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ABSTRACT
This paper presents the first theoretical study of spatial genetic structure within nonuniformly distrib-

uted continuous plant populations. A novel individual-based model of isolation by distance was con-
structed to simulate genetic evolution within such populations. We found larger values of spatial genetic
autocorrelations in highly clumped populations than in uniformly distributed populations. Most of this dif-
ference was caused by differences in mean dispersal distances, but aggregation probably also produced a
slight increase in spatial genetic structure. Using an appropriate level of approximation of the continuous
distribution of individuals in space, we assessed the potential effects of density, seed and pollen dispersal,
generation overlapping, and overdominance selection at an independent locus, on fine-scale genetic struc-
ture, by varying them separately in a few particular cases with extreme clumping. When selfing was allowed,
all these input variables influenced both aggregation and spatial genetic structure. Most variations in spa-
tial genetic structure were closely linked to variations in clumping and/or local density. When selfing was
not allowed, spatial genetic structure was lower in most cases.

 

Sokal

 

 

 

et al.

 

 1989; 

 

Epperson

 

 1990; 

 

Ohsawa

 

 

 

et al.

 

 1993;

 

Berg

 

 and 

 

Hamrick

 

 1995; 

 

Epperson

 

 1995a,b). Several
autocorrelation statistics were used to describe this
structure, join-count statistics being the most informa-
tive. These simulation studies showed that large ho-
mozygote patches developed when gene dispersal was
spatially restricted. Spatial autocorrelations were re-
duced by the occurrence of mutation-additive selection
directly at the locus under study or by migration from
an infinite source population (

 

Epperson

 

 1990). 

 

Slat-

kin

 

 and 

 

Barton

 

 (1989), 

 

Kawata

 

 (1995), and 

 

Ronfort

 

and 

 

Couvet

 

 (1995) have simulated continuous popula-
tions with nonuniform distributions of individuals. But
they used only global 

 

F

 

ST

 

 statistics to describe spatial ge-
netic structure, because detailed description of this
structure was not their primary concern. 

There is a complete lack of theoretical studies de-
scribing spatial genetic structure within plant popula-
tions with nonuniform and thus more realistic spatial
distributions of individuals. Most distributions are ei-
ther random or clumped in nature (see 

 

Hubbell

 

 1979
and 

 

Armesto

 

 

 

et al.

 

 1986 for examples in temperate and
tropical forests). Therefore, before introducing various
density- (or distance-) dependence mechanisms in sim-
ulated populations [as did 

 

Kawata

 

 (1995) and 

 

Ron-

fort

 

 and 

 

Couvet

 

 (1995) to avoid clumping], on which
few quantitative data are available for natural plant
populations (

 

Antonovics

 

 and 

 

Levin

 

 1980), it appears
necessary to explore the potential relationships be-
tween spatial distribution of individuals and spatial ge-
netic structure.
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EGINNING with 

 

Wright

 

 (1943), many authors
have studied the combined effects of genetic drift

and restricted gene dispersal on the evolution and
structure of genetic diversity within large continuous
populations. They have derived several analytical re-
sults on spatial genetic structure under the assumptions
of the isolation by distance model, among which is a
general relationship between kinship and distance
(

 

Malécot

 

 1948). But these results cannot be directly
applied to studies of real populations (

 

Epperson

 

1993), mainly because genealogical data are seldom
available, and most of the time only spatial distribu-
tions of genotypes are known. Moreover, this analytical
approach implicitly ignores stochastic effects during
dispersal events, although these effects are critical in
the development of patchy structures of genotypes that
result from isolation by distance (

 

Epperson

 

 1995a).
More recently, a few authors have used individual-

based stochastic simulation models to describe spatial
patterns of genotypic variation within continuous uni-
formly distributed populations, under various condi-
tions of gene dispersal, mutation, migration, allele fre-
quency, turnover of individuals, and selection (

 

Rohlf

 

and 

 

Schnell

 

 1971; 

 

Turner

 

 

 

et al.

 

 1982; 

 

Sokal

 

 and

 

Wartenberg

 

 1983; 

 

Bos

 

 and 

 

Van der Haring

 

 1988;

 

B
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The study of these relationships presents an oppor-
tunity to understand better the determinants of spatial
genetic structure in real populations. In addition, it
may have several fields of application, for example

 

,

 

 in-
ference of the factors responsible for spatial patterns
observed in natural populations, or prediction of the
effects of various management practices on the evolu-
tion of diversity level and structure to provide guide-
lines for 

 

in situ

 

 conservation programs.
Therefore we propose a novel individual-based sto-

chastic model of isolation by distance allowing for dif-
ferent kinds of spatial distributions, from uniform to
highly clumped. Our objective in this paper is to deter-
mine which of several input variables (density, dis-
persal, generation overlapping, and selection) may affect
spatial genetic differentiation within the population
under extreme clumping conditions. We have used
Monte Carlo simulations to examine the consequences
of separate variations of these variables in a few particu-
lar cases. Spatial distribution of individuals was charac-
terized by means of a statistic based on nearest neigh-
bor distances, and spatial genetic structure by means of
autocorrelation statistics. Whenever some effect on spa-
tial genetic structure was found, we have proposed hy-
potheses to explain the mechanisms involved and have
described relationships with the spatial distribution of
individuals.

 

METHODS

 

The model:

 

Each simulated population consisted of
10,000 mature, hermaphroditic, diploid individuals. Individu-
als were located at the intersection points of a square grid of
size 

 

L

 

 

 

3 

 

L

 

, with 

 

L

 

 measured in grid units. There was at most
one individual at each intersection point. Thus the grid unit
was the minimum distance allowed between two individuals.
The grid size could be larger than the population size. There
was no density-dependent regulation, apart from the mini-
mum spacing of individuals due to their location on a grid.

Each individual of the population was characterized by its
location on the grid (

 

x

 

,

 

y

 

 coordinates), its genotype at a neu-
tral marker locus, and its genotype at each of a few loci un-
dergoing symmetrical overdominance selection with multi-
plicative effects between selected loci. Individual fitness was
defined as (1-

 

S

 

)

 

k

 

 where 

 

S

 

 was the selection coefficient (identi-
cal for all selected loci) and 

 

k

 

 was the number of homozygous
selected loci. All loci were bi-allelic and segregated indepen-
dently from each other. There was no mutation and no migra-
tion.

Time was discrete and reproduction occurred synchro-
nously throughout the population. In each time cycle, a num-
ber of new individuals was created. In case of nonoverlapping
generations, 10,000 new individuals were created in each cy-
cle, and all individuals alive in the preceding cycle died. In
case of overlapping generations, the population was divided
into 

 

C

 

 age classes of identical size, and 10,000/

 

C

 

 new indi-
viduals were created in each cycle. Only those 10,000/

 

C

 

 indi-
viduals alive in the preceding cycle that belonged to the old-
est age class died, and all others stayed alive and moved up
one age class. Thus in all cases, the population size was kept
constant through cycles, it took 

 

C

 

 cycles for a complete turn-
over of individuals, and the lifespan of each individual was 

 

C

 

cycles. In what follows, we will refer to generation overlapping
as 

 

C

 

, that is, the maximum number of successive reproduc-
tion cycles that might occur between the birth of two mates,
including the cycles during which these mates were created.

To create each new individual in a given cycle, the follow-
ing procedure was used (all distances in grid units): (1) One
mother individual was drawn at random among all individuals
alive in the preceding cycle. (2) One point of the grid was
then drawn at random among all grid points located within a
circle of radius 

 

D

 

 centered on the mother. (3) If no individual
(be it a new individual or an individual of the preceding cycle
in case of generation overlapping) was already present at that
point, a father individual was then drawn at random among
all individuals of the preceding cycle located within a circle of
radius 

 

P

 

 centered on the mother. Otherwise, the procedure
was started again from step (1). (4) At each selected locus,
Mendelian segregation of genes was assumed to obtain the
genotype of the new individual. Lastly, a number was drawn at
random from a uniform [0; 1] distribution and the new indi-
vidual was actually created if this number was smaller than its
fitness value (see definition above). Otherwise no new indi-
vidual was created. The whole procedure [steps (1)–(4)] was
carried out as many times as necessary to create the appropri-
ate number of new individuals in each cycle.

For a given simulation, all individuals were either self-
compatible (could self) or self-incompatible (could not self).
When all individuals were self-compatible, mothers were one
of the potential fathers of their own progeny, so that outcross-
ing rate was determined by local density. When all individuals
were self-incompatible, isolated individuals could not repro-
duce and outcrossing rate was 1. It should be noted that no
gametophytic or sporophytic self-incompatibility genetic sys-
tem was used here, but only the possibility or impossibility for
individuals to self.

The grid was assumed toroidal (

 

i.e.

 

, the top and bottom of
the grid were joined together, and so were the two sides), to
avoid edge effects. Such connections inevitably lead to some
spatial overlapping, which is expected to prevent the develop-
ment of spatial genetic structure for small grid sizes. We
checked that a grid size of 100 

 

3

 

 100 was sufficient for this
overlapping effect to become negligible, by comparing spatial
genetic autocorrelations obtained for values of 

 

L

 

 increasing
from 25 to 125 by 25, for 

 

D

 

 

 

5

 

 

 

P

 

 

 

5

 

 

 

C

 

 

 

5

 

 1 and 

 

S

 

 

 

5

 

 0 (data not
shown). Moreover, as grid sizes were large, this assumption
was expected not to affect, too much, comparisons with previ-
ous simulation studies such as 

 

Epperson’

 

s

 

 

 

(1990, 1995a,b),
which rely on different assumptions concerning edge effects.

 

Simulation program:

 

The simulation program was written
in C, and run on Hewlett-Packard work stations under a Unix
operating system. We used the random number generator
recommended by 

 

Sedgewick

 

 (1988), which was based on an
additive congruential method, because of its efficiency and
good statistical properties. One separate seed was used for
each replicate simulation. Each seed was validated by a chi-
square test of uniform distribution using a sequence of 30 mil-
lion numbers.

 

Simulation runs:

 

To create initial populations for each sim-
ulation, the coordinates and genes of individuals were drawn
at random, with initial allele frequency 0.5 at each locus. All
simulations were run over 200 

 

3

 

 

 

C

 

 cycles. Previous simulation
studies of the isolation by distance model with nonoverlap-
ping generations have shown that 200 generations were
enough for spatial genetic structure to stabilize in most cases
(

 

Sokal

 

 and 

 

Wartenberg

 

 1983; 

 

Epperson

 

 1990). Note that
cases with and without overlap of generations were compared
for the same number of complete turnovers rather than for
the same number of generations (with the generation length
defined as the average time between the births of parents and



 

Spatial Genetic Structure 907

 

offspring), so that the total number of individuals created
during each simulation run was constant. Fifty replicate simu-
lations were run for each combination of values of the follow-
ing input variables (Table 1): length of grid (

 

L

 

), maximum
seed dispersal distance (

 

D

 

), maximum pollen dispersal distance
(

 

P

 

), number of age classes (

 

C

 

), and selection coefficient (

 

S

 

).
The objective of simulations in set 

 

1

 

 was to determine the
effects, on spatial genetic structure, of approaching the con-
tinuous distribution of individuals by decreasing grid spacing
with a fixed global density. Note that subset 

 

1a

 

 (uniform dis-
tribution and minimal dispersal) is very close to the models
of 

 

Turner

 

 

 

et al.

 

 (1982), 

 

Sokal

 

 and 

 

Wartenberg

 

 (1983), and

 

Epperson

 

 (1990). The results of set 

 

1

 

 were then used to choose,

for the reference situation in sets 

 

2–6

 

, the grid spacing that
yielded the best compromise between the level of approxima-
tion of the continuous distribution and the computation time
required. The objective of simulations in sets 

 

2–6

 

 was to study
the effects of the variables listed above on spatial genetic
structure within clumped populations.

In sets 

 

1

 

 and 

 

2

 

, the total number of grid points (

 

L

 

 

 

3

 

 

 

L

 

) var-
ied. But in set 

 

1

 

 grid spacing was varied in order to keep the
total grid area constant, whereas in set 

 

2

 

 the total grid area
was varied in order to keep grid spacing constant. In all other
sets, both grid spacing and total grid area were kept constant,
and one other input variable varied (set 

 

3

 

: 

 

D

 

; set 

 

4

 

: 

 

P

 

; set 

 

5

 

: 

 

C

 

;
set 

 

6

 

: 

 

S

 

). In set 

 

6

 

, there was only one selected locus. All simu-
lations were carried out once assuming self-compatibility (SC)
and once assuming self-incompatibility (SI). As a complement
to set 

 

6

 

, a few additional simulations with SC were run, to as-
sess the effect of 10 selected loci with much lower selection
coefficients (0.01, 0.02, 0.05, 0.10, 0.15, and 0.20).

 

Statistics measured:

 

The following variables were recorded
every 5 

 

3

 

 

 

C

 

 cycles: outcrossing rate after selection (effective
outcrossing rate, 

 

T

 

e

 

); allele frequency (

 

P

 

A

 

); genotypic fre-
quencies (PAA, Paa, and PAa). To characterize spatial genetic
structure, we used two complementary spatial autocorrelation
statistics (Upton and Fingleton 1985): Moran’s I-statistics
for individual allele frequencies [the method of Heywood

(1991)], which give a summary measure of genetic similarity
between individuals as a function of distance; and join-count
statistics, which more accurately describe spatial distribution
of genotypes, since they display all the detailed information
summarized in Moran’s I (Epperson 1995b). To characterize
the spatial distribution of individuals, we used Diggle’s dw sta-
tistic, which is based upon the distributions of nearest neigh-
bor distances (Upton and Fingleton 1985) and measures
the deviation from a random distribution. We chose this statis-
tic among all the ones that have been developed to detect de-
partures from randomness so far because it is useful for small
as well as for large populations, unlike statistics based on sam-
pling or quadrat counting. Therefore, it makes it easier to
compare theoretical results with data obtained for real popu-
lations even of relatively small sizes. Statistics involving all
inter-plant distances and not merely nearest neighbor dis-
tances (such as Ripley’s statistic) and statistics using tessella-
tions are more informative but considerably more demanding
on computer time. How all these statistics quantify various as-
pects of nonrandomness is an open issue.

These spatial statistics were computed after the last cycle
for all simulations. To get an idea of their patterns of evolu-
tion in time, we also computed these statistics every 10 3 C cy-
cles for only a few simulation subsets with contrasted values of
input variables, because of the very large amount of computa-
tion time required (Table 1). Subsets with the highest dis-
persal distances were not included because spatial genetic
structure was very weak after the last cycle. All genetic statis-
tics (fixation indices, I- and join-count statistics) were com-
puted both at the neutral locus and at the selected loci.

Moran’s I-statistic for individual allele frequencies is de-
fined as:

where n is the number of individuals in the population (e.g.,
10,000), wij is a weight whose value decreases with the geo-
graphic distance between individuals i and j, xi and xj are the
individual allele frequencies of individuals i and j, respectively
(1 for genotype AA, 0.5 for genotype Aa, and 0 for genotype

I n

wij
i,j
∑
--------------  

wij xi x–( ) xj x–( )
i,j
∑

xi x–( )2

i
∑

--------------------------------------------------=

TABLE 1

Values of input variables used in the simulations

Set Subset

Input variables

GS GA WL D P C S

Grid area constant
1 aa 100 1 1 1 0.0 60 3,600 1

b 200 2 2 1 0.0 30 3,600 2
c 300 3 3 1 0.0 20 3,600 3
d 400 4 4 1 0.0 15 3,600 4
e 500 5 5 1 0.0 12 3,600 5
fa 1,000 10 10 1 0.0 6 3,600 10
g 1,500 15 15 1 0.0 4 3,600 15
h 2,000 20 20 1 0.0 3 3,600 20

Grid spacing constant
2 a 100 10 10 1 0.0 5 25 1

b 500 10 10 1 0.0 5 625 1
ref 1,000 10 10 1 0.0 5 2,500 1
d 1,500 10 10 1 0.0 5 5,625 1
ea 2,000 10 10 1 0.0 5 10,000 1

3 ref 1,000 10 10 1 0.0 5 2,500 1
b 1,000 20 10 1 0.0 5 2,500 1
c 1,000 50 10 1 0.0 5 2,500 1
d 1,000 100 10 1 0.0 5 2,500 1

4 ref 1,000 10 10 1 0.0 5 2,500 1
b 1,000 10 20 1 0.0 5 2,500 1
c 1,000 10 50 1 0.0 5 2,500 1
d 1,000 10 100 1 0.0 5 2,500 1

5 ref 1,000 10 10 1 0.0 5 2,500 1
b 1,000 10 10 5 0.0 5 2,500 1
ca 1,000 10 10 10 0.0 5 2,500 1

6 ref 1,000 10 10 1 0.0 5 2,500 1
b 1,000 10 10 1 0.2 5 2,500 1
c 1,000 10 10 1 0.4 5 2,500 1
da 1,000 10 10 1 0.5 5 2,500 1
e 1,000 10 10 1 0.6 5 2,500 1
f 1,000 10 10 1 0.8 5 2,500 1
g 1,000 10 10 1 1.0 5 2,500 1

Headings: L, length of the grid (in grid units); D, maxi-
mum speed dispersal distance (in grid units); P, maximum
pollination distance (in grid units); C, number of age classes;
S, selection coefficient; GS, grid spacing (in any arbitrary unit;
GS is used only for computation of dw values); GA, grid area
[GA 5 (L 3 GS)2]; W, width of first 30 distance classes for spa-
tial autocorrelations (in grid units).

a Subsets for which the evolution of spatial statistics in time
was recorded for the first 10 replicates. The subset of simula-
tions labeled ref is common to sets 2–6.
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aa), and x is the mean allele frequency in the population.
This statistic was computed for different distance classes by
setting wij to one when the distance between individuals i and
j belonged to the distance class under consideration, and to
zero otherwise. For simulation set 1 (Table 1), 30 distance
classes were used. The first class was ]0; d 1 0.5], and subse-
quent classes were ]k; k 1 d], where k varied from d 1 0.5 to
29d 1 0.5 by d, and d was the distance class width (see Table
1). For all other simulation sets, wider distance classes were
used for large distances in order to save computing time, with
a total of 37 distance classes. The first class was ]0; 1.5], the 29
following classes were ]k; k 1 1], where k varied from 1.5 to
29.5 by 1, and the last seven classes were ]k, k 1 10], where k
varied from 29.5 to 99.5 by 10. We performed no test of the
null hypothesis of random distribution of genotypes with re-
spect to individual locations, because there is no evidence
that a normal approximation can be used for the sampling
distribution of I-statistics for individual allele frequencies, and
a Monte Carlo approach would have been far too time-con-
suming.

Join-count statistics were computed as follows. Using the
same distance classes as for I-correlograms, all (10,000 3
9,999)/2 pairs of individual genotypes were classified accord-
ing to both distance and type of join (AA-AA, aa-aa, Aa-Aa,
AA-Aa, Aa-aa, or AA-aa), which allowed computation of all
nij(k) [where nij(k) is the number of joins between genotypes
i and j in distance class k]. The expected values m ij(k) and
standard deviations SDij(k) of each nij(k) under the null hy-
pothesis, H0, that genotypes are distributed at random with
respect to individual location, are given in Upton and Fin-

gleton (1985) for i 5 j and i ? j. Under H0, the statistics
SNDij(k) 5 [nij(k) 2 m ij(k)]/SDij(k) are distributed asymptoti-
cally as standard normal deviates (Cliff and Ord 1981).

Diggle’s dw statistic is defined as follows. Let the random
variable W be the nearest neighbor distance. Under the as-
sumption of random spatial distribution of individuals (not
only on grid intersections, but continuously over the whole
area), the expected cumulative distribution function of W is
G(w) 5 1 2 (exp 2 rpw2), where r is the mean intensity of
individuals per unit area. Then dw 5 sup )G(w) 2 (w)),
where (w) is the observed distribution function for the sam-
ple individuals on grid intersections. dw takes values between
0 and 1. If G(w) . (w), there is excess uniformity; if (w) .
G(w), there is excess clumping. For each simulation, we tested
the null hypothesis of random distribution of individuals on
the grid using a Monte Carlo approach since no approxima-
tion of the sampling distribution of dw is known. For each
combination of grid spacing and total grid area, we generated
1000 separate random configurations of 10,000 points on the
intersections of the grid, and computed dw for each configu-
ration. These 1000 simulated values were used as an estimate
of the sampling distribution of dw under the assumption of
random distribution of individuals.

RESULTS

Effect of grid spacing under constant global density
and dispersal distances: For all simulations of set 1,
patterns of mean I-correlograms (Figure 1) and SND-
correlograms were typical of a patchy distribution of
genotypes, with large homozygote patches separated by
smaller and less homogenous heterozygote patches, as
already described in previous simulation studies. Mo-
ran’s I-values were highly positive in short and interme-
diate distance classes, which means that two individuals

Ĝ
Ĝ

Ĝ Ĝ

separated by such a given distance had more similar
genotypes than expected under the assumption of ran-
dom distribution of genotypes in space.

With self-compatibility (SC), Moran’s I-values in
small and intermediate distance classes increased when
L was increased. They stabilized for L $ 1000 (Figure
2). Values of X-intercepts varied little with L. This
means that two individuals separated by a given small
or intermediate distance had more similar genotypes
when the minimum distance allowed between individu-
als (grid spacing) was smaller.

At short to intermediate distances, when L was in-
creased, SNDs for joins between like homozygotes de-
creased, SNDs for Aa-Aa joins increased, there was no
important change in SNDs for joins between one het-
erozygote and one homozygote, and SNDs for AA-aa
joins decreased. Such variations reflected larger dis-
tances between unlike homozygote patches, higher
concentration of heterozygotes, and reduced homoge-
neity of homozygote patches. These conflicting effects
resulted in increased autocorrelations for individual al-
lele frequencies.

The aforementioned changes were closely related to
changes in the amount of aggregation, as shown by
both maps of individuals (Figure 3) and values of Dig-
gle’s dw statistic (Figure 4), but also to changes in effec-

Figure 1.—Average I-correlograms after the last cycle for
subsets 1a (L 5 100), 1b (L 5 200), 1e (L 5 500), 1f (L 5
1000), and 1h (L 5 2000), with SC.
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tive dispersal distances (Table 2). The higher values of
Moran’s I-statistics for cases with nonuniform distribu-
tion (subsets 1b to 1h), compared to the case with uni-
form distribution (subset 1a), are consistent with the
lower dispersal distances and variances in dispersal dis-
tances. However, it is not excluded that the higher ag-
gregation also had some effect on its own, in the follow-
ing way: unlike homozygote patches became more and
more distant, which could partly explain both the de-
crease in SNDs for like homozygote joins and the de-
crease in SNDs for AA-aa joins. Heterozygotes grouped
at the fewer areas of contact between homozygote
patches, instead of almost continuously bordering ho-
mozygote patches as was the case when individuals were
uniformly distributed (i.e., for L 5 100). This led to a
reduced number of heterozygote patches in the popu-
lation, which could contribute to the increase in SNDs
for Aa-Aa joins. Lastly, in these contact areas, there was
more mixing of genotypes within distance classes,
which could also enhance the decrease in SNDs for like
homozygotes. However, the simulations of set 1 do not

Figure 2.—Average I-statistics in distance classes 1, 5, 10,
15, and 20 (in this order from top to bottom) after the last cy-
cle for all subsets of simulation set 1, with SC.

Figure 3.—Spatial distribution of individual genotypes in
a subpart (of size 500 grid units 3 700 grid units) of the total
grid after the last cycle in one replicate of subset 1f, with SC;
2, o, ), for genotype AA, Aa, and aa, respectively.

Figure 4.—Plot of Diggle’s dw statistic and effective outcross-
ing rate Te for all subsets of simulation set 1, with SC (——) or
with SI (- - - - - - -), as functions of L. The bottom and top edges
of each box are located at the sample 25th and 75th percen-
tiles; the vertical lines (whiskers) are drawn from the box to
the most extreme point within 1.5 interquartile range (which
is the distance between the 25th and the 75th sample percen-
tiles), and any value more extreme than this is marked with
an x.
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allow one to distinguish between the direct effect of
clumping, if any, and the effect of mean dispersal dis-
tances.

With self-incompatibility (SI), autocorrelations at
short and intermediate distances were always larger for

nonuniform (L $ 200) than for uniform (L 5 100) spa-
tial distributions of individuals, except in the first dis-
tance class where autocorrelations for L 5 100 were
similar to those for large L values (Figure 5). Autocor-
relation values first increased with increasing L, and
then stabilized for L < 1000–1500. This general pattern
could be due, as above, to the decrease in mean dis-
persal distances, as well as to the large increase in
clumping of individuals. Heterozygote patches were
fewer, and thus values of SNDs for Aa-Aa joins were
larger. This effect on Moran’s I-values was opposed to
the effects of reduced homogeneity of homozygote
patches and lower distance between unlike homozy-
gote patches. The particular pattern observed in the
first distance classes (decrease with large L values),
seemed to be primarily due to very high local densities
leading to more mixing of heterozygotes with homozy-
gotes at short distances, as shown by a decrease in SNDs
for Aa-Aa joins. X-intercepts of SND-correlograms for
AA-AA joins decreased with increasing L values, reflect-
ing a reduction in the size of homozygote patches.

Introduction of SI had no effect on I-correlograms
(Figures 1 and 5) and SND-correlograms, for L 5 100.
However for L 5 100, patches were slightly larger with

TABLE 2

Mean and variance of effective dispersal distances for 
simulations of set 1

Subset

Mean effective dispersal distance

Seed Pollen

With SC With SI With SC With SI With SC With SI

a 0.800 0.801 0.800 1.000 0.600 0.650
b 0.680 0.680 0.528 0.734 0.374 0.415
c 0.677 0.678 0.519 0.697 0.361 0.395
d 0.658 0.659 0.501 0.668 0.338 0.369
e 0.679 0.678 0.527 0.683 0.360 0.390
f 0.670 0.670 0.530 0.668 0.352 0.378
g 0.667 0.667 0.532 0.665 0.350 0.375
h 0.666 0.666 0.535 0.664 0.350 0.374

 is the variance of the parent-offspring axial dispersal
distance computed according to Crawford (1984).

s2
axial

s2
axial

Figure 5.—Average I-correlograms after the last cycle for
subsets 1a (L 5 100), 1b (L 5 200), 1e (L 5 500), 1f (L 5
1000), and 1h (L 5 2000), with SI.

Figure 6.—Plot of I-statistics in the first distance class for
subset 1f (L 5 1000; D 5 P 5 10; C 5 1; S 5 0), as a function
of time, for 10 individual replicates with SC (——) and 10 in-
dividual replicates with SI (- - - - - - -).



Spatial Genetic Structure 911

SI than with SC, as shown by values of X-intercepts. For
larger L values, Moran’s I-statistics at short and interme-
diate distances were lower with SI than with SC. This
difference was greater for L $ 1000 than for L , 1000.
Differences in outcrossing rates (Figure 4) could not
explain these differences in spatial autocorrelations.
Conversely, differences in the level of clumping (as
measured by dw, Figure 4) and mean pollen dispersal
distances (Table 2) were linked to these differences in
spatial autocorrelations. With SI, clumps were denser,
larger, and more isolated from each other than with
SC, because isolated individuals could not reproduce.
This increase in local density yielded more mixing of
homozygotes with heterozygotes at short and interme-
diate distances, which could partly explain the decrease
in autocorrelations obtained with the introduction of
SI, in combination with the larger effective pollen dis-
persal distances.

Evolution in time from random initial state: In all cases
for which we recorded the evolution of spatial structure
in time (Table 1), Moran’s I-statistics (Figure 6) and dw

initially increased rapidly, and then considerably more
slowly. Although in some cases they were still increasing
after 100 3 C cycles (e.g., with selection), their mean
value always varied little between cycles 100 3 C and
200 3 C. Therefore the time required for spatial ge-
netic structure to stabilize was similar in nonuniformly
and uniformly distributed populations. Fixation indices
and effective outcrossing rates showed a similar evolu-
tion in time (i.e., rapid increase or decrease in earlier
cycles, and little change in later cycles). For genetic
variables, variability between replicates tended to in-
crease with time (Figure 6). In some cases, it was rela-
tively high after the last cycle (Table 3).

Effect of global density (simulation set 2): Moran’s I-sta-
tistics always increased with decreasing global density
(Figure 7). This resulted from an increase in SNDs for
like homozygote joins, an increase in SNDs for Aa-Aa
joins, and a decrease in SNDs for AA-aa joins. This
increase in spatial genetic structure was attributable
primarily to the decrease in mean relative dispersal dis-
tances (measured in units of average interplant abso-

TABLE 3

Spatial distribution of individuals, outcrossing rate, and spatial genetic structure, within simulated populations

Set Subset

Observed dw Simulated dw Te I (First distance class)

With SC With SI Min Max With SC With SC With SI

1 a 0.04 6 0.000 0.04 6 0.000 — — 0.80 6 0.004 0.37 6 0.025 0.36 6 0.032
b 0.20 6 0.005 0.26 6 0.005 0.20 0.24 0.72 6 0.005 0.56 6 0.024 0.56 6 0.034
c 0.21 6 0.008 0.31 6 0.006 0.12 0.15 0.75 6 0.004 0.61 6 0.032 0.56 6 0.040
d 0.23 6 0.007 0.37 6 0.009 0.09 0.13 0.75 6 0.006 0.63 6 0.034 0.54 6 0.045
e 0.25 6 0.006 0.38 6 0.007 0.08 0.12 0.77 6 0.006 0.61 6 0.038 0.51 6 0.051
f 0.25 6 0.010 0.45 6 0.013 0.03 0.07 0.80 6 0.006 0.60 6 0.044 0.41 6 0.061
g 0.26 6 0.010 0.48 6 0.018 0.02 0.04 0.80 6 0.006 0.59 6 0.052 0.37 6 0.081
h 0.26 6 0.015 0.48 6 0.017 0.01 0.04 0.81 6 0.007 0.59 6 0.041 0.36 6 0.082

2 a 0.04 6 0.000 0.04 6 0.000 — — 1.00 6 0.001 0.01 6 0.005 0.01 6 0.006
b 0.14 6 0.007 0.14 6 0.008 0.08 0.12 0.92 6 0.003 0.25 6 0.032 0.24 6 0.042

ref 0.25 6 0.010 0.45 6 0.013 0.03 0.06 0.80 6 0.006 0.62 6 0.056 0.43 6 0.062
d 0.40 6 0.011 0.61 6 0.009 0.02 0.04 0.74 6 0.008 0.80 6 0.043 0.54 6 0.068
e 0.51 6 0.007 0.71 6 0.008 0.01 0.04 0.72 6 0.008 0.87 6 0.035 0.62 6 0.091

3 b 0.10 6 0.009 0.44 6 0.019 0.03 0.06 0.73 6 0.005 0.31 6 0.051 0.14 6 0.048
c 0.05 6 0.006 0.37 6 0.029 0.03 0.06 0.70 6 0.005 0.06 6 0.047 0.02 6 0.029
d 0.04 6 0.005 0.21 6 0.010 0.03 0.06 0.70 6 0.004 0.00 6 0.052 0.00 6 0.034

4 b 0.25 6 0.010 0.26 6 0.009 0.03 0.06 0.94 6 0.003 0.47 6 0.044 0.44 6 0.067
c 0.24 6 0.010 0.25 6 0.009 0.03 0.06 0.99 6 0.001 0.17 6 0.039 0.17 6 0.045
d 0.25 6 0.010 0.24 6 0.011 0.03 0.06 1.00 6 0.001 0.06 6 0.041 0.06 6 0.034

5 b 0.32 6 0.009 0.41 6 0.010 0.03 0.06 0.84 6 0.005 0.80 6 0.040 0.73 6 0.065
c 0.33 6 0.008 0.42 6 0.012 0.03 0.06 0.85 6 0.005 0.83 6 0.053 0.75 6 0.069

6 b 0.38 6 0.018 0.47 6 0.014 0.03 0.06 0.86 6 0.008 0.48 6 0.061 0.39 6 0.062
c 0.42 6 0.014 0.47 6 0.012 0.03 0.06 0.89 6 0.006 0.47 6 0.087 0.41 6 0.074
d 0.43 6 0.018 0.46 6 0.012 0.03 0.06 0.89 6 0.007 0.43 6 0.067 0.42 6 0.094
e 0.43 6 0.016 0.46 6 0.014 0.03 0.06 0.89 6 0.006 0.43 6 0.075 0.41 6 0.071
f 0.38 6 0.017 0.45 6 0.016 0.03 0.06 0.87 6 0.007 0.50 6 0.075 0.46 6 0.079
g 0.24 6 0.011 0.45 6 0.013 0.03 0.06 0.80 6 0.006 0.62 6 0.064 0.44 6 0.063

Values of observed dw (Diggle’s statistic, measuring clumping), Te (effective outcrossing rate), and I (Moran’s
spatial autocorrelation statistic for individual allele frequencies, measuring spatial genetic structure) in the first
distance class are means over replicates 6 SD, for the neutral locus after the last cycle. Values of simulated dw
are the minimum and maximum values of the simulated distribution of dw (1000 replicate random configura-
tions).
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lute distances). To test whether the growing isolation of
clumps, which resulted in increased dw values, had any
additional effect, we computed relative dispersal dis-
tances for the first nine replicates of subsets 1a (L 5 100,
D 5 P 5 1) and 1f (L 5 1000, D 5 P 5 10) with SC.
Simulations of these two subsets produced very differ-
ent spatial distributions of individuals (uniform and
clumped, respectively), whereas we expected them to
yield very similar relative dispersal distances. However,
mean seed and pollen relative dispersal distances were
slightly higher for subset 1a (0.021 and 0.021, respec-
tively) than for subset 1f (0.018 and 0.014, respec-
tively), and it was not possible to know whether this dif-
ference was sufficient to explain the large discrepancy
observed in Moran’s I-values (Table 3). So we could not
make any conclusion about the existence of any addi-
tional effect of clumping in this case.

Note that on Figures 7 to 9, each correlogram con-
sists of two different parts, corresponding to the two
widths that were used for distance classes (one grid unit
for small distances and 10 grid units for larger dis-
tances). These two parts cannot be compared within
each correlogram because Moran’s I-value is depen-
dent on the width of distance class. But each part can
be compared among different correlograms.

The increase in Moran’s I-statistics with decreasing
global density was less pronounced with SI than with SC
for large L values (Figure 7), which resulted from lower
SNDs for Aa-Aa and AA-Aa joins, and higher SNDs for
AA-aa joins. This could be due to differences in relative
dispersal distances, clumping, and/or outcrossing.
With SC, most clumps were small and consisted of one
homozygote patch, and there was substantial selfing.
With SI, owing to larger, denser, and more isolated
clumps, together with the absence of selfing, heterozy-
gosity and dw were higher, and considerable local mix-
ing of genotypes was maintained even at very low global
densities.

Effects of seed and pollen dispersal (simulation sets
3 and 4): Moran’s I-values always decreased with in-
creasing D (maximum seed dispersal distance) (Figure
8). They were always lower with SI than with SC, due to
a smaller excess of Aa-Aa joins and a smaller deficit of

Figure 7.—Average I-correlograms after the last cycle for
the reference subset (L 5 1000) and subsets 2a (L 5 100), 2b
(L 5 500), 2d (L 5 1500), and 2e (L 5 2000), with SC or SI.

Figure 8.—Average I-correlograms after the last cycle for
the reference subset (D 5 10) and subsets 3b (D 5 20), 3c
(D 5 50), and 3d (D 5 100), with SC or SI.
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AA-aa joins. Both higher local densities and the ab-
sence of selfing seemed to be responsible for these dif-
ferences. With SC, individuals were significantly
clumped for D # 20, and their distribution became ran-
dom for D $ 50 (Table 3). With SI, dw values also de-
creased with increasing D, but spatial distribution of in-
dividuals remained highly clumped even for large D
values; all individuals of the population were then
grouped within a single large clump spread over ap-
proximately half the whole grid area, because isolated
individuals did not reproduce.

Moran’s I-values decreased with increasing P (maxi-
mum pollination distance) for P $ 20 (Figure 9). In
these cases, I-values, spatial distribution of individuals,
and outcrossing rates were similar with SI and with SC,
which was due to the fact that pollination distances
were large enough for spatially isolated individuals not
to be reproductively isolated. For P 5 10 (reference
subset), I-values were lower with SI than with SC and dw
values were higher, because spatially isolated individu-
als were reproductively isolated. In this case, clumping
developed with SI and there was substantial selfing with
SC (Te < 0.8).

Comparing the effects of D and P (Figures 8 and 9)
shows that a given increase in D had a stronger decreas-
ing effect on Moran’s I-statistics than the same increase

in P. This difference presumably resulted from a combi-
nation of two causes: (1) the difference in ploidy level
between seeds and pollen (and thus the difference in
the number of genes dispersed during each dispersal
event), and (2) the difference in relative dispersal dis-
tances (when D was increased, effective pollen dispersal
distances were expected to be larger and interplant dis-
tances lower, whereas when P was increased, both effec-
tive seed dispersal distances and interplant distances
were expected not to change). The opposed effects of
differences in local density on Moran’s I were weaker
because when D was increased it decreased, whereas
when P was increased, it essentially did not change.
The effect of outcrossing was also opposed to this
ploidy and relative dispersal effects, leading to more
difference between the effects of D and P with SI than
with SC, since outcrossing rate decreased with increas-
ing D, whereas it increased with increasing P.

Effect of generation overlapping (simulation set 5):
Moran’s I-statistics always increased when C (genera-
tion overlapping) was increased (Table 3). This re-
sulted from an increase in SNDs for like homozygote
joins and Aa-Aa joins, and a decrease in SNDs for AA-aa
joins. However, the largest difference was found be-
tween the reference subset (no overlap) and 5b or 5c
(some overlap), and the difference between subsets 5b
(C 5 5) and 5c (C 5 10) was much smaller. This effect

Figure 9.—Average I-correlograms after the last cycle
for the reference subset (P 5 10) and subsets 4b (P 5 20), 4c
(P 5 50), and 4d (P 5 100), with SC or SI.

Figure 10.—Average I-statistics in three distance classes af-
ter the last cycle for all subsets of simulation set 5, with SC or SI.
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of overlapping was presumably due to the increased
kinship between mates, which is expected to result
from the combination of restricted gene flow and mat-
ing of individuals with their ancestors. Specific compu-
tations are required to test for this hypothesis. How-
ever, mean values of the probability that, at the neutral
locus, two genes randomly drawn without replacement
among all the genes of the population were identical by
descent, were higher with overlap than without (0.013,
0.032, and 0.037 for the reference subset and subsets
5b, 5c, respectively), which strongly supports this inter-
pretation. I-correlograms were always lower with SI
than with SC, which was probably due to the absence of
selfing, higher local density, and lower relative dispersal
distances.

Effect of selection (simulation set 6): In this section,
all genetic values reported are for the unlinked neutral
locus, unless otherwise stated. With SC, Moran’s I-statis-
tics decreased for S (selection coefficient) from 0 to
0.6, and then increased again for S up to 1; I-values
were similar for S 5 1 and S 5 0 (Figure 10). These
changes were related to changes in dw values (Table 3)

and in local density (as illustrated by the differences be-
tween Figure 3 and Figure 11), which were both highest
for intermediate S values. These variations in clumping
resulted in more spatial mixing of genotypes and larger
outcrossing rates for intermediate than for extreme S
values, which could explain the increase in heterozy-
gosity and the lower spatial genetic autocorrelations. In
additional simulations with uniform distribution of in-
dividuals (with SC, L 5 100, D 5 P 5 C 5 1, S 5 0.5, 10
replicates), the average Moran’s I value in the first dis-
tance class was 0.36 (SD 0.028). This result confirms
that the effect of selection on spatial genetic structure
was due to variations in clumping. In turn, these
changes in clumping could result from the fact that the
mean effective number of offspring produced by ho-
mozygotes at the selected locus was lower than the
mean number of offspring produced by heterozygotes
(data not shown). But this hypothesis has not been
tested and there might be alternative explanations.
Since gene flow was restricted enough to allow for the
development of homozygote patches, mating between
like genotypes was enhanced. Therefore, at the selected
locus, heterozygotes on average produced a larger pro-
portion of heterozygote offspring (i.e., offspring more
likely to survive in the presence of overdominance se-
lection) than did homozygotes. This relative reproduc-
tive advantage of heterozygotes over homozygotes was
further increased by a significant part of selfing among
matings. When the proportion of heterozygotes in the
population was intermediate (i.e., for S z0.5), het-
erozygotes at the selected locus would have the highest
relative reproductive advantage, which would lead to
clumping of surviving offspring around the locations of
mothers heterozygous at the selected locus. However,
the global variance in the number of surviving off-
spring was only slightly, and not significantly, larger for
intermediate than for extreme S values (results not
shown). When S 5 0 (no selection) or S 5 1 (100% het-
erozygotes at the selected locus), heterozygotes at the
selected locus had no particular advantage, which
could explain why there was less clumping of individuals.

With SI, differences in I-correlograms between sub-
sets of set 6 were much lower than with SC (Figure 10).
This is consistent with the above interpretation, since
with SI, heterozygotes at the selected locus have less re-
productive advantage, because of both lower spatial au-
tocorrelations and the absence of selfing. This was con-
firmed by the absence of systematic difference between
the mean number of offspring produced by homozy-
gotes and heterozygotes at the selected locus (data not
shown).

The case of study with only one selected locus and
the widest possible range for S values (from 0 to 1) was
useful to help understand the mechanisms through
which spatial genetic structure at neutral loci may be
modified by the presence of selection at other, inde-

Figure 11.—Spatial distribution of individual genotypes in
a subpart (of size 500 grid units 3 700 grid units) of the total
grid after the last cycle in one replicate of subset 6d (L 5
1000; D 5 P 5 10; C 5 1; S 5 0.5), with SC; 2, o, ), for geno-
type AA, Aa, and aa, respectively.
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pendent loci. However, the complementary simulations
carried out with 10 selected loci and selection coeffi-
cients from 0.01 to 0.20, represented situations far
more likely in real populations. For selection coeffi-
cients $0.02, dw statistics had mean values similar to or
greater than the highest values obtained with only one
selected locus (i.e., 0.43 for S 5 0.6), and I-correlo-
grams were lower.

Relationships between clumping, local density, and
spatial genetic structure: For simulation sets 2–6, the
relationship between spatial genetic structure and spa-
tial distribution of individuals (as measured by Diggle’s
dw) was different among sets (Figure 12, A and B). In
some cases (for variations in S with SC, or introduction
of SI), increased clumping was related to lower spatial
autocorrelations. This pattern presumably resulted
from the increase in both outcrossing rate and local
density, which led to an increase in heterozygosity and
spatial mixing of genotypes. Conversely, in other cases
(for variations in C with SC, variations in D, or varia-
tions in global density), increased clumping was related
to higher spatial autocorrelations. This common pat-
tern, however, had three different explanations. First,
the changes in kinship directly due to variations in gen-
eration overlapping (C) were strong enough to counter
and overcome the aforementioned changes in clump-
ing. Second, reduced maximum seed dispersal dis-
tances (D) resulted in less spatial mixing of genotypes
and therefore more local genetic differentiation, in
spite of higher local densities and clumping. Lastly,
when global density was decreased, dw increased, but
this reflected variations in clumping different from
those described above (smaller and more numerous
clumps developed with lower local density, and thus a
lower outcrossing rate, instead of fewer and larger
clumps with higher local density). Meanwhile, relative
dispersal distances decreased, leading to less mixing of
genotypes and more local fixation of alleles.

DISCUSSION

Nonuniform spatial distribution of individuals: The
present study is the first one to give a quantitative de-
scription of fine-scale spatial organization of genotypes
in theoretical plant populations with nonuniform spa-
tial distribution of individuals. Studying cases of ex-
treme aggregation has allowed us to bring to light some
potential effects of clumping on spatial genetic struc-
ture. Our main findings are the following: (1) the pres-
ence of strong clumping leads to a slight increase in
spatial autocorrelations compared with uniformly dis-
tributed populations, independently of the effect of
dispersal distances; (2) global density, seed and pollen
dispersal, overlap of generations, overdominance selec-
tion at unlinked loci, and self-incompatibility may all
influence aggregation; and (3) the effect of each of

Figure 12.—Plot of average I-statistics in the first distance
class as a function of average dw statistics after the last cycle
for all simulation subsets, except those of set 1 and subsets 6c
(S 5 0.4) and 6e (S 5 0.6), which were omitted for clarity of
the figure, with SC (A) or with SI (B). d, reference subset
(marked by an arrow); for all other subsets, the size of the let-
ter used in the plot is proportional to the value of the input
variable, which differs from the reference (see Table 1).
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these variables on spatial genetic structure, except
maybe global density, may be affected by clumping.

Before discussing these results in more detail, it is
worth examining the appropriateness and expected
consequences of three assumptions that might be con-
sidered as major limits to our model: the absence of mi-
croenvironmental heterogeneity, the absence of den-
sity-dependent survival, and the uniform distribution of
dispersal distances.

Our simulations with restricted dispersal produced
very clumped spatial distributions of individuals, some-
times with large clumps separated by large empty areas.
Such extreme configurations can be found in some
species, in particular in tropical forest tree species (e.g.,
dw values . 0.20 were observed for several tropical for-
est tree species in French Guiana; CIRAD-Forêt, un-
published data). But then, spatial aggregation may be
due primarily to microenvironmental heterogeneity of
survival rates rather than to restricted dispersal. In such
cases, metapopulation models would certainly be more
appropriate. Our model is very different in that clumps
can change sizes, shapes, and locations over time. Nev-
ertheless, in many cases, there is as yet no evidence that
habitat characteristics have any influence on spatial dis-
tribution of individuals. In a neotropical forest, Hub-

bell and Foster (1986) showed that 119 out of 239
woody plant species were indifferent to topography
(for presence/absence), and Welden et al. (1991)
showed that 123 out of 148 species were indifferent to
canopy height (for sapling survival).

Evidence of density-dependent mortality in natural
plant populations is scarce. Condit et al. (1992)
showed that 65 out of 80 species in a neotropical forest
exhibited no significant reduction in sapling recruit-
ment probability when close to rather than far away
from conspecific adults. One of Antonovics and
Levin’s (1980) conclusions, after reviewing available
evidence of density-dependent regulation in natural
plant populations, was that it is “sparse, often circum-
stantial, and primarily from populations of dominant
or abundant species.” Furthermore, authors working
on this topic have more often been concerned with
“yield” than with survival up to the age of reproductive
maturity. In our simulations, individuals were located at
the intersection points of a grid, which might be con-
sidered as a minimum density-dependent regulation ac-
counting for the physical space occupied by each adult
plant. The effect of introducing additional density-
dependent mortality would probably be to reduce both
aggregation and spatial genetic structure through an
increase in effective dispersal distances, and thus to
modify accordingly the effects of the input variables
studied here on spatial genetic structure. It would yield
more realistic distributions of individuals, lying some-
where in a continuum of distributions, of which uni-
form and highly clumped are the extremes.

We assumed uniform distributions of pollen and

seed dispersal distances, both to save computer time
and for consistency with previous simulation studies.
For highly clumped distributions such as those ob-
tained in our simulations, one important consequence
of this assumption, together with the assumption that
pollinator movement is independent of local plant den-
sity, is that unoccupied habitat between patches is an
absolute barrier to gene flow when gaps are larger than
maximum dispersal distances. This is not supported by
the empirical evidence available to date. The conse-
quence of introducing a low proportion of long-dis-
tance dispersal, in addition to high amounts of short-
distance dispersal would certainly be comparable to the
effect of random long-distance immigration as mod-
elled by Epperson (1990). Immigration only slightly re-
duced spatial autocorrelations, compared to dispersal
or selection. Furthermore, as argued by Epperson and
Li (1997), leptokurtosis does not have much effect on
Wright’s neighborhood size, and thus on FST, unless the
kurtosis parameter is very large. However, relationships
between FST and spatial autocorrelations are complex
(Barbujani 1987; Epperson and Li 1996), and little is
known of the effect of platykurtosis. More direct evi-
dence of the effect of the dispersal regime on Moran’s
I-values is needed, and could be obtained by extending
the comparisons of Ohsawa et al. (1993) to larger dis-
persal values. Nevertheless, our simulations presumably
exaggerate spatial genetic structure compared to that
of real populations, since more leptokurtotic dispersal
could be expected to produce more clumping and
higher local densities.

Therefore, even though our model may lack realism
because it is based on very simple assumptions about
dispersal and the spatial distribution of individuals, the
study of its behavior in a few cases of extreme clumping
has provided results very useful for a better understand-
ing of the distributions of genotypes observed in real
plant populations.

First, we found that allowing for strong clumping
leads to higher values of spatial genetic autocorrela-
tions than in uniformly distributed populations. Simu-
lations in set 1 do not allow us to distinguish between
the direct effect of clumping, if any, and the effect of
mean dispersal distances, since the only way to obtain
clumped distributions is to change dispersal distances.
However, comparison with the results of Epperson

(1995b) strongly suggests that clumping has some ef-
fect of its own, in addition to the effect of dispersal. In
both his and our simulations, the variance of the par-
ent-offspring axial dispersal distance ( ) is not pro-
portional to Wright’s neighborhood area, because axial
dispersal distances are not normally distributed. But in
our simulations, for subsets 1b to 1h with SC,  val-
ues were between 0.34 and 0.37, and I-values in the first
distance class were all higher than 0.5, whereas in
Epperson’s (1995b) simulation set 1, Ic was lower than
0.5 for  5 Ne/4p 5 0.33. Moreover, since local
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s2
axial



Spatial Genetic Structure 917

density is higher in our simulations, the neighborhood
size is certainly higher too. In our simulation set 1 with
SI, Moran’s I-values were not a monotonous function of
mean dispersal distances, which is additional evidence
that these distances are not the only factor influencing
spatial genetic structure in nonuniformly distributed
populations. In addition to the higher local densities,
the effect of clumping seems to be mainly due to the
fact that under nonuniform distributions, homozygote
patches can be separated either by empty grid areas or
by heterozygote patches, whereas with a uniform distri-
bution they can be separated only by heterozygote
patches.

For given values of maximal dispersal distances and
global density, both mean dispersal distances and Mo-
ran’s I-values stabilized when a continuous distribution
of individuals was approached (for L around 1000 in
simulations of set 1). We chose this particular case as
the reference case to study the separate effects of a few
demographic (global density, generation overlap-
ping), reproductive (gene dispersal, self-incompatibil-
ity), and genetic (selection) factors, on the spatial dis-
tribution of individuals and genotypes. Note that we
mainly used small seed dispersal distances relative to
global density. Thus we obtained highly clumped distri-
butions, the study of which is useful to understand bet-
ter the potential determinants of aggregation and spa-
tial genetic structure.

Second, our simulations have shown that aggrega-
tion can be influenced by self-compatibility, pollination
distances, generation overlapping, and selection, in ad-
dition to the more straightforward effects of seed dis-
persal distances and global density. These previously
undescribed mechanisms are potentially active in all
plant species. Thus further studies are needed to assess
their effective importance in real populations.

Third, we found that these changes in spatial distri-
butions of individuals in turn have major consequences
on the way dispersal, generation overlapping, selection,
and self-compatibility influence spatial genetic struc-
ture, as will now be discussed. In all cases, part of the ef-
fect of clumping is likely to be due to changes in rela-
tive dispersal distances, since clumping is expected to
reduce mean interplant distances. However, our simu-
lations did not allow us to dissociate these effects of rel-
ative dispersal from hypothetical specific effects of
clumping, since we did not systematically record rela-
tive dispersal distances.

Relationships between clumping, local density, and
spatial genetic structure: We have found no systematic
relationship between variations in clumping as mea-
sured by dw, and spatial genetic structure, in the few par-
ticular cases studied here. There are two reasons for this.
First, two input variables (the maximum seed dispersal
distance and the amount of generation overlapping)
had direct effects on spatial genetic structure that were
opposed to and stronger than their indirect effect

through variations in clumping. Second, dw statistics
measure the extent to which distributions deviate from
randomness, but they are not sufficient to entirely char-
acterize clumping. The same dw value can be obtained
in situations showing very different local densities. In
the present study, local density (of which outcrossing
rate before selection is a direct measure here) was posi-
tively related with dw within all simulation sets except
the one involving variations in global density. There-
fore, clumping is better described with both the dw sta-
tistic and outcrossing before selection than with the dw
statistic alone. These results imply that the level of
clumping as measured by the dw statistic only cannot di-
rectly be used to predict spatial genetic structure.

Comparative effects of both gene dispersal modes:
Previous simulation studies showed that increasing pol-
lination distances with little or no seed dispersal, or si-
multaneously increasing seed and pollen dispersal dis-
tances (with the same neighborhood sizes), both led to
reduced fine-scale genetic structure (e.g., Sokal et al.
1989; Epperson 1990, 1995a,b). Our study is the first
one to report the effect of dispersing seed farther than
pollen. It shows that seed dispersal affects spatial ge-
netic structure to a larger extent than pollen dispersal,
probably because of differences in relative dispersal
and in ploidy between seeds and pollen. It is not clear
whether the difference between the effects of D and P
would be larger or smaller with a uniform than with a
nonuniform distribution of individuals, since the
ploidy effect is opposed to the effect of variations in
clumping, but at the same time, there would be no dif-
ferences in relative dispersal distances under a uniform
distribution. Therefore, it appears necessary to allow
for separate variations of these two modes of gene dis-
persal in theoretical studies of spatial genetic structure
with isolation by distance, whatever the spatial distribu-
tion of individuals. 

Effects of generation overlapping and selection:
Our results suggest that with nonuniform distributions
of individuals, the effect of generation overlapping on
spatial genetic structure was reduced by variations in
clumping. Therefore, we would expect this effect to be
even stronger with uniform distributions of individuals.
But the effect of generation overlapping has scarcely
been studied in such cases. The simulations of Bos and
Van Der Haring (1988) revealed no effect of genera-
tion overlapping on spatial genetic structure in most
cases, probably because pollen flow was not restricted
enough in their simulations. But this difference be-
tween their results and ours might also be due to differ-
ences in the age structure of the population. They used
random replacement of individuals, which presumably
led to a decreasing age structure and thus to less overlap
of generations. As for the results of Berg and Hamrick

(1995), they cannot be compared with ours because these
authors included both reproductive and nonreproduc-
tive individuals in their simulated populations.
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Spatial genetic structure at a neutral locus when se-
lection occurs at independent loci has never been de-
scribed before. Both Sokal et al. (1989) and Epperson

(1990) studied the effects of selection. But they only
described spatial genetic structure at the selected locus
itself, and they did not report the indirect effects of this
selection at other loci. Our simulations showed that the
occurrence of symmetric overdominance selection at a
few loci might increase heterozygosity and reduce spa-
tial genetic structure at all loci, not only at directly se-
lected or closely linked ones. This effect seems to be
entirely due to changes in outcrossing rate and local
density. It does not involve any direct relationship be-
tween heterozygosity at selected loci (and thus fitness)
and heterozygosity over the whole genome within each
individual, as would be expected if selection against in-
bred individuals were involved (Charlesworth 1991).
Chi-square tests of independency between heterozygos-
ity at the selected locus and heterozygosity at the neu-
tral locus were significant (a 5 5%) for 49, 47, 37, 32,
21, and 4 replicates out of 50, for the reference subset
and subsets 6b to 6f with SC, respectively. Therefore it is
not an effect at the individual level, but rather at the
population level. As a consequence, this effect is ex-
pected to be found only in nonuniformly distributed
populations with spatial genetic structure and mixed
mating, as supported by the few complementary simu-
lations we carried out with selection in a uniformly dis-
tributed population. Moreover, only very low selection
coefficients (e.g., 0.02) at a few (e.g., 10) selected loci
were sufficient to obtain large changes in the spatial
features of the population. Even though very few data
are available to date, overdominance selection events
might not be scarce in natural populations, especially
for long-lived perennials [e.g., Bush and Smouse

(1991) have found evidence of overdominance effects
over the whole life cycle at one allozyme locus in Pinus
taeda]. However, our results bring to light the potential
effects of only one among all possible selection mecha-
nisms, on spatial genetic structure. They will have to be
completed by examining alternative hypotheses such as
the mutation-dominance model with several values of
the dominance coefficient and/or additive combina-
tion of effects between selected loci for fitness.

Consequences of self-incompatibility and outcrossing
determinism: Our results stress the importance of
knowing whether a species is self-compatible or not in
order to understand its fine-scale spatial genetic struc-
ture. The introduction of self-incompatibility (when de-
fined as the inability to self) can induce very large de-
creases in spatial genetic structure within populations
with nonuniform distributions, whereas it has no effect
in uniformly distributed populations. This difference
was not directly due to the absence of selfing itself, but
to the higher clumping and local density that indirectly
resulted from the absence of selfing. Even though the
high levels of clumping reached in some of our simula-

tions are not very realistic, as discussed above, these
simulations help understand the extent to which the
ability of isolated individuals to reproduce through self-
ing may influence spatial genetic structure in nonuni-
formly distributed populations. Introducing a gameto-
phytic self-incompatibility genetic system (SI locus with
several SI alleles) instead of merely prohibiting selfing
is expected to further reinforce the effect of self-incom-
patibility on spatial genetic structure through a reduc-
tion in biparental inbreeding. In the simulations of Bos

and Van Der Haring (1988), the introduction of such
a system hardly affected local differentiation. However,
it might have a stronger effect with a nonuniform distri-
bution of individuals, through variations in clumping.

The effect of overdominance selection on the spatial
distribution of individuals and genotypes which was
found here is dependent upon both some selfing
among matings and a large influence of local density
on outcrossing rate. Therefore, it will be particularly
important to assess the extent to which the amount of
outcrossing is determined by local density in self-com-
patible species. Relationships between outcrossing rate
and density of mature individuals have been found in
natural populations for a few species [e.g., Murawski

and Hamrick (1991) in tropical trees], but such rela-
tionships might be difficult to detect if inbred individu-
als are selected against (Van Treuren et al. 1994).

Consequences for interpretation of I-correlograms
observed in real populations: Epperson (1995b) has
argued that isolation by distance might be sufficient to
explain most of the low values of spatial autocorrela-
tions for individual allele frequencies that have been
found in many natural plant populations studied so far
[see reviews by Heywood (1991) and Epperson (1993)].
Our results suggest that I-values are likely to be slightly
higher in real populations than those predicted by Ep-

person (1995b), because of nonuniform spatial distri-
bution of individuals (and generation overlapping in
perennials). Nevertheless, even for the cases of ex-
treme clumping considered here, the difference is not
large enough to affect his general conclusion that in
many cases isolation-by-distance is sufficient to explain
the low I-values found in real populations, without the
need for selectionist arguments.

In conclusion, our results show the potential bene-
fits of enlarging the framework for simulation studies
of fine-scale spatial genetic structure, compared to
what has been done so far, by taking into account a
nonuniform rather than a uniform spatial distribution
of individuals. The model presented here is based on
very simple assumptions and thus it has many limits.
Nevertheless, the study of its behavior in a few particu-
lar cases of extreme aggregation has brought to light
some mechanisms, never described before, through
which variations in clumping might influence spatial
genetic structure within plant populations (e.g., the ef-
fects of self-incompatibility or overdominance selection
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on spatial genetic structure). In particular, our results
stress the need to assess the real importance of self-
incompatibility, generation overlapping, and overdomi-
nance selection in natural populations, as well as the ef-
fective influence of local density on outcrossing rate,
and the extent of differences between seed and pollen
dispersal distances. Further study of the present model
is required (1) to determine the conditions under
which each potential mechanism described here will ef-
fectively play a significant role in shaping fine-scale spa-
tial genetic structure, and (2) to assess the exact contri-
bution of relative dispersal distances to the effect of
clumping on genetic structure.
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