to
which part of the range of values of both Ne, taken as if
s = 0 or equivalently selfing is ignored in the calculation of
Ne, and N0 are found in the distribution shown in Fig. 2.
For sets in which both Ne and N0 are less than c. 150, we
would expect the change in I(1) due to selfing to be linearly
related to (ln N0 – ln Ne). Indeed, using the empirical result
from the first group of simulations (where s = 0, s* = 1/
Np), the slope of increase would be 0.113. Alternatively,
values of I(1) could be predicted directly from the equation
I(1) = 0.571 – 0.113 ln N0, and in fact observed values were
quite close to those predicted in this manner (results not
shown), for these simulation sets with N0 < 150. However,
a more precise prediction can be obtained by using the
values of I(1) obtained in sets having the same values
of Ns and Np but with s = 0 (Table 4), and setting
I(1)predicted = I(1)s=0 – 0.113 (ln N0 – ln Ne,s=0). For example,
for set 8, Ns = 9, Np = 121, s = 0.5, N0 = 39.79, and the
observed value, 0.160, can be compared using set 9 of the
first group (Ns = 9, Np = 121, s = 0), which had Ne,s=0 = 71.21
(Table 1), and the value 0.097 was found for I(1)s=0
(Table 4). For this example, I(1)predicted = 0.097 – 0.113 (ln(39.79)
– ln(71.21)) = 0.163. Sets 1–9, 13–16, and 22–24 had both
Ne and N0 less than 150, and the deviations of the observed
values from those predicted by this manner are shown
in Table 6. All deviations are small, either in absolute
values or as percentages of I(1)predicted, or both. There
was a slight trend for observed I(1) to exceed I(1)predicted
for small Ne and the opposite for large Ne. Nonetheless,
overall the SGS created when selfing is added fits very
closely expectations when selfing is treated as zero-distance
pollen movement, for these sets.

Predicted values for the remaining sets, those with very
high dispersal (Np = 625) among outcross pollinations,
were generated in two distinct ways. In cases (sets 12, 21,
and 27) where N0 is of moderate size (< 150) but the neigh-
bourhood size for the corresponding set with s = 0, Ne,s=0,
is large, say > 150 (note all of these sets have Np = 625
and s = 0.9), the I-statistics cannot be assumed to be log-
linearly related to the contrasts in neighbourhood size.
The contrasts span the critical part of the distribution
(Fig. 2). However, because N0 is moderate, the equation

I(1) = 0.571 – 0.113 ln N0 is a valid predictor. Values of the
observed values minus the predicted are 0.056, 0.011 and
0.007, for sets 12, 21, and 27, respectively. Only set 12 shows
a non-negligible difference. It is worth noting that set 12
has minimal seed dispersal, maximum Np and maximum
selfing rate. In the remaining cases (sets 10, 11, 19, 20, 25, 26)
where N0 (as well the neighbourhood size for the corre-
sponding set with s = 0) is large, greater than 150, the
equation cannot be used, indeed for Ne exceeding 159 the
equation predicts negative values. An alternative is to use
the slope measured for the four sets (sets 12–16) in the first
group (s = 0) of simulations (Table 4) having large values
of Ne, i.e. using a slope of –0.081 in place of –0.113. Con-
sequently, the deviations were –0.002, –0.007, –0.004, –0.024,
–0.003, and –0.028, for sets 10, 11, 19, 20, 25 and 26, respec-
tively. Deviations were large only for sets 20 and 26, and
then only as percentages.

Spatial genetic structure with selfing and no seed 
dispersal

In the third group of sets, where there was no seed
dispersal, low to moderate rates of selfing had very little
effect on spatial genetic structure (Table 7). Perhaps sur-
prisingly, even when s = 0.5, and hence the variance of
all pollen dispersal distances was halved, the values of
I(1) were virtually unchanged from the case with s = 0. In
contrast, when the selfing rate was high, s = 0.9, the values
of I(1) were strongly affected, however, in the direction
opposite those based on the argument that s contributes as
zero-distance pollen dispersal–values of I(1) are decreased,
and opposite the effect observed when there were even
small amounts of seed dispersal.

N ss p0 4 1 2= + −π σ σ[ 2 2( )/ ]

Table 5 Values of I(1) for simulation sets
shown that had partial selfing, and both
seed and pollen dispersal, as laid out in
Table 2s

Ns 9 9 9 9 25 25 25 49 49

Np 9 25 121 625 25 121 625 121 625

0.1 0.319 0.236 0.104 0.038 0.150 0.078 0.026 0.059 0.021
0.5 0.345 0.287 0.160 0.079 0.168 0.109 0.048 0.076 0.035
0.9 0.374 0.357 0.300 0.212 0.188 0.171 0.127 0.102 0.082

Table 6 Values of observed I(1)–I(1)predicted for those sets in the
second group (seed and pollen dispersal and selfing) that have
both Ne and N0 < 150, as described in the text

s

Ns 9 9 9 25 25 49

Np 9 25 121 25 121 121

0.1 0.002 0.003 –0.003 0.000 –0.001 –0.004
0.5 0.011 0.021 –0.003 0.001 –0.012 –0.018
0.9 0.021 0.043 –0.025 0.002 –0.016 –0.033
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Examined in finer detail, the array of values of I(1) exhib-
its complex behaviour. Whereas I(1) is clearly and sharply
lower for s = 0.9 (except for a ‘tie’ with s = 0 when Np =
625), the maximum of I(1) for the same Np but across s
values does not occur at a consistent value of s. Although
the differences among values across s = 0, 0.1 and 0.5 are small,
many of them would be statistically significant, given the
small standard errors (ranging from 0.0002 to 0.001). As
outcross pollen dispersal increases, the value of s giving
maximum I(1) increases. Both the behaviour of the maxi-
mum and the large reductions caused by large selfing rates
suggest that although increased dispersal generally homo-
genizes the population, when there is no seed dispersal
and little effective pollen dispersal, there is not enough dis-
persal to effect the role of locally spreading local stochastic
changes. This apparent conundrum may not be unex-
pected. For example, for set 1, if 
is used, then N0 would equal 4π[0 + 0.67 (0.1)/2] = 0.42.
There is so little movement that stochastic events (mainly
in the form of selfed progeny of heterozygotes) are scarcely
shared among adjacent and neighbouring locations.
Hence, even a slight increase in N0, e.g. s = 0.5 in set 2
(where N0 is 2.1), can greatly increase local sharing without
contributing much to larger scale homogenization, and
thus cause an increase in I(1). Dispersal allows nearby loca-
tions to share stochastic inputs, yet it also ‘smooths’ out
local stochastic fluctuations: there is a tension between
these two effects, but normally and for most of the para-
metric range, the latter dominates, and the former effect
would be unnoticeable. Analogous effects occur in pro-
cesses of isolation by distance among discrete populations
(Epperson 2003). The effects are important only at the
extremes of the parametric ranges, i.e. extremely low seed
dispersal and high selfing; nonetheless these extremes do
occur occasionally in nature.

In the cases where selfing sharply reduced I(1), cor-
relograms also exhibited markedly different shapes
(e.g. Fig. 4). Short distance values were uniformly decreased,
but more interesting, the distances at which the cor-
relograms became negative, the ‘X-intercept’ (Sokal &
Wartenberg 1983; Epperson 1990) were reduced sub-
stantially, again demonstrating the reduced spatial scale over
which localized stochastic changes were shared over time.

Fixation index

Although the focus of this article is on the effects of
different types of dispersal on spatial genetic structure per
se, the influence of spatial genetic structure on the fixation
index is also important. Tables 8 and 9 give the fixation
indices for the sets with s > 0. As expected, values increase
as selfing rates increase or as neighbourhood sizes
decrease. Comparisons of observed F to those expected
under the mixed mating model (which takes into account
only selfing and ignores biparental inbreeding as well
as spatial distribution, see e.g. Ennos & Clegg 1982), Fe,
are also displayed in Tables 8 and 9. Cases with lower
dispersal and greater spatial genetic autocorrelation exhibit
greater excesses, attributable to greater biparental inbreed-
ing. Among cases in which there was no seed dispersal
(Table 9), those with smaller selfing rates show greater
inflation; greater outcrossing implies greater incidence of

Table 7 Values of I(1) for the third group of simulation sets, having no seed dispersal, and varying rates of selfing, s, and dispersal of
outcross pollinations. Values in the last row are included for comparison and were obtained previously (Epperson 2005). Maximum values
for a given value of Np are indicated in bold, minimum values in italics

Np = 9 Np = 25 Np = 49 Np = 81 Np = 121 Np = 225 Np = 625

s = 0.9 0.360 0.184 0.107 0.068 0.047 0.027 0.010
s = 0.5 0.450 0.247 0.146 0.096 0.069 0.039 0.013
s = 0.1 0.454 0.250 0.150 0.097 0.067 0.037 0.012
s = 0.0 0.454 0.248 0.149 0.096 0.066 0.036 0.010

N ss p0 4 1 2= + −π σ σ[ 2 2( )/ ]

Fig. 4 Average I-correlograms for sets 1–3 (Np = 9) of the third
group of simulation sets, which have no seed dispersal but with
various levels of selfing. Also shown for comparison is the
correlogram for the analogous case (same outcross pollen
dispersal function and no seed dispersal) with selfing rate zero
from Epperson (2005). Curves from uppermost to bottom are for
selfing rates 0.0, 0.1, 0.5, and 0.9, respectively.
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inbreds caused by biparental productions of offspring,
and this results in overall greater excesses of inbreeding.
The same trend is strong in the sets that did have seed
dispersal (Table 8). However, there were exceptions where
excesses were greater for s = 0.5 than for s = 0.1. As observed
above, higher selfing rates increase spatial genetic
structure when there is seed dispersal, hence even though
higher selfing reduces the frequency of outcrosses, those
outcrosses will be more correlated, given the same pollen
dispersal function. Conversely, selfing does not increase
SGS when there is no seed dispersal (indeed at high
rates it can reduce it), and only the effect of decreased
outcrossing is observed. Finally, spatial genetic structure
would bias the estimator of s based on F much more
when s is small. A combination of very low dispersal and
relatively low true selfing rate would make Fe entirely
unsuitable for estimating s.

Discussion

In the first group of simulations (for which selfing
was minimal) spatial genetic structure is almost fully
determined by the total neighbourhood size defined by
Crawford (1984b), . Sets having the
same value of Ne but different variances of pollen ( )
and seed ( ) dispersal distances produced essentially
identical values of Moran’s I-statistic for nearest neigh-
bours (I(1)), even when the differences in variances were

very large. SGS was very similar to that produced in
models mimicking ‘animal’ dispersal, where diploid
females and males disperse, at least for most of the
parametric range. Hence, the results show that Crawford’s
formula is valid for outcrossers in most cases of biological
relevance. Indeed, values of I(1) were loglinearly related to
Ne among the study simulations, as they were for animal
dispersal, as long as Ne was not either large (> 150) or very
small (< 10). Indeed, linear regression of I(1) on the natural
logarithm of Ne yielded I(1) = 0.571 – 0.113 ln Ne, very
similar to that obtained for animal dispersal, I(1) = 0.544 –
0.102 ln Ne (Epperson 2005). Small differences either in
intercept or slope could be due to differences in numbers
of simulations near either end of the range 10 < Ne < 150.
When Ne exceeds 150 SGS is very weak, and Wright (1943)
predicted SGS to be very weak when Ne > 200. Hence, the
results show that for most cases (Ne < 150) where there is
substantial SGS, Crawford’s formula is appropriate for
outcrossing plants.

Values of I(1) for very large Ne tended to be underesti-
mated by the regression equation, both in the present
study and in Epperson (2005). While formal comparisons
cannot be made (since it was not possible to set the values
of Ne equal in the two studies), none of the models studied
produced SGS that was obviously inconsistent with those
produced by animal models having similar values of Ne.
At the opposite end of the spectrum, set 1, having a neigh-
bourhood size that is nearly the smallest conceivable for

Table 8 (a) Observed values of the fixation
index, F, for simulation sets shown that
had partial selfing (group 2), and both seed
and pollen dispersal, as laid out in Table 2.
(b) Excess of observed values over those
expected under the mixed mating model

s

Ns 9 9 9 9 25 25 25 49 49

Np 9 25 121 625 25 121 625 121 625

(a)
0.1 0.297 0.196 0.098 0.061 0.151 0.090 0.061 0.085 0.061
0.5 0.551 0.478 0.389 0.346 0.427 0.378 0.344 0.366 0.343
0.9 0.896 0.878 0.852 0.830 0.855 0.843 0.829 0.834 0.827

(b)
0.1 0.186 0.123 0.041 0.008 0.078 0.033 0.008 0.028 0.008
0.5 0.166 0.127 0.052 0.012 0.076 0.041 0.010 0.029 0.009
0.9 0.059 0.053 0.032 0.011 0.030 0.023 0.010 0.014 0.008

Table 9 (a) Expected values of F for the
third group of simulation sets, having no
seed dispersal, and varying rates of selfing,
s, and dispersal of outcross pollinations.
(b) Excess of observed values over those
expected under the mixed mating model

s Np 9 25 49 81 121 225 625

(a)
0.9 0.8367 0.8248 0.8215 0.8202 0.8195 0.8188 0.8185
0.5 0.3846 0.3514 0.3425 0.3389 0.3371 0.3353 0.3340
0.1 0.1111 0.0730 0.0629 0.0588 0.0568 0.0549 0.0534

(b)
0.9 0.0557 0.0281 0.0168 0.0098 0.0065 0.0044 0.0011
0.5 0.2245 0.1121 0.0631 0.0412 0.0286 0.0161 0.0043
0.1 0.2851 0.1333 0.0769 0.0488 0.0332 0.0174 0.0049

Ne s p= +4 2π σ σ( / )2 2

σp
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an outcrossing plant, produced correlations that were
slightly underestimated by regression, and this was also
true for animal models having very low Ne (Epperson
2005). Hence, even at the extremes, Crawford’s formula is
not called into question for outcrossers.

SGS, and in particular values of I(1), can be used to
provide indirect estimates of Ne in natural populations
(Epperson 2005). The results of this study can be used to
refine such methods, by combining them with other stud-
ies. The fact that the present results were loglinear but only
when Ne < 150 reinforces the findings of Epperson (2005),
and it implies that the estimator should only be used for
those cases. In order to obtain a refined estimator, regres-
sion was conducted on mean I(1) values from 20 sets,
11 from the present study and nine from Epperson (2005),
all cases with Ne < 150, and it generated the equation
I(1) = 0.587 – 0.117 ln (Ne) (R-squared = 0.96), nearly identi-
cal to that for the present study. Thus the refined estimator
of Ne is exp[(0.587 – I(1))/0.117].

The results of the second group of sets, in which there
was both substantial selfing and seed and pollen dispersal,
showed that as long as there is at least a small amount of
seed dispersal, the effect of selfing on I(1) is fully captured
by its reduction in the variance of dispersal distances of
pollen, in almost all normal conditions. Selfing occurred
with rate s* equal to s + (1 – s)/Np, where s may be taken as
selfing rate controlled by various mechanisms and 1/Np is
an increment caused by incidental self-pollination, a para-
meterization that bears a convenient relationship to Crawford’s
formula. The predicted neighbourhood size (and its
resultant SGS) if selfing acts on SGS only as zero-distance
pollen dispersal distance is .
All values of deviations of observed I(1) from those
predicted by N0 were small. In all cases where N0 and
the usual Ne if selfing were ignored (Ne,s=0, i.e. not including
self-pollinations in the dispersal variance) were not too
large (< 150), selfing increased SGS by amounts indis-
tinguishable from 0.113 (ln Ne,s=0 – ln N0), precisely as if 
were multiplied by 1 – s. There was a slight trend for
observed I(1) to exceed I(1)predicted for small Ne and the
opposite for relatively large Ne. Nonetheless, overall the
SGS created when selfing is added usually fits very closely
expectations when selfing is treated solely as reducing pol-
len dispersal variance, as long as there is at least a small
amount of seed dispersal.

For the cases where either N0 or Ne,s=0 > 150, the results
were also highly consistent with selfing acting solely by
reducing the pollen dispersal variance, with a few excep-
tions. One set (set 12) showed values that were considerably
larger than expected. This case had the unique combina-
tion of lowest (but nonzero) seed dispersal, highest selfing
rate (s = 0.9) and highest dispersal variance for outcross
pollen . Hence, in this one case, there is a significant
interaction between selfing and dispersal, such that it is not

appropriate to use N0 as a modification of Crawford’s for-
mula. Some other differences were observed when N0 was
very large and I(1) very small, which could be important in
terms of percentage changes in I(1) but not in absolute values.
However, in these cases values of I(1) are so small that it
would usually be difficult or unadvisable to use them to
estimate dispersal from SGS data in real populations.
Nonetheless, such exceptions show that selfing does not
always act on SGS solely through Crawford’s formula.
Assumptions made by Crawford (1984b) and Wright (1943)
can be substantially violated and this can cause their
results to become invalid predictors of the SGS caused by
isolation by distance.

In the third group of simulation sets, where there was
substantial selfing but no seed dispersal, SGS exhibited
complex behaviour as a function of selfing rates and out-
cross pollen dispersal variance. The general trend that self-
ing decreased SGS was perhaps surprising, and opposite
expectations based on modifying Crawford’s formula by
treating self-pollination as zero-distance pollen dispersal.
This result points out the dual effects of dispersal. The pre-
dominant effect is one of homogenizing the population
at both small and large spatial scales, i.e. smoothing out
localized differences in genotypic frequencies. However,
dispersal also allows adjacent or nearby plants to share local
stochastic changes (namely, the role of chance in gamete-
types segregating from heterozygotes), and hence genetic
correlations. Such duality is also observed in models of iso-
lation by distance among discrete populations. Migration
between adjacent populations makes them share stochastic
changes (inputs) caused by genetic drift within popula-
tions and causes them to be spatially correlated, yet migration
over time also homogenizes populations at larger spatial
scales and tends to reduce autocorrelation. The importance
of localized sharing of stochastic inputs is explicit in the
Space Time Autoregressive (STAR) representation of migration-
drift processes, where STAR can be inverted into a Space
Time Moving Average process, which acts as a (sharing)
filter on white noise (Epperson 2003). Thus, gene flow
binds populations together yet can also reduce correla-
tions among spatially proximal populations. Normally,
the increased ‘smoothing’ effects of increasing dispersal
greatly outweigh those from increased sharing. In the present
simulations, in those cases having no seed dispersal, when
selfing rates are large (s = 0.9), irrespective of  for out-
crosses, dispersal is so limited there is very little spatially
proximal sharing of localized stochastic inputs. Hence,
relative decreases in selfing rate (e.g. to s = 0.5) greatly
increase the relative amount of sharing, more than offsetting
the increased spatial smoothing effects of dispersal, and
thus increasing the SGS correlations.

Although among sets having the same outcross pollina-
tion dispersal distance variance but different selfing rates
(s = 0, 0.1, 0.5, and 0.9) the minimum of I(1) was always

N ss p0 4 1 2= + −π σ σ[ 2 2( )/ ]
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lowest for the case with highest selfing rate (s = 0.9), the
maximum of I(1) did not occur at a consistent value of s.
Further, although the differences are small across values of
s = 0, 0.1 and 0.5, many would be statistically significant
and hence are real effects. As outcross pollen dispersal
increases, the value of s that gives the highest value of
I(1) tends to increase. This complex behaviour can also be
explained by tradeoffs in the dual effects of dispersal
mentioned above. The retardation of SGS caused by high
selfing rates when seed dispersal was minimal was also
apparent (e.g. Fig. 4) in reductions in the distance at which
I-correlograms become negative, the so-called X-intercept
(Sokal & Wartenberg 1983). The spatial scale of auto-
correlation can be reduced by as much as 50% when the
selfing rate is 0.9.

The contrast of the behaviour of SGS with selfing for
zero seed dispersal (Table 7) vs. that when seed dispersal
is nonzero but nearly minimal (sets 1–3 of the second
group, Table 5) is extreme, and this contrast shows that
very small changes in amounts of seed dispersal can have
critical effects. This contrast is not evident in the theory of
Wright (1943) and Malécot (1948), nor in the formula of
Crawford (1984b). Further, for populations of plants where
the selfing rate is high and seed dispersal distances are
fairly short, e.g. plants having ‘gravity’-dispersed seed
(Hamrick & Godt 1990), this result indicates that predicted
SGS may depend critically on the population density,
demographics and particular components of ecology. For
example, in a canopy-gap filling, tropical tree species having
large, gravity-dispersed seed or fruits and low population
density, most regeneration could be effectively replacement
events of the maternal parent. If the species also is highly
selfing, then it could exhibit SGS like that modelled as zero
seed dispersal. In contrast, in denser populations, SGS
should behave more like those simulation sets where there
was seed dispersal.

In total, the results showed that for the most part, seed
dispersal is not ‘more important’ than pollen dispersal,
with respect to isolation by distance, beyond Crawford’s
argument that it contributes twice as much to the neigh-
bourhood size. Nonetheless, the contrast described above
does provide an instance where it is indeed more critical
than pollen dispersal. In addition, the results of the first
group of simulations show that plants that have highly
dispersed pollen but moderate or lower seed dispersal
will have greater amounts of SGS than might be expected
from Crawford’s formula and the loglinear relationship
between SGS and neighbourhood size. Hence, the results
help to clarify the relative roles of seed vs. pollen dispersal
under various biological conditions.

The results also further substantiate how little the shape
of the dispersal distribution affects SGS. Even when the
selfing rate is high and causes the distribution to be extremely
different from the normal one assumed by Wright (1943),

negligible effects were generally observed. The non-
normality included in the present study (e.g. Fig. 1) was
often much more extreme than in previous studies, which
generally also found negligible effects (Rohlf & Schnell
1971; Barton et al. 2002; Epperson 2005; Lee & Hastings
2006). The cases where SGS differed strongly from
Crawford occurred only with zero seed dispersal, and there
any skewness effects are confounded with the other strong
(and counter to Crawford) effects of high selfing rate.

Given the lack of effects of non-normality, it is noteworthy
that Wright’s model and Crawford’s formula are still not
entirely precise for some parameter combinations with seed
dispersal greater than zero. One possible explanation is that
Wright assumed that male and female dispersal are inde-
pendent, whereas in plants the male parental gamete and
the female parental gamete are dispersed together in the seed.
Hence, the dispersal distances of the two gametes are cor-
related. Moreover, the correlations are highest when there
is little pollen movement, such as when selfing rate is high.
In total, the present results show that for most cases such
correlations do not substantially change the SGS predicted,
but in some cases they may.

It is worth noting that the fixation index at the spatial
quasi-stationary state was virtually indistinguishable from
the equilibrium value Fe predicted by the rate of selfing in
the (nonspatial) mixed mating model (Weir & Cockerham
1973) in all cases where SGS was weak, as would be expected.
Further as expected, cases with stronger SGS had increas-
ingly large excesses of observed F over Fe. Nonetheless, the
results quantify effects of biparental inbreeding in explicit
space–time processes. In some cases, if selfing rate were
inferred from Fe there would be little bias, and the present
results could be used to account for bias. Use of Fe as an
estimator of s is generally considered to be an inaccurate
method, yet the present results also indicate that (assum-
ing the equilibrium assumption is valid) it can be accurate.
However, when the true selfing rate is low and SGS is
strong, then the estimator is entirely inappropriate.

Summary

The results of this study show how SGS is determined by
Crawford’s (1984b) definition of neighbourhood size for
plants, under a wide range of conditions. For outcrossers,
SGS is almost fully determined, regardless of the relative
sizes of seed ( ) vs. pollen ( ) dispersal variances. In fact,
for most cases where there is substantial SGS, the Moran
statistic for neighbouring plants, I(1), bears a loglinear
relationship with Ne. For very small or very large Ne, the
relationship is no longer loglinear, but the level of SGS still
fits that expected from Crawford’s formula. Importantly,
when pollen dispersal is great and seed dispersal small, SGS
is stronger than expected based on the loglinear equation.
The results also showed that self-fertilization affects SGS

σs
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solely as zero-distance pollen movement, through reducing
the variance of pollen dispersal distance  in Crawford’s
formula and thereby increasing I(1), for most cases of biological
importance. However, this relationship is violated when
there is a combination of relatively low seed dispersal,
high selfing rate and large dispersal distance variance for
outcross pollinations. The results further showed that when
seed dispersal is highly limited, selfing can have complex,
even opposite effects on SGS, and clearly there Wright’s
and Crawford’s formulae break down. This behaviour
illustrates the duality of gene dispersal: it allows localized
sharing of local stochastic changes; and it causes spatial
smoothing or homogenizing of the population. The former
has not been widely acknowledged in the literature.
Finally, while seed dispersal generally acts as double the
pollen dispersal, there are cases in which seed dispersal
plays a more critical role, in a manner inconsistent with
Crawford’s formula.
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