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INTRODUCTION

ABSTRACT

Plant mating systems are driven by several pre-pollination factors, including pollina-
tor availability, mate availability and reproductive traits. We investigated the relative
contributions of these factors to pollination and to realized outcrossing rates in the
patchily distributed mass-flowering shrub Rhododendron ferrugineum. We jointly
monitored pollen limitation (comparing seed set from intact and pollen-supple-
mented flowers), reproductive traits (herkogamy, flower size and autofertility) and
mating patterns (progeny array analysis) in 28 natural patches varying in the level of
pollinator availability (flower visitation rates) and of mate availability (patch floral
display estimated as the total number of inflorescences per patch). Our results showed
that patch floral display was the strongest determinant of pollination and of the real-
ized outcrossing rates in this mass-flowering species. We found an increase in pollen
limitation and in outcrossing rates with increasing patch floral display. Reproductive
traits were not significantly related to patch floral display, while autofertility was neg-
atively correlated to outcrossing rates. These findings suggest that mate limitation,
arising from high flower visitation rates in small plant patches, resulted in low pollen
limitation and high selfing rates, while pollinator limitation, arising from low flower
visitation rates in large plant patches, resulted in higher pollen limitation and out-
crossing rates. Pollinator-mediated selfing and geitonogamy likely alleviates pollen
limitation in the case of reduced mate availability, while reduced pollinator availabil-
ity (intraspecific competition for pollinator services) may result in the maintenance of
high outcrossing rates despite reduced seed production.

conditions, pollen limitation is expected to be negatively
related to both flower visitation rate and population size

Evidence of a global reduction in pollinator populations and
fragmentation of plant populations is increasing worldwide
(Biesmeijer et al. 2006; Potts et al. 2010; Winfree et al. 2011).
These global changes create an urgent need to understand the
relative contributions of pollinator and mate availabilities in
affecting pollination and plant reproductive success. Many
angiosperms, including self-compatible species, naturally exhi-
bit pollen limitation (Knight ef al. 2005); however variable pol-
lination environments may exacerbate pollen limitation and
impact contemporary mating patterns.

Pollination failure occurs when too few compatible, too
many conspecific incompatible or heterospecific pollen grains
are deposited on stigmas, and has two main potential causes:
pollinator limitation and mate limitation (Ashman et al. 2004;
Knight et al. 2005; Aizen & Harder 2007). Pollinator and mate
limitations may be correlated because small and sparse plant
populations have a reduced attractiveness for pollinators (Jen-
nersten 1988; Kunin 1997; Dauber et al. 2010). Under such

(Rathcke 1983), likely creating an Allee effect in small popula-
tions (i.e., a positive relationship between density or popula-
tion size and any components of fitness; Groom 1998).
However, particularly in disturbed environments, pollinator
and mate limitations may occur independently and have differ-
ent ecological and evolutionary consequences on plant mating
systems, individual fitness and population demography and
survival (Eckert et al. 2010; Harder & Aizen 2010). Disentan-
gling the effects of plant versus pollinator limitation at local
scales is therefore a key step toward an accurate understanding
of plant—pollinator interactions, pollination and mating sys-
tems in a changing world (Cheptou 2012).

Pollinator limitation can occur independently of mate limi-
tation under several ecological contexts. First, a pollinator
community can be altered (reduction in pollinator abundance
or diversity) in plant population of any size, density and isola-
tion (Potts et al. 2010). Second, the lack of pollinators can
affect pollination more strongly than the lack of mates in small
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populations with low attractiveness (Rathcke 1983). Finally, in
large dense populations (Zimmerman 1980; Campbell &
Husband 2007; Ward et al. 2012) or for mass-flowering species
(Harder & Barrett 1996; Snow et al. 1996; Johnson et al. 2012),
pollinator limitation may result from high intraspecific compe-
tition for pollinator services. Insect visits per flower are there-
fore expected to decrease with increasing population size
(Rathcke 1983; Schmitt 1983; Schmid-Hempel & Speiser 1988),
and pollen limitation would be consequently higher in large
populations (Spigler & Chang 2009; Ward et al. 2012).

Mate limitation can occur independently of pollinator scar-
city in the case, for example, of rare species sharing pollinators
with co-flowering and more abundant species, or in the case of
a highly attractive species disproportionately visited relative to
its abundance in the community (Delmas et al. 2014). Under
limited mate availability, pollen quality (incompatible pollen),
pollen quantity and heterospecific pollen deposition are likely
to limit seed production (Brys et al. 2004; Duncan et al. 2004;
Aizen & Harder 2007; Campbell & Husband 2007). By increas-
ing conspecific pollen and decreasing heterospecific pollen in
pollinator’s and stigmatic pollen loads, pollination is expected
to be positively related to plant density, creating the conditions
for the Allee effect to occur under limited mate availability
(Groom 1998; Cheptou & Avendano 2006).

Autonomous self-pollination in hermaphroditic species
ensures seed production in unpredictable pollination environ-
ments (Baker 1955; Eckert et al. 2006) and may alleviate pollen
limitation (Larson & Barrett 2000). Under mate limitation,
three selfing modes can theoretically provide reproductive
assurance if they contribute to ensuring seed production
(Goodwillie et al. 2005): (i) autonomous selfing, (ii) pollina-
tor-mediated selfing occurring among flowers within an indi-
vidual plant — geitonogamy (Harder & Barrett 1996; Eckert
2000; Karron et al. 2004), and (iii) pollinator-mediated selfing
occurring within a flower — facilitated selfing (Goodwillie ef al.
2005; Barrett & Case 2006; Vaughton & Ramsey 2010). When
pollinator visits are abundant, facilitated selfing may play a key
role in reducing mate limitation, particularly in buzz-pollinated
species (Buchmann 1983; Larson & Barrett 1999). Although
facilitated selfing and geitonogamy require the same flower
attributes, such as outcrossing to maximise pollinator attrac-
tion, high selfing rates may not always be associated with an
increase in the capacity for autonomous selfing (e.g., reduced
herkogamy, small flowers). Otherwise, predominant outcross-
ing can be maintained under pollinator limitation in the case
of intraspecific competition for pollinator services, since this
context may select for increased attractive structures and floral
life span enhancing outcrossing rates (Eckert et al. 2010).

In this study, we aimed to infer the relative contribution of
pollinator and mate availabilities to pollination and realized
outcrossing rates in the light of reproductive trait variability.
The species studied, Rhododendron ferrugineum (Ericaceae), is
characterised by a broad range of patch floral display and
abundance and diversity of flower-visiting insects. Insect visita-
tion rates have been shown to decrease with increasing
R. ferrugineum patch floral display (Delmas et al. 2014). High
visitation rates in small patches and low visitation rates in large
patches resulted in similar levels of pollinator-mediated pollen
transfer, which limited the reproductive success by 34% on
average (Delmas ef al. 2014). This measure of pollen transfer
limitation (comparing seed set from emasculated and
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pollen-supplemented flowers) took both outcross and geito-
nogamous pollen deposition into account. However, the rela-
tive contribution of autonomous and facilitated selfing to seed
production is still unknown. Moreover, pollination estimates
need to be monitored along with progeny array analysis since
the proportion of selfed versus outcrossed progeny is depen-
dent on the pollination context. Specifically, we first examined
the effects of pollinator and mate availabilities (i.e., flower visi-
tation rate and patch floral display) on seed production esti-
mated as an index of pollen limitation. Second, because
reproductive traits influence the quantity and quality of pollen
deposited independently of pollinator and plant availabilities,
we tested whether flower size, herkogamy and autofertility var-
ied according to patch floral display. Finally, we quantified the
impact of insect visits, patch floral display and reproductive
traits on the realized outcrossing rates of R. ferrugineum. We
used this approach combining pollination and outcrossing rate
estimation in 28 natural R. ferrugineum patches varying in
patch floral display sizes and in flower visitation rates. This
allowed us to address the following questions: (i) is seed pro-
duction pollen-limited along the patch floral display gradient;
if so, (ii) is seed production limited by pollinator availability,
mate availability or both; and (iii) what is the relative contribu-
tion of pollinator availability, mate availability and floral traits
to the realized mating system?

MATERIAL AND METHODS
Study species

Rhododendron ferrugineum L. (Ericaceae) dominates and struc-
tures heathland communities that are widely and patchily dis-
tributed between 1400 and 2300 m a.s.l., mainly in the Alps,
the Pyrenees, in Jura and of the Northern Apennines (Ozenda
1985). It is an evergreen shrub with well-branched trailing
stems 0.7-0.8 m in height. This species is protandrous, self-
compatible and reproduces both sexually and vegetatively
through layering. It has a massive floral display, reaching more
than 300 inflorescences per m? with 10.8 &+ 2.1 tubular flowers
per inflorescence (mean + SD assessed on 120 randomly cho-
sen inflorescences from distinct individuals in the study site).
Flowers are bright red nectariferous with poricidal anther
dehiscence (Escaravage etal. 1997) and present stamen
dimorphism, with an inner whorl of five long stamens and an
outer whorl of five short stamens (Escaravage et al. 2001).
Mean (£SD) corolla length and width were, on average,
10.43 £ 0.84 mm and 5.60 &+ 0.75 mm, respectively (n = 107
individuals). Mean herkogamy was 0.33 £ 0.22 mm (n = 107
individuals; see below for measurement details). The flowers,
each lasting about 10 days, are initiated the year before they
open (Escaravage ef al. 1997). The flowering period of a patch
lasts for 20-30 days (June—July). Bumblebees (Bombus spp.)
and honeybees (Apis mellifera) are the most efficient pollina-
tors of R. ferrugineum (Escaravage & Wagner 2004). A list of
foraging insects visiting R. ferrugineum in the study site is pre-
sented in Delmas et al. (2014).

Study site and patch characteristics

The study was conducted on a 3-km? area in the French
Central Pyrenees, near the village of Camurac (42°46'31"N,
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01°55’45"E). Altitudes ranged from 1550 m to 1750 m a.s.l,
where snow cover usually lasts from late October until May.
We used the 28 R. ferrugineum heathland patches found in this
location (all patches were included in the study) because they
are characterised by a broad gradient of R. ferrugineum floral
display. We considered a heathland patch as a visually distinct
aggregation of R. ferrugineum shrubs separated from another
patch by alpine meadow (the distance between one patch and
its three nearest patches was, on average, 136 m ranging from
60m to 351 m, and the maximum distance between two
patches across the site was 2 km). In the study site, about 70
co-flowering entomophilous species are associated with
R. ferrugineum within heathland patches (dominant species
were: Cardamine pratensis, Conopodium majus, Lotus cornicula-
tus, Polygala calcarea, Potentilla erecta and Ranunculus acris).
Patch structure (i.e., size, R. ferrugineum cover and isolation)
results from historical burning and livestock grazing practices,
decreasing shrub coverage within patches and increasing the
distance between patches in the meadow.

The number of R. ferrugineum individuals and potential
mates ranged from three to visually uncountable individuals in
the largest patches. Using an extent genotype dataset of
500 mature individuals (C.E.L. Delmas, unpublished data), we
screened for clones, and only found 2.2% of genetically identi-
cal individuals (three patches had two genetically identical
individuals and one patch had two clonal colonies composed
of three and two genetically identical individuals, respectively).
We therefore considered each sampled individual as a genet.
In this study, we approximated mate availability as the total
R. ferrugineum floral display per patch. This approximation
could turn out to be not totally exact over a restricted part of
the floral display gradient, since some large individuals can
produce a larger floral display than several smaller individuals.
However, the contrasting floral displays considered in the study
ensure that the floral display gradient also encompasses a con-
trasting mate availability gradient. We studied a large number
of patches (the experimental unit) in order to sample a broad
range of pollination contexts.

To describe R. ferrugineum floral display in each patch, we
integrated inflorescence density, the cover of the species and
the patch area. More specifically, R. ferrugineum patch floral
display was estimated as the product of (i) the mean density of
inflorescences per m? assessed from a 0.25 x 0.25-m plot
placed on 20 randomly chosen individuals per patch, and (ii)
the total area (m?) covered by R. ferrugineum within each
patch, estimated from the area occupied by the focal shrub in a
400-m? plot randomly placed at the patch core and the total
area of each patch obtained from the geographic coordinates of
patch perimeters recorded every 5 m. Within patches, the per-
centage of R. ferrugineum cover ranged from 0.18% to 98%, and
total patch area ranged from 0.01 to 15.77 ha (1.73 £ 0.38 ha).
Opverall, the estimation of R. ferrugineum patch floral display
ranged from 170 to more than 33 x 10° R. ferrugineum inflo-
rescences (mean: 2,529,257).

Flower visitation rate

To test the contribution of insect visits to pollination, repro-
ductive success and mating patterns in R. ferrugineum, we ran-
domly selected four individuals per patch, if possible, resulting
in a total of 105 individuals (visitation rates were monitored in
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27 patches among the 28). We recorded the number of flowers
visited by any foraging insects on the selected individuals per
patch during two replicate 10-min observation periods (35 h of
monitoring overall; in most cases we performed eight observa-
tion periods per patch). The observations were conducted
between 4 June and 30 June 2009, during the peak of each indi-
vidual flowering period, between 10:00 and 18:00 h, in sunny
and clear conditions that favoured optimal pollinator activity.
Days and hours of sampling were randomly applied across
individuals for the first sampling round. For the second round,
we performed the survey in the morning, if it had been done in
the afternoon during the first round and vice versa, to incorpo-
rate potential temporal differences in pollinator activity. A visi-
tation rate per flower per 10 min was obtained by dividing the
number of flowers visited by the total number of open flowers
on each individual. Total flower number for each individual
was obtained by multiplying the total number of inflorescences
by 10.8 & 2.1 (mean £ SD of flower number per inflorescence
assessed on 120 randomly chosen inflorescences across the
site).

Overall, Apoidae (mainly Bombus spp.) performed 80% of
the visits (16% of visits were performed by Diptera and 4% by
Lepidoptera). Mean number of visits per R. ferrugineum
individual was 56.4 + 5.6, and the mean number of visits per
flower (per 10 min) was 0.03 £ 0.012 (all visitors pooled).
Mean flower visitation rate significantly increased with decreas-
ing R. ferrugineum floral display (all visitors pooled, P = 0.002;
see Table 2 in Delmas et al. 2014). Insect assemblage descrip-
tion, visitation rate per taxon and relationships with patch flo-
ral display are fully described in Delmas et al. (2014).

Pollen limitation and autofertility

In June 2009, three pollination treatments replicated twice on
each target individual (n=109) were performed to assess
whether naturally pollinated flowers (receiving pollen from
pollinators and from autonomous selfing) were limited by total
pollen receipt and to explore the contribution of autonomous
selfing to seed production. Following the methodology
proposed in Eckert et al. (2010), the treatments were: (i) intact
inflorescences left to natural pollination (Fpy), (ii) intact inflo-
rescences hand-outcrossed (Fx) and (iii) bagged inflorescences
left unmanipulated (Fg). The two inflorescences per treatment
were randomly selected on each individual. Five flowers per
inflorescence were manipulated and we gently removed the
other flowers, as in Escaravage et al. (1997). This had no effect
on the production of seeds of the remaining flowers (Escara-
vage 1997). Outcross-pollen supplementations were carried out
every other day with pollen collected from a distant individual
in the same patch (more than 5 m away). For the Fjp treatment,
we bagged inflorescences at the bud stage to avoid any effect on
pollen deposition. To count seeds, fruits were harvested in
August 2009 just before dehiscence to ensure the full develop-
ment of the seeds. Two fruits per manipulated and control
inflorescence were randomly selected, dissected under a stereo-
microscope and filled seeds counted. As counting the number
of aborted seeds is not possible in R. ferrugineum because of
their size (<1 mm and non-differentiable from small pieces of
the dissected fruit), we quantified the mean number of ovules
per ovary per individual by collecting two inflorescence buds
per individual before blooming and preserved these in 70%
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alcohol. Two flowers from each inflorescence bud were dis-
sected under a stereomicroscope and the ovules counted (there
are about 500 ovules per flower). We then calculated the mean
seed set per treatment per target individual by dividing the
mean number of mature seeds by the mean number of ovules
for each of the three treatments.

Pollen limitation was assessed for each individual from the
index used by Larson & Barrett (2000) as: PL = 1-Fj\/Fyx. This
index estimates the proportional increase in seed production
via supplemental outcross pollination. Negative values, which
indicate higher seed production in intact than in pollen-sup-
plemented flowers, were set to zero, as previously applied
(Young & Young 1992; Larson & Barrett 2000). Strong negative
values are likely caused by manipulation artefacts, such as dam-
age to flowers during pollination, and very small negative val-
ues are likely caused by chance, when pollen limitation does
not actually occur. The inclusion of negative values did not
change the trends found in this study. The contribution of
autonomous self-pollination to seed production for each indi-
vidual was estimated from the index of autofertility (Eckert
et al. 2010) as: AF = F;5/F;x which assesses the fraction of maxi-
mum seed production potentially achieved via autonomous
self-pollination. As done for pollen limitation, values higher
than one, which indicate higher seed production in bagged
than in pollen-supplemented flowers, were set to one. They are
likely caused by chance and indicate full ability to autono-
mously self. The inclusion of values above one did not change
the trends found in this study.

Floral traits

To describe floral phenotypes and take into account their con-
tributions to mating patterns, we randomly collected two
open-pollinated flowers on each target individual (n = 109) at/
or near the peak of the 2009 flowering period, and preserved
them in 70% alcohol. We measured (i) the length and width of
the tubular corolla (to 0.01 mm), (ii) the length of the style
(from the base of the ovary to the top of the stigmatic surface),
and (iii) the height of the ten anthers (from filament insertion
at the base of the ovary to the pore level). To assess the physical
separation of anthers from the stigma within an average flower,
we subtracted the height of the stigma from the height of each
anther (ten anther—stigma distances were calculated). When an
anther was below the stigma, we obtained a negative value
(approach herkogamy; Webb & Lloyd 1986). Since the autono-
mous deposition of self-pollen on the stigma can theoretically
only be influenced by anthers above or in contact with the stig-
matic surface, we did not consider negative values. Therefore,
herkogamy — which can be assimilated as the smallest distance
between the stigmatic surface and the closest pore of one of the
anthers —was assessed through selecting the lowest anther—
stigma separation among the positive values (reverse herkoga-
my).

Mating system estimation

In July 2009, we collected young leaves from the 109 target
maternal individuals. Leaf material was conserved in silica gel
until DNA extraction. In August 2009, we collected mature
fruits from the target maternal individuals for progeny array
analyses. We randomly chose about three unmanipulated
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inflorescences on each individual to obtain open-pollinated
seeds (all seeds were pooled). Three maternal individuals were
not sampled since their fruits had already cracked open at the
time of seed collection. The size of R. ferrugineum seeds is 1—
2 mm, and we germinated an unknown number of seeds from
each maternal plant on moistened filter paper in Petri dishes
(relative humidity 100%) in the glasshouse for 1 month
(12 h:12 h as light:dark photoperiod, 20 °C and 15 °C for day
and night temperatures, respectively). The greenhouse condi-
tions allow minimising inbreeding depression at the germina-
tion stage (Cheptou et al. 2000) and thus reduced the potential
bias in outcrossing rate estimates. Ideally, ten seedlings per
family were randomly collected and frozen until DNA extrac-
tion (mean 9.6 seedlings per family). Germination rate was
high (almost all seeds germinated) but was not monitored
exactly as that was not the purpose of this study. Total sample
size was 106 families including 1001 progeny for outcrossing
rate estimation.

The DNA was extracted from leaves and seedlings with the
DNeasy Plant Kit (Qiagen, Courtaboeuf, France) following the
manufacturer’s protocol. Genotypes of each DNA sample were
scored using 12 polymorphic microsatellite loci. Nine of the 12
were developed through pyrosequencing technology (Delmas
etal. 2011): RF6P2, RF14P3, RF38P1, RF41P1, RF46P2,
RF47P1, RF56P1, RF74P1 and RF81P1; two were developed
in Rhododendron metternichii (Naito et al. 1998): RM3D2 and
RM2D2; and one in Rhododendron simsii (Dendauw et al.
2001): AZA-003. Cross-species amplification showed successful
amplification and polymorphism for these last three loci on a
subset of our DNA samples (data not shown). We amplified
the 12 loci in three different PCR sets using fluorescence
labelled forward primers. PCR amplifications of seedling and
maternal plant samples were prepared using a Tecan EVO200
liquid handling station (Tecan France, Lyon, France) and
performed in a 12 pl mix containing 2x Qiagen Multiplex
PCR Master Mix, 2.5 pmol of each primer, 4 ul DNA for
seedlings (around 1 ng: pl™") or 3 ul DNA for adults (around
50 ng-ul~'), and RNase-free water. All technical details are
described in Delmas et al. (2011). All these loci were unambig-
uously sized using an ABI 3730 sequencer (Applied Biosystems,
Courtaboeuf, France) with the 1200 LIZ and 400HD ROX
GeneScan size standard (for RF loci and RMD/AZA loci,
respectively) and GENEMAPPER version 4.0 software. Geno-
type errors due to stutter bands, allele dropout and null alleles
were estimated using the MICRO-CHECKER software (van
Qosterhout et al. 2004).

Statistical analyses

To describe the production of seeds achieved through the dif-
ferent pollination modes, we compared the seed set of the three
pollination treatments using a mixed model with the individual
as a random factor to account for non-independence of the
three treatments performed on the same individual. A Tukey
test was performed on treatment least squares means with the
approximation described in Kramer (1956) to adjust for multi-
ple comparisons (Tukey—Kramer test performed with the Proc
GLIMMIX).

To test whether flower visitation rate and patch floral display
jointly affect pollen limitation, we used a generalised linear
model (PROC GLM). To assess the potential contribution of
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reproductive trait variability to the pollination and realized
outcrossing rates along the patch floral display gradient, we
tested whether reproductive traits (corolla length and
width, herkogamy and autofertility as dependent variables)
were affected by patch floral display (independent variable)
with a multivariate regression model (PROC REG) that
accounts for non-independence of reproductive trait measure-
ments. In the case of varying traits (plastic and/or genetic vari-
ation), we expected flower size and herkogamy to be smaller
and autofertility to be higher in patches characterised by high
pollen limitation and/or high selfing rate.

We used the multilocus mating system program (MLTR;
Ritland 2002) to analyse genetic data (genotypes of progeny
and maternal parents). We calculated maximum likelihood
estimates of single-locus and multilocus outcrossing rates (f;
and t,,, respectively) as well as correlated mating parameters: r,
the correlation of selfing, and r, the correlation of outcrossed
paternity (Ritland 1989). The proportion of full-sibs among
outcrossed sibs within progeny arrays is represented by r,, and
a low r, indicates that the selfing rate does not vary among fam-
ilies within a patch. An estimation of the number of different
paternal parents within the progeny can be assessed with 1/r,
(Sun & Ritland 1998). Biparental inbreeding (inbreeding as a
result of crossing with related individuals; Ritland 1986) was
assessed as the difference (t, — ;). A Newton-Raphson algo-
rithm was used to fit the observed proportions of genotypes
descended from a known maternal genotype to the proportions
expected under the mixed-mating model (Ritland & Jain 1981;
Ritland 1989). Standard errors for each estimate were calcu-
lated as the SD of 1000 replicate bootstrap estimates, with the
progeny array as the unit of resampling. The program can sepa-
rately estimate allelic frequencies in the pollen pool and in the
ovule pool. As pollen and ovule allele frequencies did not differ
significantly, we constrained the equality of frequencies to
increase the statistical power of other estimates (Ritland 2002).
The analyses were performed with the patch identity as a group
factor and mating system estimates (t;, tm, 7, and r,) were
obtained for each patch (n = 28).

Finally, to test the joint effects of flower visitation rate, patch
floral display and reproductive traits on outcrossing rate esti-
mation (tn, r, and biparental inbreeding), we used multiple
regression linear models (PROC REG) that allow the selection
of the best fitting models with the Akaike information criterion
(AIC). The model that minimises AIC provides the most reli-
able fit to the data (Sakomoto et al. 1986). We ranked models
based on AAIC, estimated as the difference between each AIC
value and the smallest value. Models with AAIC <2 were con-
sidered to have substantial support (Burnham & Anderson
2004).

Because the sample size for flower visitation rate was 105
individuals in 27 patches, the final sample size of multiple
models that include this variable was 27. Independent variables
(flower visitation rate, patch floral display and reproductive
traits when appropriate) were simultaneously included and
log-transformed so the could be simultaneously analysed in
models. The normality of standardised residuals and equality
of variance were checked in all models. In addition, we
screened for multi-collinearity among the predictor variables
of multiple regression models by calculating variance inflation
factors (VIF option in PROC REG). Correlations among vari-
ables will inflate VIFs and cause a loss of precision in the
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models. The VIFs for the predictor variables in this study were
<2, which indicates that multi-collinearity did not exist in the
multiple regression models. Finally, we checked for spatial
autocorrelation in the residuals of each model using Moran’s I
parametric test implemented in the PROC VARIOGRAM in
SAS Software (version 9.3; SAS Institute, Cary, NC, USA). Spa-
tial autocorrelation was not detected in any of the models (see
Tables 1, 2, 3).

RESULTS

Effects of the pollination context on pollen limitation and
reproductive traits

Due to weather, animals or humans causing deterioration of in-
florescences, the final data set included seed set from 1073
fruits, allowing pollen limitation estimation for 93 individuals
from 28 patches, and autofertility estimation for 89 individuals
from 27 patches. Mean seed set differed significantly between
treatments (F, 135 = 95.51, P < 0.0001; Fig. 1). Overall, the mean
seed set from intact flowers (Fjn, mean & SE = 0.68 & 0.021)
was not significantly different from the mean seed set from
cross-pollen  supplemented  flowers  (Frx=0.70 £ 0.024,
t=—0.78, P=0.717; Fig. 1). No pollen limitation was detected
overall (PL=0.11 £ 0.016) even though pollen limitation
increased significantly with increasing R. ferrugineum patch
floral display (Table 1, Fig.2a) and to a lesser extent with
increasing flower visitation rate (Table 1). Autonomous self-
pollination (F;p=0.41 £ 0.03) resulted in the production of
seeds but was significantly lower than seed set from cross-pollen
supplemented flowers (t = —11.35, P <0.0001; Fig. 1), and the
index of autofertility reached 0.58 £ 0.03 on average. Autofer-
tility (Fig. 2b), as well as corolla length, corolla width and herk-
ogamy, were not significantly related to patch floral display
(Table 2), suggesting that the capacity for autonomous self-pol-
lination did not vary along the patch floral display gradient.

Outcrossing rate estimation

Overall, all loci were polymorphic and the number of alleles
per locus varied from two to 18. Overall, R. ferrugineum
showed a mixed mating system with a mean t,, reaching 0.51,
ranging from 0.16 £ 0.07 to 0.79 &+ 0.3 per patch (Fig. 2¢).
Complete selfing or complete outcrossing was not recorded.
Average biparental inbreeding (t,, — ;) was significantly higher
than zero (0.12 £ 0.029; #-test, P = 0.0002) suggesting that out-
cross mating occurs between relatives within patches. The over-

Table 1. Generalised linear models of the effect of patch floral display and
visitation rate on pollen limitation; n =27 patches. A Moran’s | parametric
test was performed on the residuals from the regression model and no sig-
nificant spatial autocorrelation was detected (Moran’s | = 0.039, P=0.261).

source of variation df estimate? SE P-value
pollen limitation
intercept 1,24 0.237 0.118 0.057
Rf patch floral display 1,24 0.039 0.011 0.002
flower visitation rate 1,24 0.186 0.082 0.031

Rf: Rhododendron ferrugineum. P-values <0.05 are in bold. “Values are log
scale.
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Table 2. Multivariate regression of the effects of patch floral display on
reproductive traits. N = 27 patches (patches including data for the five vari-
ables considered). All reproductive traits were included simultaneously in the
multivariate model. A Moran’s | parametric test was performed on the resid-
uals from the regression model and no significant spatial autocorrelation
was detected (Moran's | = 0.037, P=0.538).
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source of variation df estimate? SE P-value
reproductive traits
corolla length
intercept 1,25 10.23 0.33 <0.0001
Rf patch floral display 1,25 0.04 0.07 0.562
corolla width
intercept 1,25 5.14 0.34 <0.0001
Rf patch floral display 1,25 0.09 0.07 0.202
herkogamy
intercept 1,25 0.44 0.08 <0.0001
Rf patch floral display 1,25 -0.19 0.02 0.236
autofertility
intercept 1,25 0.62 0.10 <0.0001
Rf patch floral display 1,25 —0.008 0.02 0.701
multivariate statistics df value F P-value
Wilks' Lambda 4,22 0.84 1.03 0.412

Rf. Rhododendron ferrugineum. ®Values are log scale.

all proportion of siblings with a common father (r,) was 0.71
and one to six different paternal parents were found within
progeny of individual plants (assessed with 1/r,,). The correla-
tion of selfing (r;) was low on average (0.17), ranging from
—0.08 £ 0.1 to 0.63 £ 0.4. Only five patches had a value of r
significantly different from zero (¢-test, P <0.001). This indi-
cates that the outcrossing rate varies significantly among fami-
lies within these five patches only.

Effects of visitation rate, patch floral display and reproductive
traits on outcrossing rate

Autofertility and patch floral display were the two most impor-
tant predictors of t,,, as indicated from the best-fitting model
with the lowest AIC (Table S1). The four other models selected
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Fig. 1. Mean seed set per patch related to patch floral display (estimation of
the total number of inflorescences per patch, log-transformed). Fj = seed
set from intact flowers; Fx = seed set from pollen supplemented flowers;
Fis = seed set from intact bagged flowers.

(AAIC < 2) all included autofertility, patch floral display and,
respectively, corolla length, herkogamy, corolla width or flower
visitation rate (Table S1). As expected, t,, increased
significantly with R. ferrugineum patch floral display (Table 3,
Fig. 2¢) and decreased significantly with autofertility (Table 3).
Flower visitation rate was the most important predictor of r,
(lowest AIC; Table S2). Thirteen other models were selected
(AAIC < 2), most of them included floral traits along with
flower visitation rate (Table S2). We found that r, decreased
significantly with increasing flower visitation rate (Table 3).
Biparental inbreeding was not significantly affected by patch
floral display (Table 3), which was the only factor selected in
the best-fitting model (Table S3).

DISCUSSION

We studied the relative contribution of insect visits, patch flo-
ral display and reproductive traits to the pollination and real-
ized outcrossing rates in a patchily distributed mass-flowering
species. We showed that patch floral display (as a proxy for
mate availability) and the ability to autonomously self were the
key factors driving the realized outcrossing rates of this species.

Table 3. Best predictors of mating patterns based on multiple regressions with the Akaike information criterion (AIC) to select models. Sample sizes are 27
patches for multilocus outcrossing rate (t,,), 27 patches for the correlation of paternity (r,) and 28 patches for biparental inbreeding. A Moran’s | parametric
test was performed on the residuals from the full regression models and no significant spatial autocorrelation was detected.

full model statistics

source of variation df estimate® SE P-value R? AIC SSE Moran’s |

tm
intercept 1,24 0.64 0.17 0.001 0.36 —90.57 0.63 —0.04F=058
Rf patch floral display 1,24 0.05 0.21 0.037
autofertility 1,24 —0.61 0.02 0.008

o
intercept 1,25 —-0.80 0.63 0.22 0.18 —46.49 3.73 —0.047=045
flower visitation rate 1,25 —0.87 0.38 0.03

biparental inbreeding
intercept 1,26 0.22 0.097 0.03 0.04 —93.51 0.61 —0.04 =04
Rf patch floral display 1,26 -0.02 0.020 0.33

Rf. Rhododendron ferrugineum. P-values <0.05 are in bold type. ®Values are log scale.
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Fig. 2. Effects of R. ferrugineum patch floral display (estimation of the total
number of inflorescences per patch, log-transformed) on (a) pollen limitation
(intact/pollen-supplemented flowers; y=0.028x-0.0181), (b) autofertility
(bagged/pollen-supplemented flowers; y = —0.0078x + 0.617), and (c) mul-
tilocus outcrossing rate (y = 0.0504x +0.2749). Full lines represent signifi-
cant simple linear regressions. Mean pollen limitation and autofertility per
patch were estimated as the average of individual estimates from the same
patch. See Table 1, 2 and 3 for full statistics.

In particular, our results demonstrated an increase in pollen
limitation and outcrossing rates (f,,) with increasing patch
floral display. These findings suggest that the pollination and
realized outcrossing rates in this species are driven by pollina-
tor limitation (due to intraspecific competition for pollinator
services) in large patches and to mate limitation (arising from
the association of higher flower visitation rates and smaller
patch floral display) in small patches.

Drivers of pollen limitation

In small populations, pollination is usually positively related to
flower availability, providing the conditions necessary for the

Mating system in a mass-flowering species

Allee effect to occur (Cheptou & Avendano 2006; Eckert et al.
2010). Our study showed that pollen limitation was mainly
affected by patch floral display in this focal mass-flowering spe-
cies. In contrast to our expectations that pollen limitation
should decrease with increasing floral availability (Waites &
Agren 2004; Ward & Johnson 2005), we found the highest rate
of pollen limitation in large patches. Overall, these findings
indicate that individuals from the smallest patches were less
prone to pollination failure than individuals from the largest
ones. Pollination was mainly driven by high intraspecific
competition for pollinator services, since higher pollen limita-
tion in the largest patches resulted from pollinator dilution
among the multitude of flowers, as described in Delmas et al.
(2014). Intraspecific competition for pollinator services has
been shown in other systems, such as Mediterranean myrtle
(Gonzélez-Varo et al. 2009), tropical coffee agroforestry sys-
tems (Veddeler etal. 2006) and invasive milkweeds (Ward
et al. 2012), but the relationship between insect visits and plant
population attributes or plant reproductive success is expected
to depend on the type of pollinators involved (Aizen & Fein-
singer 1994; Garibaldi et al. 2013).

In a joint study (Delmas et al. 2014), we showed that polli-
nator-mediated pollen transfer, measured through flower
emasculation, was similar along the patch floral display gradi-
ent, and reached 70% of optimal seed production on average.
Since the capacity for autonomous selfing (autofertility, flower
size, herkogamy) does not vary with patch floral display, the
lower pollen limitation found in small patches resulted from
facilitated selfing. In the Pyrenees, R. ferrugineum is mainly
pollinated by Bombus soroeensis (C.E.L. Delmas, unpublished
data), which exhibits ‘buzz-pollination’ behaviour. Buzz polli-
nation likely enhances intrafloral self-pollen deposition for
species with poricidal anthers (Buchmann 1983; Larson &
Barrett 1999). Facilitated selfing is therefore a key mechanism
in enhancing seed production in small patches of R. ferrugineum.
The slightly positive relationship between pollen limitation and
visits was surprising as flower visitation rate was higher in
small sparse patches (Delmas et al. 2014) where pollen limita-
tion was lower. The quantity of pollen deposited is expected to
increase, with increasing visitation rates likely reducing pollen
limitation (Fernandez et al. 2012). However, at high visitation
rates, insects may compete for rewards and visit surrounding
species, thus carrying small amounts of conspecific pollen and
high proportions of heterospecific pollen leading to higher pol-
len limitation (Knight 2003; Duncan et al. 2004; Jakobsson
et al. 2009). In particular, this occurs when pollinator abun-
dance decreases more slowly than floral availability in patchily
distributed populations, as observed in R. ferrugineum (Delmas
et al. 2014). However, here, this trend is more likely due to the
variability in both pollen limitation and visitation rate and
relies on a few patches in which we found low pollen limita-
tion and low visitation rates.

Joint effects of the pollination context and reproductive traits
on mating patterns

We found a mixed mating strategy in R. ferrugineum
(0.2 < t, < 0.8; sensu Goodwillie et al. 2005) and variable out-
crossing rates among patches, even at a small spatial scale.
Moreover, autofertility was highly variable and much lower
than that occurring in R. ferrugineum populations in the Alps
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(AF = 0.92; Escaravage et al. 1997). Accordingly, herkogamy
was higher in the Pyrenees than in the Alps (0.3 cm versus
0.1 cm on average). This suggests that the ability of R. ferrugi-
neum for autonomous selfing is variable both at local and spe-
cies’ range scales. In the study site, variable autofertility could
result from variable dichogamy (the separation of the presenta-
tion of pollen and stigmas in time; Lloyd & Webb 1986).

In hermaphroditic self-compatible plants, #,, depends on
factors affecting the relative amount of self versus outcross
pollen received by stigmas and post-pollination processes
(Holsinger 1991; Lloyd & Schoen 1992). The effects of insect
visits, mate availability and variation in reproductive traits have
been mainly considered separately (e.g., Karron et al. 1995,
1997, 2004, 2006). However, all these factors may affect the
quantity and quality of pollen deposited. Considering pre-
pollination factors only, we showed that patch floral display (as
a proxy of mate availability) and the ability to autonomously
self (autofertility) were the key factors driving realized out-
crossing in this mass-flowering species. We found that ¢,
increased with increasing R. ferrugineum patch floral display
and was about 30% higher in large patches. This indicates that
the higher mate availability in large patches favoured out-
crossed pollen transfer. Additionally, t,, was negatively corre-
lated to autofertility while flower visitation rates and floral
traits were not found to be important drivers of the realized
outcrossing rates. The pollination context has been proved to
be a strong determinant of the realized mating system in some
species (Routley et al. 1999; Franceschinelli & Bawa 2000),
while relationships between floral traits and mating systems
have been demonstrated in others (Elle & Hare 2002; Takebay-
ashi et al. 2006; Herlihy & Eckert 2007). Both facilitated selfing
and geitonogamy could contribute to a large proportion of
selfed seeds (Porcher & Lande 2005; Vaughton et al. 2008;
Vaughton & Ramsey 2010) and thus play a key role in main-
taining a mixed mating system and alleviating pollen limitation
in small sparse patches that were sufficiently visited by foraging
insects. Facilitated selfing and geitonogamy were expected to be
higher in small than in large patches because of higher flower
visitation rates in the former. These two selfing modes imply
the maintenance of traits favouring pollinator attraction in
small patches. Therefore, the similar flower phenotypes (floral
traits and self-fertility) recorded in large and small patches
could result from similar selective pressures for pollinator
attraction, from gene exchanges between patches (Garcia-
Ramos & Kirkpatrick 1997) or from a lack of selection on these
traits.

In clonal long-lived species such as R. ferrugineum
(Escaravage et al. 1998; Pornon et al. 2000), vegetative prop-
agation may affect outcrossing rates and population persis-
tence may be little dependent on seed recruitment (Eriksson
1989). However, repeated seedling recruitment has appar-
ently occurred even in populations characterised by high
clonality (Escaravage et al. 1998; Pornon et al. 2000). Here,
large patches, in which high clonality and low seedling
recruitment are expected, had the lowest selfing rates. In
addition, most of the R. ferrugineum shrubs in the study site
are genetically distinct individuals, as the number of clones is
extremely low for this clonal species (five clone colonies of
two to three ramets found among 500 individuals, Delmas
C.E.L. unpublished data). Clonality is therefore not a driving
factor of realized outcrossing rates.

Delmas, Escaravage, Cheptou, Charrier, Ruzafa, Winterton & Pornon

Despite variable outcrossing rates, the correlation of pater-
nity (r,) indicated a small number of father-sired seeds both in
small sparse and in large dense patches (mean 1.8 fathers per
progeny array). Yet, values of r, have been shown to decrease
with increasing conspecific density (Smouse & Sork 2004;
Mimura et al. 2009). In addition, we found that r, slightly
decreased with increasing visit number, suggesting that higher
visitation rates may result in a higher diversity of pollen donors
(Dudash & Ritland 1991). Whatever the pollination environ-
ment (insect visits or floral display), biparental inbreeding
indicated that mating events occurred partly between relatives.
Pollinator foraging behaviour and small seed dispersal have
been shown to be responsible for mating among near-neigh-
bour individuals, likely resulting in population substructure
(Levin 1988; Heywood 1991). Indeed, pollen dispersal has been
shown to be restricted to small distances in R. ferrugineum
(Escaravage & Wagner 2004).

CONCLUSIONS

We showed increased pollen limitation of seed production
and increased outcrossing rates in large plant patches. We
hypothesise that in large patches, intraspecific competition
for pollinator services and high mate availability lead,
respectively, to higher pollen limitation and higher out-
crossing rates. Throughout the continuum of patch floral
display, R. ferrugineum benefit from traits involved in polli-
nator attraction (e.g, mass-flowering habit, buzz pollina-
tion). Altogether, the higher visitation rate, facilitated
selfing and geitonogamy could be efficient in alleviating
pollen limitation arising from mate limitation in small
populations but could induce high selfing rates. Finally, the
strength of lifetime inbreeding depression needs to be
assessed because the evolutionary outcomes of selfing in
small patches depend on the fitness of inbred individuals,
and because high lifetime inbreeding depression has been
observed in long-lived species (Morgan et al. 1997).
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Table S1. Models of multilocus outcrossing rate (t,,) with
patch floral display, visitation rate, autofertility, herkogamy,
corolla width and length as predictors. Models are ordered
from best to worst according to the Akaike information crite-
rion and only models with AAIC < 2 are shown.

Table S2. Models of correlation of paternity (r,) with patch
floral display, visitation rate, autofertility, herkogamy, corolla
width and length as predictors. Models are ordered from best
to worst according to the Akaike information criterion and
only models with AAIC < 2 are shown.
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Table S3. Models of biparental inbreeding (BI) with patch
floral display, visitation rate, autofertility, herkogamy, corolla

width and length as predictors. Models are ordered from best
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