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† Background and Aims Selection may favour a partial or complete loss of self-incompatibility (SI) if it increases
the reproductive output of individuals in the presence of low mate availability. The reproductive output of indi-
viduals varying in their strength of SI may also be affected by population density via its affect on the spatial
structuring and number of S-alleles in populations. Modifiers increasing levels of self-compatibility can be
selected when self-compatible individuals receive reproductive compensation by, for example, increasing seed
set and/or when they become associated with high fitness genotypes.
† Methods The effect of variation in the strength of SI and scrub density (low versus high) on seed set, seed ger-
mination and inbreeding depression in seed germination (dgerm) was investigated in the partially self-incompatible
species Flourensia cernua by analysing data from self-, cross- and open-pollinated florets.
† Key Results Examination of 100 plants in both high and low scrub densities revealed that 51% of plants were
strongly self-incompatible and 49 % varied from being self-incompatible to self-compatible. Seed set after hand
cross-pollination was higher than after open-pollination for self-incompatible, partially self-incompatible and
self-compatible plants but was uniformly low for strongly self-incompatible plants. Strongly self-incompatible
and self-incompatible plants exhibited lower seed set, seed germination and multiplicative female fitness
(floral display � seed set � seed germination) in open-pollinated florets compared with partially self-incompatible
and self-compatible plants. Scrub density also had an effect on seed set and inbreeding depression: in low-density
scrubs seed set was higher after open-pollination and dgerm was lower.
† Conclusions These data suggest that (a) plants suffered outcross pollen limitation, (b) female fitness in partially
self-incompatible and self-compatible plants is enhanced by increased mate-compatibility and (c) plants in low-
density scrubs received higher quality pollen via open-pollination than plants in high-density scrubs.

Key words: Flourensia cernua, population density, seed set, seed germination, female fitness, partial self-
incompatibility, Mapimı́ Biosphere Reserve.

INTRODUCTION

Genetic self-incompatibility (SI) is an important mechanism
that prevents inbreeding in flowering plants (Barrett, 1998;
de Nettancourt, 2001). By definition, self-incompatible
species develop zero to very low numbers of fruits after self-
pollination due to the action of the gene products of the
S-locus which prevent pollen germination and/or growth
whenever male (pollen) and female (pistil) tissues express
the cognate S-alleles. Self-incompatible species often show
relatively low fruit set (Sutherland and Delph, 1984;
Sutherland, 1986; Larson and Barrett, 2000), a condition that
depends upon factors such as the type of SI (gametophytic
or sporophytic), the number of S-alleles in the population,
the spatial distribution of S-phenotypes, and the availability
of suitable pollinators. Nevertheless, some predominantly out-
crossing, self-compatible species also exhibit low seed set.
Studies have shown that a reduction in seed set in self-
compatible but also highly outcrossing species is commonly
caused by low pollinator availability, or high rates of fruit

abortion in populations with high levels of genetic load
(Charlesworth and Charlesworth, 1987; Wiens et al., 1987;
Husband and Schemske, 1996; Wilcock and Neiland, 2002).
However, a reduction in female fertility caused by SI is strictly
a pre-zygotic mechanism (but see Sage et al., 1994), while one
caused by inbreeding depression is post-zygotic (Charlesworth
and Charlesworth, 1987).

Many members of the Asteraceae have sporophytically con-
trolled SI in which the ability of two individuals to reproduce
depends on whether they share one or more alleles at a multi-
allelic S-locus. Specifically, pollen will fail to hydrate and/or
germinate on the stigmatic surface or the pollen tube may be
unable to penetrate the stigma when the diploid genotype of
the pollen-producing parent shares either S-allele with the reci-
pient plant (de Nettancourt, 2001; Hiscock et al., 2002;
Hiscock and McInnis, 2003; Hiscock and Tabah, 2003;
Ferrer and Good-Avila, 2007) such that individuals may only
mate with plants carrying both S-alleles distinct from their
own unless the alleles show dominance in the pistil or pollen
(de Nettancourt, 2001; Brennan et al., 2002, 2006; Hiscock
and Tabah, 2003). Because this causes negative frequency-
dependent selection of S-alleles, the mean reproductive
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success of an individual is expected to increase with the
number of S-alleles in the population until the number of
alleles is saturated (Wright, 1960; Schierup, 1998). The
number of S-alleles in a population may decrease, however,
as a consequence of drift processes, that are likely to occur
when population size and density are small or when a popu-
lation is founded by a few number of individuals (Byers and
Meagher, 1992; Glemin et al., 2001).

Though many species are believed to be strongly self-
incompatible, the evolutionary transition from SI to
self-compatibility (SC hereafter) has occurred many times in
flowering plants (Goodwillie, 1999; Takebayashi and
Morrell, 2001; Stone, 2002; Igic et al., 2004, 2006, 2008;
Ferrer and Good-Avila, 2007) and many species are partially
self-incompatible (Levin, 1996; Stephenson et al., 2000).
Partially self-incompatible species are those in which there is
quantitative variation among plants in the strength of SI (e.g.
plants vary from being partially self-incompatible to self-
compatible). The increase in SC in species with functional
SI can be caused by alterations in dominance relationships
among S-alleles (Reinartz and Les, 1994; Brennan et al.,
2002, 2003, 2006), unlinked modifier loci (Good-Avila
et al., 2008b), differential rejection of self pollen in the pre-
sence of interspecific and allozygous mixtures (Desrochers
and Rieseberg, 1998; Lipow and Wyatt, 2000), and a variety
of environmental variables such as temperature, flower age,
and the presence of developing fruits (Levin, 1996; Vogler
et al., 1998; Stephenson et al., 2000; de Nettancourt, 2001;
Good-Avila et al., 2008b). Such species are called partial or
pseudo-self-compatible, partially self-compatible or pseudo
self-fertile (Levin, 1996) and are relatively common in the
Asteraceae (Stout, 1917; Anderson et al., 1988; Berry and
Calvo, 1989; Cabrera and Dieringer, 1992; Giblin and
Hamilton, 1999; Hiscock, 2000; Cheptou et al., 2002;
Nielsen et al., 2003; Lafuma and Maurice, 2007) with
approx. 10 % of the studied species in the family exhibiting
partial SI (Ferrer and Good-Avila, 2007).

It is unclear whether species that are partially self-
incompatible tend toward the evolutionary loss of SI or
whether partial SI can be a stable mating system. A recent
macrophylogenetic study of the role of partial SI in the
Asteraceae indicates that partial SI is not a terminal state and
can lead back to both SI and to SC (Ferrer and Good-Avila,
2007). The first genetic models on the conditions favouring
the complete or partial breakdown of SI, found that mutations
increasing rates of SC could not invade if background levels of
inbreeding depression were greater than 0.5 (Charlesworth,
1980; Lande and Schemske, 1985). However, Porcher and
Lande (2005) recently showed that the success of modifiers
to either completely invade or find intermediate selfing rates
in self-incompatible populations is influenced by whether the
modifiers are linked or unlinked to the S-locus, the strength
of S-linked and background genetic load, and the degree of
pollen limitation. Similarly, two other theoretical models
have found that intermediate selfing rates, i.e. partial SI, can
be evolutionarily stable: Vallejo-Marı́n and Uyenoyama
(2004) showed that partial SI can be a stable mating system
when self-compatible plants receive reproductive compen-
sation (e.g. higher seed set) for producing inbred offspring
when seed set is pollen limited and Harder et al. (2008)

found that mixed mating systems can be stable when
reproductive compensation is given by increasing seed set
through inbreeding if post-dispersal inbreeding depression
remains low. In particular, when inbreeding depression is
based on recessive and partially deleterious mutations, lineages
practising higher rates of self-fertilization may purge genetic
load and express lower inbreeding depression (Uyenoyama and
Waller, 1991).

Seed set is often pollen limited in self-incompatible species
(Larson and Barrett, 2000) because females are more likely to
receive either an inadequate quantity or quality (compatible) of
pollen. In animal-pollinated species, the strength of pollen
limitation varies with the spatial distribution of plants, and
plants inhabiting high-density stands usually have lower
pollen limitation than those in low-density stands because of
the increase in mate availability and pollinator attraction at
high density (Kunin, 1993; Ghazoul, 2005). Lower pollen
limitation in high-density stands has also been recorded in
wind-pollinated species (Smith et al., 1988; Allison, 1990;
Morgante et al., 1991; Arista and Talavera, 1996) in which
an increase in cross- relative to self-pollen was observed in
the pollen cloud of high-density stands (Allison, 1990).
Therefore population density via its effect on pollen limitation
may play an important role in the conditions favouring the
complete or partial breakdown of SI.

Flourensia cernua (Asteraceae, Heliantheae) is a shrub
characteristic of the Chihuahuan Desert (McMahon, 1999).
Preliminary data suggested that F. cernua has an SI system,
but that plants vary in their strength of SI, i.e. the species
exhibits partial SI (Ferrer, 2004). Despite dichogamy,
self-fertilization can occur in plants that are partially self-
incompatible or self-compatible through geitonogamous
pollination between synchronously open florets within and
among flower heads. Indeed, an earlier study of the mating
system of F. cernua using 11 isozyme loci found that the
multilocus outcrossing rate means were 0.83+ 0.27 s.d. and
1.19+ 0.19 s.d. in the low- and high-density scrubs described
in the next sentence. In northern Mexico, F. cernua is found in
mosaics of plant communities distributed in bajadas (gentle
sloping terrain connecting the foothill with the bottom
closed basins – endorheic basins); populations at the base of
foothills have lower density than those at the edge of the
basin (Mauchamp, 1992). In populations from these mosaics,
the species exhibits very low female fertility: 0–22 viable
seeds per plant produced from approx. 5000 ovules (distributed
in approx. 250 flower heads with 20 florets each) per reproduc-
tive season (Ferrer, 2004). Additionally, the proportion of
seeds that germinate is low ,10 % (Valencia-Dı́az and
Montaña, 2003; Ferrer, 2004). However, it is unknown
whether the low levels of seed set and rates of seed germina-
tion observed in F. cernua are affected by variation in the
strength of SI or scrub density.

In this study, the role of variation in the strength of SI and
scrub density on outcross pollen limitation and the role of
pollen source on the proportion of seeds that germinate (seed
germination hereafter) are evaluated in F. cernua. Several
hypotheses expected to be associated with the stability of
partial SI were also evaluated. First, the association between
inbreeding depression in seed germination with the strength
of SI or scrub density was examined to test if historical
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variation in rates of self fertilization among lineages is associa-
ted with purging of genetic load (Uyenoyama et al., 1993).
Secondly, the prediction by recent theoretical models favour-
ing mixed mating systems that weak self-incompatible geno-
types are associated with low postdispersal inbreeding
depression was assessed (Harder et al., 2008). And finally,
differences in female fitness among maternal plants were
tested to evaluate if there is selection associated with either
variation in the strength of SI and/or scrub density. To this
end, the following were compared: (1) the mean seed set of
progeny generated from self- and cross-pollination for each
maternal plant to estimate their strength of SI (SI index); (2)
the mean seed set of progeny generated from cross- and
open- pollination to identify if seed set is outcross pollen
limited; (3) the seed germination of progeny generated from
three pollination treatments (self-, cross- and open-pollination)
to identify the effect of pollen source on seed germination; (4)
the relative success of seed germination in seeds sired from
self- versus cross-pollination to estimate inbreeding depression
in seed germination (dgerm); and (5) a multiplicative female
fitness estimate (number of seeds produced after open-
pollination per plant) in scrubs with contrasting population
densities (low and high density) from which outcrossing
rates were previously estimated (Ferrer et al., 2004).

MATERIALS AND METHODS

Species and study site

Flourensia cernua is considered to be an indicator plant
species of the Chihuahuan Desert; it grows in arid or semi-arid
habitats associated with small- to medium-sized shrubs such as
Larrea, Opuntia, Agave and Acacia, and medium-sized trees
such as Prosopis and Acacia (Rzedowski, 1988; McMahon,
1999). The species produces flowers at the end of autumn
(October–November) and fruits, the single-seeded fruits
– achenes – typical of the Asteraceae, during the winter
(December–February) (Dillon, 1984). It has small flower
heads (approx. 10 � 10 mm wide by long) with exclusively
discoid florets (,2 mm long) which are arranged in terminal
and lateral inflorescences along the tips of branches (Dillon,
1984). Morphological and ecological floral traits of
F. cernua are associated with a wind-pollination syndrome
(Culley et al., 2002) which has been confirmed in the
species using exclusion experiments (Mauchamp, 1992). The
size of the floral display varies significantly among plants: a
survey in 1998 showed that the number of flower heads per
plant varied from five to 500 with a median of 150 (n ¼ 500
plants); while the number of discoid florets per flower head
varied less among plants between 14 and 25 (rarely 30) with
a median of 18 (n ¼ 100 flower heads).

The current study was undertaken at the Mapimı́ Biosphere
Reserve in two contrasting vegetation types: (1) low-density
and (2) high-density scrubs located in the upper and lower
bajadas, respectively. Plants are distributed along temporary
streams running along the foothills and in terrains with
slopes of approx. 3 % at the low-density sites while they
occur within the vegetation arcs or ‘brousse tigrée’ described
by (Montaña et al., 1990) in terrains with slopes ,1.5 % in
the high-density sites. Climatic and edaphic conditions are

similar between the scrubs, except for slightly higher clay
content in soils and higher water availability due to runoff
rain-water redistribution in the high-density scrubs. Five per-
manent plots in each scrub type were randomly selected for
a demographic long-term study (Ferrer, 2004). Each perma-
nent plot covers an area of approx. 1.5 ha and of approx. 0.4
ha for the low- and high-density scrubs.

Scrub-density estimates

All of the reproductive plants of Flourensia cernua within
the ten permanent plots (five low- and five high-density
scrubs) were censused; the mean density of flowering plants
in low- and high-density scrubs was 71.42+ 44.46 s.d. and
3377+ 1606 s.d. plants ha21, respectively. To control for
the effect of aggregation of plants, the distance from each
maternal plant to the four nearest neighbours was measured
(distance from neighbours hereafter), and the average of
those values was used as a covariate in the analyses described
below. Thus, the effect of the average distance among all
plants within a scrub type was incorporated by analysing the
differences in response variables between high- and low-
density scrubs, while differences in the distances of the focal
plants to the flowering plants in their neighbourhood was con-
trolled by including the effect of the distance from neighbours.

Pollination experiment

In October 1998, ten reproductive adults were selected
within each of the ten permanent plots (five in each scrub
density). The focal plants were randomly chosen from a
group of reproductive plants that had floral displays ranging
from 100 to 300 flower heads and heights ranging from
1.5 m to 2 m. This selection criterion was used to control for
differences in the availability of maternal resources which
can affect fruit and seed abortion (Stephenson, 1981). The
size of the experimental plants was estimated as the volume
of the plant by measuring the plant height, and the length
and width of the crown. The volume was then estimated
by assuming that the shrub has the shape of an irregular
cone using the following formula v¼ 1/3(hplw), where
v¼ volume, h¼ height, p¼ 3.1416, l¼ length and w¼ width.
The plant volume was used as a covariate in the statistical ana-
lyses to remove variance in the size of the maternal plant as a
possible factor limiting seed set and seed germination.

The 100 plants were fumigated with insecticide
(Deltametrin; 12.5 mg L21) twice a week from 15 October
until the date of pollination (6–25 November) to prevent
flower predation by flies and beetles. The insecticide remains
active for approx. 2 d and applications were terminated
approx. 3 d prior to anthesis to avoid interference with the pol-
lination treatments. Fifteen branches were randomly chosen
from each of the 100 maternal plants, and groups of five
branches were randomly assigned to one of the three exper-
imental treatments: (1) self-pollination – pollen from a differ-
ent untreated branch on the same plant was applied to all the
stigmas of all the flower heads on the experimental branch;
(2) cross-pollination – pollen from one to five pollen donors
was collected from synchronously blooming plants at least
250 m away and applied as in the self-pollination; and (3)
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open-pollination – an inflorescence was left uncovered during
the entire flowering season, and bagged at flower senescence.
Preceding and following the hand-pollination treatments, the
top of the branches were wrapped in fine mesh bags to
prevent contamination by exogenous pollen. Pollen for cross-
pollinations was collected by tapping a flower head containing
dehisced florets from the designated pollen donor onto the
edge of a microcentrifuge tube. A variable number of pollen
donors (one to five) was used to obtain the pollen mixtures
used in the hand cross-pollination experiment because the
availability of pollen donors varied across the flowering
season (89 donors in total were used). A factorial analysis of
variance (ANOVA) was performed to test if the number of
pollen donors categorized as consisting of either (a) one or
two or (b) three to five donors, or the interaction of this
categorical factor with SI strength and scrub density affected
seed set after cross pollination. The results of the ANOVA
indicated that neither the number of pollen donors, nor the
double and triple interactions of donor number with SI strength
and scrub density were significant and this factor was not
included in further analyses (Table S1 in Supplementary
data, available online). The pollen mixtures were collected
the same day they were used to pollinate the open florets
and discarded after the pollination treatment. All of the hand-
pollinations (self- and cross-pollination) were performed using
a soft-bristle brush and maternal plants were re-visited every
other day to perform the appropriate pollination treatments
on newly opened florets. The number of florets per flower
head and the number of flower heads per branch was recorded
for all plants. After flowering, the experimental branches were
bagged to prevent seed loss and predation.

Fitness components

The seeds from the experimental branches from each plant
were collected in February 1999, transported to the laboratory,
and filled fruits were stored in paper bags at ambient tempera-
ture. An achene was determined to contain a seed if it did not
break after being squeezed gently with forceps and the embryo
occupied at least three-quarters of the fruit. Preliminary assays
(n ¼ 500) demonstrated that seeds in the achenes that did not
meet these criteria were not viable. Four female fitness com-
ponents (floral display, seed set, seed germination and multi-
plicative female fitness) and the relative fitness of self- and
cross-sired seeds (inbreeding depression) were estimated as
follows.

The size of the floral display of maternal plants was esti-
mated as the product of the number of branches bearing
flower heads � the mean number of flower heads (over the
five branches) � the mean number of florets per flower head
(over the five branches). Seed set was estimated as the
average number of seeds produced per floret by taking the
sum of the number of seeds divided by the number of florets
pollinated in all of the five experimental branches per treat-
ment. Seed germination was estimated as the proportion of
seeds that germinated from the seeds produced in each pollina-
tion treatment. To germinate the seeds, all filled fruits were
placed in an environmental chamber and left to germinate on
a moistened cotton substrate (12 h light at 26 8C:12 h darkness
at 16 8C; 60 % relative humidity) during the months of July

and August 1999. The number of seeds that germinated was
counted after 25 d when most viable seeds will have germi-
nated according to Valencia-Dı́az and Montaña (2003).
Finally, a multiplicative female fitness estimate was derived
based only on the data for the open-pollination treatment.
For this analysis, female fitness ( ff ) was calculated on a per
plant basis using the following equation: ff ¼ fdsssg, where
fd ¼ floral display, ss seed set and sg ¼ seed germination.

Inbreeding depression in seed germination (dgerm hereafter)
was calculated only for plants that produced seeds after both
the self- and cross-pollination treatment (i.e. for self-
incompatible, partially self-incompatible and self-compatible
plants which comprised 49 out of the 100 maternal plants).
For these plants inbreeding depression was calculated as:
d ¼ 1 – (wi/wo), where d ¼ inbreeding depression, wi ¼ the
fitness of progeny obtained from self-pollination and wo ¼
the fitness of progeny resulting from cross-pollination (Lande
and Schemske, 1985).

Statistical analysis

Variation in the strength of SI. The SI index is a continuous vari-
able that is defined by the equation SI index ¼ ssi/sso, where
ssi ¼ is the mean seed set after self-pollination in a plant and
sso ¼ is the mean seed set after cross-pollination in the same
plant. For the statistical analyses, plants were grouped by
their SI index into the following four SI categories modified
from Ruiz-Zapata and Arroyo (1978): (1) strongly self-
incompatible (SI index ¼ 0), (2) self-incompatible
(0 . SI index , 0.149), (3) partially self-incompatible (0.15 �
SI index , 0.49) and (4) self-compatible (SI index � 0.5). The
frequency distributions of the number of plants in each SI cat-
egory in each scrub type were compared using a x2 test of inde-
pendence (Sokal and Rolhf, 1995). This index is a relative
measure of the seeds set after self- and cross-pollination; conse-
quently some plants having low self-fertilization rates can be
categorized as partially self-incompatible or self-compatible if
the seeds set after self-pollination are 25–50 %, or .50 % of
those set after cross-pollination, respectively. A x2 test of
independence was used to assess if the proportion of seeds set
after hand self- and cross-pollination was independent of SI
category (Sokal and Rolhf, 1995). For the test, there were four
and seven categories for the proportion of seeds set following
self- and cross-pollination, respectively, in which seed set
values (the proportion of seeds set per pollinated floret) were
grouped in increments of 0.09 units.

For the statistical analyses of outcross pollen limitation and
female fitness, only plants that produced seeds in the open-
pollination treatments (30 plants in the high-density scrub
and 31 plants in the low-density scrub) were included so that
comparisons between the cross- and open-pollination treat-
ments could be made; while for the statistical analysis of
inbreeding depression only the 49 plants that produced seeds
in both self- and cross-pollination treatments were included
because inbreeding depression is a relative measure of the per-
formance of progeny produced via self- and cross-pollination.

Effect of strength of SI scrub density on outcross pollen limitation.
Outcross pollen limitation was assessed by comparing seed set
after cross- and open-pollination using a split-plot ANOVA to
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analyse the effect of variation in the strength of SI and scrub
density on seed set; the data did not violate the assumption
of sphericity required for this design (Von Ende, 2001). The
split-plot ANOVA included the fixed factors SI category,
scrub density (between subject factors) and pollination treat-
ment (within subject factor), and the distance from nearest
neighbours was included as a covariate. The mean seed set
was subjected to an angular transformation prior to analysis
using the equation sstransformed ¼ arcsin (

p
ss), where

sstransformed ¼ transformed seed set data and ss ¼ original
seed set data to meet the ANOVA assumption of normally dis-
tributed residuals (Sokal and Rolhf, 1995).

Effect of strength of SI, scrub density and pollen source on seed
germination. To analyse the effect of variation in the strength
of SI and scrub density on seed germination a split-plot
ANOVA (again the data did not violate the assumption of
sphericity; Von Ende, 2001) was used to compare seed germi-
nation of progeny derived from three pollen sources: self-,
cross- and open-pollination. The split-plot ANOVA included
the fixed factors SI category, scrub density (between subject
factors) and pollination treatment (within subject factor) and
the distance from nearest neighbours was included as a covari-
ate. When a pollination treatment did not produce seeds, the
proportion of seeds that germinated (seed germination) was
not included. The mean values for seed germination were sub-
jected to an angular transformation prior to the analysis using
the equation sgtransformed ¼ arcsin (

p
sg), where sgtransformed ¼

transformed seed germination data and sg ¼ original seed ger-
mination data to meet the ANOVA assumption of normally
distributed residuals (Sokal and Rolhf, 1995).

Effect of strength of SI and scrub density on inbreeding
depression. To determine if dgerm was influenced by the
strength of SI and/or scrub density, an ANOVA (Sokal and
Rolhf, 1995) was performed on the response variable dgerm

using SI category (three levels: self-incompatible, partially
self-incompatible and self-compatible), scrub density and
their interaction as fixed effects. Inbreeding depression in
seed germination (dgerm) can be considered to be a post-
dispersal estimate of inbreeding depression and, when weak,

may become an important factor increasing the evolutionary
stability of mixed mating systems (Harder et al., 2008).

Effect of strength of SI and scrub density on multiplicative female
fitness. Variation in multiplicative female fitness for the open-
pollination treatment was analysed using an ANOVA (Sokal
and Rolhf, 1995) in which SI category, scrub density and
their interaction were treated as fixed effects and the distance
from the nearest neighbours and plant volume were used as
covariates. Female fitness was subjected to a logarithmic trans-
formation prior to analysis to meet the ANOVA assumption of
normally distributed residuals (Sokal and Rolhf, 1995). All
statistical analyses were performed with STATISTICA using
the general linear model module because all the designs
were unbalanced and type II sums of squares were conse-
quently used to estimate the variance components (Statsoft,
1998).

RESULTS

Variation in the strength of SI

It was found that 51 % of the reproductive individuals in both
scrub types had SI indexes ,0.1, i.e. they were strongly self-
incompatible (Fig. 1). However, it is noteworthy that most of
these individuals produced very low seed set following both
self- and cross-pollination (Fig. 2A, B). The remaining 49 %
of the plants in the scrubs showed some degree of SC. In
total, 16 % of plants were found to be self-incompatible (0 ,
SI index � 0.149), 13 % partially self-incompatible (0.15 � SI
index � 0.49) and 20 % self-compatible (SI index � 0.50;
Fig. 1). The frequency distribution of the four SI categories
did not differ between scrub densities (x2

d.f. 5 ¼ 4.77, P ¼
0.19; Fig. S1 in Supplementary data, available online). The fre-
quency distribution of the number of seeds set after self-
pollination differed among SI categories (x2

d.f. 9 ¼ 47.5, P ,
0.0001; Fig 2A). Seed set after self-pollination treatment was
nil or lower than 0.1 in all of the strongly self-incompatible
and self-incompatible plants and in 75 % and 38 % of the
plants that were categorized as partially self-incompatible and
self-compatible, respectively (Fig. 2A). Seed set after self-
pollination varied between 0.1 and 0.36 in the remaining 25 %
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P
la
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s 

(%
)

20

Strongly self-
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Self-incompatible Partially self-
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0

FI G. 1. Frequency distribution of plants according to SI categories (strongly self-incompatible, SI index ¼ 0; self-incompatible, 0 , SI index � 0.149; partially
self-incompatible, 0.15 � SI index � 0.49; self-compatible, SI index � 0.5). Data gathered for Flourensia cernua in the Mapimı́ Biosphere Reserve, from a hand-
pollination experiment (self- and cross-pollination) involving 50 plants from low-density scrubs and 50 plants from high-density scrubs. SI index was estimated

as: (seed set after self-pollination)/(seed set after cross-pollination).
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and 62 % of plants categorized as partially self-incompatible
and self-compatible, respectively (Fig. 2A).

The frequency distribution of the seed set values after cross-
pollination differed among the SI categories (x2

d.f. 18 ¼ 96.5,
P , 0.0001). A large proportion of strongly self-incompatible
plants (96 %) had seed set values of less than 0.1 after cross-
pollination. Most of the self-incompatible plants, partially self-
incompatible and self-compatible plants had seed set values
between 0.1 and 0.29 after cross-pollination (38.5 %, 50 %
and 52.4 %, respectively) and between 0.3 and 0.7 (53.8 %,
43.8 % and 23.8 %, respectively).

Effect of strength of SI and scrub density on outcross pollen
limitation

Both SI category and pollination treatment had significant
influences on seed set and explained 14 % and 23 %, respect-
ively, of the variance in seed set in the ANOVA (Table 1). The
covariate (distance from nearest neighbours) removed 1.8 % of
the variance of the models from seed set. However, the inter-
actions between SI category � pollination treatment and scrub
density � pollination treatment were also significant and
explained 7.1 % and 2.1 % of the variance (Table 1). Thus,
the mean seed set after cross- and open-pollination varied
with (a) SI strength and (b) scrub density.

To understand the nature and direction of the interaction
effects on seed set, box plots of the mean seed set by SI cat-
egory and pollination treatment were constructed (Fig. 3A).

A Tukey–Kramer test comparing the mean seed set by SI cat-
egory and pollination treatment showed that (a) the mean seed
set after open-pollination was the same for all SI categories,
but (b) self-incompatible and partially self-incompatible
plants had higher seed set after hand cross-pollination than
self-compatible plants which again, had higher seed set than
strongly self-incompatible plants (P � 0.0001; Fig. 3A). The
increase in seed set after hand cross-pollination relative to
open-pollination for all plants except those that were found
to be strongly self-incompatible suggests that outcross pollen
limits seed set.

The interaction between pollination treatment � scrub
density was primarily caused by the reverse response of
plants to open- and cross-pollination in low- versus high-
density scrubs: seed set was higher in low-density scrubs
after open compared with hand cross-pollination (Fig. 3B).

Effect of strength of SI, scrub density and pollen source on
seed germination

SI category and pollination treatment had significant influ-
ences on seed germination, explaining 10 % and 9 % of the var-
iance, respectively, in the ANOVA analyses (Table 1). The
covariate (distance from nearest neighbours) removed 3.3 %
of the variance of the models from seed germination. Since
there were no interaction effects for seed germination, mean
values for the significant main effects of SI category and pol-
lination treatment were compared using a Tukey–Kramer test.
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With respect to SI category, seed germination was: equal
between partially self-incompatible and self-compatible plants
(0.19+0.030 s.e., n ¼ 48, and 0.17+0.028 s.e., n ¼ 60,
respectively, Tukey–Kramer test, P ¼ 0.99) and both were sig-
nificantly higher than that for strongly self-incompatible plants
(Tukey–Kramer test, P ¼ 0.049 and P ¼ 0.038), while strongly

self-incompatible and self-incompatible plants did not differ in
seed germination (0.08+0.021 s.e., n ¼ 36 and 0.06+0.025
n ¼ 39 s.e., respectively; Tukey–Kramer test, P ¼ 0.95). For
pollination treatment, the Tukey–Kramer test indicates that
the seeds sired following cross-pollination had approx. 2-fold
higher seed germination than those sired from self-pollination

TABLE 1. Split-plot ANOVA results for the fitness components seed set and seed germination. Between-subjects effects are for SI
category (strongly self-incompatible, self-incompatible, partially self-incompatible and self-compatible) growing in two scrubs types
(high density and low density). The pollination treatments (within-subjects effects) that were included to evaluate the outcross pollen
limitation were cross- and open-pollination, while the treatments included to evaluate the effect of pollen source in seed germination

were self-, cross- and open-pollination

Seed set Seed germination

Source d.f. SS effect SS error F d.f. SS effect SS error F

Between subjects
Self-incompatibility category 3,52 0.917 1.819 8.74*** 3,52 1.534 5.378 4.95**
Scrub density 1,52 0.011 1.819 0.31 1,52 0.015 5.378 0.14
Self-incompatibility category � scrub density 3,52 0.073 1.819 0.69 3,52 0.121 5.378 0.39

Within subjects
Pollination treatment 1,53 1.502 1.368 58.19*** 2,106 1.387 6.335 11.60***
Self-incompatibility category � pollination treatment 3,53 0.455 1.368 5.87** 6,106 0.241 6.335 0.67
Scrub density � pollination treatment 1,53 0.137 1.368 5.29* 2,106 0.213 6.335 1.78
Self-incompatibility category � scrub density � pollination treatment 3,53 0.080 1.368 1.04 6,106 0.130 6.335 0.36

Average distance to the four nearest neighbours and plant volume from the 61 Flourensia cernua plants assessed were used as covariates and explained 1.8 %
and 3.3 % of the variation for seed set and seed germination, respectively.

* P , 0.05; ** P , 0.005; *** P , 0.0001.
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(0.12+ 0.022 s.e. and 0.06+ 0.011 s.e., respectively, n ¼ 61
Tukey–Kramer test, P ¼ 0.004) while those sired from open-
pollination had 1.8 times higher seed germination (0.23+
0.032 s.e., n ¼ 61) than those sired from cross-pollination
(Tukey–Kramer test, P � 0.0001).

Effect of strength of SI and scrub density on inbreeding
depression

Comparison of seed germination after self- and cross-
pollination for all plants that were self-incompatible, partially
self-incompatible or self-compatible (49 plants), indicated that
scrub density had a significant effect on dgerm and explained 9
% of the variance in the ANOVA model (Table 2). Mean dgerm

was six times lower in low- than in high-density scrubs
(–0.05+ 0.12 s.e., n ¼ 26 and 0.30+ 0.16 n ¼ 22 s.e.,
respectively; Tukey–Kramer test, P � 0.0001). The difference
in mean dgerm was associated with significantly higher seed
germination of seeds sired from self-pollination in low- com-
pared with high-density scrubs (0.08+ 0.02 s. e., n ¼ 26 and
0.04+ 0.02 n ¼ 22 s.e., respectively; Tukey–Kramer test,
P � 0.0001) and a slightly but not significantly lower seed ger-
mination of seeds sired from cross-pollination (0.14+ 0.03
s.e., n ¼ 26 and 0.11+ 0.03 n ¼ 22 s.e., respectively;
Tukey–Kramer test, P ¼ 0.89). Levels of dgerm were highly
variable and, in some cases, negative (Fig. 4), suggesting
that purging of genetic load is taking place in some plants as

indicated by values of dgerm � 0 in 26 out of the 49 maternal
plants (Fig. 4).

Effect of strength of SI and scrub density on multiplicative
female fitness

Using only the results from open-pollinated florets, SI cat-
egory was found to have a significant effect on multiplicative
female fitness and explained 15.5 % of the variance in the
ANOVA model (Table 3). The covariates distance from
nearest neighbours and plant volume removed 2.6 % and 2.3
% of the variance from the model. The differences in multipli-
cative female fitness were found to be associated with variation
in seed set and seed germination across SI categories but not
with the variation in floral display which was similar for all
plants across SI categories and between high- and low-density
scrub (Tables S2 and S3 in Supplementary data, available
online). Partially self-incompatible and self-compatible
plants had 1.61 and 2.14 times higher female fitness after
open-pollination (193+ 57 s.e. n ¼ 16 and 256+ 77 n ¼ 20
s.e., respectively), than strongly self-incompatible plants
(12+ 10 s.e. n ¼ 12; Tukey–Kramer test, P ¼ 0.03 and
P ¼ 0.02, respectively). Self-incompatible plants had, on
average, similar female fitness as partially self-incompatible
and self-compatible plants (160+ 67 s.e., n ¼ 13; Tukey–
Kramer test, P ¼ 0.65 and P ¼ 0.55, respectively) and as
strongly self-incompatible plants (Tukey–Kramer test,
P ¼ 0.31).

TABLE 2. ANOVA for the inbreeding depression in germination (dgerm) for 49 Flourensia cernua plants growing in the Mapimi
Biosphere Reserve

Source d.f. SS effect SS error F P R2

Self-incompatibility category 2,42 0.798 21.461 0.78 0.465 0.035
Scrub density 1,42 2.188 21.461 4.28 0.045 0.095
Self-incompatibility category � scrub density 2,42 0.161 21.461 0.16 0.855 0.007

Sources of variation were: SI category (strongly self-incompatible, self-incompatible, partially self-incompatible and self-compatible) and scrub density
(low and high).
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FI G. 4. Values of inbreeding depression associated with seed germination (dgerm) for 49 Flourensia cernua plants growing in the Mapimı́ Biosphere Reserve by
SI category. dgerm was estimated as 1 – [(seed germination after self-pollination)/(seed germination after cross-pollination)]. SI categories are defined in Fig. 1.
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DISCUSSION

Variation in the strength of SI

In this study, considerable variation was found in the strength
of SI among maternal plants, as indicated by the SI index (seed
set after self-pollination/seed set after cross-pollination): 51 %
of the individuals in natural populations of F. cernua were
found to be strongly self-incompatible, while the remaining
49 % varied in the degree to which they were capable of self-
fertilization. While conclusive evidence was found that there is
variation in the strength of SI in F. cernua, no difference was
found in the frequency of SI categories among plants in high-
and low-density scrubs.

A previous study showed that F. cernua is a highly outcross-
ing species based on molecular estimates of the outcrossing
rate of plants in both high- and low-density scrubs (Ferrer
et al., 2004). Here it is found that a large proportion of the
plants in the population (83 %) are not capable of setting
seed, or set very few seeds, following hand self-pollination
(Fig. 2A). This suggests that F. cernua possesses an SI
system which effectively prevents self-fertilization, as found
in many other members of the Asteraceae (Ferrer and
Good-Avila, 2007). However, up to 17 % of the population
is capable of setting selfed seed and the species should be con-
sidered partially self-incompatible. Interestingly, in several
other partially self-incompatible members of the Asteraceae,
Euryibia furcatus (synonymous with Aster furcatus; Reinartz
and Les, 1994), Arnica montana (Luijten et al., 1996).
Senecio squalidus (Brennan et al., 2005) and S. inaequidens
(Lafuma and Maurice, 2007) detailed pollination studies
have also found that the majority of plants in a population
are self-incompatible (95 %, 78 %, 97 % and 86 % of the indi-
viduals were strongly SI in each species, respectively), while
3–22 % of the population expressed variable levels of SC as
found here. This suggests that partial SI, at least in these
members of the Asteraceae, does not allow intermediate
selfing rates, but it may allow low levels of self-fertilization
and/or biparental inbreeding which would not occur in strictly
self-incompatible taxa.

Almost all of the 51 strongly self-incompatible individuals
found in this study produced very few fruits following either
self- or cross-fertilization. This could be caused by (a) sterility,
(b) selective abortion, and/or (c) pollen limitation due to few
S-alleles segregating in the population. Although detailed
studies assessing the viability of female and male gametes
are needed to rule out sterility as a factor limiting seed set,

there is no evidence to suggest that strongly self-incompatible
plants are sterile because both stamens and pollen, and pistils
and ovules appeared identical across all plants. Additionally
strongly self-incompatible plants set seed following both
cross- and open-pollination suggesting that female sterility
was not a limiting factor. However, male sterility cannot be
ruled out and some strongly self-incompatible plants may
produce inviable pollen. Secondly, although many studies
have shown that plants will selectively abort seeds when
resources are low (Stephenson, 1981), three results of this
study suggest that pollen origin (i.e. quality) was more import-
ant than resource availability as an explanation for the low
seed set observed particularly in strongly self-incompatible
plants: (a) self-incompatible, partially self-incompatible and
self-compatible plants showed pollen limitation following
open-pollination, but did benefit from pollen supplementation,
suggesting that mate availability rather than resources limited
seed set; (b) seed set was higher after open-pollination in
low- compared with high-density scrubs, although water avail-
ability is higher in high-density scrubs; and (c) although the
multiplicative female fitness varied significantly with plant
volume (an indirect indicator of maternal resources avail-
ability), including plant size as a covariate removed 2.8 % of
the variance while SI category explained 14 % of the variance.

If pollen is not limiting, cross-pollination in species present-
ing sporophytic SI should result in either no (cross-
incompatible) or full (cross-compatible) seed set. However,
low reproductive output can be caused by pollen limitation if
populations exhibit low S-allele diversity, non-isoplethic
S-alleles frequencies and or spatial clustering of similar
S-phenotypes because of limited pollen and seed dispersal
(Byers and Meagher, 1992; Schierup, 1998). To determine
the number of cross-incompatible and cross-compatible polli-
nations in the study, a separate analysis was performed in
which a cross was considered to be cross-incompatible if the
seed set value was ,0.1 (since self-pollination typically
results in seed set values between 0 and 0.09), whereas a cross-
pollination was considered to be cross-compatible if the seed
set value was .0.1 (Fig. S2 in Supplementary data, available
online). Analysing the crossing data in this way revealed that
96 % of the strongly self-incompatible plants, 7.7 % of the
self-incompatible, 6.3 % of the partially self-incompatible
and 23.8 % of the self-compatible plants were cross-
incompatible with their pollen donor(s); this suggests that
only strongly self-incompatible individuals were predomi-
nantly cross-incompatible with their pollen donors even

TABLE 3. ANOVA for the multiplicative female fitness estimates (floral display � seed set � seed germination after open-pollination)
and floral display of 61 Flourensia cernua plants growing in the Mapimi Biosphere Reserve

Source d.f. SS effect SS error F P R2

Self-incompatibility category 3,51 44.540 263.486 2.87 0.0452 0.140
Scrub density 1,51 2.093 263.486 0.41 0.5273 0.007
Scrub density � self-incompatibility category 3,51 6.914 263.486 0.45 0.7211 0.022

Sources of variation were SI category (strongly self-incompatible, self-incompatible, partially self-incompatible and self-compatible) and scrub density (low
and high).

Distance from neighbours (average distance to the four nearest neighbours of the maternal plants) and plant volume were used as covariates and explained
2.6 % and 2.3 % of the variance, respectively.
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though seed set was pollen limited in all the other SI categories
(i.e. full seed set was not achieved) (Fig. S2 in Supplementary
data). Consequently, we propose that plants in the strongly
self-incompatible category shared S-alleles with their plant
donors and probably harbour S-alleles that are common in
the population. On the other hand, we propose that in partially
self-incompatible and self-compatible plants, the partial break-
down of SI has evolved to compensate reproduction in
F. cernua because compatible mates are limiting.

Without further breeding work, it is difficult to elucidate the
relative roles of sterility versus low S-allele diversity as factors
limiting seed set and to say whether partial SI in F. cernua is
caused by the effect of dominance relationships among
S-alleles or modifier loci. Detailed reciprocal crosses among
individuals differing in their expression of SI such as those
performed in Senecio squalidus (Brennan et al., 2002, 2006)
or Campanula rapunculoides (Good-Avila and Stephenson,
2003; Good-Avila et al., 2008a) would be required to under-
stand the genetic basis of partial SI.

Effect of strength of SI and scrub density on outcross
pollen limitation

This study supports the hypothesis that strongly self-
incompatible individuals suffer from outcross pollen limitation
as found in many other self-incompatible species (Larson and
Barrett, 2000) but, additionally, evidence is found that individ-
uals presenting a partial or complete breakdown of SI show
reproductive compensation sensu Vallejo-Marı́n and
Uyenoyama (2004). It is found that both self-incompatible
and partially self-incompatible plants and all plants presenting
a partial or complete breakdown of SI showed a �2-fold
increase in seed set following both cross- and open-pollination
compared with strongly self-incompatible plants (Fig. 3A).
Interestingly, studies on the partially self-incompatible
species Campanula rapunculoides (Good-Avila and
Stephenson, 2003) and in Eurybia furcatus (Reinartz and
Les, 1994) also observed higher outcrossed seed set in weak
compared with strongly SI individuals, suggesting that
partial SI may not only be a transient occurrence in SI
species, but may be under selection.

Seed set from open-pollinated florets in low-density scrubs
was higher than seed set in the remaining three treatments.
This result seems to contradict the idea that outcross pollen
limitation is an important factor leading to partial SI in this
species. However, we suggest that the pollen donors used for
the hand cross-pollination treatments were more likely to
share the same S-phenotype with the recipient plants in the
low-density scrubs than occurred for the pollen arriving on
the open-pollinated branches. In particular, the pollen used
for the hand cross-pollinations was selected from plants
located at least 250 m away from the recipient plants but
from plants located both up- and downstream in the same
plot. Since low-density populations are established from sec-
ondary seed dispersal from surface water runoff, low-density
sites may exhibit stronger clustering of similar S-phenotypes.
On the other hand, the pollen arriving on the open-pollinated
branches more likely originated from adjacent plots (e.g.
ones at higher altitudes) since in the low-density scrubs, the

wind-dispersed pollen can travel longer distances because
the vegetation is open (Ackerman, 2000).

Effect of strength of SI, scrub density and pollen source on
seed germination

Approximately 90 % of the seeds set in F. cernua were
found to be inviable (Ferrer, 2004) and the species exhibits
low seed germination compared with other members of the
Asteraceae growing in arid, tropical or temperate zones
(Valencia-Dı́az and Montaña, 2003). In this study, it was
found that (a) seed germination was lower for strongly self-
incompatible and self-incompatible plants compared with
that found in partially self-incompatible and self-compatible
plants, and (b) seed germination was 1.7 times lower for
seeds sired following self-pollination compared with those
sired by cross-pollination. The first result suggests that
progeny of plants presenting a greater breakdown in SI had
higher fitness following all pollination types. This suggests
that these plants harbour lower levels of genetic load caused
by deleterious recessive or partially recessive mutations,
perhaps because of prior exposure to purifying selection in
lineages capable of inbreeding. On the other hand, the low
seed set and seed germination of strongly self-incompatible
plants may be caused by factors other than SI such as environ-
mental variation in temperatures causing impaired develop-
ment of the seeds (Valencia-Dı́az and Montaña, 2005).
Higher rates of seed germination in self-compatible compared
with self-incompatible lineages were also observed in
Leavenworthia alabamica (Busch, 2004).

Effect of strength of SI and scrub density on inbreeding
depression

Inbreeding depression in seed germination (dgerm) decreased
fitness in the plants of F. cernua that were capable of self-
fertilization and this effect was stronger in high- than in
low-density scrubs. In the low-density scrub, seeds sired
from self-pollination had similar seed germination to those
sired from cross-pollination in both scrub types, and higher
seed germination than those sired from self-pollination in
high-density scrubs. This suggests that the low value of dgerm

in low-density scrubs is associated with a reduction of
genetic load in this early fitness component. Cumulative
levels of inbreeding depression in another partially SI
species, Campanula rapunculoides, were found to be lower
in weak compared with strong SI lines, but in all cases were
.0.5 (Vogler et al., 1999; Good-Avila et al., 2003), while in
Senecio squalidus they were ,0.5 under greenhouse con-
ditions for both partially self-compatible and self-incompatible
plants (Brennan et al., 2005).

Although cumulative levels of inbreeding depression across
multiple fitness characters would certainly be higher than
those recorded only for seed germination, cumulatively, the
data presented here suggest that a mixed mating system, with
low rates of self-fertilization, may be possible in F. cernua
because levels of dgerm were frequently found to be lower
than 0.5 (30 plants) and lower or equal to 0 (26 plants)
(Fig. 4). Low levels of self-fertilization may be maintained
in populations when reproductive compensation occurs in the
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presence of pollen limitation (Vallejo-Marı́n and Uyenoyama,
2004; Porcher and Lande, 2005). Even when inbred progeny
are competing with outbred progeny for maternal resources,
reproductive compensation is an important factor leading to
the stability of mixed mating systems if the cumulative
inbreeding depression after the dispersal of seeds is low
(Harder et al., 2008). However, the complete loss of SI and
selection for increased rates of self-fertilization would be con-
strained in the species, as shown by the presence of a large
number of plants, 83 %, that set very few seeds after
self-fertilization.

Effect of strength of SI and population density on multiplicative
female fitness

Theoretical work has shown that if modifiers increasing
rates of SC and/or self-fertilization become associated with
high-fitness genotypes, selection for SC can occur
(Holsinger, 1988). There is some evidence that this could be
occurring in F. cernua because (a) more than half of the self-
incompatible to self-compatible plants showed low or negative
dgerm (Fig. 4) and (b) partially self-incompatible and self-
compatible plants had higher overall female fitness. Thus col-
lectively the present data on pollen limitation, variation in the
strength of SI and inbreeding depression suggest that the
partial breakdown of SI may be selected because (a) it helps
to ensure reproduction in this pollen-limited species, (b) indi-
viduals expressing a breakdown in SI achieve higher out-
crossed reproductive success and (c) modifiers increasing
rates of self-fertility have become weakly associated with
lineages expressing reduced genetic load.

The possibility that low levels of self-fertility are favoured
in low- and high-density scrubs is consistent with the possi-
bility that SC could be favoured during periods of colonization
in F. cernua (Montaña et al., 1990). Secondary dispersal of
F. cernua seeds along ephemeral, surface water runoff routes
may occur from low- to high-density scrubs as the former
are located upstream of high-density scrubs (Montaña, 1992).
Thus, population establishment in high-density scrubs could
be facilitated by the establishment of seeds from partially self-
incompatible and self-compatible plants, while SI could be
restored when seeds from strongly self-incompatible and self-
incompatible plants establish after S-allele diversity has
increased. Partial SI, characterized by variation in the strength
of SI, increased SC and/or low self-fertilization rates, may be a
common feature of colonizing and invasive plants, and has
been documented for Crepis sancta, another colonizing
member of the Asteraceae (Cheptou et al., 2002) and for the
successful invader species Senecio squalidus (Brennan et al.,
2005), S. inaequidens (Lafuma and Maurice, 2007) and
Campanula rapunculoides (Good-Avila et al., 2008a).

Conclusions

In conclusion, F. cernua shows variation in the strength of
SI: while approx. 83 % of the plants did not set seeds after self-
pollination, the remaining 17 % presented a partial or complete
breakdown in SI. Low female fertility in F. cernua appears to
be caused by poor availability of compatible mates that limits
seed set, particularly in strongly self-incompatible plants. Seed

germination in the species is generally low, however, approxi-
mately one-half of the self-compatible plants showed low or
negative dgerm, indicating that modifiers increasing rates of
SC may have become associated with high-fitness genotypes.
Finally, all plants exhibiting either a partial or complete break-
down of SI had significantly higher outcrossed seed set than
self-incompatible plants, suggesting that reproductive compen-
sation as well as pollen limitation is occurring in this species.
Cumulatively these results suggest that partial SI may be
selected in F. cernua; even though the species maintains low
levels of inbreeding it may be sufficient to allow populations
to increase reproductive output and establish new populations
during periods of colonization.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following figures and tables.
Fig. S1: Frequency distribution of plants in low- and high-
density scrubs according to SI categories. Fig. S2: Frequency
distribution of plants in which hand cross-pollinations were
cross-incompatible or cross-compatible in each SI category.
Table S1: ANOVA for seed set after hand cross-pollination
for 100 Flourensia cernua plants growing in the Mapimi
Biosphere Reserve. Table S2: ANOVA for the floral display
of 61 Flourensia cernua plants. Table S3: Mean and standard
errors for the fitness components used to estimate multiplica-
tive female fitness.
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