
Heredity 61(1988) 469—471
The Genetical Society of Great Britain Received 29 March 1988

A method for estimating outcrossing
rates in natural populations of plants

D. Charlesworth Department of Ecology and Evolution,
University of Chicago, 915 E. 57th St., Chicago,
Illinois 60637, U.S.A.

A method is described for estimating outcrossing rates in natural populations of self-compatible plants, by comparing
the viability of zygotes produced by natural open pollination with that of the products of artificial self-fertilisation and
outcrossing.

Outcrossing rates are of interest to population
biolgists for several reasons, and there have been
attempts to estimate these rates by using genetic
markers to score the parentage of progeny pro-
duced under natural pollination conditions (e.g.,
Brown and Allard, 1970; Ritland, 1986). These
methods have generated a great deal of useful data,
but they suffer from two difficulties. The first is
that one cannot use these methods when no genetic
marker is available in the population. This is quite
unlikely to be the case for electrophoretic markers
in a partially or highly outbreeding population,
but it sometimes happens that the species is difficult
to electrophorese, so that no good systems can be
obtained. Even when there is no problem of this
kind, the method of scoring genetic markers in
progeny uses viable seeds or progeny, and so gives
an estimate of the fraction of plants that are prod-
ucts of self-fertilisation at the stage when the pro-
geny are scored. In some situations, this is not
what is really required. For example, one some-
times wants to know the selfing rate at the time of
fertilisation. If there is any difference between the
progeny of selfing and of outcrossing, before the
time when progeny can be scored, for example if
there is differential viability of seeds of these two
origins, then the outcrossing rate at fertilisation
will differ from that estimated using viable seeds.
For these reasons, it would be desirable to have
another method.

A method that suggests itself is to use measure-
ments of some character that can be scored on the
seeds very soon after fertilisation, such as the via-
bility of the fertilisation products. If the value of
the measured character differs between selfed and

outcrossed seeds, the frequency of self pollination
could be estimated by comparison of the values
of seeds from naturally pollinated flowers, with
those of hand self-fertilisation and hand outcross-
ing. Writing p. for the value from crossing, p. for
the value from selfing, and p0 for the open-pollin-
ated value, the selfing rate, 5, can be estimated by

S=px—po (1)
px — PS

(Charlesworth and Charlesworth, 1987).
The variance of the estimate of S can be

obtained by using the "delta method" described
by Bulmer (1980, pp. 82-83). The general formula
for a function S of three variables (ps, p. and p0)
is as follows
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where V stands for variance and Coy for covari-
ance. Given the formula above for S, one gets the
following expressions for the derivatives needed
in equation (1).
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which finally yields the variance formula
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Naturally, it is important that the different p
values should be measured as similarly as possible,
so that there are as few differences as possible
between them, apart from those due to the different
frequencies of self and other pollen. For example,
each of the three treatments should be done on
each plant in the study, using the same number of
flowers on each plant, if possible. All the flowers
should be treated as far as possible in the same
way, with any bagging that is needed to ensure
that there is no contamination in the hand pollira-
tion treatments being done for the same periods,
except for the time when pollination is happening.
Clearly, the estimates made in this way assume
that seeds are produced in only two ways, by selfing
or outcrossing, but in reality it is likely that crosses
between plants may sometimes involve some
degree of inbreeding and these inbred seeds will
generally have character values between those of
selfed seeds and those of seeds from crosses
between non-relatives (Layton and Goddard,
1983; Griffin and Lindgren, 1985). There are cer-
tainly cases in which crosses between nearby plants
yield progency with lower values of some fitness
components than crosses between plants that are
growing further apart (Levin, 1984; but see Fenster,
1988). If this occurs, and if the crosses used to get
the value of p are exclusively done between non-
related individuals (rather than by using a sample
of the plants in the natural neighbourhoods of the
recipients), S would be overestimated. The degree
of error is unlikely to be very large. With the

maximum likelihood methods based on electro-
(3a) phoretic markers, there is a similar problem that

the selfing rate is overestimated, due to the ten-

'3b dency for relatives to have similar genotypes.
However with that method one might have enough
information to estimate the extent of matings
between relatives as a third parameter in the esti-

(3c) mation (see Ritland, 1986).
The method can be applied to gymnosperm

species, using the fraction of filled seeds as a
measure of the viability of seeds that were fer-
tilised. It could also be used in angiosperm species,
using the fraction of non-aborted seeds out of all
fertilised seeds, in species where this differs
between selfing and crossing. It might also be poss-
ible to use other kinds of information. Number of
viable seeds per flower is one possibility, but if the
fraction of ovules fertilised is lower for selfing than
crossing one would get an estimate that confounds
the fraction of self pollen in the pollen load and
the fraction of zygotes produced by selfing.

Another possibility is to use seed size, which
often differs between selfing and crossing.
However, there may be difficulties with this,
because the numbers of seeds in fruits may often
be negatively correlated with their size (reviewed
in Mazer et a!., 1986). If selfing tends to give few
seeds per fruit, this could lead to the size of seeds
from selfing being overestimated compared with
their value when matched for seed number with
crossed fruits. One could correct for this, using the
regression of seed size on seed number per fruit.
If one had this type of seed size data, it could be
used for estimating this regression, and the correc-
tion could be made provided that the regression
was similar for selfed and outcrossed seeds.
Without correction, however, there would be a bias
in the estimate. This would most likely result in
too high an estimate of the selfing rate, because
the denominator in the estimation equation would
be too small due to the overestimation of the size
of selfed seeds. It would be possible for the
opposite effect to occur, leading to an underesti-
mate of S, if the main effect of the size/number
relationship were that the size of outcrossed seeds
in the hand outcross treatment were much smaller
than in the open pollinated treatment, but this
seems less likely.

Clearly, this method is restricted to populations
in which inbreeding depression is detectable in the
early stages of zygote development. It is not at
present clear how often this would be the case, but
it seems likely that early acting inbreeding
depression may not be uncommon, and may some-
times be hard to distinguish from self-incompati-
bility (see Seavey and Bawa, 1986).
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