Nordic Journal of Botany

Sex expression and fruit set in Silene littorea (Caryophyllaceae):
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The flowers of Silene littorea may be female or hermaphrodite, and an individual
may show any of three sexual phenotypes: female-flowers-only, hermaphrodite-
flowers-only, or mixed-type. We estimated the relative frequencies and fruit sets of
each flower type and each sexual phenotype in eleven S. littorea populations in
northwest Spain. For all plants and sites combined, 18% of flowers were female and
82% hermaphrodite. Individuals either had only female flowers (6%), only
hermaphrodite flowers (43%), or had both flower types (51%). The relative
frequencies of female and hermaphrodite flowers, and of sexual phenotypes, varied
among populations. There was no significant effect of flower sex on its probability
of setting fruit. Differences among individual plants within populations had the most
prominent role in explaining variation among flowers in probability of setting fruit,
while population and its interaction with flower sex had a negligible and
nonsignificant influence. Mean fruit set per plant did not differ significantly between
sexual phenotypes. Neither population nor its interaction with sexual phenotype
accounted for significant amounts of between-plant variance in fruit set.
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Environmental factors may also contribute to the
control of sexual phenotype. giving rise to temporal

Gynodioecy is common in many different plant groups.
In most gynodioecious species, some individuals have
flowers with both fertile female and fertile male organs,
while other individuals have flowers with fertile female
organs but atrophied male organs (Delph 1993).

A number of studies have shown that male sterility in
gynodioecious plants is under genetic control, and that
this control may be due to both nuclear and cytoplasmic
factors, thus permitting the trait to be maintained (Maki
1992). The maintenance of sexual systems of this type
appears to require female plants to have some sort of
reproductive advantage over hermaphrodite plants (see
Shykoff 1992).
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variation within individuals. Lloyd (1980) suggests that
at different stages in its development the plant may
“take decisions™ affecting sex expression. According to
Diggle (1993) such decisions are “taken™ by individual
flowers.

Some gynodioecious taxa have populations
comprising three sexual phenotypes: individuals with
hermaphrodite flowers only, individuals with female
flowers only, and individuals with both types of flower
(Hermanutz & Innes 1994). This population structure is
a form of polygamy (Richards 1986). Polygamy is
usually the result of unstable sex expression in
genetically dioecious plants, due to environmental
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effects. In perennial plants with complex sex expression
patterns, individuals may show year-to-year variation in
sexual phenotype, as has been demonstrated in various
species (e.g. the genus Acer, Matsui 1995 and
references therein; but see Schlessman 1986).

Sex expression in gynodioecious plants, and the
reproductive success of each sexual phenotype, may be
affected by sexual-phenotype ratios in the population
and by environmental factors (see Willson 1983;
Koelewijn & Van-Damme 1996: Folke & Delph 1997,
Korpelainen 1998). Gynodioecious systems may thus
show variation in the proportions of the different sexual
phenotypes and in their respective fruit set levels (Webb
1979; see Willson 1983, and more recently Folke &
Delph 1997: Puterbaugh et al. 1997, El-Keblawy &
Freeman 1999; Webb 1999).

The different flower types within a gynodioecious
population show morphological differences. In ac-
cordance with Bateman’s principle (Bateman 1948),
hermaphrodite flowers (i.e. flowers which retain male
function) should invest more in attraction than female
flowers: in other words, hermaphrodite flowers should
be bigger and more “eye-catching” than female flowers
(see however Willson et al. 1994; Delph et al. 1996).
However, female flowers tend to be more fecund
(Klinkhamer et al. 1994; Schultz & Ganders 1996; see
Willson 1983 and references therein). although not
always to the extent predicted by theory (see Shykoff
1988). Indeed. in some species fruit or seed production
by female flowers is no higher than that by herm-
aphrodite flowers (Sugawara et al. 1994; Talavera et al.
1996), and may even be lower (Del Castillo 1993).

In the genus Silene, sexual polymorphism is frequent
and has been investigated in a number of studies.
Gynodioecy is the most common reproductive system
and an ancestral character (Desfeux et al. 1996) present
in various phylogenetically distant subgroups within the
genus (Oxelman & Lidén 1995, Oxelman et al. 1997).
The only European annual species in which gynodioecy
has been studied to date is S. stockenii, which is related
to Silene littorea, the species studied in this paper. The
two species belong to the section Erectorefractae
Chowdhuri, whose distribution centre is located in the
southern Iberian Peninsula and comprises nine taxa
(Talavera et al. 1996).

Silene littorea, like other species of the genus (S.
vulgaris, Jolls & Chenier 1989), shows polygamy, with
populations comprising female-flower-only, herm-
aphrodite-flower-only and mixed-type individuals.
Here, we report a study of S. littorea populations in
northwest Spain, in which we investigated 1) the
frequency of flowers of each type (female and herm-
aphrodite) and of individuals of each type (female-only,
hermaphrodite-only and mixed-type) in each popul-
ation, and 2) fruit set by the different flower types, the
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different sexual phenotypes and the different pop-
ulations.

Methods
The plant

Silene lirtorea Brot. is a low-growing annual plant,
ranging in form from unbranched to highly branched.
The flowers, which develop singly or on monochasia,
are pink or pinkish white and have a tubular calyx that
broadens markedly following fruit set. The number of
flowers produced per plant is highly variable (range 1-
52 in our populations), and is significantly higher in
mixed-type individuals (data not shown). The fruit is an
ovoid capsule that dehisces upon maturity. The seeds
are kidney-shaped and finely reticulated.

Field methods

Studies were performed in 11 well-separated pop-
ulations on 11 beaches on the coast of Galicia
(northwest Spain), between the Praia de Trece (Corufia
Province) to the north and the Cies islands (Pontevedra
Province) to the south. In each population, at the end of
the 1996 flowering/fruiting period (first half of May),
we collected 40 plants representative of size distribution
in that population. The total number of flowers
collected was 4545.

On each plant, we counted the number of female and
hermaphrodite flowers, and recorded the number of
flowers of each type that had set fruit. Fruit set was
considered to have occurred when ovary development
was clearly apparent from swelling. The capsule of
Silene littorea (or the remains of the capsule, if it has
suffered herbivory) remains intact until after seed
release, so it is easy to identify flowers that have
produced fruit and flowers that have not, despite the
asynchrony of flowering both within and among plants.
The determination of flower sex is likewise straight-
forward, since the remains of stamens or aborted sta-
mens remain in place during fruit maturation.

A potential problem with this design is that the
herbivory suffered by flowers and fruits may have
different effects on flowers of different sex or on plants
of different sexual phenotype. To rule out this possibility,
we carried out a preliminary study of 75 plants from a
population in the same region (Corrubedo, A Corufia
Province), monitoring flower production, herbivory
damage and fruit production. The results of this study
(not shown) indicated that herbivory, although frequent,
did not differentially affect either flowers of different sex
or plants of different sexual phenotype.
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Data analysis

The effects of flower sex and plant sexual phenotype on
fruit set were investigated by generalized linear mixed
modeling using the SAS Macro program GLIMMIX
(Littell et al. 1996). Generalized linear mixed models
represent an extension of ordinary generalized linear
models that allow for a distinction between fixed and
random effects in the model. For further details and
application in the context of plant reproduction studies,
see Herrera (2000).

Results
Sex structure of the different populations

Of the total of 4545 flowers examined, 813 (17.9%) were
female and 3732 (82.1%) were hermaphrodite (flowers
from all individuals and populations combined). The
frequencies of the two flower types varied significantly
among populations (}*= 186.1, df = 10, p < 0.0001;
flowers from all individuals in the same population
combined into a single sample), although hermaphrodite
flowers predominated at all localities and differences
between populations were relatively minor (Fig. 1).

Of the total of 440 individuals examined, 25 (5.7%)
were female-only, 192 (43.6%) hermaphrodite-only.
and 223 (50.7%) mixed-type. The relative frequencies
of individuals with different sexual phenotypes differed
significantly among populations (likelihood ratio G =
79.8, df = 20, p < 0.001). Hermaphrodite-only plants
predominated at some sites (e.g. Areas, Cies), while
mixed-type ones predominated at others (e.g. Trece,
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Fig. 1. Proportions of female flowers and hermaphrodite
flowers in the 11 Silene littorea populations studied.
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Testal). Female-only plants were consistently rare at all
sites (Fig. 2).

Fruit set

The effect of flower sex on the probability of individual
flowers setting fruit was tested by fitting a generalized
linear mixed model to the data, using logits as the link
function and assuming a binomial error distribution.
Population, individual plant (nested within population)
and the interaction between population and flower sex
were included as random effects in the model. After
statistically accounting for these effects, there was no
significant effect of flower sex on its probability of
setting fruit (F,, = 0.37, p = 0.55). Differences among
individual plants within populations accounted for a
statistically significant amount of variance (p < 0.001),
but neither population nor its interaction with flower
sex had significant effects (p= 0.29 and 0.084,
respectively). The probability of a single flower setting
fruit thus depended more on which plant the flower
belongs to. than on any of the other factors considered.
Table 1 shows mean fruit set of plants separately by
population and sexual phenotype. To investigate
whether plant-level fruit set (i.c.., proportion of a plant’s
total flowers setting fruit) was affected by the
individual’s sexual phenotype, we again fitted a
generalized linear mixed model to the data, with sexual
phenotype as a three-level (female-only, hermaphrodite-
only, and mixed-type) fixed factor, and population and
its interaction with sexual phenotype as random effects.
The effect of sexual phenotype on fruit set was not
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Fig. 2. Proportions of female-only (“male-sterile™) (1),
hermaphrodite-only (2), and mixed-type (3) individuals in the
11 Silene littorea populations studied.
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Table I. Mean (£ SD) fruit set per plant (proportion of flowers setting fluit, as %), for the three sexual phenotypes (female-only,

hermaphrodite-only and mixed-type) in each of the 11 Silene littorea populations studied. n = number of plants.

Population (n) All (n) Female-only (n) Hermaphrodite-only (n) Mixed-type

Trece (40) 67.64 £24.28 (3) 58.33 +£38.19 (21) 70.63 £ 22.53 (16) 65.47+25.03
Testal (40) 85.64 £ 15.66 (1) - (29) 84.45 +15.55 (10) 87.64 +16.67
Aguieira (40) 78.29+19.96 (2) 54.76 + 16.84 (20) 76.55 £20.73 (18) 82.84 £ 18.06
Furnas (40) 43.67 £32.30 (6) 86.82 £ 16.20 (18) 30.65 £26.79 (16) 42.14 £29.35
Palmeira (40) 35.94 +£27.63 (2) 73.81 £37.04 (23) 31.99 + 25,88 (15) 36.95+27.28
Area de Secade (39) 67.45 £ 2745 (1) - (11) 78.46 £24.09 (27) 61.75+£27.42
Bao (40) 66.49 £ 28.89 (1) - (6) 69.44 + 40.02 (33) 64.94 +£2698
Lanzada (40) 73.04 +£21.25 (4) 58.03 +23.29 (16) 77.28 £21.98 (20)  72.66 +19.94
Montalvo (40) 55.67£26.96 (5) 57.00 + 37.01 (24) 60.49 + 26,22 (11) 44.55+22.64
Areas (40) 58.20 = 19.62 (0) - (11) 65.78 +£22.21 (29) 5532+ 18.13
Cies (40) 70.70 £ 23.08 (0) - (1 70.67 £ 25.40 (29) 70,72+ 22.62

significant (F,, = 0.63, p = 0.54) . Neither population
(p = 0.10) nor its interaction with sexual phenotype (p =
0.15) accounted for significant amounts of between-
plant variance in fruit set. These results indicate that the
overwhelming influence of individual variation on fruit
set at the individual flower level was not attributable to
differences among plants in sexual phenotype.

Discussion

In almost all populations analysed to date, Silene
littorea has a sexual system comprising three types of
individuals: female-only (“male-sterile™), hermaphro-
dite-only and mixed-type. As pointed out by EI-
Keblawy et al. (1995), sexual systems with more than
two sexual phenotypes are often grouped together under
the term “gender inconstancies”.

Considering all the populations studied together,
nearly 20% of flowers were female. The frequency of
flower types varies significantly among populations,
with the proportion of female flowers ranging from
about 5% (Testal) to about 30% (Lanzada). To our
knowledge, similar variation among Silene populations
in the relative frequencies of flower types has been so
far reported only for Silene alba (Mulcahy 1967).

The values obtained for the frequencies of the
different sexual phenotypes in our populations are in
general similar to those reported by Talavera et al.
(1996) for S. stockenii, with very low proportions of
female plants. However, we observed significant
variation among populations in the frequencies of
sexual phenotypes. Among-population variation of this
type has been reported for various gynodioecious
species (Sun & Ganders 1986; Belhassen et al. 1989;
Agren & Wilson 1991; Maki 1992, 1993a; Hermanutz
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& Innes 1994; El-Keblawy et al. 1995: Wolfe &
Schmida 1997; El-Keblawy & Freeman 1999: though
see also Willson 1983 and references therein). The
possible causes of among-population variation in sexual
phenotype frequency include environmental factors
(such as pH, salinity, temperature), availability of
resources (including water) (see Maki 1993a; El-
Keblawy et al. 1995; Alatalo & Molau 1995: Koelewijn
& Van-Damme 1996; Folke & Delph 1997; El-Keblawy
& Freeman 1999; see Webb 1999 for a recent review),
and levels of fungal infection (Hermanutz & Innes
1994). In Thymelaea hirsuta, for example, male plants
tend to be more frequent in environments showing
resource limitations, while females tend to be more
frequent in “better” environments, which is attributable
to the higher cost of adopting the female phenotype (El-
Keblawy et al. 1995); males are also more common on
sloping sites, while females are more common in
depressions (El-Keblawy & Freeman 1999). In Silene
noctiflora, increases in temperature and ethylene levels
induce an increase in the proportion of female flowers
on individual plants, though increased temperature does
not have this effect in other species (Folke & Delph
1997). In some Silene species, the sexual phenotype of a
given individual may be experimentally altered by, for
example, modification of auxin levels, photoperiod
changes, or exposure to pathogens, although the
proximate mechanisms involved have yet not been fully
elucidated (see Korpelainen 1998 for a review).

We do not yet have any data for Silene littorea on the
relative costs of the different types of flower, or of the
different sexual phenotypes; we are thus unable to
confirm that the observed differences in sexual
phenotype frequency are attributable to cost differences,
as suggested for 7. hirsuta. Nevertheless, it seems likely
that resource limitations or microclimatic variations
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play an important role in population sex structure. We
have not observed fungal infection, but flower
herbivory is common and has similar effects on the
different sexual phenotypes (Medrano, unpublished
data). The high frequency of mixed-type individuals in
all of our study populations may be related to the
population’s ecology and growth patterns (“patchy
environments”) (Freeman et al. 1980, 1984; El-
Keblawy et al. 1995).

To understand the evolution of complex sexual
systems it is important to consider not only population
structure but also the reproductive success rates of the
different types of flower and individual. In Silene
littorea, female-only plants were rare but occurred in
almost all of the populations studied. In accordance
with the “sexual allocation” theory, female-only plants
will be maintained in the population only if the benefits
of dedication to seed production outweigh the costs of
not producing pollen. However, in the present study we
did not detect differences in fruit set between the
different sexual phenotypes.

Fruit and seed set patterns in gynodioecious plants
have been considered in a number of studies. Many
such studies have considered the fruit and seed sets of
individual plants, generally finding that female-only
plants are more fertile (Shykoff 1988; Maki 1993b;
Hermanutz & Innes 1994; Klinkhamer et al. 1994;
Koelewijn & Van-Damme 1996; Wolfe & Schmida
1997; Sakay et al. 1997, Delph et al. 1999; for a recent
review see Webb 1999), though this is not always the
case (Talavera et al. 1996). In the genus Silene, female-
only plants have been found to be more fertile in S.
vulgaris (Pettersson, 1992) and S. acawlis (Shykoff
1988; Delph et al. 1999).

The fact that we did not detect statistically significant
differences in fruit set between the different sexual
phenotypes of S. littorea may simply be due to type-II
error (i.e., erroneous acceptance of the null hypothesis
of no difference), because of the very small number of
female-only plants. However, the maintenance of
female-only plants in the population may in fact be
attributable not to the higher fruit set (as predicted by
the sexual allocation hypothesis; see above), but to seed
characteristics, as reported for S. vulgaris (Pettersson
1992). Note, however, that studies of S. acaulis have
argued against the possibility that female-only plants
persist because of “better” seed production (Shykoff
1988; Delph et al. 1999).

Our results suggest that the observed among-plant
differences in fruit set are not due to sexual phenotype,
and that the probability that an individual flower will set
fruit is independent of that flower’s sex and dependent
on the characteristics of the plant to which that flower
belongs. This may be related to individual charac-
teristics other than sexual phenotype (and number of
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flowers per plant, which varies among sexual
phenotypes), such as environmental characteristics
(microclimate, pollinator availability, etc.), population
structure (abundance or density of individuals), etc.
Models in which the fitness of different sexual
phenotypes is a function of local sex ratio have recently
been developed by McCauley & Taylor (1997).

Female and hermaphrodite flowers of S. litforea
differ in numerous morphological respects, notably
attraction area and size of floral parts (Medrano,
unpublished data). Factors like flower size or pollinator
abundance (Del Castillo 1993) may influence the fruit
set of the different flower types. In this study, there
were no differences in fruit set between female and
hermaphrodite flowers when differences between plants
and populations were statistically accounted for.

The stigmas of female flowers of S. littorea may be
more effective for pollen capture than the stigmas of
hermaphrodite flowers, as occurs in other species of this
genus (Bock 1976; Dulberger & Horovitz 1984; see
however Shykoff 1992). On the other hand, herm-
aphrodite flowers may be more successful under
conditions of pollen limitation if they are self-
compatible (see for example Del Castillo 1993, and
references therein), as is the case in 8. littorea.

In conclusion, our results suggest that, for S. littorea,
the probability of a single flower setting fruit depends
more on which particular plant the flower belongs to
than on flower type or plant sexual phenotype.
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