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ABSTRACT
Equations are derived for the effective sizes of gynodioecious populations with respect to both nuclear
and cytoplasmic genes (Nec and Nen, respectively). Compared to hermaphroditism, gynodioecy generally
reduces effective population sizes for both kinds of loci to an extent depending on the frequency of
females, the sex determination system, and the selfing rate of hermaphrodites. This reduction is due to
fitness differences between the sexes and is highly influenced by the mode of inheritance of this fitness.
In absence of selfing, nuclear gynodioecy results in a reduction of Nec that depends strongly on the
dominance of male sterility alleles, while Nen remains equal to the census number (N). With cytonuclear
gynodioecy, both cytoplasmic and nuclear effective sizes are reduced, and at the extreme, dioecy results
in the minimum Nec values and either minimum or maximum Nen values (for low or high frequency of
females, respectively). When selfing occurs, gynodioecy either increases or decreases Nen as compared to
hermaphroditism with the same selfing rate of hermaphrodites. Unexpectedly, Nec also varies with the
selfing rate. Thus the genetic sex-determination system appears as a major factor for the nuclear and
cytoplasmic genetic diversities of gynodioecious species.

T

HE effective population size (Ne) is a key parameter
in population genetics because it predicts the degree of inbreeding in a population and the rate of fixation of selectively advantageous and deleterious genes,
as well as the amount of genetic differentiation between
populations (Wright 1931; Whitlock and Barton
1997). As a predictor of the rate of loss of genetic variability in isolated populations, Ne is also a parameter of
paramount importance in conservation biology (Ellstrand and Elam 1993). Considerable theoretical work
has been developed to determine the effective population size for nuclear, biparentally inherited genes (Nen),
especially in the cases of hermaphroditic or dioecious
reproductive systems (reviewed in Caballero 1994).
Compared to an ideal population, two main factors reduce Nen. One is the occurrence of nonrandom mating
(reviewed in Caballero and Hill 1992; Wang 1995).
The other is the variance in reproductive success among
individuals due to unequal sex ratio (Wright 1931) or
variance in any fitness component (reviewed in Crow
and Denniston 1988; Caballero 1994). In addition,
heritability of such fitness components further reduces
the effective size (Robertson 1961; Santiago and
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Caballero 1995, 1998). Theoretical studies have also
been developed for uniparentally inherited genes
(Takahata and Maruyama 1981; Birky et al. 1983,
1989; Chesser and Baker 1996) and show the conflicting effects of reproductive systems on different sets of
genes. With separate sexes, for example, the greater
the excess of females, the lower the effective size for
autosomal genes but the higher the effective size for
maternally inherited cytoplasmic genes.
Effective sizes for intermediate reproductive systems
like gynodioecy remain to be investigated. Gynodioecy
is the co-occurrence of hermaphrodite and female individuals within natural populations (Darwin 1877). This
reproductive system is known in .7.5% of the angiosperm species in Europe (Delannay 1978). It has received considerable attention as an example of an outcome of genomic conflict (Couvet et al. 1990;
Saumitou-Laprade et al. 1993a; Hurst et al. 1996; Partridge and Hurst 1998; Werren and Beukeboom
1998), because the sexual phenotype generally results
from an interaction between nuclear and maternally
inherited cytoplasmic genes (e.g., Charlesworth 1981;
Van Damme 1983; Boutin et al. 1987; Belhassen et al.
1991; Koelewijn and Van Damme 1995). Many theoretical studies have been done on the maintenance of this
genetic polymorphism (e.g., Lewis 1941; Charlesworth and Ganders 1979; Charlesworth 1981;
Delannay et al. 1981; Frank 1989; Gouyon et al. 1991;
McCauley and Taylor 1997; Couvet et al. 1998). Recently, a growing number of experimental studies have
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also examined the genetic diversity in gynodioecious
species (e.g., Belhassen et al. 1993; Saumitou-Laprade
et al. 1993b; Manicacci et al. 1996; Tarayre et al. 1997;
De Haan et al. 1997b; Forcioli et al. 1998; McCauley
1998). A theoretical understanding of the effective population size is thus required to interpret these experimental data.
Here, equations are derived for cytoplasmic and nuclear effective sizes (Nec and Nen) of gynodioecious populations. The model considers a single large population
that is at equilibrium for the frequency of the sexual
phenotypes, because several theoretical studies have
shown that gynodioecy can be maintained within a
single population (e.g., Lewis 1941; Lloyd 1974;
Charlesworth 1981; Delannay et al. 1981; Gouyon
et al. 1991). The transition matrix of the increase in
identity by descent is expressed as a function of parameters describing a gynodioecious system. The eigenvalue
effective population size, equal to the leading eigenvalue of this matrix (Ewens 1979, 1982; Whitlock and
Barton 1997) is derived. This effective population size,
equal to the long-term inbreeding or variance effective
population size (see Whitlock and Barton 1997), is
also called the “asymptotic effective size” (e.g., Chesser
et al. 1993; Wang 1997). Nec and Nen are analyzed as
functions of the frequency of females under random
mating or partial selfing of hermaphrodites.

PARAMETERS DESCRIBING GYNODIOECY WHEN
HERMAPHRODITES ARE RANDOM MATING

The model deals with a single large gynodioecious
population where the frequency of the sexual phenotypes is at equilibrium. The importance of the genetic
sex-determination system and fitness effects of the genes
determining the sexual phenotypes have been outlined
for maintaining gynodioecy within a single population
(e.g., Lewis 1941; Lloyd 1974; Charlesworth 1981;
Delannay et al. 1981; Gouyon et al. 1991). When the
hermaphrodites are random mating, the following four
parameters define a gynodioecious population:
w: the female advantage;
cf: the average frequency of females among all families
of female maternal parents;
ch: the average frequency of hermaphrodites among all
families of hermaphrodite maternal parents;
h: the frequency of hermaphrodites.
The female advantage is the ratio of the female reproductive success of female individuals to that of hermaphrodites. Such fertility differences can result from resource reallocation or pleiotropic effects of the sexdetermination genes (Charlesworth 1981). We assume w $ 1 because otherwise the maintenance of females requires biologically implausible conditions
(Lewis 1941).
Because the sex-determination system can be quite

complex and varies in different gynodioecious systems (e.g., De Haan et al. 1997a; Charlesworth and
Laporte 1998), we consider a general model, valuable
for a wide range of sex-determination systems. Consequently, this sex-determination system is not precisely
defined by its genetic factors here (i.e., the number and
mode of action of the genes involved). Rather, it is
phenotypically characterized by using two parameters,
cf and ch, describing the average sex ratio in families
of female or hermaphrodite maternal parents, respectively.
The relative frequency of hermaphrodites at equilibrium is calculated as the real roots of the polynomial:
(w 2 1)(1 2 h)2 1 (2 2 w cf 2 ch)(1 2 h) 2 1 1 ch 5 0

(1)
(Gouyon and Couvet 1987). This equation does not
help to investigate the evolution and maintenance of
gynodioecy, where the exact genetic determination system matters (e.g., Gouyon and Couvet 1987; Maurice
et al. 1993), but it describes the properties of a gynodioecious system sufficiently to calculate the effective population size.
Although the precise genetics of the sex-determination system is not specified here, three main cases are
distinguished.
Cytonuclear gynodioecy: The sexual phenotype results from an interaction between cytoplasmic and nuclear genes. With this sex-determination system, females
can be maintained with a less than twofold female advantage, provided that some additional factor affecting the
fertility is acting [e.g., a cost associated with nuclear
alleles restoring male fertility (Charlesworth 1981;
Delannay et al. 1981; Gouyon et al. 1991)]. These factors are accounted for by allowing cf and ch to vary
between 0 and 1.
Nuclear gynodioecy: The sexual phenotype is solely
controlled by nuclear genes. The equilibrium frequency
of females is between 0 and 0.5, depending only on the
female advantage, which must exceed twofold (w . 2;
Lloyd 1975, 1976):
12h5

w22
.
2(w 2 1)

(2a)

Substituting Equation 2a into Equation 1, we have
cf(w 2 2) 2 ch 1 2 2

w
5 0.
2

(2b)

With nuclear gynodioecy, the values of the sex-inheritance parameters depend only on the genetic sex-determination system (i.e., number and mode of action of
nuclear locus involved) and the female advantage. The
maximum and minimum values of cf and ch are

3

max 0,

4

w24
1
# cf #
2w 2 4
2
0 , ch # 1.

(2c)
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For instance, in the case of a single nuclear locus determining sex and dominant male sterility, we have
cf 5 0.5
ch 5 1.

(2d)

With recessive male sterility, it can be shown (Lewis
1941) that
cf 5

nuclear genes because at least half of the nuclear genes
carried by females necessarily derive from hermaphrodite parents. However, it can occur for cytoplasmic
genes, in the case of strict maternal sex inheritance for
instance. When substantial gene flow occurs between
the two sexual phenotypes, the effective population sizes
are approximated by
Ne* ≈ Nh(1 2 h)

√w(w 2 2) 2 (w 2 2)
2

ch 5 1 2 cf2.

1 2 ch
.
2 2 c f 2 ch

(2 2 c*f 2 c*h)2
.
h(1 2 c*h)2 1 (1 2 h)(1 2 c*f)2
(4)

(2e)

Cytoplasmic gynodioecy: Generally, cytoplasmic
gynodioecy means strictly maternal sex inheritance
(cf 5 ch 5 1). An equilibrium polymorphism is not
possible without additional assumptions. For instance,
pollen limitation can result in frequency-dependent selection. This determines an equilibrium frequency of
females, such that the female advantage is equal to one
(Lewis 1941). Here, we do not consider pollen limitation but we extend the definition of cytoplasmic gynodioecy to the cases where both sex-inheritance parameters, cf and ch, tend toward one, depending on the
penetrance of the genes. With a female advantage equal
to one, from the solution of Equation 1, the equilibrium
frequency of females is
12h5
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(3)

N ec AND N en IN CASE OF RANDOM MATING

The recurrence equations for the probability of identity by descent for nuclear and cytoplasmic genes drawn
at random were derived (appendix a). For that purpose,
we defined the probabilities c*u that a gene of type *
carried by an individual of sex u was inherited from an
individual of the same sex in the previous generation
(* 5 c for cytoplasmic, n for nuclear; u 5 h for hermaphrodite, f for female). The corresponding probabilities
that a gene of type * carried by an individual of sex u
was inherited from an individual of the opposite sex in
the previous generation are (1 2 c*u).
The effective population size was deduced from the
leading eigenvalue of the transition matrix of the coefficients of kinship (Ewens 1979, 1982; Whitlock and
Barton 1997). This value was simplified under the hypothesis of a large census population size, N, that is, by
assuming N(1 2 h) @ 1 and Nh @ 1. The results depend
on the amount of gene flow occurring between females
and hermaphrodites. When gene flow between both
sexual phenotypes is extremely restricted (that is, N(1 2
c*f) → 0 > N(1 2 c*h) → 0), genes in one sexual phenotype cannot spread to the other. Consequently, genetic
drift occurs independently within each sexual phenotype, and Ne* tends toward infinity if both sexual phenotypes are maintained. This situation never happens for

Dioecy can be considered as an extreme case of gynodioecy with w → ∞. In that case, ccf 5 1, cch 5 0, and
Equation 4 reduces to Wright’s (1931) and Birky et
al.’s (1989) classical results:
Nen 5 4Nh(1 2 h)
Nec 5 N(1 2 h).
In the general case, Equation 4 is complex. However,
the effective population size can also be expressed as a
function of the variance of fitness among sexes. For the
purpose of this derivation, a notional fitness of a gene
can be defined as the relative number of copies expected to be transmitted to the following generations.
Cytoplasmic and nuclear fitness are scaled such that the
mean cytoplasmic and nuclear fitnesses of the population are one (appendix b). After some algebra, from
Equations 4 and B5, cytoplasmic and nuclear effective
population sizes are expressed as functions of the variance of cytoplasmic fitness (sc2) and nuclear fitness
(sn2 ) among sexes:
Ne* 5

N
.
1 1 s*2/(2 2 c*f 2 c*h)2

(5)

This equation shows that (i) Ne* is reduced when there
are fitness differences between the sexes and (ii) the
magnitude of this reduction depends on the term
1/(2 2 c*f 2 c*h)2. Such a reduction of Ne due to variance of fitness is a classical result (reviewed in Caballero 1994). Moreover, in deriving the formula for Nen
in the case of selection on a heritable trait in a dioecious
population, Santiago and Caballero (1995) have
shown that
Nen 5

N
,
1 1 Q 2C 2

where C 2 is the variance of selective advantages among
families and Q 2 accounts for the cumulative effect of
selection over generations, with Q 5 2/(2 2 G), where
G is the remaining proportion of genetic variance in
selected individuals. In the present model, selection
results from fitness differences between sexual phenotypes. In Equation 5, the factor weighting the variance
of cytoplasmic fitness increases with the likelihood that
a cytoplasmic gene will be carried by individuals of the
same sex during successive generations; a similar factor
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Figure 1.—The ratios Nec/N
and Nen/N (A) and the variances of cytoplasmic and nuclear fitnesses (s2c and s2n; B) are
presented as functions of the
equilibrium frequency of females in gynodioecious populations with complete outcrossing
of hermaphrodites. The cases of
cytoplasmic gynodioecy, nuclear gynodioecy (with dominant or recessive male sterility),
and dioecy are discriminated
from the general case of cytonuclear gynodioecy. The darker
area (A, top) delimits the values
observed with nuclear gynodioecy.

applies to nuclear genes. This factor therefore represents cumulative effects of selection on a heritable trait
(the sexual phenotype) over generations, although we
have not obtained a clear analytical connection with
Santiago and Caballero’s expression.

N ec AND N en AS FUNCTIONS OF THE FREQUENCY OF
FEMALES IN THE CASE OF RANDOM MATING
OF HERMAPHRODITES

Figure 1 presents the effective population sizes, Nec
and Nen, and the variances of fitness, sc2 and sn2 , as functions of the female frequency. These graphs were derived by varying the values of the population parameters,
w, cf, ch and using Equation 1 to compute the frequency
of females, Equation 4 (or equivalently Equation 5) to
determine Ne*, and Equation B4 (or equivalently Equation B5) to calculate s*2. The cases of nuclear gynodioecy
(with dominant or recessive male sterility) and cytoplasmic gynodioecy were discriminated from the general case of cytonuclear gynodioecy (see Table 1).
Figure 1A shows that Ne* depends on the frequency
of females but also on the sex-determination system.
The Nec/N values vary from Nec/N 5 (1 2 h) in the cases
of dioecy and nuclear gynodioecy with dominant male
sterility (the frequency of females varying from 0 to 1

in the former, and from 0 to 0.5 in the latter) to Nec/
N 5 1 in the case of cytoplasmic gynodioecy. The set
of Nen/N values is included in an area delimited by three
curves: Nen/N 5 1, Nen/N 5 4h(1 2 h), and Nen/N 5 h,
obtained with nuclear gynodioecy, dioecy, and cytoplasmic gynodioecy, respectively.
Comparison of Figures 1A and 1B shows that the
influence of the sex determination system on the effective population sizes is mainly due to variation in the
variances of cytoplasmic and nuclear fitness. For a given
frequency of females, the sex determination system is
related to the magnitude of the female advantage and
thus the variances of cytoplasmic and nuclear fitness.
For instance, with cytoplasmic gynodioecy, females are
maintained with no female advantage, so the variance
of cytoplasmic fitness takes its minimum (sc2 5 0) and
Nec/N its maximum (Nec 5 N, except in the extreme
case of strict maternal sex inheritance, where Nec tends
toward infinity). By contrast, the variance of cytoplasmic
fitness is maximal in the case of dioecy (where the female advantage tends toward infinity), resulting in a
minimum Nec. Considering nuclear genes, zero variance
of nuclear fitness occurs with nuclear gynodioecy, resulting in a maximum nuclear effective population size
(Nen 5 N). Any other gynodioecious system results in a
variance of nuclear fitness, so Nen is lower than N.
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Assuming equilibrium for the frequency of females, the sex-inheritance parameter (cf, ch) and the frequency of females (1 2 h) are given for five sex determination
systems. From these, the parameters c*f, c*h, the variances of fitness, s2*, the cumulative effects of selection, (1/[2 2 ccf 2 cch]2), and the effective population sizes, Ne*, were
deduced, assuming complete outcrossing of hermaphrodites.
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Cytoplasmic and nuclear effective population sizes in gynodioecious populations with simple sex determination systems
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Although these graphs demonstrate that variations of
Ne* are mainly explained by variation in the variances
of fitness, another important factor is the heritability
of fitness. Indeed, a correlation of the fitnesses over
generations will result in cumulative effects of selection
over generations. The case of nuclear gynodioecy provides an illustration. For a given sex ratio, a wide range
of Nec is observed (Figure 1A, darker area) although
the variance of cytoplasmic fitness only depends on the
frequency of females. In particular, one can see that Nec
is lower with dominant than with recessive male sterility.
This difference is due to variations in the sex-inheritance parameters (see Table 1). Indeed, with dominant
male sterility, the maternal progeny of hermaphrodites
are necessarily entirely hermaphroditic. The cytoplasmic genes of hermaphrodites are therefore more
drastically selected against (due to the female advantage) than with recessive male sterility, where hermaphrodites can produce female offspring in their maternal
progeny. In other words, the cumulative effects of selection are higher with dominant than with recessive male
sterility (see Table 1).

THE CASE OF PARTIAL SELFING

We now consider the possibility of selfing in the hermaphrodites. The parameter S denotes the secondary
selfing rate of hermaphrodites, which takes into account
selfing and all inbreeding depression components (e.g.,
S is zero when inbreeding depression is 100%; see
Lande et al. 1994). When nuclear genes are involved in
the sex-determination system, selfing may influence the
sex ratio in the maternal families of hermaphrodites.
Therefore, in Equations 1, 2a, 2b, and 2c, the average
frequency of hermaphrodites among all families of hermaphrodite maternal parents (ch) is replaced with

Figure 2.—Influence of the secondary selfing rate of hermaphrodites (S) on the ratio Nec/N as a function of the equilibrium frequency of females in gynodioecious populations with
nuclear recessive male sterility.

these coefficients was derived and the nuclear effective
population size was deduced from the leading eigenvalue of this matrix (appendix d).
In nonrandom mating populations, Nen is classically
expressed as a function of the heterozygote deficiency,
Fis (Pollak 1987; Caballero and Hill 1992). With
gynodioecy, it is of special interest to distinguish how
the average heterozygote deficiency of the population is
apportioned between females (Fisf) and hermaphrodites
(Fish). These heterozygote deficiencies are equal to the
equilibrium value of the inbreeding coefficients in an
infinite population. From Equation D1, these are approximated by

ch 5 Schs 1 (1 2 S)chx,
where chs and chx are the average frequencies of hermaphrodites in the maternal progeny of selfed and outcrossed hermaphrodites, respectively.
Cytoplasmic effective population size: The recurrence equations for identity-by-descent values for cytoplasmic genes derived for the case of random mating
(Equation A3) are still valid. Thus, with partial selfing,
Nec can still be derived from Equations 4 or 5. However,
for a given sex-determination system, the selfing rate
can influence the values of the sex-inheritance parameters, cf and ch. This occurs in the case of nuclear gynodioecy with recessive male sterility (see appendix c), but
not with dominant male sterility. As a consequence, Nec
is influenced by the selfing rate, and this is illustrated
in Figure 2, which shows that the effect is slight.
Nuclear effective population size: For nuclear genes,
inbreeding and kinship coefficients must be distinguished when selfing occurs. The transition matrix of

Fisf ≈

ccfs
2 2 cchs

Fish ≈

cchs
.
2 2 cchs

(6)

Substituting Equation 6 in Equation D2 gives Nen as a
function of Fisf and Fish:
Nen ≈ Nh(1 2 h)
3

(2 2 cnf 2 cnh)2
.
(1 1 Fisf)h(1 2 cnh)2 1 (1 1 Fish)(1 2 h)(1 2 cnf)2

(7)
With nuclear gynodioecy, Equation 7 reduces to Nen 5
1/(1 1 Fis), as in hermaphroditic populations with partial selfing (Pollak 1987), where Fis 5 (1 2 h)Fisf 1
hFish.
Nen is shown as a function of the frequency of females
for the case of complete selfing of hermaphrodites in
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Figure 3.—The ratio Nen/N as a function of the equilibrium
frequency of females in gynodioecious populations with complete selfing of hermaphrodites. The cases of cytoplasmic
gynodioecy (Nen/N 5 0.5h), dioecy (Nen/N 5 4h[1 2 h]), and
nuclear gynodioecy (darker area) are discriminated from the
general case of cytonuclear gynodioecy.

Figure 4.—Relative cytoplasmic and nuclear effective sizes,
Nec/Nen, as a function of the equilibrium frequency of females
in gynodioecious populations with complete outcrossing of
hermaphrodites. The cases of cytoplasmic gynodioecy (Nec/
Nen 5 1/h), dioecy (Nec/Nen 5 1/[4h]), and nuclear gynodioecy with dominant or recessive male sterility are discriminated from the general case of cytonuclear gynodioecy.

Figure 3. The minimum Nen/N values are observed with
dioecy and cytoplasmic gynodioecy, as in the case of
random mating. With cytoplasmic gynodioecy, however,
Nen/N is now reduced to h(1 2 S/2). Thus, minimum
Nen/N values are lower than in the case of random mating, when the frequency of females is higher than (2 2
S)/8.
The maximum Nen/N values are observed with dioecy
if the female frequency exceeds 0.5. For lower female
frequency, the values of the sex-inheritance parameters
leading to the maxima do not define a particular genetic
determination system. Although the maximum Nen/N
values are identical to the case of random mating when
the frequency of females exceeds 0.5, they are reduced
otherwise. Figure 3 also illustrates that Nen/N now differs
slightly among the different nuclear gynodioecious
systems.

lineages are recurrently selected for, generating a cumulative effect of selection over generations. Both the variance in fitness and the effect of cumulative selection
over generations depend on the population parameters,
i.e., the female advantage and the genetic basis of sex
determination. Consequently, the most obvious cause
of the effect of gynodioecy on the effective population
sizes, the relative proportion of females and hermaphrodites, cannot be evaluated without taking these population parameters into account. Their influence is considerable. For instance, because Nec ranges from the
number of females up to the total number of individuals,
great differences in this effective size are paradoxically
observed when frequencies of females are low.
Comparison of effective sizes: Another remarkable
result is that relative responses of nuclear and cytoplasmic effective population sizes to the same population parameters can be quite different because cytoplasmic and nuclear genes are not under the same
selection pressures. Variation of the ratio Nec/Nen is illustrated in Figure 4 for random mating populations. An
extreme case occurs for nuclear gynodioecy with dominant male sterility. With a female advantage only slightly
over two, females are maintained at low frequency
(Lewis 1941). Nevertheless, the few cytoplasmic genes
of the females tend to invade the population. This results in a drastic reduction of Nec, equivalent to a cytoplasmic bottleneck, although Nen remains equal to the
actual size. Note, however, that the present model takes
no account of stochastic variation in the frequency of

DISCUSSION

Male sterility and effective population size: We have
shown that, in most of the cases, both nuclear and cytoplasmic effective sizes of a gynodioecious population
are reduced as compared to the census size. This reduction is induced by two inherent consequences of gynodioecy. First, in most of the cases, the maintenance of male
sterile individuals implies fitness differences between
sexual phenotypes, affecting either cytoplasmic or nuclear genes. Second, when sex is heritable, the influence
of this variance of fitness is increased because the same
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females. Using stochastic simulations of the model (not
shown), we found that when the expected frequency of
females is very low, the loss of females due to genetic
drift will limit (but not cancel) the decline of Nec. A
strong reduction of cytoplasmic neutral genetic diversity
is therefore expected in species experiencing cryptic
dominant male sterility. A second extreme case occurs
when the sex ratio is highly biased toward females. In
that case, in contrast to the one just described, Nec can
be much higher than Nen. For instance, with 87% females, as has been observed in some Thymus vulgaris
populations (Couvet et al. 1986), the ratio Nec/Nen
would be z8 for cytoplasmic gynodioecy.
Such large variation in the ratio Nec/Nen suggests that
the relative levels of cytoplasmic and nuclear genetic
diversity may be highly variable in gynodioecious populations characterized by different population parameters. Indeed, reduction of effective population size is
expected to enhance the time to fixation of neutral
variants, resulting in a reduction of the neutral genetic
diversity (Kimura et al. 1963) at the rate 1/Nec each
generation for haploid cytoplasmic genes, and 1/(2Nen)
for diploid nuclear genes.
The influence of selfing: Selfing leads to an additional
reduction of Nen as compared to the case when hermaphrodites are randomly mating. This is as expected given
that selfing reduces Ne in hermaphrodite populations.
In a gynodioecious population, however, it is frequently
expected that females, by promoting outcrossing, will
mitigate the effect of selfing. Nevertheless, our results
show that the main factor influencing the effect of
selfing is the female advantage rather than the frequency of females: the lower the female advantage, the
higher the reduction of Nen due to selfing. The reduction of Nen due to selfing is substantial in the case of
cytoplasmic gynodioecy but tends to be negligible when
the female advantage tends toward infinity. Unexpectedly, we found that selfing also influences Nec for some
sex-determination systems. For instance, with recessive
male sterility, Nec increases with the selfing rate of hermaphrodites. This happens because the increased frequency of homozygotes modifies the values of the sexinheritance parameters compared to the case of random
mating. In particular, the correlation between the sexual phenotype of an individual and its maternal parent
is reduced and so are the cumulative effects of selection
over generations.
In conclusion, in spite of simplifying assumptions
(e.g., the consideration of isolated populations at equilibrium for the frequency of females), important results
were derived. The most striking ones are the great impact of the sex-determination system on both cytoplasmic and nuclear effective population sizes and the
notable differences between the two effective population sizes. Because experimental studies have suggested
that gynodioecious populations may often not be at
their equilibrium sex ratio (e.g., Belhassen et al. 1989;

Boutin-Stadler et al. 1989; Manicacci et al. 1992; De
Haan et al. 1997a) and theoretical models have addressed the maintenance of gynodioecy in structured
metapopulations (McCauley and Taylor 1997; Couvet et al. 1998), extension of the present model should
include the consideration of (i) nonequilibrium populations and (ii) subdivided populations.
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APPENDIX A

Recurrence equations for the probability of identity
by descent when hermaphrodites are random mating:
In gynodioecious populations, six coefficients of kinship
must be defined because there are two sexual morphs:
fnf: kinship coefficient for nuclear genes between
two females;
fnh: kinship coefficient for nuclear genes between
two hermaphrodites;
fnx: kinship coefficient for nuclear genes between
a female and a hermaphrodite;
fcf, fch, fcx: corresponding kinship coefficients for
cytoplasmic genes.
To derive transition equations for these coefficients, we
defined four probabilities, c*u, that a gene of type *
carried by an individual of sex u came from an individual
of the same sex in the previous generation (* 5 c for
cytoplasmic, n for nuclear; u 5 h for hermaphrodite, f
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for female). The corresponding four probabilities that
a gene of type * carried by an individual of sex u came
from an individual of the opposite sex in the previous
generation are (1 2 c*u). These probabilities depend
on the sex-inheritance parameters (cf, ch), the female
advantage (w), and the frequency of females (1 2 h).
For cytoplasmic genes, assuming complete maternal inheritance
ccf 5

w(1 2 h)cf
w(1 2 h)cf 1 h(1 2 ch)

cch 5

hch
.
w(1 2 h)(1 2 cf) 1 hch

APPENDIX B

Variance of fitness among sexes: The fitness of a given
gene depends on the sexual phenotype of the individual
carrying this gene. There are two approaches for deriving the fitnesses of nuclear and cytoplasmic genes carried by a female (w*f) or a hermaphrodite (w*h). First,
fitnesses can be expressed as a function of the female
advantage, w, and the sex ratio. Because cytoplasmic
genes are transmitted only through seeds while nuclear
genes are transmitted through both seeds and pollen,
we have

(A1)

wcf 5

w
w(1 2 h) 1 h

wch 5

1
w(1 2 h) 1 h

wnf 5

w
2(w(1 2 h) 1 h)

wnh 5

w(1 2 h)/h 1 2
.
2(w(1 2 h) 1 h)

For nuclear genes,
c
cnf 5 cf
2
cnh 5

cch 1 1
.
2

(A2)

The distribution of the number of offspring contributed
by an individual is assumed to be binomial, so that
samplings of gametes are independent events. Therefore, recurrence equations for the coefficients of identity by descent are
f 9*f 5 c*f2 f*f 1 (1 2 c*f)2 f*h 1 2c*f(1 2 c*f)f*x
2
f 9*h 5 (1 2 c*h)2 f*f 1 c*h
f*h 1 2(1 2 c*h)c*hf*x

f 9*x 5 c*f(1 2 c*h)f*f 1 (1 2 c*f)c*hf*h
1 [c*fc*h1 (1 2 c*f)(1 2 c*h)]f*x,

Alternatively, fitnesses can be expressed as a function
of the sex ratio and the sex-inheritance parameters.
Among the offspring of a given generation, a proportion
c*f of the genes of females and (1 2 c*h) of the genes
of hermaphrodites are derived from female parents.
Therefore, genes carried by a female have the following
fitness:
w*f 5 c*f 1 (1 2 c*h)

w*h 5 c*h 5 (1 2 c*f)

12

S*t 5 f*h

T* 5

1

(1 2 c*h)

c*f(1 2 c*h)

2c*f(1 2 c*f)

c

2(1 2 c*h)c*h

2
*h

(1 2 c*f)c*h

c*fc*h 1 (1 2 c*f)(1 2 c*h)

2

.

The effective population size (Ne*) is derived from
the leading eigenvalue (l*) of the transition matrix T*
Ne* 5

12h
.
h

(B3)

Using Equations B1 and B2, the variances of fitness for
cytoplasmic (sc2) and nuclear genes (sn2 ) are

f*x

2

h
.
12h

Similarly, a proportion c*h of the genes of hermaphrodites and (1 2 c*f) of the genes of females are derived
from hermaphrodite parents. The fitness of genes carried by a hermaphrodite is then

f*f

(1 2 c*f)2

(B2)

(A3)

where * stands for nuclear or cytoplasmic genes, quantities with primes refer to generation t, and quantities
without primes refer to generation t 2 1.
Equations A3 can be written in matrix form, S*t 5
T*S*t21, where S*t is a column vector of the three probabilities of identity by descent at generation t and T* is the
transition matrix:

c*f2

(B1)

N
2(1 2 l*)

(Ewens 1979, 1982; Whitlock and Barton 1997),
where N is the census size of the population.

3w(1 w22h)11 h4

2

sc2 5 h(1 2 h)
sn2 5

3

4

2
w
12h
(1 2 h)(w 2 1)
2
.
4h w(1 2 h) 1 h
w(1 2 h) 1 h

(B4)

Alternatively, using Equation B3, the variance of fitness
is
s*2 5

[(1 2 h)(1 2 c*f) 2 h(1 2 c*h)]2
.
h(1 2 h)

(B5)
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APPENDIX C

Recurrence equations for genotypic frequencies in
the case of nuclear recessive with partial selfing of hermaphrodites: Male sterility is controlled by a single nuclear locus with two alleles, A and a. The recessive allele a
determines male sterility. Therefore, female individuals
are homozygote aa and hermaphrodites are either homozygous AA or heterozygous. Let the genotypic frequencies of AA, Aa, and aa individuals of a given generation be p, q, and r, respectively. The genotypic
frequencies in the next generation can be numerically
calculated from recurrence equations

1

p9 5 S p 1

2

1

2

q
q p 1 q/2
1 (1 2 S) p 1
4
2 p1q

1

2

q
q
p 1 q/2
q
q9 5 S 1 (1 2 S) p
1 wr
1
2
2(p 1 q) 2
p1q

depend on the sex ratio, the sex-inheritance parameters,
and the selfing rate:

32(p q1 q)4

chs 5 1 2

q
.
4(p 1 q)

hS(1 2 chs)
w(1 2 h)cf 1 h(1 2 ch)

cchs 5

hSchs
.
w(1 2 h)(1 2 cf) 1 hch

1 1 f 0h
1 (1 2 ccf 2 ccfs)fnh
f f09 5 ccffnx 1 ccfs
2
1 1 f 0h
1 (cch 2 cchs)fnh
f h09 5 (1 2 cch)fnx 1 cchs
2
1
11f
1 12
f
32N(1
2 h) 1
N(1 2 h)2 4
0
f

9 5 c2nf
f nf

nf

1f
312Nh

1 2cnf(1 2 cnf)fnx 1 (1 2 cnf)2

1

1 12

2 4

1
fnh
Nh

0
f

nf

1f
312Nh

1 2(1 2 cnh)cnhfnx 1 c2nh

0
h

1

1 12

2 4

1
fnh
Nh

1
11f
1 12
f
32N(1
2 h) 1
N(1 2 h)2 4
0
f

9 5 cnf(1 2 cnh)
f nx

nf

1 [cnfcnh 1 (1 2 cnf)(1 2 cnh)]fnx
1f
312Nh

1 (1 2 cnf)cnh
2

0
h

1
11f
1 12
f
32N(1
2 h) 1
N(1 2 h)2 4

f n9h 5 (1 2 cnh)2

q
cf 5
2(p 1 q)
chx 5 1 2

ccfs 5

The recurrence equations for inbreeding and kinship
coefficients are

q
q
q
q
r9 5 S 1 (1 2 S)
1 wr
.
4
2 2(p 1 q)
2(p 1 q)
For a given female advantage, selfing does not influence the frequency of female individuals at equilibrium
(see Lewis 1941). However, homozygote frequencies
increase with the selfing rate. This change in the population genotypic structure will modify the sex-inheritance
parameters. The frequency of a among male gametes
is q/2(p 1 q); sex inheritance parameters are given by

457

0
h

1

1 12

2 4

1
fnh ,
Nh

(D1)

where f 0f 9, f 0h9, f 9nf, f 9nh, f 9nx, and f f0, f h0 , fnf, fnh, fnx are the
coefficients of identity by descent at generations t and
t 2 1, respectively. These equations can be written in a
matrix form,
Snt 5 TnSnt21 1 C,

APPENDIX D

Recurrence equations for the inbreeding and kinship
coefficients with partial selfing of hermaphrodites: The
inbreeding coefficient of an individual (ff0 for females
and fh0 for hermaphrodites) depends on whether the
individual derives from selfing or outcrossing. Therefore, we need to define additional coefficients, ccus, describing the average probabilities that an individual of
sex u was derived from a selfed hermaphrodite in the
previous generation (u 5 f for female, h for hermaphrodite). The average probabilities for a female to come
from a female maternal parent, a selfed hermaphrodite,
or an outcrossed hermaphrodite maternal parent are
then ccf, ccfs, and (1 2 ccf 2 ccfs), respectively. The
average probabilities for a hermaphrodite to come from
a female maternal parent, a selfed hermaphrodite, or
an outcrossed hermaphrodite maternal parent are (1 2
cch), cchs, and (cch 2 cchs), respectively. These coefficients

where Snt is a column vector of all five coefficients of
identity by descent at generation t, Tn is the transition
matrix, and C is a constant matrix,
f f0

Snt


f
5 f
f
f

0
h
nf







nh
nx

0

0

 c
 2N(1 2 h)
5
(1 2 c )
 2N(1 2 h)

(1 2 c )
c2N(1
2 h)
2
nf

Tn

nh

nf

2

nh

0.5ccfs

0
0

0.5cchs
(1 2 cnf)
2Nh

2

2
cnf
(1 2

1

1
N(1 2 h)

2
cnh
2Nh

(1 2 cnh)2 1 2

(1 2 cnf)cnh
2Nh

cnf(1 2 cnh) 1 2

1

1
N(1 2 h)

2

1
N(1 2 h)

2
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1 2 ccf 2 ccfs

ccf

cch 2 cchs

1 2 cch

1

1 (1 2 cnf)2 1 2

1

2
cnh
12

1
Nh

2

2cnf(1 2 cnf)

2

1
Nh

1

(1 2 cnf)cnh 1 2

2(1 2 cnh)cnh

2

1
Nh

cnfcnh 1 (1 2 cnf)(1 2 cnh

0.5c

0.5c


c
(1 2 c )
 2N(1 2 h) 1 2Nh
C5
(1 2 c )
c
 2N(1 2 h) 1 2Nh

(1 2 c )
(1 2 c )c
1
c2N(1
2 h)
2Nh
cfs

chs

2
nf

nf

nh

nf

nh

2








)

2
nh

nf

2





.




nh

From the leading eigenvalue of the transition matrix
Tn, the nuclear effective population size is approximated
by
Nen ≈ Nh(1 2 h)[(2 2 cnf 2 cnh)2/((1 1 ccfs/(2 2 cchs))h(1 2 cnh)2
1 (1 1 cchs/(2 2 cchs))(1 2 h)(1 2 cnf)2)].

(D2)

