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Summary

Using a stochastic model of a finite population in which there is mutation to partially recessive
detrimental alleles at many loci, we study the effects of population size and linkage between the loci
on the population mean fitness and inbreeding depression values. Although linkage between the
selected loci decreases the amount of inbreeding depression, neither population size nor
recombination rate have strong effects on these quantities, unless extremely small values are
assumed. We also investigate how partial linkage between the loci that determine fitness affects the
invasion of populations by alleles at a modifier locus that controls the selfing rate. In most of the
cases studied, the direction of selection on modifiers was consistent with that found in our previous
deterministic calculations. However, there was some evidence that linkage between the modifier
locus and the selected loci makes outcrossing less likely to evolve; more losses of alleles promoting
outcrossing occurred in runs with linkage than in runs with free recombination. We also studied
the fate of neutral alleles introduced into populations carrying detrimental mutations. The times to
loss of neutral alleles introduced at low frequency were shorter than those predicted for alleles in
the absence of selected loci, taking into account the reduction of the effective population size due
to inbreeding. Previous studies have been confined to outbreeding populations, and to alleles at
frequencies close to one-half, and have found an effect in the opposite direction. It therefore
appears that associations between neutral and selected loci may produce effects that differ
according to the initial frequencies of the neutral alleles.

1. Introduction

It is important for an understanding of the genetic and
evolutionary properties of inbreeding depression to
study systems of many loci subject to mutation.
Deleterious mutation pressure appears to be the
major cause of inbreeding depression, the decreased
fitness of the progeny produced by inbreeding, in
natural populations (recently reviewed by Charles-
worth & Charlesworth, 1987). For the purposes of this
paper, the magnitude of the inbreeding depression is
defined as the reduction in fitness of the progeny of
self-fertilisation, relative to the fitness of outcrossed
progeny. While valuable analytical results can be
obtained with simpler genetical models of fitness
determination, such as single loci affecting fitness
(Uyenoyama & Waller, 1991), realistic models must
include many fitness-determining loci. Recent com-
puter modelling studies of inbreeding depression have
shown that mutation to partially recessive alleles with
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deleterious effects can produce inbreeding depression
of a magnitude comparable with that estimated to
occur in natural populations (Charlesworth, Morgan
& Charlesworth, 1990, 1991).

The predictive value of inbreeding depression for
breeding system evolution has been questioned (Hol-
singer, 1988). High selfing can sometimes evolve even
when inbreeding depression due to mutational load is
high (Holsinger, 1988; Charlesworth et al. 1990,
1991). When inbreeding depression is due to loci with
heterozygote advantage, intermediate selfing rates can
be evolutionarily stable (Holsinger, 1988; Charles-
worth & Charlesworth, 1990). It has also been pointed
out that pollen discounting, the loss of pollen available
for outcrossing, reduces the advantage of selfing
(Nagylaki, 1976), so that inbreeding depression levels
alone do not allow one to predict the evolution of the
breeding system of a population. However, inbreeding
depression and pollen discounting parameters can be
combined to yield such predictions (Charlesworth,
1980). The fact that discounting favours the evolution
of outbreeding when levels of inbreeding depression
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are low does not, therefore, imply that inbreeding
depression is unimportant.

In our previous work, we assumed the loci to be
unlinked. This is biologically unrealistic, but allowed
us to use the methods developed by Kondrashov
(1985) for deterministic calculations of the frequencies
in populations of genotypes with different numbers of
mutations, and of alleles at modifier loci affecting the
breeding system. Thus, not only could we study the
inbreeding depression generated in some detail,
without the difficulties of stochastic noise that might
obscure slight differences, but we could also follow
deterministic changes in the frequencies of modifier
alleles. We showed that the inbreeding depression
generated in these models could produce selection for
outbreeding, with the necessary condition that the
inbreeding depression be greater than one half,
assuming no loss in male fertility to genotypes with
higher selfing rates. The purpose of the present paper
is to extend our previous work on genetic load and
inbreeding depression due to multiple mutable loci, to
the case of partial linkage.

Intuitively, one might expect that linkage would
tend to reduce the magnitude of inbreeding depression,
compared with the case when all the fitness deter-
mining loci are unlinked. If all loci are completely
linked, i.e. in a genome with no recombination, it is
evident that the inbreeding depression cannot exceed
one-half. The situation with the greatest inbreeding
depression would be that in which identity by descent
for any particular chromosome is lethal, so that half
of the progeny of selfing would die. But, assuming no
identity between different gametes that unite to form
outcrossed progeny, the outcrossed progeny would
have a viability of one. Thus in this case the inbreeding
depression would be one-half. This has been confirmed
by computer calculations (Charlesworth, 1991).

The assumption of unlinked loci is also important
in relation to the spread or loss of alleles at modifier
loci affecting the breeding system. With linkage,
associations between loci may be stronger than for
unlinked loci. In partially inbreeding populations
associations between loci with respect to homozygosity
(identity disequilibrium) that are absent in outcrossing
populations will also exist (Weir & Cockerham, 1973).
Thus one might expect selection on modifier alleles to
be affected by linkage with fitness determining loci,
and this might affect either the rate or the direction of
change of the modifier allele frequency. One of the
main aims of the present paper is therefore to
investigate the effects of partial linkage between the
mutable loci that determine fitness, and also to study
the effect of linkage between these loci and a modifier
locus that controls the selfing rate.

Holsinger (1988) studied the evolution of the selfing
rate in finite populations subject to recessive lethal
mutations, using stochastic simulations. To under-
stand the effects of linkage and of finite population
size more fully, this type of study needs to be extended

in the light of the insights into the behaviour of
modifiers of the selfing rate that have been obtained
from infinite population models (Charlesworth et al.
Charlesworth, 1990). In the work to be described here,
we investigate the effects of linkage and finite
population size by using stochastic simulation to
study partially inbreeding populations subject to
mutation at many loci. Since the study of the effect of
linkage involved stochastic simulations, we were also
able to study the effects of finite population size on
genetic loads.

2. Methods

(i) Construction of the model

The populations were simulated using the method of
Fraser & Burnell (1960) in which loci can have two
alleles and multi-locus genotypes are stored as
computer words, i.e. as bit patterns of zeros and ones.
With 32 bits per word, the genotype of an individual
gamete at 32 loci is recorded using a single computer
word. More loci per individual requires more than one
word per gamete. A diploid individual's genotype is
therefore emulated as two sets of words, each set
representing a gamete. Mutation can be modelled by
changing the state of individual bits from 0 to 1, or
vice versa, and recombination by suitable logical
operations using masks to combine parts of one
gamete with the complementary parts of another
(Fraser & Burnell, 1960).

The sequence of operations in each generation was
the same as used by Kondrashov (1985) and in our
previous modelling work on inbreeding depression
(Charlesworth et al. 1990, 1991). Starting with a set of
genotypes after selection, mutation was first assumed
to occur. We assumed a Poisson distribution of
numbers of mutation events, with mutations occurring
at loci chosen at random, and the mutation rate for
the whole diploid genome was denoted by U. In most
of the work to be described, this value was held
constant while the values of other parameters was
varied. This meant that when the number of loci was
changed, the mutation rate per locus was also changed.

After the mutations had been performed for all
adult genotypes in the population, the mating process
happened. In our work, we wished to include partial
selfing. Therefore the method used to generate one
new zygote was as follows. First a parent individual
(pair of gametes) was chosen at random, and a gamete
was generated as its contribution to the progeny
individual. The process of generating each gamete
involved using a random number to determine how
many crossovers would be used, from a distribution of
numbers of crossover events, and then performing
that number of crossovers at locations randomly
chosen among the between locus intervals in the
genome. We assumed a Poisson distribution of
numbers of recombination events, with a recom-
bination fraction of r between adjacent loci, and
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without interference between the different events at
different locations. Next, a random number was drawn
to determine whether selfing or outcrossing was to
occur, using a previously specified frequency of selfing
(S) as the criterion. If selfing occurred, a second
gamete was drawn at random from the same parental
individual, but if outcrossing occurred a gamete was
drawn at random from a different randomly chosen
individual in the population. When two gametes had
been generated in this way, the numbers of het-
erozygous and homozygous mutations in the resulting
zygote were computed and its fitness was calculated,
assuming the same selection regime at all loci. The
selection parameters, and the models used, will be
described below. Once the zygote fitness was calcu-
lated, a random number between zero and one was
drawn, to determine whether or not the zygote would
survive. If the fitness of the zygote was lower than the
random number, the zygote did not survive. The
process of generating a zygote was repeated in-
dependently until the number of surviving zygotes
equalled the pre-determined population size, which
will be referred to as N.

The events described here constitute a single
generation. In the runs whose results are shown
below, the population was initially run for 200
generations to allow mutations to build up and reach
a steady state. After this initial stage, the state of the
population was recorded every hundred generations
for a further 2000 generations, and the results at each
of these times were averaged to provide a value for
such variables as the mean fitness and inbreeding
depression for the set of parameters used for that run.
In other words, for a given set of parameters, we did
not do a set of replicate runs, but instead obtained a
time average using successive time periods in a single
run. The variables studied in this way included the
means and variances of the numbers of heterozygous
and homozygous mutations per individual in the
population, the mean fitnesses of individuals produced
by selfing and outcrossing (denoted by ws and wx,
respectively), the population mean fitness w, and the
inbreeding depression (S, defined as 1 — wjwx). To get
accurate values for the mean fitnesses and the amount
of inbreeding depression, we generated ten zygotes per
individual in the population, at each sampling time
point. We also recorded the average linkage disequi-
librium between all pairs of adjacent loci. Linkage
disequilibrium values were expressed in terms of the
squared correlation coefficient between pairs of loci p2

(see Sved, 1971), to correct for differences in allele
frequencies.

(ii) Fitness functions

In the sets of runs whose results are to be described,
two fitness models were studied. In one model, fitnesses
are multiplicative, as previously assumed for some of
our deterministic calculations (Charlesworth et al.

1990). In this model the fitness of a genotype is given
by the expression:

where s is the selection coefficient against homozygotes
for the mutant alleles, h is the dominance coefficient of
these alleles, and y and z are the numbers of
homozygous and heterozygous mutations in the
genotype, respectively. Our second fitness model
assumes synergistic epistasis (Kimura & Maruyama,
1966; Crow 1970). For this type of model, we used a
generalisation of Crow's (1970) quadratic fitness
model (see Charlesworth et al. 1991). This employs an
'effective number of mutations', n, which weights
heterozygous mutations by the dominance coefficient
(Sved & Wilton, 1989), so that n = hz+y. The fitness
expression is then given by:

(2)= exp [ - fan+ ^ -

(iii) Runs with modifiers of the selfing rate

After the initial equilibration period of 200 genera-
tions, the mutational process reached a quasi-equi-
librium state. Such a population will be referred to as
a 'base population'. Alleles at a modifier locus could
then be introduced into such a base population. We
assumed that the locus designated as the modifier was
not subject to mutation, and that the alleles at this
locus did not affect fitness.

To monitor the fate of the modifier alleles, the
frequency of the new allele at the modifier locus was
calculated each generation after its introduction, and
the time of its final fixation or loss was recorded. To
get mean values and variances for the observed results
of the runs, the same base population was used for a
set of 40 independent introductions of the modifier
allele, and 25 independent base populations were used
for each parameter set studied. The total numbers of
fixations and losses of the new allele and the mean
times to fixation and loss, were recorded for each base
population, and for each set of base populations with
the same parameter values. The variances of the times
to fixation and loss were calculated for each set of
parameter values.

(iv) Testing the program

The program was checked in several ways. The mean
fitness, inbreeding depression, and other statistics of
the simulations, were compared with the results of
previous deterministic calculations (Charlesworth et
al. 1990, 1991). The results of the simulations are
expected to approach those of deterministic calcu-
lations with the corresponding parameter values as
the population sizes and numbers of loci become
large, and this was checked for several cases, some of
which are shown in the next section.
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Fig. 1. Effect of the number of loci on the mean fitness (solid lines) and inbreeding depression values (dashed lines) in
populations of 400 diploid individuals at quasi-equilibrium under the multiplicative fitness model with various selfing
rates. The loci were unlinked. The mutation rate, U, was 10, the selection coefficient, s, was 0-2, and the dominance
coefficient, h, was 01.

Correct behaviour of the modifier locus was tested
by introducing a neutral allele in the same way as the
modifier actually used in the runs (i.e. we introduced
an allele assumed to have no effect on the selfing rate).
The observed probability of loss, and the mean and
variance of the times to loss or fixation, were compared
with the expectations from neutral theory (Kimura &
Ohta, 1969). These probabilities do not depend on the
breeding system. For completely outcrossing popu-
lations, the times to loss or fixation can be compared
with the expectations for neutral alleles at the same
initial frequency (Kimura & Ohta, 1969). For partially
selfing populations, the effective population size is
given by Ne = N/(\ +F) (Pollak, 1987), and this can
be used to obtain formulae for comparison with the
results of our runs, using the equilibrium value of
F=S/(2 — S). However, when selection occurs at
some loci, associations between the modifier locus and
the selected loci develop in partially selfing popu-
lations, and the times to loss or fixation of neutral
alleles differ from the expectations based on the
assumption of a neutral locus without selected loci
present (see below). The times to loss or fixation were
therefore checked by runs in which the mutation rate
for the selected loci was set to zero. This means that
no deleterious alleles were present in these runs.
Neutral alleles were introduced into populations of 40
or 100 individuals, with 32 or 1024 loci, and with
recombination fractions between adjacent selected
loci of 0-5 and 0-005. In all cases, agreement between
the simulations and the expectations were excellent;

no statistically significant differences in either the
frequencies of fixation, or the statistics of the
distributions of times to fixation or loss were found.
Runs were also done in which the selectively neutral
locus was assumed to have an effect on the selfing rate,
but the genetic background had no effect on fitness.
The results from these runs agreed with those of single
locus simulations of a modifier with the same effect on
the selfing rate, in populations with the same degree of
selfing.

3. Results

(i) Effect of number of loci and of population size:
unlinked loci

Our main aims were to study the effects of finite
population size and partial linkage, in relation to the
results obtained previously for infinite populations,
but since the method used for this also differs from
our previous work in having fixed numbers of loci, we
must first describe the effects on the populations of
varying the number of loci. The effects seen with
synergistic and multiplicative selection were similar,
so we shall describe both together.

The number of loci affected the level of inbreeding
depression markedly, with fewer loci producing lower
values. Figure 1 shows the effects on inbreeding
depression and mean fitness in populations with
different numbers of loci, and with various selfing
rates, with a population size of 400 and with
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multiplicative interactions between loci. The effects of
locus number are largest for outcrossing populations,
but with high selfing all values are independent of
locus number and converge on the approximate
expected values of exp — \U{= 0-606 for the parameter
values of Fig. 1) for the mean fitness of the population,
and 1-exp {(0-5-/?)£/}( = 0-329 for the parameter
values of Fig. 1) for the inbreeding depression
[Charlesworth et al. 1991, eqns (12) and (13)].

Table 1 illustrates the effect of locus number on
inbreeding depression, mean fitness, and the average
numbers of mutant alleles per individual in highly
outcrossing populations (S = 001), for both the syn-
ergistic and multiplicative models. Various population
sizes, N = 100 to 1600, are shown. In contrast to the
marked effects of differences in the numbers of loci,
the effects of population size differences (TV) were
slight on both mean fitness and inbreeding depression,
over the whole range of selfing rate values and for a
wide range of population sizes down to the lowest
value we ran, with smaller population sizes yielding
lower mean fitness and inbreeding depression than
larger sizes, when models with the same numbers of
loci are compared (Table 1). The effects of population
size on mean fitness and inbreeding depression were
greatest when the numbers of loci were large. In the
multiplicative model with 1024 loci, when the popu-
lation size was as low as 100 the inbreeding depression
was reduced to only 0-88 of the value for a population
sixteen times larger. The inbreeding depression values
were lower with few than with many loci, and the
mean fitness values somewhat higher. The convergence
of the mean fitness and inbreeding depression values
towards the values obtained by the deterministic
calculations, assuming all loci unlinked, is also shown
in Table 1. With the multiplicative selection model
and 1024 loci, the inbreeding depression observed in
our runs was 0-82 of the deterministic value, with a
population size of 100, and 0-93 with a population size
of 1600. For the synergistic model, the agreement was
better.

The reason for the lower genetic load with smaller
numbers of loci is probably that the mutation rate per
locus is higher when the number of loci decreases,
since the mutation rate per genome was assumed to be
constant for all locus numbers. With small numbers of
loci, the frequency of new mutant alleles will therefore
be higher, and so there will be a higher frequency of
homozygotes among the progeny generated by out-
crossing. In contrast, in the method of Kondrashov
(1985), which we used in our previous work on
modelling inbreeding depression, an infinite number
of loci is assumed, and homozygosity occurs only by
inbreeding. This means that in the present models,
mutations are eliminated in the homozygous state
more often (especially when there are small numbers
of loci) than in the infinite-locus models, for the same
degree of inbreeding. We therefore expect lower
average numbers of mutations per individual, and

0-3

0-21

Selection coefficients
C 9 s=01
:: • s = 09

0 0-8 10-2 0-4 0-6
Rate of self-fertilization

Fig. 2. Effect of the selection model on the mean fitness
(open symbols) and inbreeding depression (filled symbols)
values of populations of 400 diploid individuals at quasi-
equilibrium under various selfing rates. The number of
loci was 1024, and they were unlinked. The two fitness
models, multiplicative (lower panel) and synergistic
(upper panel), were run with a mutation rate, U, of 10,
and the dominance coefficient, h, was 0-2. For each
model, both strong and moderate selection runs were
done, and the parameters are shown on the figure panels.

lower allele frequencies, at the fitness determining loci.
Examination of the relative frequencies of homo-
zygous and heterozygous mutations per locus per
individual show that, as this explanation predicts, the
proportion of homozygotes is higher when the locus
number is small than when it is large (Table 1).
Furthermore, the effect should disappear at high
selfing rates, and this can be seen in Fig. 1, which
shows that the effect of locus number is greatest in
outbreeding populations. The effect of a finite number
of loci is thus to give lower inbreeding depression
values for populations with some degree of out-
crossing, compared with those obtained for the same
parameter values in our previous work, which assumed
infinite locus number.

Figure 2 shows in detail the effects of selfing rate,
for the case of 1024 unlinked loci, and population size
N = 400, and for four selection models. The results
are quite similar in all four cases and agree well with
the infinite population size results. With complete
selfing and 1024 loci, the inbreeding depression value
was very close to the expected value of approximately
0-33.

With very high selfing, with small population sizes,
some populations underwent a Muller's ratchet
process of genetic deterioration, as expected from the
theoretical results of Heller & Maynard Smith (1979),
so that the mean fitness was greatly lowered. Examples
can be seen in Figs 2 and 4 (see below).
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As can be seen from the results presented so far, we
found effects of locus number and population size to
be similar with the two different selection models. In
our previous deterministic work on the synergistic
model, we found that, in contrast to the multiplicative
case, there was sometimes a maximum in the curve of
mean fitness with increasing selfing rate. This dif-
ference from the multiplicative case was again ob-
served in our stochastic runs (Fig. 2).

(ii) Effect of linkage

We next investigate the effect of linkage between the
selected loci. Recombination fractions between ad-
jacent loci from 05 to 0005 were used. The effects of
linkage on the equilibrium means and variances of the
numbers of mutations per individual were slight and
will not be shown. Figure 3 illustrates some of the
linkage disequilibrium values obtained in our runs,
for outcrossing populations and various frequencies
of selfing, in populations of size 400 under the
synergistic selection model. These were calculated as
the mean squared correlation (p2) between adjacent
loci, conditional on polymorphism for the loci. In all
cases, the values were small. For tightly linked loci
(r = 0005), the disequilibrium decreased with in-
creasing selfing, but even with almost complete selfing
the effect was only to halve the value found with
outcrossing. The effects for loosely linked loci
(r = 005) were much smaller. An increase might have
been expected intuitively, because selfing reduces the
effective amount of recombination between loci, and
so might be expected to increase the linkage dis-
equilibrium. In a study of the effect of selfing on
various measures of disequilibrium between neutral
loci Golding & Strobeck (1980) found that increased
selfing could either increase or decrease randomly
generated disequilibrium, depending on the degree of
linkage.

8 5

0005

0 0 0 4

0003

0002

0001

Rate of recombination
• r = 0005
• r = 005
A r = 0-5

0 0-2 0-4 0-6 0-8 1
Rate of self-fertilization

Fig. 3. Effects of the selfing rate and recombination
fraction on linkage disequilibrium between adjacent loci
in quasi-equilibrium populations of 400 individuals. There
were 1024 loci, on a single chromosome^inkage
disequilibrium values were expressed as p1 (see text). The
synergistic model with the standard parameter values
(a = 0-01, /? = 0-02) was used, and the dominance
coefficient, h, was 0-2.

In outcrossing populations with loose linkage, the
values of p2 in our runs were similar to those expected
for neutral loci [from the formula of Sved, 1971:
p2 x 1/(1 +4Nc), where c is the recombination frac-
tion between the loci], suggesting that most of the
disequilibrium is randomly generated, rather than due
to selection. The magnitude of the effect due to
selection can be assessed by comparing the observed
values in runs with no linkage with the random
expectation. The expected p2 value for outcrossing
populations is 1-25 xlO"3, while that observed was
just over 2xlO"3. As expected, tight linkage led to
greater disequilibrium, though these values were in all
cases small (Fig. 3). For tight linkage, however, the p2

values were lower than expected on the neutral theory,
indicating an effect of selection on the correlation
between loci. Synergistic selection is expected to
produce negative linkage disequilibrium (see Charles-
worth, 1990). There was also the expected effect of
population size on linkage disequilibrium, with more
linkage disequilibrium in smaller populations than in
large ones (Sved, 1971).

Linkage also led to lower inbreeding depression, as
we had expected (see introduction). Unless very close
linkage was assumed, however, the effects were small.
Examples of differences in inbreeding depression
between the case of unlinked loci and loci with a
recombination fraction of 0005 can be seen in Table
2. We also studied the effect of organizing the selected
loci into different numbers of chromosomes. The
recombination fraction was then assumed to refer to
adjacent loci within chromosomes, with independent
segregation of different chromosomes. The effects are
illustrated in Figure 4. In conformity with the results
of reducing the recombination fraction described just
above, this had the effect of reducing the inbreeding
depression values somewhat. However, the effects
were not large, and the differences between free
recombination of all loci, and eight chromosomes
with very tight linkage within each chromosome
(r = 0005) was slight. Even with a single chromosome
with all loci tightly linked, the reduction in inbreeding
depression was minor. The effects on mean fitness
were even less important (Fig. 4).

(iii) Effects on modifiers of the selfing rate

To study the effect of linkage on modifier alleles
affecting the selfing rate, we compared results of
stochastic runs with results previously obtained for
the deterministic case assuming infinite population
size and unlinked loci (Charlesworth et al. 1990,
1991). For the deterministic case, effects on modifier
alleles increasing or decreasing the selfing rate were
studied in terms of the asymptotic initial rates of
increase (Ap/p) of the modifier allele frequency, p,
which indicates the selection coefficient on a rare
allele. For stochastic runs, this is no longer possible.
We therefore studied the probabilities of fixation
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0 0-2 0-4 0-6
Rate of self-fertilization

0-8

Fig. 4. Effects of the selfing rate and number of
chromosomes on the mean fitness (open symbols) and
inbreeding depression (filled symbols) for equilibrium
populations of 400 individuals. There were 256 loci, either
all unlinked, or with a recombination fraction of 0005
between adjacent loci on the same chromosome. The
synergistic model with the standard set of parameter
values (a = 001, /? = 002) was used, and the dominance
coefficient, h, was 0-2.

versus loss of alleles newly introduced at a low
frequency (0-025 in most cases), for comparison with
the neutral expectation. We also recorded the times to
fixation and loss. Because of the possibility that the
modifier locus will become associated with the selected
loci in a partially selfing population, so that its
behaviour will differ from that expected for a neutral
locus in a population under selfing in which there are
no selected loci, it is necessary to compare our results
with those of a set of stochastic runs in which the
modifier locus was assumed to have no effect on the
selfing rate (i.e. was neutral), and in which we assumed
the same selfing rates for the genotypes at this locus
and the same population size as in the runs where the
modifier alleles caused different selfing rates.

To have enough runs for statistical testing of the
differences observed, each parameter set was studied
by obtaining 40 base populations, and running 25
introductions of the modifier into each of these base
populations. The runs for each parameter set were
thus very time-consuming, and we therefore did few
sets. The parameter sets were chosen because previous
experience with the deterministic runs had shown
them to provide situations in which selection for
selfing or outcrossing could occur, depending on the
selfing rate before the introduction of modifiers, and
in which an inbreeding depression value exceeding
one half appeared to be a necessary condition for the
increase of modifier alleles increasing the outcrossing
rate or for the elimination of modifiers causing small
increases in selfing (see Charlesworth et al. 1990,
1991). To reduce the number of runs resulting in loss
of modifiers, we introduced modifier alleles at a
frequency of 0025, instead of 1/2N as would be
appropriate for a new mutation.

In most runs with modifiers, synergistic selection at
1024 loci was assumed, with the standard synergistic

parameter set of Charlesworth (1990), i.e. a = 001
and p = 002 in the notation of Charlesworth et al.
(1991), and dominance coefficient 0-2. The mutation
rate parameter, U, was set to 1 per diploid genome,
and the population size, N, was 400. We compared the
results of stochastic runs with all loci unlinked, to runs
having the same number of selected loci arranged in a
block of linked loci, with a recombination fraction of
0005 between adjacent loci and the modifier locus in
the centre of this block.

Some results for neutral modifiers are shown at the
top of Table 2, for three selfing rates. None of the
probabilities of loss is statistically significantly dif-
ferent from that expected for a neutral allele (0-975 for
an allele introduced at a frequency of 0-025), but the
times to loss were smaller than the neutral expec-
tations. For example, with a selfing rate of 0-1, we
observed a mean time of 107-1 for loss of the modifier
in the linked case. The expected value for neutral
alleles introduced into populations in which there are
no selected loci, based on the appropriate effective
population sizes under 10% selfing, is 143-8. Using
the observed variance in time to loss, this is signifi-
cantly different by a t test (t = 4-34). With selfing rates
of 0-5 or 09, for either linked or unlinked loci there
were again significantly lower times to loss than the
respective expected values of 113-5 and 83-2, but no
significant effects of the recombination fraction.

Table 2 also shows results of runs when modifiers
were introduced that changed the selfing rate. With an
initial selfing rate of 0-5, the mean inbreeding
depression value for the base populations was about
0-37 for either linked or unlinked selected loci,
compared with a value of 0-38 for the corresponding
deterministic case. For the deterministic case, the
initial rate of increase was 0-099 for a modifier allele
causing an increase in the selfing rate to 0-99; in other
words, a high rate of selfing was strongly selected.

If the more realistic model studied here behaves
similarly, we expect to find evidence that high selfing
is selected. In accordance with this expectation,
modifier alleles causing complete outcrossing were
always eliminated (no fixations out of 1000 stochastic
runs, for either unlinked or tightly linked loci). When
dominant modifiers increasing selfing to a value of
0-99 were introduced, however, the probability of loss
was 0-27 in the unlinked case and 0-33 in the linked
case. This effect of linkage is statistically significant,
and both probabilities of loss are also significantly
lower than that expected for neutral alleles. These
results indicate selection for high selfing in these base
populations, in agreement with the deterministic
results. The mean times to fixation and loss were
closely similar in the linked and unlinked cases, and
were considerably lower than for neutral modifiers, as
expected if there is selection on the modifier (Table 2).

With the same parameters as above, but with base
populations having lower selfing rates, modifiers
increasing selfing to a very high level were more likely
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to be lost from the populations into which they were
introduced, which is consistent with the higher
inbreeding depression values in these populations.
For example, with a selfing rate of 0-2, the mean
inbreeding depression was about 0-47, compared with
0-50 for the deterministic case. In the deterministic
case, selfing was again selected, with a rate of increase
of 0-092 for an allele increasing S to 0-99. The
stochastic runs yielded a frequency of loss of about
0-37, significantly higher than when the initial popu-
lations had a 50 % selfing rate. The mean times to loss
and fixation, however, were not much affected by the
changed selfing rate. As for the case of initial S = 0-5,
there was no strong effect of the recombination
fraction on either the probability of loss or the mean
times to fixation or loss in the stochastic runs.

With initial selfing of 01, the rate of loss of the
high-selfing allele was increased further, again with no
significant effect of the recombination fraction, and
with similar loss and fixation times. This set of runs
involves an inbreeding depression value slightly
greater than one-half, and might therefore be expected
to produce selection for increased outcrossing, ac-
cording to our previous deterministic runs. However,
we have already shown that modifiers increasing
selfing to very high levels may often be able to invade
populations with inbreeding depression exceeding 0-5.
For the present parameter set, this occurs in the
deterministic runs (Charlesworth et al. 1991). When
modifiers increasing the outcrossing rate are intro-
duced, one can detect selection for outcrossing in the
deterministic case. Alternatively, when modifiers caus-
ing slight increases in the selfing rate are introduced,
they are eliminated. When stochastic runs were done
with modifiers increasing the outcrossing rate, how-
ever, the result was that the modifier alleles were lost
in about 99 % of the runs. This is probably because of
the fact that the inbreeding depression is very close to
0-5. Due to the low selfing rate in this case, there is
also only a small phenotypic difference between the
genotypes at the modifier locus. Even in the deter-
ministic case, which is probably the most favourable
for the evolution of outcrossing, the initial rate of
increase of such a modifier allele was only 0-0017
(Table 2). The modifier alleles are therefore expected
to behave as almost neutral alleles. This is supported
by the long times to loss and fixation, which are
similar to those for neutral alleles introduced into
similar base populations with the same selfing rate
(Table 2).

To investigate whether selection for increased
outcrossing can occur in the stochastic runs in a
similar way to that in deterministic runs, we have done
a few runs with lower dominance coefficients. This has
the effect of increasing the inbreeding depression to
levels well above 0-5, and is thus expected to lead to
selection for outcrossing. With h = 0-1 and an initial
selfing rate of 0-2, modifiers causing an increase in the
selfing rate to 0-4 were eliminated in 100% of runs,

whether the loci were linked or unlinked (Table 2),
while modifiers producing almost complete outcross-
ing had a much lower frequency of loss, especially
for unlinked modifiers (the difference between linked
and unlinked cases is highly statistically significant).
The mean times to loss were much lower than for
neutral alleles. These results are therefore consistent
with the deterministic runs, in which this type of base
population leads to selection for outcrossing.

4. Discussion

(i) Effects of finite population size

The genetic load due to loci subject to mutation to
deleterious alleles, with a very much higher frequency
of forward- than back-mutation, is much greater in
small than large populations because of a high
frequency of fixation of the deleterious alleles
(Kimura, Maruyama, & Crow, 1963). For sexually
reproducing populations with a selection coefficient as
high as 01, the population size must be below 100 for
this effect to occur (see Kimura et al. 1963, Fig. 1).
The situation in partially selfing populations, or other
populations with inbreeding, has not previously been
studied, but we have studied this case by a modification
of the methods used by Kimura et al. (1963). We
obtained results similar to those for outcrossing
populations.

In our runs, we do not therefore expect this type of
phenomenon to be seen, despite the fact that mutation
was unidirectional, because the population sizes
assumed were always above 100, moderately strong
selection was assumed, and only 2000 generations
were run. Of course, in the long term we would expect
all loci to become fixed for deleterious alleles, but the
rate of fixation with the parameters we have used is
very low. Our results are thus nearly equivalent to
those for a stationary distribution of allele frequencies
maintained by a low rate of back-mutation or im-
migration of wild-type alleles from other populations.
In such a state, the mean fitness of the population
will be affected by two factors. The first is the fact that
the mean frequency of deleterious alleles for the
stationary distribution is lower than the equilibrium
frequency for an equivalent infinite population (see
Crow & Kimura, 1970, p. 449, for the case of recessive
alleles), leading to a reduction in load. The second is
the dispersion of allele frequencies around this mean,
leading to an overall higher frequency of homozygosity
for deleterious alleles than for an infinite population,
where there is no dispersion around the mean gene
frequency (Crow, 1970). This leads to an increase in
load, compared with the infinite population case. The
interaction of these two factors makes it hard to
predict the effect of population size on mean fitness in
our runs.

In fact, the mean fitness values in our runs generally
showed only a slight decline as population size is
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reduced, except for a few cases in which the Muller's
ratchet process operated (see below). The outcrossing
case is shown in Table 1. The effect of population size
differences on mean fitness values in partially selfing
populations was also very slight. Table 1 also shows
the low frequency of homozygosity for deleterious
mutations, even in populations as small as 100. This
also indicates that fixation of mutant alleles is rare, in
these outcrossing populations. It does not therefore
seem likely that the fixation of detrimental alleles will
have significant effects on population fitness in sexually
reproducing populations, despite the suggestion by
Lynch & Gabriel (1990) that small sexually repro-
ducing populations may experience a 'mutational
melt-down' in fitness that causes their extinction.
Effective neutrality of deleterious alleles requires
Ns < 1; with the selection coefficient of 002 against
homozygous deleterious mutations of minor effect
suggested by the Drosophila data (Simmons & Crow,
1977), this requires N < 50. The rate of fixation of
deleterious alleles under this condition (summed over
all loci) is thus given by the rate of fixation of neutral
alleles per genome, which is \U in the present case.
The net rate of deterioration in mean fitness is thus
approximately \Us. With U = 1 and s = 0-02, it
would thus take of the order of 50 generations for the
population mean fitness to be halved. But an isolated
population as small as this is likely to be vulnerable to
rapid extinction for purely demographic reasons (cf.
Lande, 1988), so that this process is unlikely to be a
significant factor in causing extinction.

Rapid deterioration of population mean fitness, can
however, occur in populations of moderate size when
the selfing rate is close to 1, as a result of the operation
of Muller's ratchet (cf. Figs 2 and 4). This is in accord
with the findings of Heller & Maynard Smith (1979),
who showed that even unlinked loci are vulnerable to
the operation of the ratchet in a fully selfing
population, due to the effective absence of recom-
bination. Our results demonstrate that the ratchet can
operate even with a small amount of outcrossing
(1 %) and with unlinked loci (cf. Fig. 2). Fig. 4 shows
that close linkage greatly facilitates the operation of
the ratchet when the selfing rate is 99%, but that the
ratchet does not appear to operate at a noticeable rate
in more outcrossing populations of 400 individuals,
even with a single chromosome with a recombination
frequency of 0005 for adjacent loci. Thus, the ratchet
operates slowly or not at all in outcrossing populations
when Nr = 2, with the selection parameters we have
used. This appears to contradict the conclusion of Bell
(1988) that much higher values of Nr are required to
prevent the ratchet's operation.

(ii) Behaviour of neutral alleles in populations with
loci under selection

Even for completely outcrossing populations, we did
not find the mean times to fixation and loss of neutral

alleles to agree with expectations based on alleles
introduced at the same initial frequency. The expec-
tations were calculated by the formulae of Kimura
& Ohta (1969). For partially selfing populations,
corresponding formulae were derived using the effec-
tive population sizes given by Pollak (1987). In our
runs, the times were smaller than predicted. Ohta
(1971,1973) and Sved (1972) showed that the presence
of selected loci with recessive deleterious alleles retards
the fixation of alleles at neutral loci present at
intermediate frequencies in finite outcrossing popu-
lations, due to associative overdominance caused by
randomly generated linkage disequilibrium, and Ohta
(1971) pointed out that this effect will be more
pronounced in partially selfing populations. However,
the case of allele frequencies close to zero or one has
apparently not previously been studied. It appears
from our results that the effect for low frequency
alleles may be caused by chance associations with low-
fitness genotypes. While such an association persists,
it will cause a decline in frequency of the neutral
alleles, and these alleles can thus be lost rapidly.
For alleles at intermediate frequencies, however, oc-
casional chance associations with selectively dis-
advantageous genotypes will not persist for long, but
will usually be broken down by recombination before
their frequency can reach levels close to fixation.

(iii) Effects of linkage on inbreeding depression and
on the selection of modifier alleles

The effect of linkage on the level of inbreeding
depression was slight unless the selected loci were
very tightly linked indeed. A realistic case for many
eukaryotes might be to assume 4-10 chromosomes
with many loci subject to deleterious mutations
occurring at intervals of 0-02 map units (based on a
total map length of 1000, as appears reasonable for an
organism with 10 chromosomes, and assuming 50000
loci in a genome). Assuming a mutation rate of 10"5

per locus per generation, this would yield inbreeding
depression closely similar to the values we obtained
previously for the multiplicative and synergistic
selection models, for infinite numbers of unlinked loci
(Charlesworth et al. 1990, 1991). Linkage disequili-
brium was slight in all the cases we studied, and
tended to decrease with the selfing rate. Since linkage
tends to decrease the level of inbreeding depression, it
will generally reduce selection for outcrossing, but the
effects are slight with realistic levels of recombination
between selected loci.

In studying the evolution of the selfing rate, it is
important to distinguish this effect of linkage between
the selected loci from effects caused by linkage between
these loci and modifiers of the breeding system.
Uyenoyama & Waller (1991) have shown that linkage
affects the conditions for invasion of populations by
modifiers of the selfing rate. They assumed a single
selected locus, at which mutations lowering fitness
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might occur. Recessive or partially recessive del-
eterious effects of mutations will mean that progeny
produced by selfing will have lower fitness than
outcrossed progeny. In models in which inbreeding
depression is treated as a fixed parameter, if pollen
discounting is complete [i.e. pollen contributions to
the pollen pool fertilizing non-selfed ovules are
decreased in proportion to the selfing rate (see
Nagylaki, 1976)], any such fitness difference means
that there will be selection for outbreeding (Charles-
worth, 1980). By using a model with complete
discounting, Uyenoyama & Waller (1991) were there-
fore able to investigate the effect of linkage between
selected loci and modifiers of selfing, without the
complications involved when there are multiple
selected loci. This approach yields the result that
linkage makes the evolution of selfing more likely, and
hinders the evolution of outcrossing. An important
conclusion from our runs is that the effects of both
inbreeding depression and linkage of the modifier to
the selected loci work in the same direction. Since this
is so, it is not possible in the multi-locus case to
distinguish how much of any effect observed is due to
each of the two causes, but it seems likely that some of
the comparisons between our runs with linked and
unlinked loci may be mainly due to this effect of
linkage between the modifier and the selected loci
(Uyenoyama & Waller, 1991). We found that modi-
fiers increasing outcrossing were more likely to be
eliminated when linkage was assumed than when we
assumed free recombination, though the differences in
the inbreeding depression values were small (Table 2).
For example, in the last two cases in Table 2, there is
an increase of 29 % in the probability of loss of the
modifier allele with linkage, but only a 3 % decrease in
the inbreeding depression.

To test for effects of differences in the inbreeding
depression in the base populations, we examined the
relation between the probabilities of loss of the
modifier and the initial inbreeding depression values.
In the stochastic runs studied here, the inbreeding
depression values in the different base populations are
distributed around some average value. This differs
from the situation in our previous deterministic
calculations, when the modifier alleles were always
introduced at the same frequency into each genotype
present in the base population. In the present runs, the
genotypes into which modifier alleles were introduced
were chosen randomly. Whenever the inbreeding
depression in the base population is high, a modifier
allele causing high selfing has a high probability of
being initially in a genotype whose inbred offspring
will have low fitness, and thus a high chance of loss
within a short period of time. This is true even though,
if the modifier were not lost, the population would
evolve to a different state, with a new, lower level of
genetic load and inbreeding depression, which would
be more favourable for establishment of the modifier.
In an infinite population, this purging of the genetic

load may enable the allele to spread (Lande &
Schemske, 1985). In a finite population, however, this
purging often may not occur in the small number of
generations before the new allele is lost. The overall
probability of loss must therefore depend on the
distribution of inbreeding depression values in the
base populations, not just on their mean value.

For the case with a dominance coefficient of 01,
when the selection on a modifier increasing the
outcrossing rate was examined (see Table 2), the
inbreeding depression values and frequencies of loss
of the modifier were statistically significantly cor-
related when the linked and unlinked runs were
pooled, but there was no significant correlation within
either of these sets taken alone. This again suggests
that the inbreeding depression value of the base
population is not itself responsible for the differences,
but that linkage of the modifier to the selected loci
makes selection for outcrossing less likely, as shown
by Uyenoyama & Waller (1991) for the case of a
single selected locus. This conclusion is supported by
the case of h = 015. For this case, there was also no
significant effect of linkage on inbreeding depression,
and no relationship between the inbreeding depression
in the base population and the fate of the modifier
allele, over the small range of inbreeding depression
values among these populations.

In general, our results show that the similarities
between runs with the same set of parameters but
different degrees of linkage are much greater than the
differences due to linkage, even with the extremely
close linkage assumed in our runs. It therefore seems
that linkage between loci is a factor of lesser
importance, for selection on modifiers of the selfing
rate, than differences in the initial selfing rate or the
dominance coefficient. Differences in the values of
these parameters of the models lead to differences in
the inbreeding depression values generated, and our
conclusion is thus that this is a valuable predictive
parameter that can indicate the direction of selection
on genetic variation for the selfing rate. The selective
forces detected in the stochastic runs agree with those
from the deterministic calculations, but one must also
take into account the possibility that linkage between
the selected loci and the modifiers may make
outcrossing somewhat less likely to evolve. In our
runs, we did not observe differences in the direction of
selection due to linkage. Although this would pre-
sumably sometimes be found, the behaviour of the
modifier alleles approaches that of neutral alleles
when the inbreeding depression was close to one half,
which made it difficult to determine the direction of
selection on the modifier.
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Note added in proof. From results obtained since this
paper was written, it appears that the cases of
populations with very high selfing in which mean
fitness declined to low levels (Figs 2 and 4) were not
caused by Muller's ratchet, but by a high rate of
fixation of mutant alleles. We are currently under-
taking further detailed studies of the effects of close
linkage and high levels of inbreeding on fixation of
deleterious alleles.
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