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The neighbourhood model of Wright has become used widely to estimate the effects of locally restricted gene flow in
plants. This model is extended to enable estimates of v.2,the parent to offspring dispersal variance, to be made in
plants with a wide variety of sexual systems and with different patterns of vegetative growth. A method of partitioning
this variance is given as a general model. The implications of retricted gene flow in natural populations are discussed
and attention is drawn to some of the problems attendant upon attempts to measure neighbourhood size.

INTRODUCTION

The application of gel-electrophoresis and its sub-
sequent refinements to natural populations of
animals and plants has shown that, in most species,
extremely large amounts of genetic variability
exist. This observation has presented many diffi-
culties of interpretation to theoretical population
geneticists and has been termed the "paradox of
variation" (Lewontin, 1974). However, these
observations have been made on assemblages of
individuals in nature whose properties deviate
frequently from the assumptions of the theoretical
models which attempt to explain them. An under-
standing of the genetic structure of such assem-
blages, in particular some estimate of their effective
population size, is clearly a pre-requisite to assess-
ing the probable importance of the random and
non-random forces which define their present state.
Crawford (1984a) pointed out the problems of
estimation attendant upon measuring effective
population size, Ne.

Attempts to estimate the locally effective popu-
lation size in plants have generally used the model
of the genetic neighbourhood (Wright, 1943, 1946).
Wright defined a genetic neighbourhood as the
area within which the parents of central individuals
may be treated as if drawn at random. His basic
model has a single parameter, 0, the standard
deviation of the parent-offspring dispersal distri-

bution. Crawford (1984a, b) considered the par-
titioning of this single parameter to take account
of some of the components of dispersal in plant
populations. He extended the model to consider
various deviations from the assumption of random
mating within the neighbourhood. However, his
formulation allows only for variability in levels of
outcrossing in hermaphrodite individuals and
assumes that all gene flow is mediated via pollen-
and seed-dispersal. It is the purpose of this paper
to present two extensions to Crawford's model.
This first considers vegetative growth or "repro-
duction" as a mechanism of gene dispersal and
the second examines populations which do not
consist entirely of hermaphrodites, that is gyn-
odioecious and dioecious species.

THE MODEL

Vegetative growth

Wright (1943, 1946) defined the genetic neighbour-
hood area, NA, as

2NA=4rni, (1)

where o is the variance of the parent offspring
dispersal distribution, assuming zero mean dis-
persal.

When considering plant populations it is con-
venient to consider this parent-offspring dispersal
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as consisting of two distinct phases: gametic dis-
persal, and zygotic (post-fertilisation) dispersal.
The method by which these two components may
be combined is given by Crawford (1984b). In
plant species which show significant amounts of
vegetative growth prior to flowering, it is necessary
to consider this growth as a component of disper-
sal. This is shown diagrammatically in fig. 1.

The effect of this growth on the calculation of
the components of the parent-offspring dispersal
variance is given in table I.

Combining these components and weighting
the gametic elements by outcrossing rate to give
an average dispersal variance for male and female
gametes, the following formula is obtained for
parent-offspring dispersal:

2 2 2 20 =-O ++O2 '
where t is the proportion of pollen/ovules out-
crossed, o- is the pollen dispersal variance from
flower to flower, o- is the dispersal variance of
flowers from the plant base and o- is the seed
dispersal variance from flower to seed germination
site, as shown in fig. L

Gynodioecy

There are two main problems associated with
attempts to estimate the genetic neighbourhood
area in a gynodioecious species. Firstly, a floral or
seed dimorphism often exists which can cause
differences in the magnitude of seed dispersal in
the two sexes. Secondly, the outcrossing rate in
the population, which modifies the contribution of
pollen dispersal to the parent-offspring dispersal

Table I Components of parent-offspring dispersal with and
without vegetative growth

Component

Without
vegetative
growth

With
vegetative
growth

Gametic:
Male
Female

o
0

(T, + o
Average gametic
Zygotic: o

+ o
o

Total r,+Cr r,+cr+ r
variance, is a function of the frequency of females
in the population as well as a biological attribute
of the hermaphrodites.

Consider a population where females and her-
(2) maphrodites occur in the proportionsf and (1—f)

respectively. Lt the average proportion of ovules
in hermaphrodites which are outcrossed be t, the
proportion of successful seed (i.e., those producing
seedlings) derived from hermaphrodite flowers be
R,, and that from female flowers be R1 (= 1 — Rh).
Assuming that the numbers of seeds per plant are
independent of sex and have equal viability then
t, the average outcrossing rate in the whole popula-
tion is given by

and
t=(l—f)t5+f

R =
Rh=(1—f).

(3)

(4)

(5)

However, studies on the evolution of gynodioecy
require that there is an increase in the number of

zygotE component

Figure 1 Schematic diagram of gene-flow in plants with vegetative dispersal.
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seeds produced by females, relative to hermaph-
rodites. This is termed relative female advantage
and is quantified by x (see Lewis, 1941, Gouyon
and Couvet, 1985). In addition, there is usually
considered to be some inbreeding depression, d,
on seeds produced by self-fertilisation (d is the
fitness of selfed individuals relative to outcrossed
individuals). Under these conditions we have

t = R. th + Rf,
f. x

R1=--

T
where T=(1—f)[(1—th).d+th]+f.x, a nor-
malising factor. Using t, Rh and Rf we can define
the average parent-offspring dispersal variance by

2_ i+Rh.uh+Rf. crj,

where Uh is the seed dispersal variance from her-
maphrodites and o is the seed dispersal variance
from females.

The generalised model

Combining the effects of vegetative growth and
gynodioecy from equations (2) and (9) we obtain:

U2T2+ u+Rh. cTh+RffJ,f.

where such dispersal is large, relative to pollen-
and seed-dispersal. Measurements of pollen and
seed dispersal have usually been made on a plant
to plant basis in an attempt to confound the effects
of growth. That is, the estimate of pollen (seed)
dispersal variance has been based on measure-
ments from the centre of the pollen (seed) donor
plant to the centre of the seed plant (seedling).
Reference fo fig. I shows that this approach would
yield a pollen dispersal estimate of o- + 2. o and

(7\
a seed dispersal estimate of o+ o. That is, such
measurements would overestimate the parent-
offspring dispersal variance by t. o-. Many species
of plant possess a climbing/scrambling growth

(8) habit, have rhizomes or stolons or "reproduce"
vegetatively by other means such as bulbils. In
such species, the growth component of dispersal
may be extremely important. Estimation of the
magnitude of gene-flow in Tr(folium repens, a
stoloniferous plant, showed that growth was the

(9) major component of gene-flow in plants over 5
years old (Gliddon and Saleem, 1985).

Estimation of ge'ne-flow parameters in a gyn-
odioecious species, Thymus vulgaris by Belhassen
et a!. (1987), showed that the floral dimorphism
was accompanied by differences in seed dispersal
between the two sexes. Earlier workers (Dommee
et a!., 1983) also noted that the frequency of
females changed with age of the population. An
examination of equation (10) shows that, for the
proportion of females to influence the neighbour-
hood area, then either:

or
(b)

Both of these conditions are met in T vulgaris
(Belhassen et a!., 1987) and therefore the magni-
tude of gene-flow changes with the proportion of
females in (or age of) the populations. However,
it is interesting to note that in a gynodioecious
species, with self-incompatible hermaphrodites
and an absence of sexual dimorphism in seed
dispersal, the frequency of females in a population
would have no effect on the neighbourhood area.
Plantago laceolata may represent such an organism
(Van Dijk, 1985; Bos, 1986), although Van Damme
and Van Delden (1984) reported differences in
seed weight between the two sexes which could
affect seed dispersal in this anemophilous species.

In most cases of gynodioecy which have been
studied, sex appears to be determined by cytoplas-
mic factors which cause male-sterility and several
nuclear genes which have "restorer" alleles for
male-fertility. Because the cytoplasmic factors

(10)

When the proportion of females is zero (f=0),
then Rh = 1 and Rf = 0, the formula reduces to
equation (2) and becomes that obtained by
Crawford (1984a, b) for hermaphrodites when
cr =0. In the case of dioecy x = cc, giving Rh = 0,
Rf = 1 and t = 1. The formula becomes the same
as that for hermaphrodites with the substitution of
o for Uh. Therefore, equation (10) represents a
general formulation for parent-offspring dispersal
variance for breeding systems ranging from
hermaphroditism, through gynodioecy, to dioecy,
including an allowance for vegetative growth.

DISCUSSION

The use of incorrect formulae for the calulation
of genetic neighbourhoods by previous workers
has been pointed out by Crawford (1984b). The
failure to take account of growth or vegetative
"reproduction" can also lead to serious errors

and

(a) th<l,
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are not transmitted through pollen, their parent-
offspring dispersal variance, o-, is given by:

which will always be smaller than that of the
nuclear genes. That is, the scale of structuring of
cytoplasmic genes due to random forces will be
smaller than that of nuclear genes.

Estimates of the extent of gene-flow in natural
populations are often accompanied by calculations
of Wright's (1940, 1943, 1946) neighbourhood size
N. (e.g., Kerster and Levin, 1968, Schaal and
Levin, 1978, Beattie and Culver, 1979, Cahalan
and Gliddon, 1985). It is beyond the scope of this
paper to attempt to produce an extension of exist-
ing formulae to cover a range of breeding systems.
It is, however, necessary to sound a cautionary
note with regard to attempts to relate the genetic
structuring of a population to its evolutionary con-
sequences. Felsenstein (1975, 1976) has drawn
attention to the fact that the model of Malécot
(1948, 1956), and probably that of Wright (1940,
1943, 1946), contain mathematical inconsistencies
in their underlying assumptions. In particular, the
assumption of a regular distribution of organisms
is inconsistent with the nature of the offspring
distribution. Even in the absence of such problems,
the calculation of the genetically effective density
would be very complex. For example, in a gyn-
odioecious species, which exhibits both female
advantage and inbreeding depression, the propor-
tion of females will influence the proportion of
outcrossing, the sex ratio and the variance in pro-
geny number between plants. The effects of these
on the size of the genetically effective density will
not be all in the same direction.

The models presented here allow the variance
of parent to offspring diseprsal to be estimated
correctly in a very broad range of plant species.
In a large population, the flow of neutral or weakly
selected genes will be determined primarily by this
variance.

Therefore, estimates of this nature allow infer-
ences to be made about the spatial distribution of
such alleles. The nature of spatial structuring of
allelic frequencies is of particular importance in
the generation of null hypotheses (i.e., no selec-
tion) against which to test the experimental
observation of the distribution of alleles found in
natural populations.
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