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THE EVOLUTION OF SELF-FERTILIZATION AND INBREEDING
DEPRESSION IN PLANTS. 1. GENETIC MODELS

RUSSELL LANDE AND DOUGLAS W. SCHEMSKE

Department ofBiology, University ofChicago, Chicago, IL 60637

Summary. - The amounts of inbreeding depression upon selling and of heterosis upon out
crossing determine the strength of selection on the selling rate in a population when this
evolves polygenically by small steps. Genetic models are constructed which allow inbreeding
depression to change with the mean selling rate in a population by incorporating both
mutation to recessive and partially dominant lethal and sublethal alleles at many loci and
mutation in quantitative characters under stabilizing selection, The models help to explain
observations of high inbreeding depression (> 50%) upon selling in primarily outcrossing
populations, as well as considerable heterosis upon outcrossing in primarily selling popu
lations. Predominant selling and predominant outcrossing are found to be alternative stable
states of the mating system in most plant populations. Which of these stable states a species
approaches depends on the history of its population structure and the magnitude of effect
of genes influencing the selling rate.
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Many species of monoecious or her
maphroditic plants have mechanisms
which prevent self-fertilization and pro
mote outcrossing, such as self-incom
patibility systems, heterostyly, and
dichogamy. A major selective force
maintaining outcrossing appears to be
substantial inbreeding depression in the
fitness of selfed progeny due to the
expression of largely recessive deleteri
ous mutations in homozygotes. How
ever, in a variety of plant taxa, predom
inantly self-fertilizing species which are
closely related to primarily outcrossing
species exist (Stebbins, 1957; Jain, 1976;
Charlesworth and Charlesworth, 1979a;
Schemske and Lande, 1985).

In this paper we present models ofmu
tation and selection to analyze the joint
evolution of inbreeding depression and
self-fertilization in natural populations.
The models demonstrate that in many
situations the two extremes of predom
inant outcrossing and predominant self
fertilization represent alternative stable
states of the mating system. By which of
these mechanisms a species is selected to
reproduce depends largely on the history
of its population structure. Species with
a long history of occasional population
bottlenecks and/or pollinator failure are
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expected to show relatively little inbreed
ing depression and to be selected for self
fertilization, whereas species with his
torically large, outcrossing populations
are expected to have substantial inbreed
ing depression and to be selected for
mechanisms to prevent inbreeding. We
summarize data which support these gen
eralizations, and which also indicate that
there is a bimodal distribution of selfing
rates among plant species, corresponding
to the two evolutionarily stable repro
ductive modes ofpredominant outcross
ing and predominant selfing (Schemske
and Lande, 1985).

In the absence of inbreeding depres
sion, a gene causing a plant to self-fertil
ize its seed without reducing pollen dis
persal would have an advantage of 50%
in an initially outbreeding population and
would rapidly spread until the entire pop
ulation became completely self-fertiliz
ing, as first shown by Fisher (1941) for a
semidominant gene, and under more
general conditions by Nagylaki (1976) and
Wells (1979). In addition to the cost of
outcrossing there are several other selec
tive factors which could promote the
evolution of selfing, such as lack of pol
linators, repeated colonization of new
areas by single individuals, and selection
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for local adaptation (Stebbins, 1957; An
tonovics, 1968; Jain, 1976; Lloyd, 1979).
Temporal and spatial variation in envi
ronments can select for outcrossing and
recombination, but it is doubtful whether
this alone could produce a 50% advan
tage for outcrossing (Maynard Smith,
1978 Ch. 6).

Inbreeding depression is the only gen
eral factor in large outcrossing popula
tions which appears to be strong enough
to prevent the evolution of self-fertiliza
tion in most species (Charlesworth and
Charlesworth, 1979a). Previous models
of the evolution of plant mating systems
do not allow inbreeding depression to
evolve with changes in the mating system
of a population (reviewed by Charles
worth and Charlesworth, 1979a). Our
model for the joint evolution of inbreed
ing depression and self-fertilization does
not provide a complete dynamical de
scription ofthe process but it does permit
us to make qualitative predictions con
cerning the evolutionary stable states of
a population by assessing the strength of
selection on the selfing rate. It also sug
gests that the evolution ofthe mating sys
tem may depend on whether the genetic
change in the selfing rate occurs in a poly
genic fashion by small steps, or by a ma
jor change at a single locus as in Fisher's
model.

Selection on the Selfing Rate
Construction of an exact multilocus

model of the evolution of self-fertiliza
tion is difficult because partial selfing
generates departures from random com
bination ofdiploid genotypes at different
loci in zygotes (Haldane, 1949; Weir and
Cockerham, 1973). Nevertheless, some
insight into the process can be gained by
examining a simple measure of the in
tensity of selection on genetic variation
in the selfing rate. As argued below, this
approach is likely to be valid for the evo
lution of selfing by small steps-that is,
for genes with small effect on the selfing
rate-but does not apply to genes which
produce a large change in the selfing rate,
such as complete self-fertilization.

Consider a large hermaphroditic pop
ulation which is partially self-fertilizing,
or inbreeding due to limited dispersal. A
gene with a small effect on the selfing rate
but no direct effect on fitness will never
theless evolve through the cost of out
crossing and by indirect selection through
its association with deleterious homo
zygous mutations at other loci. Provided
that linkage between the selfing locus and
the selected loci is loose and the mean
selfing rate in the population is not very
high, most ofthe association between ge
notypes at the selfing locus and those at
the selected loci will be created anew each
generation by selection on selfed and out
crossed progeny. An approximate mea
sure of the strength of selection on the
selfing rate can therefore be obtained by
comparing the expected fitness of prog
eny produced by plants with different self
ing rates, weighting the selfed progeny
twice as much as the outcrossed progeny.

Let the mean selfing rate in the pop
ulation be r and let Wo and w\ be, re
spectively, the mean fitnesses of out
crossed and selfed progeny in the
population. Assuming that all genotypes
produce the same amount of pollen, and
that any seeds which are not outcrossed
are self-fertilized, the expected fitness of
genotypes with the selfing rate r is ap
proximately

1
w = rW\ + "2:0 - r)wo

1+ 2(1 - r)wo

in which the first two terms are compo
nents of fitness from selfed and out
crossed seed, and the last term is that
from pollen fertilizing ovules of other
plants. It is important to recall that Wo
and w\ are functions of the mean selfing
rate (or inbreeding coefficient) in the pop
ulation.

The intensity ofselection on genotypes
with a small effect on the selfing rate is
approximately proportional to the mag
nitude of their effect on the selfing rate
and to the differential coefficient ow/or,
which from the previous expression is
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1
awlar = WI - 2"wo.

Thus if the expected fitness of se1fed
progeny is greater than Ih that of out
crossed progeny, there is selection to in
crease the selfing rate in the population.
A convenient measure of inbreeding
depression is the proportional decrement
in expected fitness ofse1fedprogeny com
pared to the expected fitness of out
crossed progeny,

{) = (wo - wl)lwo

= 1 - w/wo. (1)

The condition for evolution of increased
se1fing rate in the population is {) < Ih. In
other words, there is selection for in
creased selfing if the inbreeding depres
sion is less than 50%, and there is selec
tion for increased outcrossing if the
inbreeding depression is greater than 50%.

This condition applies to the mode of
reproduction in which any seed not out
crossed is se1fed. Lloyd (1979) examined
this and other modes of reproduction to
derive analogous conditions for selection
to favor selfing. For example, in species
where se1fing occurs prior to outcrossing
and only a fraction c of ovules not se1fed
are successfully cross-fertilized, the con
dition for selection to increase the selfing
rate, {) < 1 - el2, is less stringent than
the previous condition (cf. Maynard
Smith, 1978; Lloyd, 1979). Similarly, if
outcrossing precedes selfing, but only a
fraction c of ovules not outcrossed are
successfully self-fertilized, the condition
for selection to favor selfing is {) < 1 
1/(2c). Finally if the more highly selfing
genotypes disperse less pollen, a reduc
tion ofpollen output of cr for plants with
the selfing rate r produces selection in
favor of increased selfing when {) < (1 
c)/2 (cf. Lloyd, 1979; Charlesworth,
1980). Thus each of these complicating
factors changes the threshold value ofin
breeding depression in a population,
above which there is selection for in
creased outcrossing and below which
there is selection for increased self-fer
tilization.

Observations on Inbreeding Depression
In predominantly outcrossing species

with historically large population sizes,
substantial inbreeding depression is gen
erally manifest after self-fertilization by
a high frequency of embryonic lethals,
and by decreases in the mean values of
other major components of fitness such
as germination, growth rate, survival, and
reproduction (e.g., Sorensen et al., 1976;
Schemske, 1983; Schoen, 1983).

The total inbreeding depression due to
selfing is often quite large in outcrossing
species, frequently greater than 50%, and
the average individual typically is het
erozygous for one or more recessive le
thal factors (Crumpacker, 1967; Soren
sen, 1969; Franklin, 1972; Lloyd, 1974;
Wright, 1977 Ch. 2; Klekowski, 1982,
1984; Schemske, 1983; Schoen, 1983).
Considerable inbreeding depression oc
curs even in domesticated populations
started from crosses between inbred lines
which have been purged of recessive
lethal mutations (Wright, 1977 Ch. 2;
Mayo, 1980 Ch. 9; Frankel, 1983). The
most detailed data on inbreeding depres
sion, from various species of Drosophila,
indicates that in historically large out
crossing populations most ofthe inbreed
ing depression is due to rare, largely re
cessive, lethal and sublethal mutations at
many loci, while the remainder..of the
inbreeding depression is caused by genes
with small, more nearly additive effects
on fitness (Simmons and Crow, 1977;
Frankham, 1982).

Habitually self-fertilizing plant popu
lations usually have much smaller in
breeding depression than obligate out
crossers, although considerable hybrid
vigor or heterosis may still occur upon
crossing different inbred strains (Griffing
and Langridge, 1963; Wright, 1977 Ch.
2; Brown, 1979). It is often difficult to
distinguish whether heterosis in inbred
populations is caused by partly recessive
deleterious mutations, or by a general
heterozygote advantage at many loci, or
both. However, artificial production of
inbred lines which perform as well as hy
brids argues strongly against a general
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heterozygote advantage (reviewed by
Wright, 1977; Gardner, 1978; Sprague,
1983; Jinks, 1983).

In view ofthese observations, the equi
librium ofselection and mutation will be
analyzed for two types of genes contrib
uting to inbreeding depression in popu
lations with different amounts ofself-fer
tilization or other inbreeding. First we
model mutation to lethal and sublethal
alleles at many loci; then we investigate
a model of quantitative variation which
does not depend on heterozygote advan
tage, but which explains observations of
heterosis in predominantly inbreeding
populations, as well as the substantial
proportion of quantitative genetic vari
ance in fitness traits due to epistatic in
teractions.

Equilibrium Models of
Inbreeding Depression

Lethal and Sublethal Mutations.-In
large obligately outcrossing populations
the equilibrium genetic load produced by
recurrent mutation at a rate I" to delete
rious alleles at a given locus is between
1", for completely recessive mutations, and
21", for partially or fully dominant mu
tations (Haldane, 1937; Muller, 1950).
Most lethal and sublethal mutations seg
regating in natural populations are not
completely recessive (Simmons and
Crow, 1977). The total spontaneous mu
tation rate to lethals at all loci in Dro
sophila melanogaster is about 1 x 10-2

per gamete per generation, which results
from mutations at about 5,000 loci, giv
ing an average per locus mutation rate to
lethals of about 2 x 10-6 per gamete per
generation (Crow and Simmons, 1983).
A recent study of ferns suggests a similar
magnitude for the total mutation rate to
recessive lethals (Klekowski, 1984). The
total genetic load from lethal mutations
is thus rather small, less than a few per
cent (Fisher, 1949; Crow, 1952; Sim
mons and Crow, 1977). Therefore, al
though typical individuals in large
outbreeding populations are heterozy
gous for one or more nearly recessive le
thal (or sublethal) genes, it is quite un-

likely for zygotes to be homozygous for
more than one lethal mutation.

Because a small amount of inbreeding
can greatly increase the expression ofrare
recessive traits, the equilibrium frequen
cy oflethals should be much lower under
partial selfing than in a randomly mating
population. Even in a population with a
low level of selfing, the inbreeding
depression due to recessive lethal and
sublethal mutations is expected to be
greatly reduced in comparison to that in
a completely outcrossing population.

Although partial selfing creates an as
sociation between homozygotes at differ
ent loci in a population as a whole, it does
not produce any association of genes or
genotypes at unlinked loci within
subgroups of the population composed
of individuals with the same coefficient
of inbreeding (Haldane, 1949). The ran
domly outcrossed progeny evidently form
a uniform group with no inbreeding, and,
with respect to lethal and sublethal al
leles, the inbreeding coefficient of selfed
progeny is nearly uniform since mutant
homozygotes are eliminated each gen
eration.

Partial selfing does produce an asso
ciation between homozygous genotypes
at linked loci within subgroups of the
populationwith the sameinbreedingcoef
ficient (Haldane, 1949), but a given chro
mosome is unlikely to carry more than
one recessive lethal or sublethal muta
tion, even in predominantly outcrossing
populations. This justifies ignoring de
partures from random combination of
diploid genotypes at different loci pro
ducing lethal and sublethal mutations
within selfed and outcrossed subgroups
of the population. Thus the mean fit
nesses of selfed and outcrossed progeny
subgroups can be calculated using the ap
proximation of random combination of
diploid genotypes at different loci within
these subgroups.

Assuming that selection acts indepen
dently on each lethal and sublethal locus,
fitness effects are multiplicative across
loci. With nearly random combination
among genotypes at different loci within
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At equilibrium between selection and
mutation to recessive lethal and suble
thal alleles, the mean fitness ofgenotypes
at this locus, 1 - sR = 1 - J,L, depends
only on the mutation rate and not on the
system of mating (Haldane, 1937).

In a large population reproducing by
partial self-fertilization at the rate r, and
outcrossing (by random mating) at a rate
1 - r, the frequency of the dominant
homozygote after one generation of se
lection and mutation is

D ' = (1 - J,L)l[r(D + HI2)

+ (1 - r)(D + H)l/

(1 - sR)]/(l - sR).

At equilibrium D ' = D = 1 - 2H - R
and using (3a) this yields a quadratic
equation for H, which has the approxi
mate solution

H = (1 - r)-I{-r/4 +

Y(r/4)2 + (1 - r)[r + (1 - r)/s]J,L}.

(3b)

Under completely random mating (r =
0) this reduces to H = ViJS. Expression
(3b) is quite accurate for any value ofthe
selfing rate, but if r is greater than a few
percent (r ~ 4ViJS) the following for
mula can be used.

H = 2J,L[1 + (1 - r)/rs]. (3c)
The mean fitness of genotypes at this

locus among selfed progeny, weighted
by the frequencies of parental geno
types after selection (neglecting new mu
tations), is

WI = {D + (1 - s/4)2H

+ (1 - s)lR}/(1 - sR),

which simplifies, using (3a), to approxi
mately 1 - sHI2 - (1 - s)J,L. In a ran
domly mating population at equilibrium,
this gives

WI = 1 - v;;512 + O(J,L) (4a)

and for selfing rates greater than a few
percent (r ~ 4ViJS) employing (3c)
yields

subpopulations of selfed or outcrossed
progeny, the mean fitness in the selfed
(or outcrossed) group is nearly equal to
the product of the mean fitnesses at each
locus. Since rare lethal and sublethal al
leles at any given locus contribute only a
small amount to the inbreeding depres
sion, the ratio of the mean fitnesses of
selfed and outcrossed progeny is approx
imately

n

w/wo = II [wI(i)/WO(i)]
i~1

= exp{- ~ O(i)} (2)

where o(i) = 1 - w1(i)/WO(i) is the in
breeding depression contributed by the
ith locus (Crow, 1970).

For simplicity and concreteness, we
initially analyze completely recessive le
thal and sublethal mutations in a large
population with mixed selfing and ran
dom mating. We then generalize this to
partially dominant mutations under an
arbitrary system of inbreeding.

Completely Recessive Lethals. - Let J,L
be the mutation rate from "wild type"
allele A to the recessive lethal or sublethal
allele a at a particular locus. Since the
deleterious allele is kept rare by selection,
reverse mutation can be neglected in
comparison with forward mutation. The
frequencies of the wild homozygote, the
heterozygote, and the mutant homozy
gotes before selection are denoted as D,
2H, and R, respectively, so that D +
2H + R = 1. The frequency of allele A
in zygotes before selection is p = D + H,
and that ofthe mutant allele a is q = H +
R. The fitness of the recessive mutant
homozygote is 1 - s in comparison with
unity for the other genotypes.

Regardless of the mating system, the
frequency ofallele A after one generation
of selection and mutation is

p' = (1 - J,L)p/(l - sR).

At equilibrium p' = p and the frequency
of the recessive homozygote is

R = J,L/s. (3a)
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In outcrossing populations slightly
dominant lethal and sublethal mutations
are maintained at much lower frequen
cies than completely recessive mutations.
Therefore, a small amount of inbreeding
is not expected to have a drastic effect on
decreasing the mutant gene frequency, or
the inbreeding depression, until inbreed
ing is sufficiently common so that most
of the mutant alleles are eliminated as
homozygotes. This condition, sR > hsH,
can be simply approximated for a rare
mutant using the inbreeding formulae
above as f> h. Thus a small amount of
inbreeding should greatly decrease the
equilibrium inbreeding depression due to
slightly dominant lethal and sublethal
mutations.

The frequency of the nearly dominant

The degree ofdominance ofa mutation
affecting fitness is measured by the coef
ficient h, which gives the proportional
expression of the mutant gene in hetero
zygotes in comparison with mutant
homozygotes. The average degree of
dominance of spontaneous lethal and
sublethal mutations in populations of
Drosophila melanogaster is about h =
.05, and that for lethal and sublethal mu
tations segregating in natural populations
is somewhat lower, about h = .02 due to
stronger selection against the more dom
inant mutations (Crow and Simmons,
1983).

The amount of inbreeding in a popu
lation, caused by partial self-fertilization,
mating between close relatives, and lim
ited dispersal, can be measured by
Wright's inbreeding coefficient, f, which
gives the proportional reduction in het
erozygosity in comparison with a ran
dom mating population with the same
gene frequency (Wright, 1969 Ch. 7).

WI = 1 - ph + O(p,2) (4b)

where the term 0(') gives the order of
magnitude of the error in the expression.

Outcrossed progeny produced by ran
dom mating have genotypic frequencies
in Hardy-Weinberg proportions, with a
mean fitness at a particular locus of

Wo = 1 - sq2 = 1 - s(H + R)2.

At equilibrium under random mating
Wo = 1 - IJ" whereas in a population with
appreciable selfing (r ~ 4W!S) at equi
librium

Wo = 1 + O(1J,2). (5)

These formulae confirm that a small
amount of selfing greatly reduces the
equilibrium frequency ofrecessive lethal
and sublethal mutations, and eliminates
most ofthe inbreeding depression due to
this cause. For example, with the per lo
cus mutation rate IJ, = 2 x 10-6 to reces
sive lethal mutations at 5,000 loci, the
equilibrium inbreeding depression pro
duced only by lethals in a randomly mat
ing population is {j = .97, whereas with
partial selfing at the rate of 1% at equi
librium {j = .61, with 5% selfing {j = .18,
with 10% selfing {j = .095, and at equi
librium under complete selfing the
amount of heterosis upon outcrossing is
{j = .01. The total inbreeding depression
may be considerably larger than these
values, particularly at the higher selfing
rates, when the contributions of many
genes with small effects on fitness are in
cluded.

Partially Dominant Lethals.-In con
trast to completely recessive mutations
in habitually outcrossing populations,
partial dominance of homozygous lethal
and sublethal mutations greatly de
creases their equilibrium frequency, and
also decreases the equilibrium inbreed
ing depression (Crow, 1970; Crow and
Simmons, 1983). In this situation, lethal
and sublethal homozygotes at each locus
are so rare that most ofthe selective elim
ination of the mutant alleles occurs in
heterozygotes.

Genotype
AA

Aa
aa

Frequency
D=fp

+ (1 - f)p2

2H = 2(1 - f)pq
R=fq

+ (1 - f) q2

Fitness
1

1 - hs
1 - s



30 R. LANDE AND D. W. SCHEMSKE

wild type allele at a locus after one gen
eration of selection and mutation is

p' = (I - ~)[D + (1 - sh)H]1

(1 - 2hsH - sR).

Substituting the inbreeding formulae
produces a quadratic equation for the
equilibrium frequency of the mutant al
lele (Crow, 1970), which gives very near
ly

q = [-fj + Yfj2 + 4a~/s]l2 (6a)

where fj = f + (I - f)h and a = (I 
f)(1 - 2h). When there is appreciable
dominance or inbreeding, h + f ~

2v;iS, this becomes

q ~ ~/{s[f+ (I - f)h]). (6b)

The mean fitness of genotypes at a locus
among outcrossed progeny, assuming
h ~ 2v;iS, approximates

Wo = I - 2hspq - sq'

~ I - 2hsq. (7)

The mean fitness ofgenotypes at this lo
cus among selfed progeny, weighted by
the fitness ofthe parental genotypes (and
neglecting new mutations) is

WI

{
D + (114 + Ih(1 - sh) + lf4(1 - S)]}

·(1 - sh)2H + (I - s)2R

I - 2hsH - sR

For a rare mutation, H = (1 - f)q ap
proximately, and

w\ ~ I - (I + 2h)

.(1 - sh)sH/2

~ I - (I + 2h)

·(1 - sh)(1 - f)q/2. (8)

Some caution is necessary in applying
Wright's inbreeding coefficient, f, to le
thal and sublethal mutations. This can
be illustrated in the case of completely
recessive mutations, under mixed selfing
and random mating, where Wright's for
mula for the heterozygote frequency, with
(3a) and (3c), yields the approximation

f= I - Hlpq
= RI(H + R) - HI(1 - H - R)
~ rl(2 - r + 2rs). (9)

Under weak selection (s -e; I) this for
mula for the inbreeding coefficient ap
proximates that for a neutral gene, f =
rl(2 - r)(Wright, 1921, 1969 Ch. 7), but
for recessive lethal mutations f = rI(2 +
r) which has a maximum value under
complete selfing of f = 113.

In populations with a low level of self
ing, r < .2, the inbreeding coefficient is
nearly f = r/2, regardless of the form of
selection. In highly self-fertilizing popu
lations, most of the selection on slightly
dominant deleterious mutations occurs
on homozygotes (iff> h); thusfshould
be nearly the same as for completely re
cessive mutations. For a deleterious
mutation with slight dominance in a
totally self-fertilizing population, with
f= I/(1 + 2s), formulae (6b), (7) and (8)
yield the approximations Wo = I - 2(I +
2s)h~/(l + 2hs) and w\ = I - ~(1 
hS)'(1 + 2h)/(1 + 2hs).

These approximations for a totally self
ing population can be checked against the
more accurate recursion equations for
slightly dominant deleterious mutations
in Ohta and Cockerham (1974), which,
however, are accurate only for popula
tions with a high selfing rate. In a totally
selfing population the equilibrium values
are H = 2~/(1 + hs) and R = (~/s)(1 
hs)/(1 + hs). Substituting q = H + R into
(7) and calculating the mean fitness in the
population reveals that, for slightly dom
inant deleterious mutations (h -e; 1) in a
totally selfing population, the two meth
ods of approximation are in close agree
ment:

Wo = I - 2(1 + 2s)h~

+ O(~h2) (lOa)

w\ = 1 - (I + 2hs)~

+ O(~h2) (1Ob)

For a numerical example, consider a
population under mixed selfing and ran
dom mating with 5,000 loci mutating to
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slightly dominant lethal alleles at the rate
of2 x 10-6 per locus per generation with
h = .02. In a randomly mating popula
tion, the inbreeding depression at equi
librium is 0 = .21, whereas with partial
selfing at the rate of 1% the equilibrium
inbreeding depression is 0 = .17, with 5%
selfing 0 = .10, with 10% selfing 0 = .06,
and at equilibrium under complete self
ing the heterosis upon outcrossing is
roughly 0 = .01.

In comparison with the previous nu
merical example of completely recessive
mutations, partial dominance of delete
rious mutations in a random mating pop
ulation greatly decreases the equilibrium
inbreeding depression. This example also
confirms that with slightly dominant le
thals, inbreeding has little effect in re
ducing the equilibrium inbreeding
depression until the inbreeding coeffi
cient exceeds the dominance of the mu
tant alleles.

Even a small amount of variation in
the level of dominance among different
lethal-producing loci can substantially
increase the inbreeding depression in a
large outcrossing population. From the
preceding equations (1), (2), (6b) and (7),
at equilibrium under random mating, the
total inbreeding depression due to slight
ly dominant lethals depends on the av
erage value of u/h, and, if the mutation
rate is the same for all n loci we have
approximately 0 = 1 - exp{ - n/.Ll2h}
where his the harmonic mean ofh, which
is always less than or equal to the arith
metic mean, h. For example, with 5,000
loci mutating to slightly dominant lethals
at a per locus rate of /.L = 2 x 10-6 with
h = .02 and enough variation in the level
of dominance so that h = .01, in a ran
domly mating population the equilibri
um inbreeding depression is approxi
mately 0 = .39. This can be compared
with value of 0 = .21 previously calcu
lated for the same parameters except with
no variance in h. Therefore, allowing for
variation in the level of dominance of
lethal and sublethal mutations, in addi
tion to the influence ofquantitative vari-

ation caused by mutation at numerous
loci with small effects on fitness, the total
inbreeding depression may often exceed
50% in large, historically outcrossing
populations. Including all mutations with
major or minor effects on fitness, the
equilibrium level of the total inbreeding
depression may not fall below the critical
value of about 50% until the selfing rate
in a population exceeds several percent.

Quantitative Variation in Fitness. - We
next investigate a simple model of in
breeding depression and heterosis pro
duced by stabilizing selection on quan
titative characters, such as growth form,
leafshape, and floral morphology. On the
primary character scale, all of the genetic
variation is assumed to be additive and
to be maintained by polygenic mutation
and recombination. In a model of this
type for a single character, Wright (1935)
showed that on the fitness scale substan
tial dominance and epistatic genetic in
teractions are produced by the nonlinear
relation of the character with fitness.

Weak stabilizing selection on a quan
titative character, z, toward an optimal
phenotype, (), can be approximated by the
quadratic fitness function

w(Z) = 1 - k(z - ()f, (1la)

in which k is a constant measuring the
strength of selection. The mean fitness
with regard to this character in a popu
lation (or subpopulation) is given by
Wright (1935) as

w= 1 - k[G + E + (z - ())2] (llb)

where G and E are, respectively, the ad
ditive genetic and environmental com
ponents of the total phenotypic variance
in the character. The mean phenotypes
are the same in the selfed and outcrossed
progeny groups, since all of the genetic
variance is additive. Assuming that the
environmental variances are equal in the
two groups, the relative fitnesses ofselfed
and outcrossed progeny, with respect to
this character, depend only on the strength
of stabilizing selection and on the differ-
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ence in additive genetic variance in the
two groups,

0= 1 - w/wo ~ k(G I - Go). (12)

This expression also holds if the opti
mum phenotype fluctuates in time. The
heterosis or inbreeding depression pro
duced by many independent characters
is approximately 0 = 1 - exp{ - 2: oU)},

j

where ou) is the inbreeding depression
due to the jth character.

In a population with an inbreeding
coefficient f, there is a correlation of i
between effects ofuniting gametes on any
character (Wright, 1921, 1969 Ch. 7).
Therefore the component of the genetic
variance within both gametes is G/(l +
i), and that between gametes is Gf/(l +
I). which sum to G. The additive genetic
variance in the character among random
ly outcrossed progeny is

Go = G/(1 + i)·
Under weak selection, the inbreeding
coefficient of selfed progeny is approxi
mately I' = (1 + 1)/2 (Wright, 1921,
1969 Ch. 7), and the additive genetic
variance among them is

G1 = (1 + i')G/(l + I).

The difference in additive genetic vari
ance of the character in selfed and out
crossed progeny is

G1 - Go = i'G/(l + i)

= G/2. (13)

In a model of mutation with a wide
range ofpossible allelic effects on a quan
titative trait at each locus and a constant
input of additive genetic variance each
generation, the genetic variance in the
character maintained under stabilizing
selection, G, is independent ofthe mating
system, which only redistributes the total
expressed genetic variance within and
between uniting gametes (Lande, 1977).

For this model of selection on quan
titative traits, (12) and (13) show that the
inbreeding depression caused by selfing
in an habitually outcrossing population
is approximately equal to the heterosis

upon outcrossing in an habitually selfing
population. Data from Drosophila indi
cate that the inbreeding depression due
to quantitative variation among geno
types with quasinormal fitnesses is often
in the range of20% to 30% or more (Sim
mons and Crow, 1977). This property of
the model helps to explain the persistence
of considerable heterosis in predomi
nantly self-fertilizing populations, with
out the need for invoking a general het
erozygote advantage, for which there is
little evidence (Lewontin, 1974). In this
context, it is worth noting that one-locus
polymorphisms maintained by hetero
zygote advantage in outcrossing popu
lations cannot be maintained in predom
inantly self-fertilizing populations except
in the improbable situation where the fit
nesses of the homozygous genotypes are
nearly equal (Nagylaki, 1977 p. 56-58).

If multivariate selection acts to corre
late different characters (Lande and Ar
nold, 1983), continued inbreeding can in
crease the magnitude of their genetic
correlation, increasing the mean fitness
and decreasing the inbreeding depression
in the population (Lande, 1984). But this
would not alter the conclusion that sub
stantial quantitative genetic variation and
inbreeding depression (or heterosis) can
be maintained even in a highly selfing
population. This theoretical result is sup
ported by evidence ofa great deal ofher
itable variation in quantitative traits
within populations in primarily selfing
species (Allard et a1., 1968).

Inbreeding Depression in Polyploid
Species.- In many families of higher
plants, a large proportion of the species
are polyploid, having usually arisen by
doubling of the chromosomes (Stebbins,
1950; Burnham, 1962). To assess the rel
ative likelihood that polyploid species are
selected for self-fertilization, we compare
the theoretical inbreeding depression
maintained in predominantly outcross
ing diploid and tetraploid species. The
Appendix shows that tetraploidy sub
stantially reduces the inbreeding depres
sion due to largely recessive lethal and
sublethal mutations, assuming the spon-
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taneous mutation rates are the same as
in the ancestral diploid(s). Judging from
the Drosophila data, where most of the
inbreeding depression is produced by le
thal and sublethal mutations, it appears
that, contrary to a statement by Bennett
(1976), tetraploidy generally reduces the
total inbreeding depression at equilibri
um and hence increases the likelihood of
selection for self-fertilization. Because
self-compatibility is necessary for the
evolution of self-fertilization it is of in
terest to note that tetraploidy usually re
sults in the physiological breakdown of
gametophytic self-incompatibility in di
cots, but not in monocots (de Nettan
court, 1977 p. 113-115), and allopoly
ploids originating from a single plant must
initially have been self-compatible, ifnot
self-fertilizing to a considerable degree
(Burnham, 1962).

Nonequilibrium Models of Inbreeding
Depression

Evolution ofa Gene for Complete Self
ing.-In the absence of inbreeding
depression, Fisher (1941) showed that a
single semidominant gene causing com
plete self-fertilization without diminish
ing pollen dispersal would rapidly sweep
through a population. Nagylaki (1976)
generalized this result by proving that a
partiallydominant gene for increased self
ing, which does not entirely eliminate
pollen output, would eventually be fixed
if there is no inbreeding depression.
However, virtually every natural popu
lation displays the complementary effects
of inbreeding depression and heterosis
(Wright, 1977). As we have seen above,
in an initially outcrossing population the
evolution ofselfing by small genetic steps
is prevented by an inbreeding depression
of50% or more. In contrast with the pre
vailing view (e.g., Maynard Smith, 1978
p. 125-130), we will now argue that a
single gene which causes complete selfing
when homozygous, without eliminating
pollen dispersal, will increase in frequen
cy in an initially outcrossing population,
regardless of the amount of inbreeding
depression.

A single gene causing complete self
fertilization when homozygous creates a
subpopulation composed of purely self
ing lineages. In an initially outcrossing
population with a large inbreeding
depression, the majority of completely
selfing lines may become extinct, but if
the gene for total selfing is continually
reintroduced into the population by
spontaneous mutation at a low rate,
eventually a line of selfers will be estab
lished which has purified itself of most
of the inbreeding depression due to re
current lethal and sublethal mutations.

A completely selfing lineage is closed
to gene flow from the outside, although
it may continue to disperse pollen which
can fertilize the ovules of outcrossers in
the same population. To determine
whether a rare line of complete selfers
will increase in frequency in an initially
outcrossing population, it is therefore suf
ficient to demonstrate that the mean fit
ness in a closed population of selfers is
at least as large as that in a totally out
crossing population at equilibrium under
mutation and selection.

For a locus mutating to fully recessive
deleterious alleles at a rate JL, the mean
fitness ofgenotypes at equilibrium is 1 
JL independent ofthe system ofmating in
a population (Haldane, 1937). If the del
eterious alleles have appreciable domi
nance, the mean fitness of genotypes in
an outcrossing population at equilibrium
is approximately 1 - 2JL (Muller, 1950;
Crow, 1970), which is clearly less than
the value of 1 - (l + 2hs)JL for a com
pletely selfing population (lOb). With re
spect to quantitative variation, in the one
character model described above the
mean fitness in a population at mutation
selection equilibrium is nearly indepen
dent of the mating system, and when
selection acts to correlate characters in
breeding can increase the mean fitness.
Qualitatively similar arguments apply to
the evolution ofselfing in tetraploid pop
ulations.

Thus the eventual fitness from seed in
a completely selfing lineage is greater than
or equal to the total fitness from seed and
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pollen in an habitually outcrossing pop
ulation. A rare selfing genotype in an out
crossing population will gain an addi
tional advantage from the dispersal of
pollen that may be accepted by outcross
ers, which will then segregate more self
ing genotypes. A rare major gene for
complete self-fertilization will therefore
eventually increase in frequency in an
initially outcrossing population, regard
less of the amount of inbreeding depres
sion. It also seems likely that such a gene
would proceed to fixation, although this
has not been demonstrated.

In view of the above conclusion, the
existence ofmany plant species which are
predominantly outcrossing implies that
(1) single genes causing complete selfing
do not arise in most species, or (2) if they
do occur they have a strong intrinsic dis
advantage beyond that produced by in
creasing homozygosity at other loci, or
(3) predominantly selfing lineages spe
ciate less often or become extinct more
rapidly on average than outcrossing
species. This last possibility is consistent
with evidence that selfing species are usu
ally evolved from outcrossers (Stebbins,
1957).

Jain (1976) has reviewed the genetic
basis of variation in plant breeding sys
tems. In species with gametophytic self
incompatibility mechanisms, single gene
mutations conferring self-compatibility
do occur (Jain, 1976; Charlesworth and
Charlesworth, 1979b), although self
compatibility does not necessarily imply
a high rate of self-fertilization. Polygenic
influences on the selfing rate have been
reported in several species (Jain, 1976).
In self-compatible species, the selfing rate
is usually subject to modification by mu
tations in quantitative characters such as
the degree of protandry (Arroyo, 1973;
Schoen, 1982) and floral traits which in
fluence pollen dispersal by physical agen
cies and pollinators (e.g., Rick et aI., 1977;
Ennos, 1981).

Rate of Accumulation of Inbreeding
Depression.- Many species are subject to
sporadic environmental perturbations
which can substantially alter the level of
inbreeding and the amount ofinbreeding

depression. Extreme reduction in popu
lation size can sharply increase homo
zygosity, selecting against deleterious
recessive mutations and reducing in
breeding depression in subsequent gen
erations. In plant species where any
ovules not outcrossed tend to be selfed,
partial failure of physical or biotic pol
linating agents could have a similar ef
fect. After such an episode, a large out
crossing population may require many
generations to accumulate the equilibri
um level ofinbreeding depression by mu
tation. If extreme population crashes or
substantial failure of pollinators tend to
recur on a time scale shorter than that
necessary for the achievement ofan equi
1ibrium between mutation and selection,
the average inbreeding depression may
be reduced sufficiently to favor the evo
lution of a highly self-fertilizing mode of
reproduction.

In a large outcrossing population, par
tial failure ofpollinating agents, such that
a proportion r of the ovules are self-fer
tilized during one generation, reduces the
frequency of completely or nearly reces
sive lethal and sublethal mutations, and
hence the corresponding component of
inbreeding depression, by a fraction rl2.
Reduction of population size to a few
breeding individuals increases homozy
gosity, selecting against largely recessive
deleterious lethal and sublethal muta
tions and reducing their frequency by a
fraction of about ll2Ne , where N, is the
effective number of breeding individuals
in the population (Wright, 1969 Ch. 8).
Thus a single generation of pollinator
failure, or an extreme population crash,
can substantially reduce the inbreeding
depression due to largely recessive lethal
and sublethal mutations.

For quantitative (polygenic) characters
under stabilizing selection, a single gen
eration of pollinator failure would have
relatively little effect on the amount of
additive genetic variance maintained or
on the associated component of inbreed
ing depression (cf. Lande, 1977 and
above). One generation of reduced pop
ulation size would reduce the additive
genetic variance of a quantitative trait,
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and the associated inbreeding depres
sion, by a fraction of ll2Ne (Lande, 1980
and above).

After a rapid depletion of inbreeding
depression due to a partial failure of pol
linating agents or a severe population
crash, the restoration of a large outcross
ing population structure will lead to the
accumulation of different types of mu
tations contributing to inbreeding
depression. The time scales for equili
bration of the different components of
inbreeding depression in a large outcross
ing population can be derived as follows.

For a locus mutating to completely re
cessive lethal or sublethal alleles at a rate
JL -e; s, in a large randomly mating pop
ulation the frequency of the rare mutant
allele, q -e; 1, obeys the approximate
equation dq/dt = - sq2 + JL. Starting from
a monomorphic population of nonmu
tants the frequency of the mutant allele
at generation t is given by

q(0 = ~[l - 2/

(l + exp{2V';.S t})].

The time scale for this process is a few
times 1I(2~)generations, as shown by
Nagylaki (1977 p. 94). Using typical mu
tation rates to recessive lethal and sub
lethal alleles, JL = 2 x 10-6 and s = 1, the
equilibration time is on the order of sev
eral hundred generations.

For slightly dominant mutations which
are lethal or sublethal as homozygotes
but selected against mainly as heterozy
gotes, with JL -e; hs, in a random mating
population the frequency ofthe rare mu
tant allele changes approximately as dq/
dt = - hsq + JL. In an initially mono
morphic population the solution

q(t) = (JL/hs)[ 1 - exp{ - hst} ]

shows that the time scale for equilibra
tion, a few times lIhs generations, is in
dependent of the mutation rate. With
typical values ofpartial dominance ofle
thal and sublethal mutations, h = .02, this
time scale is on the order of 100 gener
ations. This is equivalent to the mean
"persistence time" or average number of
generations that new lethal mutations

survive before they are eliminated by se
lection (Muller, 1950; Crow and Sim
mons, 1983).

Rates ofproduction ofadditive genetic
variance per generation in quantitative
characters are typically about 10-3 times
as large as the environmental variance
which would be expressed among indi
viduals of the same genotype (Lande,
1975). With weak stabilizing selection,
involving selective mortality of a few
percent per character per generation, nor
mal levels of heritable variation can be
accumulated within a few hundred to a
thousand generations in a predominantly
outcrossing population (Lande, 1977,
1980).

Therefore ifa population which is usu
ally large and habitually outcrossing ex
periences a severe failure of pollinating
agents, or undergoes a drastic reduction
in population size, more often than about
once every 100 generations, the inbreed
ing depression will often be substantially
lower than the equilibrium level achieved
in a continuously large outcrossing pop
ulation. Sporadic pollinator failure and/
or population bottlenecks on a time scale
of less than roughly 100 generations
therefore will tend to promote selection
for a highly self-fertilizing mode of re
production.

DISCUSSION

Genetic models of inbreeding depres
sion produced by the accumulation of
nearly recessive lethal and sublethal mu
tations, in addition to mutation in quan
titative characters, can explain most of
the classical observations on inbreeding
depression and heterosis. These include
potentially very large amounts of in
breeding depression in historically large
outcrossing populations, due in large part
to (nearly) recessive lethals, as well as
considerable heterosis in predominantly
self-fertilizing populations. The models
indicate that continued selfing at a rate
ofa few to several percent eliminates most
ofthe inbreeding depression produced by
recessive lethal and semilethal muta
tions; this could also occur through spo
radic failure of pollinating agents or ex-
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treme population bottlenecks occurring
more often than once every 100 genera
tions. However, even under high levels
of selfing, considerable heterosis upon
outcrossing can be created by stabilizing
selection on quantitative traits in which
genetic variation is maintained by poly
genic mutation.

Other mechanisms which could theo
retically contribute to inbreeding depres
sion either have received alternative ex
planations or are conspicuously lacking
in empirical support. For example, the
developmental instability ofinbred lines
compared with their F 1 hybrids, advo
cated by Lerner (1954) as a major cause
of heterosis, has been explained in part
as a statistical artifact resulting from zones
ofphenotypic canalization around an op
timum phenotype, for which there is con
siderable evidence (Lande, 1980). The
association within populations between
homozygosity at electrophoretic marker
loci and increased variance in quantita
tive traits (and decreased fitness) ob
served by Mitton (1978), Eanes (1978),
Zouros et al. (1980), and Fleischer et al.
(1983), could be attributable to partial
inbreeding which simultaneously in
creases genotypic variance (as in eq. 13)
and decreases fitness of the most homo
zygous subgroup in a population. There
is little evidence for a general heterozy
gote advantage at a single loci (Lewontin,
1974), and observed amounts of poly
genic mutation appear capable of main
taining much of the heritable variation
in quantitative characters, even in highly
selfing populations (Lande, 1975, 1977,
1984; Turelli, 1984).

The present genetic models ofinbreed
ing depression suggest that, when the self
ing rate in a population is under poly
genic control and evolves by small steps,
there are two possible stable states for the
mating system: predominantly outcross
ing or highly self-fertilizing. In some cases,
single gene mutations causing nearly
complete selfing may have been fixed in
outcrossing populations despite an ini
tially high inbreeding depression (e.g.,
Gottlieb, 1973). Thus the models predict

that among species where the selfing rate
is largely under genetic control and is not
subject to tremendous environmental
variation, there should be a bimodal dis
tribution ofselfing rates. To test this pre
diction we compiled data from the lit
erature on estimates of outcrossing rates
(t = 1 - r) in natural populations ob
tained using genetic markers (Schemske
and Lande, 1985). These data show a
strongly bimodal distribution of out
crossing rates estimated from 55 plant
species. Despite several possible sources
oferror in the estimates, the data indicate
that most species are either primarily
outcrossing (t > .8) or primarily selfing
(t < .2). Detailed examination of these
data also disclosed that the bimodality of
outcrossing rates is apparent within plant
families, and even within certain genera.

The present genetic models ofinbreed
ing depression further suggest that highly
self-fertilizing species can evolve much
more readily from predominantly out
crossing species than vice versa. This fol
lows from the fact that predominantly
outcrossing species are susceptible to fail
ure of pollinating agents and to popula
tion crashes, which can directly increase
the level ofselfing (and other inbreeding)
or select for a breakdown of self-incom
patibility mechanisms; such events oc
curring on a time scale of once every
hundred generations or less would purify
a population of most of the inbreeding
depression due to (nearly) recessive lethal
and semilethal mutations, which could
then lead to selection for a high rate of
selfing. In contrast, a population with a
history of predominant self-fertilization
and a relatively low inbreeding depres
sion can not accumulate recessive lethal
and semilethal mutations to restore a high
level of inbreeding depression and to se
lect for a high rate of outcrossing, even
ifthe population achieves and maintains
a large size. Thus predominant outcross
ing is subject to environmental condi
tions which can cause the evolution of
selfing, and a highly selfing population
can not readily revert to outcrossing. This
conclusion agrees with the finding of
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Stebbins (1957) that highly selfingspecies
have generally evolved from predomi
nant outcrossers. Since self-fertilization
is an effective barrier to gene flow, the
evolution of highly selfing populations
may promote speciation in some plant
taxa. However, the present theory does
not support the notion that predominant
selfingis necessarily an evolutionary dead
end, since the amount ofquantitative ge
netic variation maintained in a large pop
ulation, and which is available for adap
tive evolution, is expected to be
substantial even in a highly selfing pop
ulation.

Our survey of the literature also re
vealed six plant species with extremely
variable estimates of outcrossing rates in
different populations (Schemske and
Lande, 1985). In part, the extreme vari
ation in selfing rates in these species may
reflect a greater effort made in studying
them in a range of localities, but this is
unlikely to be the entire explanation. The
most important factor apparently is an
extreme susceptibility to environmental
influences on the selfing rate, due to wide
variation in the ratio of pollinator and
plant densities among populations (Ho
rovitz and Harding, 1972). Other factors
which may be involved are sampling error
in estimates based on a small number of
parent plants per population, insufficient
time for closely related populations to
evolve to alternative equilibria, and gene
flow between populations preventing the
achievement of these equilibria.

There are two additional mechanisms,
not incorporated in the models, which
help to explain why all species are not
either completely selfing or completely
outcrossing, i.e., group selection (Steb
bins and Jain, pers. comm.) and repro
ductive compensation. In a predomi
nantly selfing species, with a total
inbreeding depression less than about
50%, individual selection within local
populations favors complete selfing, but
with repeated colonization of new areas,
the more heterotic (outbred) individuals
may gain an advantage in the founding
ofnew populations. Partially outcrossing

populations may also be more adaptable
to changing environmental conditions,
by generating a greater diversity of ge
notypes through segregation and recom
bination, especially if the effective size of
local populations is small. In predomi
nantly outcrossing populations, repro
ductive compensation can occur by seed
or fruit abortion, or by sibling competi
tion at or before the seedling stage, which
selectively eliminates most of the selfed
progeny without decreasing total pro
ductivity. The capacity for reproductive
compensation in most species is limited,
such that plants with a low selfing rate
may almost perfectly compensate for zy
gotic wastage, but plants with relatively
high selfing rates can not and suffer sub
stantial inbreeding depression (> 50% for
exclusively selfed plants). In this situa
tion a high total frequency of nearly re
cessive lethal mutations can be main
tained in large populations and selection
will preserve the predominantly out
crossing mode of reproduction. Limited
reproductive compensation of this type
has been described for conifers by So
rensen (1982), and for ferns by Kle
kowski(1982,1984).
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ApPENDIX

Consider first an allotetraploid species with du
plicate loci having wild type alleles A, and A2 mu
tating to deleterious alleles a, and a2 which are
recessive and epistatic such that only the double
mutant homozygote a.a.a.a, is selected against.
Letting the fitness of this genotype be 1 - s in
comparison to a fitness of unity for the other ge
notypes and assuming that the loci are unlinked, in
a randomly mating population there is approximate
linkage equilibrium, and the frequencies ofthe wild
type alleles at the two loci obey the equations

for i = 1,2

(Fisher, 1935; Christiansen and Frydenberg, 1977).
Because the term in brackets is the same for both
loci, the ratio of the gene frequencies P/P2 changes
by the factor (I - 1t,)/(1 - 1t2) each generation. Any
difference in mutation rates at the two loci will
eventually lead to fixation of the mutant allele at
the locus with the higher mutation rate, and the
system will revert in effect to diploidy. In the case
of equal mutation rates at the two loci, Itl = 1t2 =
It, an equilibrium of mutation and selection can
occur at any combination ofgene frequencies such
that q/qt2 = Itls. A new allotetraploid population
is most likely to have arisen from a single plant
with the genotype A,A,A,A2 since the mutant alleles
at each locus in the diploid parental species are kept
rare by selection. If in addition a large population
size is attained before many mutations have oc
curred, the mutant alleles will be nearly equal in
frequency at both loci, and at equilibrium

ql = q2 = <ltlS)I/4

(Fisher, 1935; Christiansen and Frydenberg, 1977).
At equilibrium the mean fitness (of outcrossed
progeny) is wa = 1 - It. Among selfed progeny the
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great majority of double mutant homozygotes are
produced by doubly heterozygous parents, hence
WI = 1 - yjiS/4. The equilibrium inbreeding
depression due to lethal and sublethal mutations at
duplicate loci is about half that for completely re
cessive deleterious mutations at a single locus (4a).

For incompletely recessive deleterious mutations
at duplicate loci, the fitnesses of the genotypes can
be represented as

Ifmost of the mutant alleles are eliminated as het
erozygotes, their equilibrium frequencies are ap
proximately q, = J.L/h,s and q2= J.L,Ih2s. The mean
fitness of outcrossed progeny is nearly wa = 1 
2(J,t1 + J.L2) and that of selfed progeny is

w, = 1 - 2(J,t, + J.L2)

- (1 - 2h, - 2h2)J.L,J.L,I4sh,h2

= wa + O(J,t,J.L2)'

Therefore the inbreeding depression due to partially
dominant delterious mutations at duplicate loci in
an allotetraploid population is negligible.

In an autotetraploid population under random
mating the equilibrium frequency of a completely
recessive lethal or sublethal mutation at a locus
close to the centromere is approximately q = (J.L/s)v.

1 1 - hIs
1 - h2s 1 - (hI + h2)s

1 - 2h2s 1 - (h, + 2h2)s

1 - 2h,s
1 - (2h, + h2)s

l-s

(Mayo, 1971) and the inbreeding depression is es
sentially the same as with allotetraploidy. Loci which
are not tightly linked to the centromere in autotetra
ploids undergo a significant fraction of double re
duction, such that the genotypeAAAa produces some
aa gametes in addition to AA and Aa. This some
what reduces the equilibrium frequency of the del
eterious allele a and also diminishes the inbreeding
depression in comparison to that due to loci close
to the centromere. Double reduction also reduces
the inbreeding depression due to loci with incom
pletely recessive deleterious mutations.

The influence of allotetraploidy on the compo
nent of inbreeding depression caused by quantita
tive variation differs from that produced by lethal
and sublethal mutations. Assume that there is dos
age compensation such that the mean values ofthe
characters are unchanged, and each allele has half
the effect in the allotetraploid as in the diploid. If
the mutation rates ofalleles are independent ofploi
dy the total genetic variance created by mutation
in a particular character, am 2, is half as large in an
allotetraploid as in a diploid, but the effective num
ber ofloci influencing the character, nE , is twice as
large in the allotetraploid. The amount ofadditive
genetic variance maintained in a character under
weak stabilizing selection is nearly proportional to
Vneam

2 (Lande, 1977), which would then be about
equal in an allotetraploid and in a diploid popu
lation. The component ofinbreeding depression due
to quantitative variation is therefore approximately
the same in an allotetraploid species as in its diploid
progenitors.


