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High lifetime inbreeding depression counteracts
the reproductive assurance benefit of selfing in a
mass-flowering shrub
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Abstract

Background: Decreases in mate and/or pollinator availability would be expected to affect the selective pressure on
plant mating systems. An increase in self-fertilization may evolve to compensate for the negative effects of pollination
failure. However, the benefit of selfing in variable pollination environments depends on the relative fitnesses of selfed
and outcrossed progeny. We investigated the potential for selfing to provide reproductive assurance over the lifetime
of a long-lived perennial species and its variation between plant patches of various sizes. Patch size is likely to affect
mate and pollinator availabilities, thereby affecting pollination success and the rate of selfing. We estimated fruit and
seed set, reproductive assurance, self-compatibility, the multilocus patch selfing rate and lifetime inbreeding depression
in natural patches of Rhododendron ferrugineum (Ericaceae), a mass-flowering species characterized by considerable
patch size variation (as estimated by the total number of inflorescences).

Results: Open seed set declined linearly with increasing patch size, whereas pollinator-mediated seed set (emasculated
flowers) was not significantly affected. Progeny array analysis indicated that the selfing rate declined with increasing
patch size, consistent with greater reproductive assurance in small sparse patches than in large, dense patches.
However, fruit set and adult fitness decreased with decreasing patch size, with an estimated mean lifetime
inbreeding depression of 0.9 (obtained by comparing F values in adults and progenies).

Conclusions: Lifetime inbreeding depression strongly counteracts the advantage of reproductive assurance
due to selfing in this long-lived species. The poor fitness of selfed offspring should counteract any evolution
towards selfing, despite its potential to alleviate the negative consequences of pollen limitation. This study
highlights the need to estimate lifetime inbreeding depression, together with mating system and pollination
parameters, if we are to understand the actual benefit of selfing and avoid the overestimation of reproductive

assurance.
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Background

Plant-pollinator interactions are increasingly affected by
human disturbances [1,2], probably resulting in strong
selective pressure on plant mating systems [3,4]. Pollination
failure may promote the evolution of selfing, which can
provide reproductive assurance by increasing seed pro-
duction when pollinators and/or mates are scarce [5,6].
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Reproductive assurance is one of the most longstanding
and widely accepted explanations for the evolution of
selfing and the maintenance of mixed mating systems
[7-11]. If both pollinators and mates are limiting, repro-
ductive assurance can occur through autonomous selfing
[9,10]. By contrast, if only mates are limiting, reproductive
assurance can also result from pollinator-mediated selfing,
such as facilitated selfing [12]. However, inbreeding depres-
sion (ID) reduces the fitness of selfed progenies [13,14] and
counteracts the advantages of selfing (the 50% intrinsic
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advantage in terms of pollen transmission [15] and repro-
ductive assurance [5]. The reproductive assurance benefits
of selfing therefore depend on the strength of ID. Poor fit-
ness of the selfed progeny may compromise the survival
of plant populations with few opportunities to outcross
[16]. In conditions of pollen limitation, selfing would be
selected for ID values below (1 - e) / 2, where e is the frac-
tion of ovules remaining unfertilized [17,18].

ID is typically caused either by the expression of lethal
deleterious recessive alleles formerly masked by the het-
erozygous state or by the loss of heterozygote advantage
[19,20]. It may evolve with an increase in selfing rate,
when deleterious recessive alleles are purged by selection,
although this trend is not general in plant species [21,22].
Experimental studies have shown that the expression of
ID depends on the environment [23-27]. However, the
variability of ID in natural environments and, more specif-
ically, along population size gradients, remains unclear,
despite its acknowledged importance [28]. Furthermore,
ID estimates are based principally on experimental studies
in herbaceous annual species, and the fitness of selfed
progenies in long-lived perennials has been little consid-
ered [29] but see [30,31]. Perennial species experience
multiplicative effects of ID over many years [29] and are
exposed to many biotic and abiotic changes.

Given that selfing may be a by-product of outcrossing
or provide additional benefits in terms of reproductive
assurance in cases of pollination failure, strong ID may
be associated with high or intermediate rates of selfing
([32] and references therein). Selfing provides reproductive
assurance only if seed production is pollen-limited, if selfing
increases seed set and if ID does not completely counteract
the benefits of selfing over the lifetime of the adult plant
[8,10,32,33]. However, few studies have empirically esti-
mated the actual long-term benefits of selfing by investi-
gating whether the negative impact of ID counteracts the
positive effects of the greater seed set due to reproductive
assurance in natural populations of contrasting sizes.
Given the scarcity of studies simultaneously estimating
reproductive assurance, selfing rate and lifetime ID along
natural population size gradients, predicting the potential
of selfing to provide actual reproductive assurance in vari-
ous ecological contexts remains a major challenge in evo-
lutionary biology.

We focused on a patchily distributed mass-flowering
shrub, Rhododendron ferrugineum (Ericaceae). We showed
in a previous study that insect visitation rates and floral
availability are inversely related, resulting in similar
pollinator-mediated pollen transfer in small and large
R. ferrugineum patches [34]. In this study system, pollen
transfer is probably constrained by pollinator limitation in
large patches and by mate limitation in small patches, de-
creasing seed production by 34% on average [35]. Here,
we investigated the lifetime reproductive assurance benefit
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of selfing by estimating reproductive success, reproductive
assurance, selfing rate and lifetime ID along a continuum
of patch floral display (i.e. the estimated total number of
inflorescences in 28 R. ferrugineum heathland patches),
used as a proxy for patch size. We predicted reproductive
assurance and selfing rate to be higher in small sparse
patches, in which pollen transfer has been shown to be
limited principally by the availability of conspecific plants
[34,35]. Lifetime ID (from seed production to maturity)
would be expected to be strong in long-lived perennial
species and, if associated with early-acting ID, it may
counteract the reproductive assurance benefit of selfing in
small plant patches. We also characterized the R. ferrugi-
neum mating system by estimating fruit set (indicative of
early-acting ID) and self-compatibility. We estimated
the magnitude of ID in natural populations by using
a marker-based approach comparing (i) inbreeding in
adult plants (F index), including any episodes of mor-
tality in natural populations over the long lifetime of
individuals and (ii) multilocus selfing rate (s,,) in progeny
arrays, reflecting selfing before selection in natural
populations [36,37]. We also estimated the following,
along the patch size gradient: (i) pollination parame-
ters, including reproductive assurance, by comparing
seed production by emasculated and intact flowers,
and self-compatibility, by comparing seed production
by hand-selfed and hand-outcrossed flowers and open
fruit set; (ii) selfing rate, estimated by progeny array
analysis and (iii) ID in natural populations, as assessed
with neutral genetic markers.

Results

Reproductive success and pollination parameters along a
natural patch size gradient

The mean fruit set per patch was 94.5% (range: 80.6 to
100%, Additional file 1: Table S1) and increased significantly
with increasing R. ferrugineum floral display per patch
(N =28 patches; y =0.05x +1.12; estimate =0.05; SEM =0.02;
R*=0.20. P =0.018).

Mean open seed set (IN, Table 1 and Additional file 1:
Table S1) decreased significantly with increasing floral
display (N =28 patches; estimate: — 0.053; SE =0.023;
R?=0.17; P =0.03; Figure 1A) whereas mean pollinator-
mediated seed set (EN, Table 1 and Additional file 1:
Table S1) was not significantly related to patch floral
display (N =27 patches; estimate: — 0.03; SE =0.03; R” =
0.05. P =0.27; Figure 1A). Open seed set from intact
flowers was significantly greater than that of emascu-
lated flowers, consistent with significant reproductive
assurance (overall model including the four pollination
treatments: Fj3,,9=>51.15; P <0.0001; Table 1). Repro-
ductive assurance increased seed production by 27%,
on average (Table 1 and Additional file 1: Table S1),
and declined significantly with increasing patch floral
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Table 1 Experimental manipulation for estimating pollination parameters: reproductive assurance (RA) and self-
compatibility (SC) estimated with seed sets from four different pollination treatments (IN, EN, IX and ISB)

Abbreviation and calculation Definitions Patch mean seed sets/indices Range Tukey-Kramer test
Reproductive assurance (RA)
IN Seed set from intact inflorescences 0.68 046 - 09 IN vs. EN t =7.86; P <0.0001
N =28 patches allowed to undergo natural pollination
EN Seed set from emasculated 049 0.13-0.79
e loved 0 o
RA =1 - (ENm/INm) Proportion of seed production 027 -0.15 - 0.86
N =27 patches attributaltble.to aptogamous
self-pollination (including
autonomous and facilitated)
Self-compatibility (SC)
X Seed set from intact inflorescences 0.71 040 -1 IX vs. ISB t=—9.04; P <0.001
N =28 patches outcrossed by hand
ISB Seed set from bagged intact 0.5 0.31-080
N =28 patches gw;Ii;er?;ences self-pollinated
SC =ISBm/IXm Early-acting ID or partial 0.71 053-1

self-incompatibility effect on

N =28 patches seed set in selfed flowers

Patch means, ranges and Tukey-Kramer tests are presented to compare IN vs. EN (reproductive assurance) and IX vs. ISB (self-compatibility). See the Method
section for model description and Additional file 1: Table S1 for raw data per patch.

display (N =27 patches; estimate: — 0.06; SE =0.03; R’ =
0.18; P =0.029; Figure 1B). Reproductive assurance index
could not be calculated for one of the 28 patches, for which
EN seed set could not be determined.

The mean seed set for hand-outcrossed flowers
was significantly higher than that for hand self-
pollinated bagged flowers (IX and ISB, respectively;
Table 1 and Additional file 1: Table S1), indicating
partial self-compatibility. Neither of these seed set
values was significantly related to patch floral display
(N =28 patches; IX: estimate = — 0.03; SE =0.03; R = 0.04;
P =0.31; ISB: estimate = — 0.01; SE =0.02. R®=0.003;
P =0.77). Self-compatibility (Table 1 and Additional
file 1: Table S1) was not significantly related to floral

display (N =28 patches; estimate =0.01; SE =0.02;
R*=0.01; P =0.69).

Patch selfing rate estimates

Significant amounts of selfing were observed in all patches
(Table 2). Selfing rates not significantly different from 0
were found in two patches (patches 8 and 13), as indicated
by the 95% confidence limits of the bootstrap distribution.
Overall, R. ferrugineum has a mixed mating system,
with a mean multilocus selfing rate per patch (esti-
mated as 1 - ¢,) of s, =0.49 (range: 0.21 £ 0.069 to
0.84 +0.294; Table 2). Selfing rate decreased signifi-
cantly with increasing R. ferrugineum floral display (es-
timate = - 0.05; SE =0.023; R* = 0.156; P =0.037).
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Figure 1 Effects of R. ferrugineum patch floral display on (A) mean seed set per patch for control flowers (IN treatment, N =28 patches;
y=-0.037x +0.857; green circles; solid line) and emasculated flowers (EN treatment, N =27 patches; y =0.017x +0.406; blue triangles;
dashed line) and (B) mean reproductive assurance per patch (N =27 patches; RA =1 - emasculated/control; y = —0.035x> + 0.304x - 0.348).
See Table 1 for methods and statistical comparisons of treatments and Additional file 1: Table S1 for seed sets and pollination parameters per patch.
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Table 2 Mating system estimates (multilocus patch selfing rate, s,,), Wright’s fixation index (Fs) and lifetime
inbreeding depression (ID) for 28 Rhododendron ferrugineum patches from the Pyrenees (France) surveyed in 2009

Mating system estimates s, (1 - t,)) Wright's fixation index (Fs) Lifetime ID

N Mean SE N; Mean 95% CI 1000 bootstraps Mean 95% ClI 1000 bootstraps
Patch 1 2 0.54 0.17 13 0.10 -0.03/0.16 0.81 044/1.18 ¢
Patch 2 3 0.73 0.16 3 - - - -
Patch 3 3 0.52 0.22 4 -0.15 —-0.58/0.10 1.24 —4.81/7.29
Patch 4 3 0.84 0.07 17 0.05 -0.09/0.13 0.98 —-0.13/2.09 ¢
Patch 5 3 0.54 0.12 3 - - - -
Patch 6 2 0.66 0.30 2 - - - -
Patch 7 4 0.70 0.05 16 0.05 -0.11/0.149 0.95 0.46/145 ¢
Patch 8 3 021 a 0.29 3 - - - -
Patch 9 5 038 0.13 35 -0.01 —0.12/0.08 1.03 0.75/1.31
Patch 10 4 034 024 20 0.07 -0.06/0.17 0.70 0.35/1.05
Patch 11 4 052 0.22 20 -0.02 —-0.15/0.07 1.03 -03/2.36
Patch 12 4 0.55 0.09 20 -0.01 —-0.17/0.10 1.01 0.07/1.96
Patch 13 4 024 a 0.26 20 0.04 -0.08/0.10 0.70 -0.01/1.42
Patch 14 5 053 0.10 55 0.05 —0.04/0.11 091 0.58/1.25
Patch 15 4 0.24 0.16 20 0.00 —0.13/0.08 097 0.09/1.85
Patch 16 4 0.24 0.21 20 022b 0.05/0.33 -043 -048/039d
Patch 17 3 0.73 043 20 0.10b —-0.05/0.19 0.92 0.18/1.66
Patch 18 4 0.62 0.10 20 0.06 —-0.09/0.16 0.92 0.2/1.64 ¢
Patch 19 4 034 0.19 19 0.02 -0.14/0.11 094 -0.19/2.07
Patch 20 6 0.65 0.09 20 009b —-0.06/0.18 0.90 0.88/0.92
Patch 21 5 0.69 0.14 19 -0.02 —-0.16/0.04 1.03 -0.69/2.73
Patch 22 4 0.74 0.07 19 0.01 -0.12/0.07 1.00 0.37/1.62
Patch 23 4 0.66 0.17 20 0.07 —-0.06/0.15 0.92 048/1.35
Patch 24 4 027 0.13 20 -0.04 —-0.17/0.02 1.21 0.01/241
Patch 25 4 032 025 30 003 -0.09/0.10 0.89 0.13/1.64
Patch 26 3 0.34 0.14 14 0.06 —-0.12/0.15 0.75 —-0.03/1.53
Patch 27 4 0.25 0.19 16 -0.03 —-0.14/0.01 117 0.08/2.26
Patch 28 4 0.27 0.18 14 -0.02 -0.16/0.05 1.09 —-0.14/2.32

Sample sizes (Ng: number of families, Ni: number individuals), means and standard errors (SE) or 95% confidence intervals (Cl) are presented. Patches are classified
from the smallest (Patch 1) to the largest patch floral display (Patch 28). Four patches had a small number of individuals (N)), resulting in an irregular bootstrap
distribution of F estimates. The estimates of F and ID for these four patches are, therefore, not presented (-). See the Method section for lifetime inbreeding
depression calculation.

Abbreviations: t.,: multilocus patch outcrossing rates, s.,: multilocus patch selfing rates (sm =1 - tm); Nf: number of families; SE: Standard errors; Ni: number of individuals;
Cl: confidence interval; ID: inbreeding depression; a: patch selfing rate not significantly different from 0 based on 95% confidence intervals. b: F significantly higher than
zero (more homozygotes than expected at Hardy-Weinberg equilibrium) based on 95% confidence limits. c: bootstrap distribution of ID values significantly different
from 1. d: bootstrap distribution of ID values significantly lower than 0. All other patches had ID values significantly higher than 1.

Lifetime inbreeding depression methods for the appropriate ID estimate). We found

Estimates of ID reached 0.9+0.03 (SE) on average
(Table 2). Based on the distribution of ID bootstrap
values, only four patches had values significantly lower
than 1 (Wilcoxon tests; Table 2). Values above 1 were
due to negative F values (i.e. more heterozygotes than
expected under the assumption of Hardy—Weinberg
equilibrium). In one patch, the rate of selfing for the
mother plants exceeded that of the progeny (F =0.22;
S =0.24), resulting in a negative value for ID (see the

no evidence for a relationship between the strength of ID
and patch floral display (NN =24 patches; estimate =0.007;
SE =0.047; R?>=0.001; P =0.89). The mean observed in-
breeding coefficient of mature plants (F) was 0.04 (95%
bootstrap percentile confidence interval based on 1000
bootstraps: —0.15 to 0.21). F was not significantly different
from zero in 21 of the 24 patches, indicating that the
selfed progeny contributed little to the adult population
(Table 2). The observed inbreeding coefficients (F) of



Delmas et al. BVIC Evolutionary Biology 2014, 14:243
http://www.biomedcentral.com/1471-2148/14/243

mature plants were almost always lower than expected
given the level of self-fertilization (s,,) in natural condi-
tions (the expected relationship between adult F and s,,, is
F=s,, | (2- s,,); Figure 2). Finally, there was no evidence
of a relationship between F estimates and patch floral
display (N =24 patches; estimate = — 0.001; SE =0.01;
R®=0.0002; P =0.95).

Discussion

The level of selfing [38,39] and reproductive assurance
[10,40] have been shown to be influenced by the avail-
ability of pollinators and/or mates. However, the benefits
of selfing in terms of the reproductive assurance provided
when pollinators and/or mates are scarce is dependent on
selfed-progeny fitness in natura. Our results demonstrate
that seed production and reproductive assurance increase
with decreasing patch size. Furthermore, pollinator-
mediated seed set was not affected by patch size. Almost
half the progeny (49%) were produced by selfing, on
average, and the rate of selfing increased with decreas-
ing patch size. However, the reduced fruit set in small
patches and the strong mean lifetime ID of 0.9 strongly
counteract the reproductive assurance benefit of selfing.

Reproductive assurance and selfing rate estimates for
patches of different sizes

We found that autogamy significantly increased seed
set, as previously shown for other systems [41-44]. We
showed in a previous study that flower visitation rates
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Figure 2 The relationship between estimated levels of
self-fertilization in progeny (s,, =1 —t,,) and the inbreeding
coefficient (F) of adult R. ferrugineum individuals in heathland
patches. N =24 patches (estimates of F for four patches are not
presented because bootstrap distributions were irregular due to the
small number of individuals per patch; see Table 2). The solid line
shows the expected relationship between s and F in patches at
equilibrium (Fe) with no ID (ID =1 — [fitness of selfed progeny/fitness
of outcrossed progeny] =0). In the case of ID, data points are below
this solid line.
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increase [34] and pollen limitation decreases [35] with de-
creasing patch size, as a result of pollinator monopolization
by the mass-flowering plant R. ferrugineum in small patches
and intraspecific competition for pollinator services in
larger patches. Reproductive assurance (mean value of
27%) enhanced R. ferrugineum reproductive success in
small patches in response to the low availability of con-
specific plants with no decrease in pollinator availability.
Mate limitation has been shown to be an important
driver of plant mating systems [45,46], potentially resulting
in the evolution of simultaneous autogamy (autonomous or
facilitated) with moderate pollen and seed discounting [3].
The level of self-compatibility was not affected by patch
size (despite variation within the study site) and cannot,
therefore, be responsible for the variation in reproductive
assurance along the patch size gradient. The greater
reproductive assurance in small patches is more likely to
result from facilitated self-pollination, as suggested in the
case of mate limitation in a previous study [3].

The perennial mass-flowering species studied has a
mixed mating system (mean s,, =0.49). The selfing rate
in R ferrugineum is higher than that in other species
from the Ericaceae (mean of 0.2 in both R, aureum [47],
and Calluna vulgaris [48] and it increased with decreasing
patch size. Thus, more seeds were produced by selfing in
small patches than in larger patches, probably due to
the lower availability of mates and/or weaker early and
lifetime ID. Selfing rates have been shown to respond to
ecological factors and to decrease with increasing plant
density [39,49] and to increase with increasing patch
floral display [50]. In addition, we found that selfing
rates were higher than expected from reproductive as-
surance alone (mean of 0.49 versus 0.27, respectively).
This indicates that, in addition to reproductive assurance
(taking both autonomous and facilitated selfing into ac-
count in the estimation), geitonogamy was an important
additional source of self-pollen. Reproductive assurance is
particularly costly when associated with ovule usurpation
by selfing in situations in which outcrossing could other-
wise occur (seed discounting) [51]. Pollinator-mediated
pollen transfer decreased seed production by 34% on aver-
age in this system (comparing the seed set of emasculated
and pollen-supplemented flowers; [34], so we consider the
risk of seed discounting to be moderate (see [3] for a hy-
pothesis concerning the consequences of mate limitation).

Early-acting and lifetime inbreeding depression in a
mass-flowering shrub

The reduced fruit set in small patches, the mean self-
compatibility index of 0.71 and its variability between indi-
viduals (CV of 47%) suggest that ID acted early on fruit
set in small patches [52-54] and was probably mediated by
a small number of few mutations of major effect. A similar
situation has already been reported in the Ericaceae
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[48,55], resulting in higher mortality between fertilization
and seed maturation for selfed zygotes than for outcrossed
zygotes.

Lifetime estimates of ID in natura were very high
(mean: 0.9), not significantly affected by patch size, and
well above the threshold value of 0.5 below which selfing
is favored due to its transmission advantage [13,56]. This
threshold, which was proposed for annuals [6], applies
to perennials only for lifetime estimates of ID, such as
those obtained here [29]. Our results suggest that there
is strong selective pressure against selfed progenies, as
already reported for other perennials [8,57,58]. An associ-
ation of strong ID with high levels of self-incompatibility
and a predominance of outcrossing is commonly observed
in long-lived species [59-61], due to the accumulation of
somatic mutations over the lifetime of the organism
([29,62] but see also [63]. By contrast, in the species
studied here, strong lifetime ID and early-acting ID were
associated with substantial selfing and mixed mating
systems. This theoretical paradox has been reported in
several species (reviewed in [32,37,64].

Theoretically, ID should decrease with increasing selfing
rates, due to the purging of deleterious recessive alleles
[52,65]. In this context, we might have expected the rela-
tionship between ID and patch size to depend on selfing
rate. However, strong ID may be maintained despite high
selfing rates if there are mildly deleterious alleles at
multiple loci [21,66,67]. More specifically, selective inter-
ference [68,69], preventing the purging process [64], could
account for stable mixed mating associated with strong ID
in natural populations, even if the selfing rate is high [70].
Selective interference is likely in perennial species, such as
R. ferrugineum, because it increases the rate of mutation
per generation [71]. ID appears to be extremely costly in
R. ferrugineum, particularly in small patches, in which
most of the seeds are produced by selfing.

Reproductive assurance versus inbreeding depression
The actual benefit of selfing, in terms of the reproductive
assurance it provides, therefore depends heavily on the
fitness of the selfed progeny, particularly in long-lived spe-
cies. The potential for reproductive assurance is therefore
likely to be overestimated if the pollination parameters
and the actual mating system are not assessed together
with lifetime ID. The causes and consequences of this
best-of-both-worlds strategy (i.e. selfing provides re-
productive assurance but is associated with ID, leading
to sexual reproduction to maintain genetic variability
in mating systems) have been little studied [72,73].
Mixed mating systems may be favored by the ecological
context [37], as the benefits of reproductive assurance
can outweigh the disadvantages of ID if the success of
outcrossing is limited by low pollinator and/or mate avail-
ability [5,74-79]. Reproductive assurance may, therefore,
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be essential for species forming small populations in
subalpine environments, in which there may sometimes
be a shortage of pollinators [10]. However, reproductive
assurance may be less advantageous in long-lived peren-
nials, in which a failure to reproduce in some years does
not compromise lifetime fitness [80]. We found that re-
productive assurance clearly increased seed production in
small patches in which mates were scarce, but the gain
was almost entirely cancelled out by ID (see also [8]).

By contrast, stochastic environments, such as high-
altitude habitats, may select for outcrossing, leading to
high levels of genetic variability and favoring population
persistence [81]. The commonly reported low abundance
and activity of pollinators in such systems may lead to
the evolution of stronger interactions with pollinators
via large floral displays [4]. The mass-flowering habit of
R. ferrugineum clearly enhances pollinator attraction
[34], but it also illustrates the conflict between self- and
cross-fertilization [82,83]. Selfing in trees and shrubs
may be an unavoidable consequence of insect visitation
[71,84] and may be autonomous or geitonogamous and
facilitated (a by-product of attractiveness to pollinators).
Visitation rates tend to be higher in small patches [34],
probably increasing both facilitated self-pollination and
geitonogamy [85,86] and, possibly, pollen [87] or seed
discounting [17]. If not opposed by early-acting and
lifetime ID, the establishment of seedlings from seeds
produced via facilitated selfing or geitonogamy may
have an impact on the genetic structure of populations
[88]. In R. ferrugineum, massive flowering and buzz
pollination have positive effects on pollinator attraction
and pollen delivery, favoring either outcrossing or selfing
(in large and small patches, respectively). However, strong
lifetime ID preserves heterozygosity along the patch size
gradient in mature populations.

Conclusions

The abundances of pollinators and plant species are cur-
rently decreasing in parallel [2], and the adaptive evolution
of plant mating systems towards self-pollination in re-
sponse to these changes has been predicted [4]. However,
our results suggest that, in species like R. ferrugineum, 1D
strongly counteracts the reproductive assurance benefit of
selfing. In the case of outcross pollen limitation in the
presence of such ID, small and sparse populations may
therefore be at risk of extinction [71]. The higher selfing
rates found in small patches appeared to be non-adaptive
with respect to lifetime ID and to be a by-product of the
pollination context, which may reflect recent patch frag-
mentation. The intriguing paradox of a high selfing rate
despite high lifetime ID should be considered in the con-
text of species’ range scale estimates, because both selfing
rate and ID may vary with the environment. This study
highlights the need to estimate lifetime ID along with the
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actual mating system and pollination parameters if we are
to understand the real benefit of selfing and avoid over-
estimating the benefits of reproductive assurance.

Methods

Study organism

Rhododendron ferrugineum L. (Ericaceae) dominates and
structures heathland communities on nutrient-poor soils
in Europe at elevations of between 1400 and 2300 m a.s.
L, particularly in the Alps and Pyrenees [89]. Age-old
burning and livestock grazing practices have resulted in
heathlands being fragmented, resulting in highly variable
patch sizes and isolation (Figure 3). Rhododendron ferru-
gineum is an evergreen shrub that is self-compatible,
capable of autonomous autogamy and of both sexual
and asexual reproduction [90]. Its most efficient pollina-
tors are honey bees and bumblebees [91]. A list of foraging
insects observed visiting R. ferrugineum at the study site
was published in a previous study [34]. This plant has a
massive floral display (Figure 3), reaching more than 300
inflorescences of about 11 bright red nectariferous tubular
flowers with poricidal anther dehiscence [90]. The flowers
present stamen dimorphism, with an inner whorl of five
long stamens and an outer whorl of five short stamens
[92]. The flowering period of a patch is 20-30 days long
(June - July) and the flowers, each lasting about 10 days,
are initiated the year before they mature.

Study site and patch characteristics

The study was conducted on a 3 km? area in the French
Central Pyrenees, at an elevation of 1550 m to 1750 m a.
s.l., near the village of Camurac (42°46'31"N 01°55'45"E).
We used the 28 R. ferrugineum heathland patches found
at this location because they display a broad gradient
of patch size. We considered a heathland patch to be a
visually distinct aggregation of R. ferrugineum shrubs
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separated from another patch by meadow. The study
site and its patch structure have been described elsewhere
[34,35]. We approximated patch size by determining the
total R. ferrugineum floral display per patch. To describe
R. ferrugineum floral display in each heathland patch, we
integrated inflorescence density, the cover of the species
and patch area. More specifically, R. ferrugineum patch
floral display was estimated through 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 individ-
uals per patch and (i) the area (m?) covered by Rhododen-
dron within each patch estimated from the total area of
the patch (patch perimeter obtained from geographic co-
ordinates recorded every 5 meters) and the proportion of
this total area occupied by R. ferrugineum. This latter was
estimated by summing perimeters of all Rhododendron in-
dividuals in a 400 m* plot haphazardly placed at the patch
core. Within patches, the percentage 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). Overall, the
estimation of R. ferrugineum patch floral display ranged
from 170 to more than 33 x 10° rhododendron inflores-
cences in the largest patch of 16 ha (mean: 2,529,257).

Reproductive success and pollination parameters along a
natural patch size gradient

We estimated the pollination and reproductive charac-
teristics of R. ferrugineum, by selecting109 individuals at
random along the natural patch size gradient (four indi-
viduals per patch if possible). We chose to maximize the
number of patches (our sampling units) to encompass a
broad gradient of local pollination environments. In June
2009, we performed four pollination treatments (Table 1),
replicated twice on each target individual in each patch
(total sample size of 872 inflorescences overall), as previ-
ously described [3]. The two inflorescences per treatment

-

and (H) are small patches. (I) is a large closed patch.

Figure 3 Flower and patch structure of Rhododendron ferrugineum. (A) Inflorescence bud. (B) Inflorescence before blooming. (C) Bright red
nectariferous tubular flowers with poricidal anther dehiscence. (D) Inflorescence in bloom. (E) Massive floral display. (F) One individual shrub. (G)
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were selected at random on each individual. The mean
number of inflorescences per individual was estimated at
851.2: we counted all inflorescences per individual. How-
ever, when the individual was very large, we quantified the
number of inflorescences on a 25x25 cm square and then
used the perimeter of the individual to estimate the total
inflorescence number per individual (inflorescence density
is homogeneous within R. ferrugineum individuals because
all inflorescences are on the top of the shrub). Five
flowers per inflorescence were manipulated, and we
gently removed the other flowers, as previously de-
scribed [34,35,90]. This had no effect on the production
of seeds by the remaining flowers [93]. For the EN treat-
ment, emasculation was performed by excising the anthers
before anthesis, to prevent the deposition of self-pollen:
an emasculated flower sets seeds only if it has been visited
effectively by pollinators (pollinator-mediated seed set).
For the IX treatment, flowers were supplemented with
outcross pollen every other day. The pollen used was
collected from a distant individual (more than 5 m away)
from the same patch. For the ISB treatment, we bagged in-
florescences at the bud stage and hand self-pollination
was performed by gently moving the anthers against the
stigma within a flower.

We estimated mean fruit set for each target individual
by counting the number of filled fruits over the total
number of fruits (filled and aborted) from the two IN in-
florescences per individual.

We estimated mean seed set per treatment per target
individual, by harvesting fruits just before dehiscence, to
ensure the full development of the seeds. Two fruits per
manipulated inflorescence were selected at random and
the filled seeds were counted under a stereomicroscope. It
is not possible to count aborted seeds in R. ferrugineum
because they are too small (<1 mm and indistinguishable
from small pieces of the dissected fruit). We therefore
used a stereomicroscope to determine the number of
ovules per ovary in four flower buds per individual pre-
served in 70% alcohol. Two flower buds were collected
from each of two inflorescence buds. On average, each
flower produced 481 + 106 ovules. We calculated the
mean seed set per treatment per target individual by
dividing the mean number of mature seeds by the mean
number of ovules of the same individual.

We estimated the reproductive assurance benefit of
selfing per patch (Table 1), as previously described [94].
Positive reproductive assurance values indicate that au-
togamy provides reproductive assurance, whereas values
of zero and negative values indicate an absence of repro-
ductive assurance benefit. A previous experiment in the
Alps showed that seed set did not differ significantly
between emasculated flowers and unmanipulated flowers
[90]. Emasculation therefore probably has no significant
effect on pollinator attraction in R. ferrugineum. We
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assessed the level of self-compatibility for each patch
(Table 1), by dividing seed set from manually self-pollinated
flowers by seed set from cross pollen-supplemented flowers
from the same patch [94].

We assessed the importance of reproductive assurance
and self-compatibility, by comparing seed set between
the four pollination treatments. We used a mixed model,
with the individual as a random factor, to account for the
non-independence of treatments on the same individual.
For comparisons of EN and IN (reproductive assurance)
and of ISB and IX (self-compatibility), we performed a
Tukey test on treatment least squares means, using the
approximation described in [95] to adjust for multiple
comparisons (“T'ukey-Kramer test” performed with PROC
GLIMMIX). We carried out linear regression analyses to
investigate the relationship between R. ferrugineum floral
display and reproductive and pollination estimates
(fruit and seed sets, reproductive assurance and self-
compatibility). The analysis was based on mean values
for each patch. R. ferrugineum floral display was log-
transformed to reduce the impact of very large floral
displays (>30 million inflorescences) with respect to
that of other patches in the model. Fruit and seed set
were arcsine square root-transformed before analysis,
to obtain a Gaussian distribution. Statistical analyses were
performed with PROC REG in SAS (version 9.2; SAS
Institute, Cary, North Carolina, USA).

Progeny array analysis and selfing rate estimates

In July 2009, we collected young leaves from the 109
target mother plants (Table 2). Leaf material was con-
served in silica gel until DNA extraction. In August
2009, we collected mature fruits from these plants for
progeny array analyses. We randomly chose several
unmanipulated fruits from each individual to obtain
open-pollinated seeds (all seeds were pooled). Three of
the mother plants were not sampled because the fruits
had already dehisced at the time of seed collection. R.
ferrugineum seeds are 1 to 2 mm long. We germinated
an unknown number of seeds from each mother plant
on moistened filter paper in Petri dishes in the green-
house. The greenhouse conditions made it possible to
minimize ID at the germination stage [25], thereby
reducing the potential bias in outcrossing rate estimates.
Ideally, we collected 10 seedlings per family selected at
random once the cotyledons had developed. These seed-
lings were then frozen until DNA extraction (mean of 9.6
seedlings per family), for the estimation of patch selfing
rate. Germination rate was high (close to 100%), but was
not precisely monitored as this was not the purpose of the
study. The total sample size was 106 families, including
1001 progeny for mating system analysis. The protocol
for DNA extraction, and for the PCR amplification and
genotyping of 12 polymorphic microsatellite loci has
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been described in detail elsewhere [35,96]. Nine of the
12 loci were developed through pyrosequencing technol-
ogy [96]: RF6P2, RF14P3, RF38P1, RF41P1, RF46P2,
RF47P1, RF56P1, RF74P1 and RF81P1. Two were devel-
oped in Rhododendron metternichii [97]: RM3D2 and
RM2D2, and one in Rhododendron simsii [98]: AZA-003.
In this study, the mean number of alleles per locus was
8.2 (ranging from 2 to 18; combining samples from out-
crossing rate and ID analyses - see below).

Single-locus and multilocus patch outcrossing rates
(ts and t,,,, respectively) were calculated with the MLTR
program [99], with Newton—Raphson iteration, which
fits the observed proportions of genotypes descended
from a known maternal genotype to the proportions
expected under the mixed-mating model [100,101].
We calculated standard errors of multilocus patch
outcrossing rates as the SD of 1000 replicate bootstrap
estimates, with the progeny array as the unit of resam-
pling. Multilocus patch selfing rates (s,,) were calculated
as s, =1 — t,,. The program used can estimate allelic fre-
quencies separately for the pollen and ovule pools. As no
significant difference was found between pollen and ovule
allele frequencies, we constrained the equality of frequen-
cies to increase the statistical power of other estimates
[99]. The analyses were performed with patch identity as a
group factor and the estimates ¢ and ¢, were obtained for
each patch (N =28). Finally, we used a linear regression
(PROC REGQG) analysis to investigate the relationship be-
tween R. ferrugineum floral display (log) and multilocus
selfing rates (s,,,).

Lifetime ID

We assessed lifetime ID in natural patches, from seed to
reproductive maturity, by comparing the inbreeding co-
efficients (F) of mature plants with the expected F of
progeny based on selfing rate (s,, =1 — ¢,,). The differ-
ence between inbreeding rates for the seedlings and
adults provides an indication of the strength of the ID
counteracting selfing in each patch [36,37]. We assessed
inbreeding coefficients for the adult plants in each patch,
by collecting leaf samples from a mean of 18 randomly
chosen individuals (all adults were collected if there
were fewer than 20 individuals per patch, see Table 2).
The total sample size for inbreeding coefficient analysis
was 502 adults. DNA extraction and amplification were
performed as described above. We screened these 502
adults for clones; only 2.2% of individuals were found to
be genetically identical (three patches had two genetic-
ally identical individuals and one patch had two clonal
colonies consisting of three and two genetically identical
individuals, respectively). We retained only one of the
genetically identical individuals per clonal colony. We
therefore considered all the sampled individuals to be
genetically independent. We calculated the inbreeding
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coefficients (F) of mature plants with GENETIX v4.05.2
[102] and the significance of F values was determined by
applying 1000 randomizations. Four patches consisted in
small numbers of individuals, resulting in an irregular
bootstrap distribution of F estimates. The F and ID esti-
mates for these four patches are, therefore, not presented
(Table 2).

In the absence of ID, the expected equilibrium value
of F for mature plants is Fe =s,, / (2 —s,,). As previously
described [37], ID reduces F to Fe=s,, ws /(2 —2s,, +
$,,0s), where o is the fitness of selfed offspring relative
to outcrossed offspring (i.e., ws =1 — ID). Ritland’s equilib-
rium estimator [36] was therefore used to estimate ID as:

This estimator of ID assumes that populations are at
inbreeding equilibrium, selfing is the only form of in-
breeding, the marker polymorphisms are neutral and not
physically linked to polymorphic loci affecting fitness
and there is no identity disequilibrium [36,103,104].

Ritland’s ID estimator is appropriate for positive ID
values, but it ranges from -c to 0 when the fitness of
the selfed offspring exceeds the fitness of the outcrossed
offspring (w, > w,), giving a disproportionate weight to
negative ID values. We generated a distribution of ID
that was symmetric, regular and suitable for use to sum
ID estimates in an unbiased fashion in cases in which
the self progeny outperformed the outcross progeny, by
using a previously derived alternative estimate of ID
[105] that has been used in other studies ([106-110]
among others). When g > 0, (i.e. Ritland’s equilibrium
estimator <0), we used the following ID estimate: ID =
(0w, — ws)/ws instead of the usual ID = (0w, - wg)/w,. We
considered the fitness of outcrossed progeny to be 1:
ID = (1/ w) - 1. The estimate of ID used in such cases
was therefore:

We estimated 95% bootstrap percentile confidence in-
tervals for the ID estimates of each patch based on 1000
ID bootstrap values generated from the bootstrap distri-
butions of F and s,,,. This alternative estimate of ID was
used in one patch (patch 16; Table 2) and, more import-
antly, in the bootstrap analysis of ID. Use of the alternative
estimate of ID when Ritland’s equilibrium estimator
was <0 ensured a roughly normal distribution of ID
bootstrap values. Statistical departures of estimates
from 0.5 - 1 were assessed by Wilcoxon tests per-
formed on the bootstrap distribution of ID values for
each patch. Finally, we used linear regression analysis
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(PROC REG) to investigate the relationship between R.
ferrugineum floral display (log), F estimates and ID.

Availability of supporting data

The data sets supporting the results of this article are
included within the article and its additional file.

Additional file

Additional file 1: Table S1. Mean seed set per patch for the four
pollination treatments (IN, EN, IX and ISB), pollination parameters per
patch (reproductive assurance per patch, RA and self-compatibility per
patch, SC) and mean fruit set per patch.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

CELD, NE and AP conceived the study, designed methods and carried out
the pollination trials in the field. CELD carried out the molecular genetic
studies, analyzed the data and wrote the manuscript. P-OC made a significant
contribution to the inbreeding depression and mating system analyses. All
authors contributed to the manuscript writing and approved its final version.

Acknowledgments

We thank P. Buscail, M. Ferval, and L. Verneuil for help with data collection
and O. Charrier and C. Le Corre for help with DNA extraction. This work was
supported by COMBIO project No. AAP-IN-2009-013 (FRB funds) and is part
of the TULIP “Laboratoire d'Excellence (LABEX)" (ANR —10-LABX-41).

Author details

'Laboratoire Evolution and Diversité Biologique EDB, University Toulouse Il
Paul Sabatier, F-31062 Toulouse, France. °CNRS, EDB, UMR 5174, F-31062
Toulouse, France. *UMR 5175 CEFE — Centre d'Ecologie Fonctionnelle et
Evolutive (CNRS), 1919 Route de Mende, F-34293 Montpellier Cedex 05,
France. “Current address: INRA, ISV, UMR1065 Santé et Agroécologie du
Vignoble, F-33883 Villenave d'Ornon, France.

Received: 25 August 2014 Accepted: 14 November 2014
Published online: 30 November 2014

References

1. Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JP, Hector A, Hooper DU,
Huston MA, Raffaelli D, Schmid B, Tilman D, Wardle DA: Ecology - biodiversity
and ecosystem functioning: current knowledge and future challenges.
Science 2001, 294:804-808.

2. Biesmeijer JC, Roberts SPM, Reemer M, Ohlemuller R, Edwards M, Peeters T,
Schaffers AP, Potts SG, Kleukers R, Thomas CD, Settele J, Kunin WE: Parallel
declines in pollinators and insect-pollinated plants in britain and the
netherlands. Science 2006, 313:351-354.

3. Eckert CG, Kalisz S, Geber MA, Sargent R, Elle E, Cheptou PO, Goodwillie C,
Johnston MO, Kelly JK, Moeller DA, Porcher E, Ree RH, Vallejo-Marin M, Winn
AA: Plant mating systems in a changing world. Trends Ecol Evol 2010,
25:35-43.

4. Thomann M, Imbert E, Deveaux C, Cheptou PO: Flowering plants under
global pollinator decline. Trends Plant Sci 2013, 18:353-359.

5. Darwin C: The Effects of Cross and Self Fertilization in the Vegetable Kingdom.
London, UK: John Murray; 1876.

6. Lloyd DG: Some reproductive factors affecting the selection of
self-fertilization in plants. Am Nat 1979, 113:67-79.

7. Holsinger KE: Reproductive systems and evolution in vascular plants. Proc
Natl Acad Sci U S A 2000, 97:7037-7042.

8. Herlihy CR, Eckert CG: Genetic cost of reproductive assurance in a
self-fertilizing plant. Nature 2002, 416:320-323.

9. Eckert CG, Samis KE, Dart S: Reproductive Assurance and the Evolution of
Uniparental Reproduction in Flowering Plants. In Ecology and Evolution of
Flowers. Edited by Harder LD, Barrett SCH. Oxford, UK: Oxford University
Press; 2006:183-203.

20.

21,

22.

23.
24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Page 10 of 12

Kalisz S, Vogler DW, Hanley KM: Context-dependent autonomous
self-fertilization yields reproductive assurance and mixed mating.
Nature 2004, 430:884-887.

Darwin C: The Different Forms of Flowers on Plants of the Same Species.
London, UK: John Murray; 1877.

Vaughton G, Ramsey M, Simpson I: Does selfing provide reproductive
assurance in the perennial herb Bulbine vagans (Asphodelaceae)? Oikos
2008, 117:390-398.

Lande R, Schemske DW: The evolution of self-fertilization and inbreeding
depression in plants. 1. Genetics models. Evolution 1985, 39:24-40.
Uyenoyama MK, Holsinger KE, Waller DM: Ecological and genetic factors
directing the evolution of self-fertilization. Oxford Surv Evol Biol 1993,
9:327-381.

Fisher RA: Average excess and average effect of a gene substitution. Ann
Eugen 1941, 11:53-63.

Hedrick PW, Kalinowski ST: Inbreeding depression in conservation biology.
Annu Rev Ecol Evol Syst 2000, 31:139-162.

Lloyd DG: Self-and cross-fertilization in plants. Il. The selection of
self-fertilization. Int J Plant Sci 1992, 153:370-380.

Cheptou PO, Massol F: Pollination fluctuations drive evolutionary
syndromes linking dispersal and mating system. Am Nat 2009,
174:46-55.

Charlesworth D, Charlesworth B: Inbreeding depression and its
evolutionary consequences. Annu Rev Ecol Evol Syst 1987, 18:237-268.
Barrett SCH, Charlesworth D: Effects of a change in the level of inbreeding
on the genetic load. Nature 1991, 352:522-524.

Byers DL, Waller DM: Do plant populations purge their genetic load?
Effects of population size and mating history on inbreeding depression.
Annu Rev Ecol Evol Syst 1999, 30:479-513.

Johnston MO, Porcher E, Cheptou PO, Eckert CG, Elle E, Geber MA, Kalisz S,
Kelly JK, Moeller DA, Vallejo-Marin M, Winn AA: Correlations among fertility
components can maintain mixed mating in plants. Am Nat 2009,
173:1-11.

Roff DA: Evolutionary Quantitative Genetics. New York: Chapman & Hall; 1997.
Dart S, Eckert CG: Experimental and genetic analyses reveal that
inbreeding depression declines with increased self-fertilization
among populations of a coastal dune plant. J Evol Biol 2013,
26:587-599.

Cheptou PO, Imbert E, Lepart J, Escarre J: Effects of competition on
lifetime estimates of inbreeding depression in the outcrossing plant
Crepis sancta (Asteraceae). J Evol Biol 2000, 13:522-531.

Armbruster P, Reed DH: Inbreeding depression in benign and stressful
environments. Heredity 2005, 95:235-242.

Waller D, Dole J, Bersch A: Effects of stress and phenotypic variation on
inbreeding depression in Brassica rapa. Evolution 2008, 62:917-931.

Keller LF, Waller DM: Inbreeding effects in wild populations. Trends Ecol
Evol 2002, 17:230-241.

Morgan MT, Schoen DJ, Bataillon TM: The evolution of self-fertilization in
perennials. Am Nat 1997, 150:618-638.

Brunet J, Eckert C: Effects of floral morphology and display on
outcrossing in blue columbine, Aquilegia caerulea (Ranunculaceae). Funct
Ecol 1998, 12:596-606.

Brunet J, Sweet HR: The maintenance of selfing in a population of the
rocky mountain columbine. Int J Plant Sci 2006, 167:213-219.

Ruan CJ, Teixeira da Silva JA: Evolutionary assurance vs. mixed mating. Crit
Rev Plant Sci 2012, 31:290-302.

Ruan CJ, Li H, Mopper S: Kosteletzkya virginica displays mixed mating in
response to the pollinator environment despite strong inbreeding
depression. Plant Ecol 2009, 203:183-193.

Delmas CEL, Escaravage N, Pornon A: Massive floral display affects insect
visits but not pollinator-mediated pollen transfer in Rhododendron
ferrugineum. Plant Biol 2014, 16:234-243.

Delmas CEL, Escaravage N, Cheptou P-O, Charrier O, Ruzafa S, Winterton P,
Pornon A: Relative impact of mate versus pollinator availability on pollen
limitation and outcrossing rates in a mass-flowering species. Plant Biol
2014, doi:10.1111/plb.12200.

Ritland K: Inferences about inbreeding depression based on changes of
the inbreeding coefficient. Evolution 1990, 44:1230-1241.

Goodwillie C, Kalisz S, Eckert CG: The evolutionary enigma of mixed
mating systems in plants: occurrence, theoretical explanations, and
empirical evidence. Annu Rev Ecol Evol Syst 2005, 36:47-79.


http://www.biomedcentral.com/content/supplementary/s12862-014-0243-7-s1.docx

Delmas et al. BVIC Evolutionary Biology 2014, 14:243
http://www.biomedcentral.com/1471-2148/14/243

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

Routley MB, Mavraganis K, Eckert CG: Effect of population size on the
mating system in a self-compatible, autogamous plant, Aquilegia
canadensis (Ranunculaceae). Heredity 1999, 82:518-528.

Franceschinelli EV, Bawa KS: The effect of ecological factors on the mating
system of a south american shrub species (Helicteres brevispira). Heredity
2000, 84:116-123.

Brys R, de Crop E, Hoffmann M, Jacquemyn H: Importance of autonomous
selfing is inversely related to population size and pollinator availability
in a monocarpic plant. Am J Bot 2011, 98:1834-1840.

Kennedy BF, Elle E: The reproductive assurance benefit of selfing: importance
of flower size and population size. Oecologia 2008, 155:469-477.

Elle E, Carney R: Reproductive assurance varies with flower size in
Collinsia parviflora (Scrophulariaceae). Am J Bot 2003, 90:888-896.

Zhang ZQ, Li QJ: Autonomous selfing provides reproductive assurance in
an alpine ginger Roscoea schneideriana (Zingiberaceae). Ann Bot 2008,
102:531-538.

Vaughton G, Ramsey M: Pollinator-mediated selfing erodes the flexibility
of the best-of-both-worlds mating strategy in Bulbine vagans. Funct Ecol
2010, 24:374-382.

Willi Y: Evolution towards self-compatibility when mates are limited.

J Evol Biol 2009, 22(9):1967-1973.

Busch JW, Schoen DJ: The evolution of self-incompatibility when mates
are limiting. Trends Plant Sci 2008, 13:128-136.

Hirao AS, Kameyama Y, Ohara M, Isagi Y, Kudo G: Seasonal changes in pollinator
activity influence pollen dispersal and seed production of the alpine shrub
Rhododendron aureum (Ericaceae). Mol Ecol 2006, 15:1165-1173.

Mahy G, Jacquemart AL: Mating system of calluna vulgaris: self-sterility
and outcrossing estimations. Can J Bot 1998, 76:37-42.

Karron JD, Thumser NN, Tucker R, Hessenauer AJ: The influence of
population-density on outcrossing rates in Mimulus ringens. Heredity
1995, 75:175-180.

Karron JD, Mitchell RJ, Holmquist KG, Bell JM, Funk B: The influence of
floral display size on selfing rates in Mimulus ringens. Heredity 2004,
92:242-248.

Busch JW, Delph LF: The relative importance of reproductive assurance
and automatic selection as hypotheses for the evolution of
self-fertilization. Ann Bot 2012, 109:553-562.

Husband BC, Schemske DW: Evolution of the magnitude and timing of
inbreeding depression in plants. Evolution 1996, 50:54-70.

Hokanson K, Hancock J: Early-acting inbreeding depression in three
species of Vaccinium (Ericaceae). Sex Plant Reprod 2000, 13:145-150.
Waser NM, Price MV: Reproductive costs of selfpollination in lpomopsis
aggregata (Polemoniaceae): are ovules usurped? Am J Bot 1991,
78:1036-1043.

Mahy G, Jacquemart AL: Early inbreeding depression and pollen
competition in Calluna vulgaris (L.) Hull. Ann Bot 1999, 83:697-704.

Jarne P, Charlesworth D: The evolution of the selfing rate in functionally
hermaphrodite plants and animals. AnnRev Ecol Syst 1993, 24:441-466.
Michalski SG, Durka W: High selfing and high inbreeding depression in
peripheral populations of Juncus atratus. Mol Ecol 2007, 16:4715-4727.
Ramsey M, Vaughton G: Inbreeding depression and pollinator availability
in a partially self-fertile perennial herb Blandfordia grandiflora (Liliaceae).
Oikos 1996, 76:465-474.

Kittelson PM, Maron JL: Outcrossing rate and inbreeding depression in
the perennial yellow bush lupine, Lupinus arboreus (Fabaceae). Am J Bot
2000, 87:652-660.

Gonzélez-Varo JP, Traveset A: Among-individual variation in pollen
limitation and inbreeding depression in a mixed-mating shrub. Ann Bot
2010, 106:999-1008.

Sorensen FC: Relationship between self-fertility, allocation of growth, and
inbreeding depression in three coniferous species. Evolution 1999,
53:417-425.

Petit RJ, Hampe A: Some evolutionary consequences of being a tree.
Annu Rev Ecol Evol Syst 2006, 37:187-214.

Morgan MT: Consequences of life history for inbreeding depression and
mating system evolution in plants. Proc R Soc Lond B Biol Sci 2001,
268:1817-1824.

Winn AA, Elle E, Kalisz S, Cheptou P-O, Eckert CG, Goodwillie C, Johnston MO,
Moeller DA, Ree RH, Sargent RD, Vallejo-Marin M: Analysis of inbreeding
depression in mixed-mating plants provides evidence for selective
interference and stable mixed mating. Evolution 2011, 65:3339-3359.

65.

66.

68.

69.

70.

71

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

Page 11 of 12

Ritland K: Inferring the genetic basis of inbreeding depression in plants.
Genome 1996, 39:1-8.

Kohn JR: Why be female? Nature 1988, 335:431-433.

Latta R, Ritland K: Models for the evolution of selfing under alternative
modes of inheritance. Heredity 1993, 71:1-10.

Lande R, Schemske DW, Schultz ST: High inbreeding depression, selective
interference among loci, and the threshold selfing rate for purging
recessive lethal mutations. Evolution 1994, 48:965-978.

Holsinger KE: Inbreeding depression and the evolution of plant mating
systems. Trends Ecol Evol 1991, 6:307-308.

Porcher E, Lande R: The evolution of self-fertilization and inbreeding
depression under pollen discounting and pollen limitation. J Evol Biol
2005, 18:497-508.

Scofield DG, Schultz ST: Mitosis, stature and evolution of plant mating
systems: low-phi and high-phi plants. Proc R Soc Lond B Biol Sci 2006,
273:275-282.

Igic B, Busch JW: Is self-fertilization an evolutionary dead end? New Phytol
2013, 198:386-397.

Wright SI, Kalisz S, Slotte T: Evolutionary consequences of self-fertilization
in plants. Proc R Soc Lond B Biol Sci 2013, 280:20130133.

Schoen DJ, Morgan MT, Bataillon T: How does self-pollination evolve?
Inferences from floral ecology and molecular genetic variation. Philos
Trans R Soc Lond B Biol Sci 1996, 351:1281-1290.

Jain SK: The evolution of inbreeding in plants. Ann Rev Ecol Syst 1976,
7:469-495.

Lloyd DG: Demographic Factors and Mating Patterns in Angiosperms. In
Demography and Evolution in Plant Populations. Edited by Solbrig OT.
Oxford, UK: Blackwell; 1980:67-88.

Cruden RW, Lyon DL: Facultative Xenogamy: Examination of a Mixed
Mating System. In The Evolutionary Ecology of Plants. Edited by Bock JH,
Linhart YB. Boulder, CO: Westview; 1989:171-207.

Holsinger KE: Pollination biology and the evolution of mating systems in
flowering plants. £vol Biol 1996, 29:107-149.

Stebbins GL: Self fertilization and population variability in the higher
plants. Am Nat 1957, 91:337-354.

Ashman TL, Knight TM, Steets JA, Amarasekare P, Burd M, Campbell DR,
Dudash MR, Johnston MO, Mazer SJ, Mitchell RJ, Morgan MT, Wilson WG:
Pollen limitation of plant reproduction: ecological and evolutionary
causes and consequences. Ecology 2004, 85:2408-2421.

Gugerli F: Effects of elevation on sexual reproduction in alpine
populations of Saxifraga oppositifolia (Saxifragaceae). Oecologia 1998,
114:60-66.

Harder LD, Barrett SCH: Mating cost of large floral displays in
hermaphrodite plants. Nature 1995, 373:512-515.

Barrett SCH, Harder LD, Cole WW: Effects of flower number and position
on self-fertilization in experimental populations of Eichhornia paniculata
(Pontederiaceae). Funct Ecol 1994, 8:526-535.

Ishida K: Maintenance of inbreeding depression in a highly self-fertilizing
tree, Magnolia obovata thunb. Evol Ecol 2006, 20:173-191.

de Jong TJ, Waser NM, Klinkhamer PGL: Geitonogamy: the neglected side
of selfing. Trends Ecol Evol 1993, 8:321-325.

Snow AA, Spira TP, Simpson R, Klips RA: The Ecology of Geitonogamous
Pollination. In Floral Biology. Studies on Floral Evolution in Animal-Pollinated
Plants. Edited by Llyod DG, Barrett SCH. New York, USA: Chapman and Hall;
1996:191-216.

Holsinger KE, Feldman MW, Christiansen FB: The evolution of
self-fertilization in plants: a population genetic model. Am Nat 1984,
124:446-453.

Charlesworth D, Charlesworth B: Quantitative genetics in plants: the effect
of the breeding system on genetic variability. Evolution 1995, 49:911-920.
Ozenda P: La Végétation de la Chaine Alpine Dans l'espace Montagnard
Européen. Paris, France: Masson; 1985.

Escaravage N, Pornon A, Doche B, Till-Bottraud I: Breeding system in an
alpine species: Rhododendron ferrugineum L. (Ericaceae) in the french
northern Alps. Can J Bot 1997, 75:736-743.

Escaravage N, Wagner J: Pollination effectiveness and pollen dispersal in
a Rhododendron ferrugineum (Ericaceae) population. Plant Biol 2004,
6:606-615.

Escaravage N, Flubacker E, Pornon A, Doche B, Till-Bottraud I: Stamen
dimorphism in Rhododendron ferrugineum (Ericaceae): development and
function. Am J Bot 2001, 88:68-75.



Delmas et al. BVIC Evolutionary Biology 2014, 14:243 Page 12 of 12
http://www.biomedcentral.com/1471-2148/14/243

93. Escaravage N: Systéme de Reproduction et Stratégie de Colonisation de
Rhododendron Ferrugineum . (Ericaceae) (Etage Subalpin; Alpes du Nord).
France: University of Grenoble; 1997.

94. Lloyd DG, Schoen DJ: Self-and cross-fertilization in plants. | Functional
dimensions. Int/ J Plant Sci 1992, 153:358-369.

95.  Kramer CY: Extension of multiple range tests to group means with
unequal numbers of replications. Biometrics 1956, 12:309-310.

96. Delmas CEL, Lhuillier E, Pornon A, Escaravage N: Isolation and
characterization of microsatellite loci in Rhododendron ferrugineum
(Ericaceae) using pyrosequencing technology. Am J Bot 2011,
98:2120-e122.

97. Naito K, Isagi Y, Nakagoshi N: Isolation and characterization of
microsatellites of Rhododendron metternichii Sieb. et Zucc. var.
hondoense Nakai. Mol Ecol 1998, 7:927-928.

98. Dendauw J, De Riek J, Arens P, Van Bockstaele E, Vosman B, De Loose M:
Development of sequenced tagged microsatellite site (STMS) markers in
Azalea. Acta Horticult 2001, 1:193-197.

99. Ritland K: Extensions of models for the estimation of mating systems
using n independent loci. Heredity 2002, 88:221-228.

100. Ritland K, Jain S: A model for the estimation of outcrossing rate and gene
frequencies using n independent loci. Heredity 1981, 47:35-52.

101. Ritland K: Correlated matings in the partial selfer Mimulus guttatus.
Evolution 1989, 43:348-859.

102. Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F: Genetix 4.05, Logiciel Sous
Windows tm Pour la Génétique des Populations. Montpellier (France): Laboratoire
Génome, Populations, Interactions, CNRS UMR 5000, Université de Montpellier II;
2004. Available from: http://kimura.univ-montp2fr/genetix/.

103. Charlesworth D: The apparent selection on neutral marker loci in partially
inbreeding populations. Genet Res 1991, 57:159-175.

104. Eckert C, Barrett S: Inbreeding depression in partially self-fertilizing
Decodon verticillatus (Lythraceae): population-genetic and experimental
analyses. Evolution 1994, 48:952-964.

105. Agren J, Schemske DW: Outcrossing rate and inbreeding depression in
two annual monoecious herbs, Begonia hirsuta and B. Seminovata
Evolution 1993, 47:125-135.

106. Mutikainen P, Delph LF: Inbreeding depression in gynodioecious Lobelia
siphilitica: among-family differences override between-morph
differences. Evolution 1998, 52:1572-1582.

107. Dudash MR, Fenster CB: Multiyear study of pollen limitation and cost of
reproduction in the iteroparous Silene virginica. Ecology 1997, 78:484-493.

108. Busch JW: Inbreeding depression in self-incompatible and self-compatible
populations of Leavenworthia alabamica. Heredity 2005, 94:159-165.

109. Johnston MO, Schoen DJ: On the measurement of inbreeding depression.
Evolution 1994, 48:1735-1741.

110. Chang SM, Rausher MD: The role of inbreeding depression in maintaining
the mixed mating system of the common morning glory, [pomoea
purpurea. Evolution 1999, 53:1366-1376.

doi:10.1186/512862-014-0243-7

Cite this article as: Delmas et al.: High lifetime inbreeding depression
counteracts the reproductive assurance benefit of selfing in a mass-
flowering shrub. BMC Evolutionary Biology 2014 14:243.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central



http://kimura.univ-montp2.fr/genetix/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Reproductive success and pollination parameters along a natural patch size gradient
	Patch selfing rate estimates
	Lifetime inbreeding depression

	Discussion
	Reproductive assurance and selfing rate estimates for patches of different sizes
	Early-acting and lifetime inbreeding depression in a mass-flowering shrub
	Reproductive assurance versus inbreeding depression

	Conclusions
	Methods
	Study organism
	Study site and patch characteristics
	Reproductive success and pollination parameters along a natural patch size gradient
	Progeny array analysis and selfing rate estimates
	Lifetime ID

	Availability of supporting data
	Additional file
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


