
Abstract

Alonso, C. & García-Sevilla, M. 2013. Strong inbreeding depression and in-
dividually variable mating system in the narrow endemic Erodium cazor-
lanum (Geraniaceae). Anales Jard. Bot. Madrid 70(1): 72-80.

Angiosperms evolved different systems to attract effective pollinators
while reducing selfing in hermaphroditic flowers. Selfing ability can be ad-
vantageous when pollinators and/or mates are scarce, although inbreed-
ing depression may largely reduce those advantages. Recent comparative
analyses suggested endemic species tend to evolve self-compatibility but a
better understanding of the associated reproductive and genetic trade-
offs is required. Experimental hand-pollinations under greenhouse condi-
tions were conducted to investigate the selfing ability and estimate in-
breeding depression up to the offspring’ first reproductive event in Ero
dium cazorlanum, a narrow endemic species restricted to dolomite out-
crops in SE Spanish mountains. We found autonomous selfing ineffective.
Further, when experimentally applied, pollen of the same flower produced
significantly fewer fruits and seeds compared to geitonogamous and cross
pollinations. The number of seeds per fruit was significantly higher after
cross pollinations and strong inbreeding depression accumulated through
the life-cycle. Interestingly, individual plants exhibited broad variation in
selfing ability with six out of 14 individuals producing no seed after
geitonogamy. Understanding the consequences of individual variation in
self compatibility deserves further investigation in the field now that we
know that strong inbreeding depression may limit recruitment of selfed
progeny.

Keywords: endemism, geitonogamy, inbreeding depression, mating sys-
tem, self compatibility, stigmatic pollen load.

Resumen

Alonso, C. & García-Sevilla, M. 2013. Acusada depresión por endogamia y
sistema reproductivo variable entre individuos en una especie endémica
estricta, Erodium cazorlanum (Geraniaceae). Anales Jard. Bot. Madrid
70(1): 72-80 (en inglés).

Las Angiospermas han desarrollado diversos sistemas para atraer poliniza-
dores eficientes y al mismo tiempo reducir la posibilidad de autopoliniza-
ción asociada al hermafroditismo. La capacidad de autopolinización puede
ser ventajosa en situaciones de escasez de polinizadores y/o individuos re-
productores, beneficios que pueden reducirse ampliamente a causa de la
depresión por endogamia. Análisis filogenéticos recientes indicaron que
las especies endémicas tienden a presentar sistemas de autocompatibili-
dad, por tanto es preciso analizar en profundidad los costes y beneficios re-
productivos y genéticos asociados a la autocompatibilidad en estas espe-
cies. Mediante polinizaciones manuales en condiciones de invernadero se
estimaron la capacidad de polinización espontánea, el grado de autocom-
patibilidad y la magnitud de depresión por endogamia acumulada hasta el
primer evento reproductor de la progenie en Erodium cazorlanum, una es-
pecie endémica estricta asociada a unos pocos afloramientos dolomíticos
en las montañas del SE español. La especie no mostró autonomía en la for-
mación de semillas. Además, el polen de la propia flor aplicado experi-
mentalmente sobre el estigma generó significativamente menos frutos y
semillas que el polen de otras flores de la misma planta o de plantas dife-
rentes. El número de semillas por fruto fue significativamente mayor en las
polinizaciones cruzadas y la magnitud de depresión por endogamia acu-
mulada a lo largo del ciclo de vida resultó ser muy elevada. Cabe destacar
también la amplia variabilidad obtenida en los niveles de autocompatibili-
dad de las plantas individuales, encontrando incluso que seis de los 14 in-
dividuos ensayados no produjeron ninguna semilla por geitonogamia. In-
vestigar el potencial adaptativo de esta variabilidad individual en condicio-
nes naturales resulta clave para entender la dinámica evolutiva de esta es-
pecie ahora que sabemos que la depresión por endogamia puede
constreñir el reclutamiento de progenies generadas por polen propio.

Palabras clave: endemismo, geitonogamia, depresión por endogamia,
sistema reproductivo, autocompatibilidad, carga polínica estigmática.
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INTRODUCTION

The hermaphrodite flowers, characteristic of many An-
giosperms, facilitate the deposition and collection of pollen
by pollinators in just one visit but they also open the possibi-
lity that self pollination eventually reduce the benefits of out-
crossing. Understanding how the compromise between ge-
netic and reproductive costs and benefits of selfing may have
triggered diversity of plant reproductive strategies and likely
species diversification in Angiosperms remains as one of the
hot topics in plant evolutionary biology (de Jong & Klink -
hamer, 2005; Barrett, 2008 and references therein; Goldberg
& al., 2010). Research on plant mating system of herma -
phroditic species during the last two decades has revealed
that intermediate mixed mating systems prevail among ani-
mal pollinated species (reviewed in Goodwillie & al., 2005),

and intraspecific variation in realized mating system can be
substantial depending on reproductive traits and ecological
conditions (see e.g. Barrett, 2003; Barrett & al., 2004) making
it more a population trait than a species attribute, at least in
some cases. In addition, species with well-characterized self-
incompatibility (SI) systems such as those found in the Brassi-
caceae and Solanaceae present some ability to set seeds with
self pollen in some populations (Good-Avila & al., 2008, and
references therein). In these pseudo self compatible (PSC)
species SI operates as a quantitative, rather than a qualitative,
trait due to the segregation of unlinked genes that modify the
strength of SI (Good-Avila & al., 2008). Whether such inter-
mediate strategies are widespread, artefactual or evolutionary
labile is under debate (see Raduski & al., 2012 and references
therein). In some cases, PSC could be an evolutionary stage in
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the path towards self-compatibility (Allen & Hiscock, 2008)
particularly favored when mates are limiting (Busch &
Schoen, 2008), for instance in small populations of endemic
spe  cies (e.g., Byers, 1995). 

Recent comparative analyses suggested that endemic
species tend to evolve self-compatibility (SC) systems (Alonso
& al., 2010) but PSC was not considered as a possible stage.
Interestingly, PSC has been found in several endemic species
(e.g., Byers, 1995; Bush, 2005; Glemin & al., 2005, Ortiz & al.,
2006; Nielsen & al., 2007; Weber & Goodwillie, 2009; Craw-
ford & al., 2010; Narbona & al., 2011) suggesting that en-
demics could be good species candidates for studying ongo-
ing evolutionary changes in mating system. Endemic species
frequently experience high pollen limitation in the character-
istically diverse communities where they occur (Vamosi & al.,
2006; Alonso & al., 2010). Evolution of SC when mating pos-
sibilities are limiting may be particularly beneficial because
autonomous selfers are expected to benefit from reproduc-
tive assurance (Kalisz & Vogler, 2003), and those selfing
species that require some pollination vector may still alleviate
pollen limitation (e.g., Weber & Goodwillie, 2009). Detailed
experimental studies to ascertain the potential mating system
of endemic species could be thus essential for conservation
purposes in some cases (e.g., Demauro, 1993) but also infor-
mative to unravel evolutionary changes in mating system (see
e.g. Carrió & al., 2009; Narbona & al., 2011). 

Inbreeding depression is the main genetic cost of selfing
with consequences for plant fitness and population viability.
The magnitude of inbreeding depression is frequently envi-
ronment-dependent and prevalent under stress (reviewed in
Cheptou & Donohue, 2011). Its effects can be delayed until
stages of plant reproduction subsequent to the production of
seeds, particularly in perennials (e.g., Barrett, 2003; Medrano
& al., 2005; Angeloni & al., 2011). Importantly, the magni-
tude of inbreeding depression can be reduced in the prezy-
gotic phase with increased pollen competition in the stigma
purging genetic load of self pollen, improving fitness of selfed
progeny and consequently reducing the costs of inbreeding
(Armbruster & Rogers, 2004; Lankinen & Armbruster,
2007). Thus, determining the effects of timing and load of self
pollen deposited on the stigma will be critical aspects to un-
derstand mating system and its reproductive consequences
(Lankinen & Madjidian, 2011). 

In this study, we tested for spontaneous selfing ability, indi-
vidual variability in relative success of self and cross pollina-
tions and inbreeding depression at successive reproductive
phases in Erodium cazorlanum, a spring flowering species en-
demic to SE Spanish dolomitic soils, categorized as vulnerable
by UICN (Blanca & al., 2009). Preliminary evidence indicating
reduced floral visitation rates and reproductive success in
some populations (Alonso & al., 2004) prompted the study of
mating system and inbreeding depression as potential con-
straints for the species persistence. Greenhouse experiments
allowing efficient exclusion of pollinators, reduction of envi-
ronmental heterogeneity, enlarged floral sample sizes, and de-
tailed floral manipulations become particularly valuable when
practical, ethical and legal restrictions apply to rare species
with remote populations and/or fragile habitats, despite there
is not a neat conclusion regarding the expected differences in

Inbreeding depression in Erodium cazorlanum

magnitude of inbreeding depression obtained under natural
and greenhouse conditions (Mena-Ali & al., 2008; Angeloni &
al., 2011). Experimental hand-pollinations under homogenous
greenhouse conditions were conducted to examine the effects
of both pollen quantity and origin by varying pollen-load size
of self pollen, the identity of cross pollen donors, and the use of
one or two pollen donors per flower. Treatment outcomes
were evaluated from seed production up to the offspring’s first
reproductive event. The following questions were explicitly
addressed: Does autonomous selfing occur in E. cazorlanum?
Are autogamous, geitonogamous and cross pollinations equal-
ly successful in terms of seed production and further offspring
developmental stages? Does pollen load size or between sires
competition affect pollination success? Do individual plants
vary in the relative success of self and cross pollinations? 

MATERIAL AND METHODS

Study species
Erodium cazorlanum Heywood (Geraniaceae) is a woody

rosulate chamaephyte, octoploid and endemic to a few adja-
cent mountain ranges in southeastern Spain (Blanca & al.,
2009). Currently, it is mainly restricted to isolated dolomitic
outcrops within the Natural Park of Sierras de Cazorla, Segu-
ra y Las Villas (Jaén province) where ca. 15 discrete, widely
spaced populations are currently known. Flowers are
hermaphrodite, pentamerous, last for 2-3 days, and are
markedly protandrous. During floral development anthers
draw back before stigma becomes receptive the following
day, keeping them far away from stigmatic lobes, occasional-
ly becoming detached from the filament and falling down,
and, thus, functionally reducing the possibility of au-
tonomous selfing (Fig. 1). Each anther produces 150-680 red
pollen grains (N = 10 anthers each one from a different indi-
vidual). During both male and female phases flowers produce
small amounts of nectar in the base of each petal. 

On average, individual plants produce 23 flowers per sea-
son (range 1-60 flowers; N = 30 plants). Flowers are clumped
in pedunculate inflorescences steadily produced along the
flowering season. Usually ≤ 5 flowers are open per individual
at a given date, frequently exhibiting asynchronous di-
chogamy (Fig. 1; C.A. unpubl. data). Flowering season starts
early in the spring extending from late April to mid June, al-
though a second flowering peak can occur in early autumn,
and plants under greenhouse conditions remain flowering
until the end of September. Fruits are schizocarps, each com-
prising five one-seeded mericarps.

The study was conducted on 14 adult E. cazorlanum potted
plants provided by the Torre del Vinagre Botanical Garden in
the Natural Park of Sierras de Cazorla, Segura y Las Villas,
grown there from bulk seeds collected from a single popula-
tion (Puerto del Tejo).

Greenhouse experimental pollinations
During 2005, plants were kept under greenhouse condi-

tions, watered daily and excluded from eventual pollinators
with fine nylon tulle from the onset of flowering to midsum-
mer when fruits were collected. Pollen was applied by cutting
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a stamen with forceps and brushing the dehisced anther di-
rectly onto the stigma until all five lobes were thoroughly
coated with pollen, as easily observed with magnifying glass-
es. In the vast majority of cases anthers were detached from
the flower immediately before being used for experimental
pollinations, only occasionally some anthers were preserved
sealed in a vial till the next day if the recipient flower was not
receptive. All pollinations were marked by placing a small
numbered jeweler tag around the pedicel. 

Fruit and seed production was quantified in enclosed and
unmanipulated flowers to test for spontaneous selfing auton-
omy. The output of autogamous and geitonogamous hand-
pollinations was compared by including a selfing pollination
treatment with pollen from the same flower, conducted only
when anthers did not fall down before the stigma became re-
ceptive, a treatment that was not feasible under field condi-
tions because marked protandry and pollen depletion. Fur-
ther, two levels of self pollen from a different flower were ap-
plied by brushing the stigma with one anther (low quantity)
or two anthers (high quantity) to investigate the effect of in-
creased stigmatic self pollen loads on the probability of set-
ting fruit, the number of seeds/fruit or seed mass. 

Crossings were conducted using pollen loads varying in
quantity and quality by applying pollen from a single pollen
donor or two in order to detect the effects of increased cross
pollen competition on the probability of setting fruit, the num-
ber of seeds/fruit or seed mass. We allocated available recep-
tive flowers to pollination treatments and sires as evenly as pos-
sible. Due to variation in floral display size and timing, the
number of pollen recipient flowers per plant ranged 20-80,
with an average of 46 recipient flowers per plant. Special care
was taken to conduct self and cross treatments on similar dates
in each plant to control for potential seasonal effects. Altoge-
ther we pollinated 630 flowers, 150 with self pollen (autogamy
and geitonogamy), 221 with one sire cross pollen and 259 with
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two sires cross pollen. The pursued diallel crossing scheme in
which all plants were used as both pollen donors and recipi-
ents was accomplished in a subset of eight plants for which we
were able to further test for siring differences between indi-
viduals and the existence of reciprocal incompatibilities. 

Developing fruits were individually covered with transpar-
ent food cellophane bags to collect seeds, accidentally some
of the bags were open before collection and incomplete seed
counts (N = 42) were excluded from seed set analyses. All
seeds obtained (N = 453) were individually weighed and seed
mass was analyzed as an a priori surrogate of seed quality.
Seeds obtained from selfing and one sire crossings (N = 220)
whose father was known with certainty were sown in Septem-
ber. Nine came from within-flower pollinations, 52 from
within-plant pollinations and 159 from one sire cross pollina-
tions. Germination trial of the 233 seeds obtained from the
two sire treatment was discarded because the father was un-
certain. Germination rates and survival under greenhouse
conditions till the end of their first flowering event was
recorded. Inbreeding depression coefficient (�) was calculat-
ed for each life stage as � = 1 − (ws/wx), where ws and wx are
the fitness of selfed and crossed progeny, respectively. Fitness
estimates per stage were sequentially multiplied to obtain a fi-
nal multi-stage estimate of inbreeding depression. Flower
production, spontaneous fruiting and survival after repro-
duction of the first generation offspring were also recorded. 

Statistical analyses
All statistical analyses were conducted with SAS 9.2 (SAS

Institute, 2008). The effects of pollination treatments were an-
alyzed with Generalized Linear Mixed Models (Proc GLIM-
MIX) and the back transformed least squares adjusted means
(± s.e.), that estimate the marginal means corresponding to the
fixed effects over a balanced population, will be presented. In
this greenhouse study, pollination treatment and mother plant
were considered as fixed effects while the sire effect was con-
sidered random because unbalanced sample size, except for
the diallel analyses (see below). The effects of treatment were
evaluated using the following planned contrasts: within-flower
autogamous vs. within-plant geitonogamous selfing (with two
levels); low vs. high quantity of within-plant selfing; one sire vs.
two sires cross pollination; and within-plant geitonogamy
(with two levels) vs. cross pollination (with two levels). Fruit set
(proportion of treated flowers that eventually produced a fruit)
and seed set per fruit (number of seeds out of five produced
per fruit) were modeled as binomial processes using logits,
seed mass was averaged per fruit and modeled with a normal
distribution. The relationships between seed mass and the
number of seeds per fruit and between seed mass and germi-
nation outcome were also explored. In addition, we calculated
for each mother plant a continuous index of self-incompatibil-
ity (ISI) as the ratio of fruit set following geitonogamous self
pollination compared to outcross pollination. Also, the num-
ber of selfed seeds per ovule divided by the number of out-
crossed seeds per ovule was calculated for every mother plant,
with values < 0.2 being considered as evidence of self-incom-
patibility (Zapata & Arro yo, 1978) and its relationship with the
total number of flowers produced per plant analyzed. 

Fig. 1. Close view of two flowers of Erodium cazorlanum from the same
inflorescence illustrating the morphological changes associated to floral
ontogeny and protandry. Initially, during male phase (right flower) stig-
matic lobes are closed, stamens are straight and anthers dehisce to offer
pollen, note the two already dehisced anthers showing abundant red
pollen. After, during female phase (left flower) the five receptive stigmatic
lobes open in a star like shape, the stamens draw back and eventually an-
thers fall down, note that only one anther remains attached to the fila-
ment. Those changes functionally reduce the possibility of autonomous
selfing but asynchrony among flowers allows geitonogamy.
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Differences in successive fitness components were estimat-
ed by assessing the treatments effect on seed germination and
seedling survival till flowering, both modeled as binomial
processes, including the original pollination treatment (self
vs. cross) as a fixed effect whereas mother-plant effects were
modeled as random because largely unbalanced sample sizes.
Finally, differences in flower production by first-generation
individuals were analyzed with pollination treatment prove-
nance (self vs. cross) included as a fixed effect, mother-plant
as random effect and the response variable modeled as nega-
tive binomial to improve model fit. 

For the subset of eight plants involved in the diallel crossing
scheme, siring differences between individuals were tested by
introducing the identity of the single donor cross pollinations
as a fixed effect modeling all other items as explained above.

RESULTS

Selfing autonomy and relative success of autogamous 
and geitonogamous hand-pollinations

Autonomous selfing was exceptional or accidental under
greenhouse conditions and did not occur in all experimental
plants. In total, 42 spontaneous fruits were developed out of
> 3000 unmanipulated flowers checked, and from those only
four included a single full grown seed that did not germinate.

Accounting for the effects of individual variation (see be-
low), within-flower hand-pollinations were on average less
successful than geitonogamous hand-pollinations (Fig. 2A)
and the probabilities of setting fruit under the two types of
selfing treatments differed significantly (F1,268 = 11.21, P =
0.0009). Seed-set per fruit was in contrast similar between the
two types of selfing (F1,231 = 0.30, P = 0.58; Fig. 2B) and selfed
fruits set on average 1.1 seeds. We found that a high percent-
age of fruits had no full-grown seed inside, 40 % in within-
flower and 32.5 % in within-plant treatments, respectively.
The average number of seeds per fruit in selfed fruits as a
group rose up to 1.64 after discarding fruits without seeds
and still seed set per fruit was similar between the within-
flower and within-plant selfing treatments (F1,160 = 0.001, P =
0.96). Altogether, only 2.1 % of the treated ovules set seeds
after within-flower hand pollinations and 7.2 % after within-
plant hand pollinations (F1,558 =12.21, P = 0.0005). 

Early inbreeding depression: reproductive output 
after geitonogamy and outcrossing

The quantity of self pollen applied did not affect either
fruit set (F1,268 = 0.36, P = 0.55; Fig. 2A) or seed set per fruit
(F1,231 = 0.07, P = 0.80; Fig. 2B). We neither found differences
between one and two sires cross treatments in terms of fruit
set (F1,268 = 0.23, P = 0.63; Fig. 2A) and seed set probabilities
(F1,231 = 0.02, P = 0.90; Fig. 2B), suggesting that pollen compe-
tition between individuals at the doses assayed did not quan-
titatively affect seed output.

Probability of setting a fruit with pollen from a different
flower of either the same or another individual was similar
and relatively low for hand-pollinations under greenhouse
conditions (Table 1). The number of seeds per fruit was sig-
nificantly higher after cross than self pollinations (Table 1).

Inbreeding depression in Erodium cazorlanum

Discarding the fruits without full-grown seeds (32.5 % and
25.9 % of selfed and crossed fruits, respectively) the number
of seeds per fruit remained higher after cross hand pollina-
tions (F1,160 = 3.72, P = 0.056). These results indicate that in E.
cazorlanum inbreeding depression would primarily affect re-
productive output throughout deleterious effects on the
number of seeds per fruit. When both parameters were com-
bined to estimate the proportion of treated ovules that even-
tually produce a seed after different pollination treatments we
found that cross pollinations were significantly more success-
ful (Table 1).

Individual variation in success of hand-pollinations 
and self-compatibility index

Differences among individuals in fruit set were highly sta-
tistically significant controlling for among-treatment diffe-
rences (F13,268 = 5.97, P < 0.0001). Different study plants set 

75

Anales del Jardín Botánico de Madrid 70(1): 72-80, enero-junio 2013. ISSN: 0211-1322. doi: 10.3989/ajbm. 2326

Fig. 2. Probability (least square means + SE), after accounting for maternal
fixed effects and siring random effects, that a treated Erodium cazorlanum
flower eventually produce a fruit (a) and that each of the five ovules of a
fruit give rise a full grown seed (b) following different hand pollination
treatments under greenhouse conditions. Treatments included pollen
from the same flower; two levels of self pollen from a different flower ap-
plied by brushing the stigma with one anther (low quantity) or two anthers
(high quantity); and two types of cross pollen applied by brushing the stig-
ma with one anther of a single donor (one sire) or two donors (two sires).
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4.1 % to 97.9 % of treated flowers. Differences among indi-
viduals in seed set per fruit were also highly statistically signif-
icant (F13,231 = 9.30, P < 0.0001) with different study plants fill-
ing their fruits with between 11.5 % to 50.1 % of the five
available ovules per fruit. Consequently, the probability of
setting a seed per ovule varied widely among mother plants
(F13,558 = 13.45, P < 0.0001; Fig. 3A), thus indicating that plant
individual features were highly influential for reproductive
output after hand-pollinations under greenhouse conditions.
No significant correlation was found across plants between
average maternal seed set per ovule and flower production (rs

= –0.05, N = 14, P = 0.87), a potential surrogate of individual
condition.

Furthermore, the self incompatibility ratio index (ISI)
based on seeds per ovule averaged 0.59, supporting self com-
patibility at the species level, but also highlighting outstand-
ing individual variation in self compatibility (Fig. 3B). Six in-
dividuals produced no seed after selfing, in contrast, four in-
dividuals exhibited higher success after selfing, and the other
four presented intermediate values suggesting a PSC system.
The individual ISI was neither significantly correlated to indi-
vidual flower production (N = 14, rs = –0.14, P > 0.40). In-
deed, discarding the six self-incompatible mothers we found
a higher fruit-set after selfing (73.9 % ± 7.0 vs. 53.0 % ± 4.9;
F1,138 = 6.16, P = 0.014), with a marginally significant lower
proportion of seeds per fruit (32.6 % ± 4.7 vs. 42.4 % ± 3.1;
F1,109 = 3.43, P = 0.067) that led to absence of differences be-
tween treatments in the proportion of seeds per ovule pro-
duced (13.5 % ± 1.7 vs. 13.9 % ± 2.7; F1,318 = 0.02, P = 0.89)
and, thus, absence of inbreeding depression in terms of seed
output of self-compatible mothers.

The diallel design revealed significant differences between
individuals in their seed siring success (F7,62 = 2.64, P = 0.019)
that ranged between 9 and 34 % seeds of the attempted
ovules and was unrelated to their maternal ability to produce
seeds after cross pollinations (rs = –0.024, N = 8, P = 0.95; for
the diallel design). We did not find evidence of reciprocal in-
compatibilities among the eight individuals assayed.

C. Alonso & M. García-Sevilla

Late inbreeding depression: seed mass, germination, seedling
survival and next-generation reproduction

Seeds that germinated were only marginally heavier than
those that failed to do it under greenhouse conditions (5.19 ±
0.18 mg vs. 4.89 ± 0.13 mg, respectively; F1,205 = 3.38, P =
0.068). Once more, differences among mother plants were
highly statistically significant in determining seed mass (F13,205

= 11.88, P <0.0001). However, in the diallel design sires were
not found to differ in the average mass of sired seeds (F7,18 =
0.45, P = 0.85).

As regards the effects of pollination treatments on per fruit
averaged seed mass, we found that seed mass was similar be-
tween the two within-plant self pollination treatments (4.08 ±
0.30 mg vs. 4.35 ± 0.27 mg for low and high quantity of self
pollen, respectively; F1,176 = 0.53, P = 0.47) and also between
the one and two sires cross treatments (5.02 ± 0.15 mg vs. 5.17
± 0.15 mg, respectively; F1,176 = 0.92, P = 0.34). In contrast,
seeds were significantly heavier after cross than within-plant
self pollinations (Table 1) suggesting that inbreeding depres-
sion affects seed provisioning in E. cazorlanum. Curiously,
seeds produced by within-flower pollinations were slightly
but non-significantly heavier than those obtained by within-
plant pollinations (4.96 ± 0.42 mg vs. 4.22 ± 0.23 mg; F1,176 =
2.81, P = 0.096). 

Germination rates were globally low. Seeds obtained from
cross pollinations were marginally more successful than those
obtained from within-plant self pollinations (Table 1), where-
as percentage of germination was similar between selfing treat-
ments (13.9 ± 13.4 % for within-flower pollinations; F1,11 =
0.04, P = 0.85). None of the seedlings originated from within-
flower pollinations survived till flowering. Survival rates were
higher for crossed than selfed seedlings although such diffe-
rences were not statistically significant after accounting for
random among-plant variation effect (Table 1). Inbreeding
depression coefficient from germination till flowering stage
was 0.70. Furthermore, floral production was significantly
higher in crossed than in selfed seedlings (Table 1). Finally, af-
ter flowering only 17 out of 40 individuals survived, survival
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Table 1. Estimated fitness components of Erodium cazorlanum after within-plant self (geitonogamy) and cross pollinations conducted in 14 potted plants
under greenhouse conditions. Self pollen comprised low and high quantity within-plant pollination treatments (N = 97 flowers); cross pollen comprised
one sire and two sires pollination treatments for the first four components (N = 480 flowers), and only one sire treatment (N = 221 flowers) from the ger-
mination rates onwards. The significance of differences between the two pollen sources was tested throughout pre-planned contrast with Generalized
Linear Mixed Models and thus numerator degrees of freedom was always 1. Models included mother and sire as fixed and random effects, respectively
(see methods for further details). Least square means ± SE are shown. Inbreeding depression coefficient (�) of quantitative fitness components is also
shown. Seed mass was averaged per fruit before analyses.

Pollen source Statistics
�Fitness component

Geitonogamy Cross F ddf P   

Fruits/flower (%) 43.9 ± 6.2 46.4 ± 3.6  0.14 268 0.71
Seeds/fruita (%) 20.8 ± 3.6 29.5 ± 2.6  5.09 231 0.025
Seed setb (%) 7.2 ± 1.2 10.7 ± 1.0 8.18 558 0.004 0.33
Seed massc (mg) 4.22 ± 0.23 5.08 ± 0.13 16.31 176 <0.0001
Germination (%) 16.8 ± 6.3 30.7 ± 6.5 3.94 11 0.07 0.45
Survival till 1st flowering (%) 33.8 ± 14.9 62.0 ± 7.4 2.87 3 0.19 0.46
Survival post-flowering (%) 28.5 ± 25.2 47.5 ± 10.8 0.43 2 0.58 0.40
Offspring flower productionc 116.5 ± 29.0 267.9 ± 22.0 10.08 38 0.003

a Percentage of the five ovules developed into seeds within a fruit. b Percentage of total treated ovules developed into seeds. c Not included to estimate the acumulative in-
breeding coefficient.
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rates were again higher for crossed than selfed individuals, al-
though such differences were not statistically signifi cant after
accounting for random among-plant variation effect (Table 1). 

To sum up, inbreeding depression was cumulatively strong
in E. cazorlanum under greenhouse conditions. Self pollen
was unable to produce seeds in some individuals and also
cross pollinations resulted in a higher number of seeds per
fruit. Further, we found a qualitative effect on seed provision-
ing and germination ability, seedling survival till the first re-
productive event, first generation floral display size and fur-
ther survival. Altogether only one of the survivors after the
first flowering event was originated from the 750 self pollinat-
ed ovules whereas 16 came from the 1105 ovules treated with
cross pollen from a single donor. 

DISCUSSION

Inbreeding depression is a strong evolutionary force able
to modulate changes in Angiosperms mating system to effec-
tively attract pollinators while reduce selfing (Barrett, 2003).
In the following paragraphs we discuss the implications that
high inbreeding depression may have in the evolution of mat-
ing system and population persistence of a non-autonomous
habitat specialist endemic species.

Pollen vector requirement and individual variation 
in experimental self compatibility

In this study, we found that unpollinated flowers of E. ca-
zorlanum may occasionally start swelling the fruit but very
rarely produce some seeds. Marked protandry and changes 
in the relative location of anthers and stigma promoting her -
kogamy during floral ontogeny combined to highly limit the
ability for autonomous selfing in E. cazorlanum. Nonetheless,
the species was able to produce seeds when pollen from the
same flower was experimentally applied onto the stigma, al-
though this treatment was quantitatively less successful than
within plant geitonogamous pollinations supporting an adap-
tive value of avoiding autonomous selfing (Fig. 1). The re-
duced ability of the pollen of the same flower to produce
fruits and seeds might be partially related to a decrease of
pollen fertilization ability with aging associated to delayed fe-
male phase within the flower (Dafni & Firmage, 2000), that
was not fully overcome by our experimental procedure. The
potential advantage of stamens movement for increasing
pollen export during the male phase should be tested under 
a natural pollination regime (see e.g. Sun & al., 2011 for fle-
xistyly). 

As regards selfing after geitonogamy, the amount of pollen
applied did not quantitatively affect reproductive output,
suggesting that both treatments exceeded the pollen load
threshold for quantity limitation of seed production (Aizen &
Harder, 2007; Alonso & al., 2012). Similarly, increased pollen
load size aiming to enhance pollen competition did not influ-
ence seed mass or germination as expected from added op-
tions for purging the genetic load of self pollen (Armbruster
& Rogers, 2004; Lankinen & Armbruster, 2007), perhaps be-
cause even the low quantity treatment supplied enough
pollen for strong pollen competition (Marshall & al., 2007).
Still we cannot disregard the possibility that differences be-

Inbreeding depression in Erodium cazorlanum

tween the amount of pollen receipt could appear at lower
doses as those expected to received from insect pollinators,
later reproductive stages or under natural conditions (see e.g.,
Kalla & Ashman, 2002). In addition, we found that many
fruits did not fully develop any seed, a feature in common
with other Erodium (Albert & al., 2001) and Geranium spe -
cies (Hessing, 1989). Consequently, success in setting seeds
was remarkably lower than for setting fruits (< 11 % vs. > 43
% for seed and fruit set respectively), an aspect to consider
when comparing fruit set values (see also Raduski & al.,
2012), and also relatively low for experimental hand pollina-
tions in potted plants. Geitonogamous self pollinations were
found to be quantitatively less successful than cross pollina-
tions in terms of seeds per fruit and seed set, although the rel-
ative success of both treatments (ISI = 0.59) would still classi-
fy E. cazorlanum as a SC species according to the widely ac-
cepted criterion of ISI ≥ 0.2 (Igic & al., 2008; Raduski & al.,
2012). 

An unanticipated result of this greenhouse study was that
individual plants exhibited broad variation in selfing ability
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Fig. 3. a, differences among mother plants in the probability (least square
mean + SE) that a treated ovule eventually produce a seed, after account-
ing for the fixed effects of pollination treatments applied and siring ran-
dom effects. b, individual self incompatibility index calculated as the ratio
between the percentage of seeds per ovule obtained following self and
cross pollinations, respectively. The dashed line indicates the same ability
to produce seeds after self and cross pollinations and cero values applied
to individuals unable to produce seeds after self pollinations.
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(Fig. 2), an aspect that has been rarely reported in the litera-
ture but seems to be not such an uncommon phenomenon
(see Raduski & al., 2012). Six out of 14 individuals produced
no seed after experimental geitonogamy, and one exhibited
much higher success after self than cross pollinations.
Whether this fact would be adaptive or not is controversial
because in non autonomous SC species mating system will
largely depend on pollinators behavior and, thus, could be
non adaptive (Kalisz & Vogler, 2003). However, maternal dif-
ferences in self compatibility with a genetic basis could be un-
der natural selection (Levin, 1996; Good-Avila & Stephen-
son, 2003). There are SI species in Geraniaceae (de Nettan-
court, 1997), even individual variation in self compatibility
has been reported in the family (Hessing, 1989, and refer-
ences therein), but we are not aware of any study describing
the genetic basis underlying such phenomenon. Further,
based on floral design it has been suggested that different
mating strategies exist in Erodium sp. with E. cazorlanum hav-
ing recently evolved within the most variable clade (Alarcón
& al., 2011). Noteworthy, ploidy levels are variable within the
Erodium genus, with some species closely related to E. cazor-
lanum being variable at the intraspecific level (Alarcón & al.,
2011). Complex relationships exist between polyploidy, mat-
ing system and inbreeding depression that would be worth to
empirically asses within variable lineages and species to fur-
ther clarify the evolutionary processes linking to each other
(Barringer, 2007).

As regards reproductive success, this greenhouse study re-
vealed that individual seed production can be affected by the
relative amount of self and cross pollen deposited on the stig-
mas by pollinators, making E. cazorlanum a species suscepti-
ble of being qualitatively pollen limited (Aizen & Harder,
2007; Alonso & al., 2010). Under natural conditions usually
not more than five flowers per plant are open simultaneously
and, thus, we expect a mixed mating system largely depen-
dent on flower production, synchrony among flowers and
pollinators abundance and behavior (e.g. Albert & al., 2008;
Karron & al., 2009). Thus, consequences of individual varia-
tion in SC in E. cazorlanum deserve further study in natural
populations. In this context, it is important to recall that both
resources and pollen can limit plant reproduction (Burd,
2008). In the field, E. cazorlanum individual plants produce a
number of flowers that ranges from 1 to 60 depending on
plant size and season whereas individuals in the greenhouse
were able to extend their flowering season and produce more
than 400 flowers. Such dramatic differences suggest that
plant reproduction is likely to be limited by the harsh envi-
ronmental conditions typical of dolomite soils (Mota & al.,
2008) and unpredictable spring precipitation of Western
Mediterranean mountains (Romero & al., 1998; Romero &
al., 1999). Thus, the relative role of resource and pollen limi-
tation of seed production should be further examined in the
field (e.g., Asikainen & Mutikainen, 2005).

Inbreeding depression and evolution of mating system 
in a narrowly distributed species

Although a recent meta-analysis link the magnitude of in-
breeding depression more to plant population size than to
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species specific traits (Angeloni & al., 2011), previous studies
suggested that species that typically outcross tend to have
greater inbreeding depression than species that typically self
(Husband & Schemske, 1996), and that inbreeding depres-
sion is usually greater when measured under field than under
greenhouse (benign) conditions (Mena-Ali & al., 2008 and
references therein; but see Angeloni & al., 2011). The magni-
tude of inbreeding depression also varied among different
life-cycle stages (Angeloni & al., 2011). For E. cazorlanum, we
found that the quality of crossed seeds was consistently high-
er in terms of mass, germination, survival and flower produc-
tion (Table 1) indicating a strong inbreeding depression even
under the relatively benign greenhouse conditions, with a cu-
mulative coefficient encompassing the whole life cycle from
seed production to offspring survival after the first reproduc-
tive event � = 0.78. This figure is at the higher boundary even
for SI species (Husband & Schemske, 1996), thus, suggesting
a long prior history of reduced selfing. Such strong inbreed-
ing depression will condition individual fitness, and popula-
tion demography would be indeed much largely affected by
pollen quality issues associated to pollinators behavior than
expected from the seed output difference observed between
experimental self and cross pollinations (see also Herrera,
2000). 

Accordingly, E. cazorlanum mating system will determine
seed output and the initial quality variation among siblings
but inbreeding depression before the offspring reach repro-
ductive stage will favor cross offspring establishment (Barrett,
2003; Medrano & al., 2005; Robertson & al., 2011) and, thus,
maternal plants with reduced selfing, even if were able to pro-
duce less seeds, could get higher fitness in the long term and
spread into the population. Additionally, the reduced repro-
ductive output and germination rates here recorded could be
associated to genetic load, owing to the reduced genetic vari-
ability and biparental inbreeding associated to small and spa-
tially isolated populations (Richards, 2000). A partial self
compatibility strategy may be particularly beneficial in small
populations, unpredictable environments and during colo-
nization processes (Levin, 1996), all features typical of
marginal populations (e.g., Herlihy & Eckbert, 2005), but oc-
curring also in habitat specialists. When small, isolated or
poor quality habitat patches lead to small populations with
low genetic variation (reviewed in Cole, 2003; but see Medra-
no & Herrera, 2008) and mates become limiting, SC individ-
uals would be favored (Busch & Schoen, 2008). Alternatively,
seed discounting and strong inbreeding depression will large-
ly increase the relative fitness of SI individuals under resource
limitation of seed production, expected to arise in poor
dolomitic soils with unpredictable rainy seasons where E. ca-
zorlanum populations occur (see above). Thus, if mating and
resource limitations are variable among sites, years or both,
partial self compatibility could be an evolutionary stable re-
productive strategy (Harder & al., 2008). 

Population and individually variable self-compatibility has
been found in several endemic species as mentioned at Intro-
duction. Such variable species can be good model systems to
trace evolutionary pathways in mating systems also at in-
traspecific levels (e.g., Koelling & al., 2011). Classical green-
house experiments become excellent for the detailed studies
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of mating system and inbreeding depression at successive re-
productive stages required to initially understand the poten-
tial advantages and disadvantages of selfing in these species
whose extensive manipulation in the field may be problemat-
ic. From a conservation viewpoint, threats to narrow endem-
ic species could arise from their genetic background (Ell-
strand & Ellam, 1993; Angeloni & al., 2011), limited repro-
duction at biodiversity hotspots (Alonso & al., 2010) or a
combination of both factors throughout transitions in mating
system than could alleviate some of the risks. Further field
studies relating population size, realized mating system and
quantity and quality limitation of seed production are re-
quired to understand relevance of mating system for popula-
tion structure and conservation of endemic species.
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