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1  |  INTRODUC TION

Most seed plants are cosexual, producing both pollen and ovules 
(Lloyd, 1982). Hence, individual plants, if they manage to success-
fully export pollen from their anthers to a receptive compatible 
stigma and import pollen from a compatible pollen donor to their 
own receptive stigmas, will function as both paternal and maternal 

parents to the next generation. However, conflicts in their parental 
roles during pollination and mating could result in gamete wastage 
and loss of reproductive potential, called sexual interference or self- 
interference (Barrett, 2002; Lloyd & Webb, 1986). Is that mechanism 
truly significant in plant populations? The question remains largely 
open. For instance, Barrett (2002) provides numerous evidence in 
favour of the existence of sexual interference in plants but predicts 
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Abstract
Most seed plants produce both pollen and ovules. In principle, pollen export could 
interfere with pollen import through self- pollination, resulting in ovule usurpation and 
reduced fruit set. Evidence for such interference exists under experimental settings 
but its importance under natural conditions is unknown. To test for sexual interfer-
ence in nature, it is necessary to study together mating system, through paternity 
analyses, and fruit set, the proportion of flowers giving seeds or fruits. We developed 
a new model combining both processes, using chestnut (Castanea) as case study. We 
carried out a paternity analysis in an intensively studied plot of 273 trees belonging 
to three interfertile chestnut species and including a range of individuals with more 
or less functional stamens, resulting in a large data set of 1924 mating events. We 
then measured fruit set on 216 of these trees. Fruit set of male- fertile trees was much 
lower than that of male- sterile trees. Our process- based model shows that pollen is 
not limiting in the study site and hence cannot account for reduced fruit set. It also 
indicates that self- pollination is high (74%) but selfing rate is low (4%). Self- pollen is 
less competitive than cross- pollen, reducing sexual interference, but not sufficiently, 
as many ovules end up being self- fertilized, 95% of which abort before fruit formation, 
resulting in the loss of 46% of the fruit crop. These results suggest that the main cause 
of reduced reproductive potential in chestnut is sexual interference by self- pollen, 
raising questions on its evolutionary origins.
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2  |    LARUE et al.

that it would be difficult to detect it in nature “because extant traits 
should have evolved to minimize its intensity in contemporary 
populations”.

Cosexual plants, if they emit pollen when they are receptive, 
can deposit it on their own stigmas, resulting in self- pollination, a 
potentially important source of sexual interference. First, if self- 
fertilization takes place following self- pollination, and if there is 
inbreeding depression in the self- fertilized offspring, the corre-
sponding ovules can be lost for reproduction (Charlesworth & 
Charlesworth, 1987). Inbreeding depression can result in the loss of 
the embryo early on, before a seed is produced (early inbreeding 
depression), or later on, for instance at the time of seed germination, 
with similar consequences for maternal fitness but not for fruit set 
(defined as the proportion of flowers giving mature fruits or seeds). 
Second, self- pollination can be detrimental to plant female fitness 
for reasons other than inbreeding depression. For instance, if too 
abundant on stigmas, self- pollen could restrict access of cross pol-
len, a phenomenon called pollen clogging (Aizen & Harder, 2007; 
Barrett, 2002). In plants that have a late- acting form of self- 
incompatibility (Seavey & Bawa, 1986), self- pollen tubes might reach 
the ovary but fail to penetrate the ovule; or they might penetrate the 
ovules but syngamy does not take place; or they might fertilize the 
ovule but the zygote is not recognized by ovarian tissues and degen-
erates (Gibbs, 2014). All these mechanisms result in ovule usurpation 
(loss of cross- fertilization opportunities when ovules are disabled by 
self- pollination) or embryo loss and hence reduced fruit set, even 
when there is an unlimited supply of pollen. In this context, it is not 
surprising that many plants equipped with physiological mechanisms 
of self- incompatibility nevertheless also possess floral traits that 
limit self- pollination (Bertin, 1993; Harder & Barrett, 1995; Lloyd & 
Webb, 1986; Webb & Lloyd, 1986).

Previous investigations of the costs of self- pollination in out-
crossing species have employed experimental approaches using 
mixtures of self and cross pollen applied together or successively 
on stigmas. Most available studies report significant reductions in 
female fertility when self- pollen proportion increases (e.g., Bertin 
& Sullivan, 1988; Broyles & Wyatt, 1993; Byers, 1995; Galen 
et al., 1989; Husband & Schemske, 1996; Johnson et al., 2019; 
Waser & Price, 1991). However, such approaches, because of their 
manipulative nature, cannot estimate the amount of sexual inter-
ference actually taking place under natural conditions. To evaluate 
the consequences of sexual interference in nature, we need to test 
if increased pollen production and export is associated with less 
successful pollen import. Unfortunately, these two processes tend 
to be studied with different approaches, in line with the largely in-
dependent development of genetic and ecological perspectives in 
evolutionary biology (Harder & Barrett, 1996). Pollen export and 
corresponding male fitness are typically studied with genetic mark-
ers and paternity analyses whereas pollen import and female mating 
success are typically studied using fruit set measurements. An inte-
grated model of pollen export and pollen import would represent a 
major achievement in pollination science, making it possible to study 
the interactions between the two processes.

To develop this approach, we can build on earlier mating system 
studies. Research during the last 30 years has led to the develop-
ment of spatially explicit mating models informed by powerful DNA- 
based marker data. For hermaphrodite plants, researchers have 
relied on mixed- mating models, which consider the production of 
a mixture of self- fertilized (selfed) and outbred (outcrossed) seeds. 
They have been considerably refined since the first publications 
on the topic (Adams et al., 1992; Adams & Birkes, 1991; Schoen & 
Stewart, 1986). They can now be used to identify intrinsic and extrin-
sic factors influencing male fecundity (Burczyk et al., 1996; Chybicki 
et al., 2021; Klein et al., 2008; Lagache et al., 2014; Roeder, Devlin & 
Lindsay, 1989; Tani et al., 2009). They can clarify how far pollen trav-
els, which travel path is used by pollinators, and which pairs of indi-
viduals can mate, depending on their flowering phenology and other 
factors (Burczyk & Prat, 1997; Klein et al., 2008; Lander et al., 2013; 
Oddou- Muratorio et al., 2005). The models have also been extended 
to accommodate hybridization (Klein et al., 2017), allowing to de-
rive field- based estimates of interspecific mating barriers (Lagache 
et al., 2013). However, whereas intergenerational models exist 
that integrate pollen and seed dispersal to study male and female 
fecundity (Bontemps et al., 2013; Burczyk et al., 2006; Chybicki & 
Oleksa, 2018; Oddou- Muratorio et al., 2010; Oddou- Muratorio & 
Klein, 2008), female mating success is never considered. Indeed, all 
mixed- mating models are rooted in the genetic analysis of extant 
seeds or seedlings, ignoring failed female mating attempts.

Instead, the focus in most field studies of pollination ecology 
is on the proportion of flowers that do not develop into fruits 
because of pollen limitation in quantity or in quality (Burd, 1994; 
Larson & Barrett, 2000; Stephenson, 1981). In animal- pollinated 
plants, failures to set fruits can be caused by a lack of polleniz-
ers (pollen donor plants), a lack of pollinators (animals that move 
pollen from the male anther of a flower to the female stigma of a 
flower), inefficient pollen transfer, low pollen- tube survival or zy-
gote death (Harder & Aizen, 2010; Wilcock & Neiland, 2002). Just 
as for male fecundity, female mating success depends on a range 
of intrinsic and extrinsic factors, including the ability of individual 
plants to attract pollinators (Hegland & Totland, 2008; Mitchell 
et al., 2009; Totland & Sottocornola, 2001). At first sight, studying 
female mating success seems more straightforward and accessi-
ble than investigating male mating success, as the proportion of 
empty and filled seeds can be directly counted with no need for 
heritable markers (Bernasconi, 2003). However, the information 
acquired on female mating success by comparing fruit set mea-
surements with the spatial distribution of potential pollen donors 
is very limited. This is due to the absence of a mechanism linking 
fruit set with the distribution of pollen donors and with pollen 
dispersal (Ahee et al., 2014; Knapp et al., 2001; Platt et al., 1974; 
Silander, 1978) and to the lack of consideration of self- pollination 
rates.

At first sight, measuring the effect of self- pollination on fruit 
set under natural conditions seems particularly difficult, as it re-
quires that we distinguish between different mechanisms respon-
sible for failures for flowers to set fruits, which can be caused 
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    |  3LARUE et al.

either by a lack of pollen or by poor quality pollen. In fact, fruit set 
measurements have long been used as indicators of pollen limita-
tion, without distinguishing between pollen quantity and pollen 
quality effects (Aizen & Harder, 2007). For our study, we sought 
to model separately flowers that fail to set fruits because of self- 
pollination and flowers that fail to set fruits because of lack of 
pollen.

A promising method to investigate together male and female 
mating success would be to combine marker- based male fecun-
dity and pollen dispersal studies with fruit set studies, thereby in-
tegrating genetic and ecological data. This approach would make 
it possible to test if plants that produce and export a lot of pollen 
have decreased fruit set due to sexual interference caused by self- 
pollination. To reconstruct the composition of the pollen pool at 
the time of pollination, the model needs to consider pollen move-
ment among plants and the possible advantage of outcross- pollen 
over self- pollen (Christopher et al., 2020; Darwin, 1877). To model 
self- incompatibility, two types of processes need to distinguished, 
one acting early on after pollination and another one at the time 
of fertilization or slightly afterwards. First, we need to consider the 
difference in competitive ability of self-  and outcross- pollen during 
pollen tube growth, as it could modify their proportion between 
pollination and fertilization. Second, we need to account for the 
differential mortality of selfed-  versus crossed- fertilized ovules or 
embryos caused by late- acting self- incompatibility or early inbreed-
ing depression, as it could reduce fruit set. By combining these two 
mechanisms, it should be possible to model a range of responses, 
from no effect on fruit- set when pollen is not limiting (simple compe-
tition between self-  and cross- pollen) to abortion of all self- fertilized 
ovules through late- acting self- incompatibility or early inbreeding 
depression.

Here, we develop for the first time such a complete pollination 
model, by coupling a spatially explicit mating model based on pater-
nity analyses with a fruit set model. Sexual interference caused by 
self- pollination is likely to be most severe in species with large flo-
ral displays, such as trees, because the transfer of pollen between 
flowers on the same plant (geitonogamy) inevitably increases with 
plant size (de Jong et al., 1993). Chestnut (genus Castanea, Fagaceae), 
an insect- pollinated tree cultivated for its fruits (Larue, Austruy, 
et al., 2021), was chosen as case study. Chestnuts are large insect- 
pollinated mass- flowering trees producing huge amounts of pollen, 
with record- high pollen: ovule ratios (Larue, Austruy, et al., 2021; 
Petit & Larue, 2022). The main chestnut pollinators (beetles and ca-
lyptrate flies) are not very mobile (Larue, 2021). In keeping with these 
observations, single pollen grain genotyping experiments have shown 
that most of the pollen deposited on stigmas is self- pollen (Hasegawa 
et al., 2009). Chestnut trees may also be characterized by prezygotic 
late- acting self- incompatibility and early- acting inbreeding depres-
sion (Seavey & Bawa, 1986; Xiong et al., 2019). Together, these bi-
ological features could lead to high rates of ovule discounting and 
reduced fruit set. Actually, emasculation experiments in chestnuts 
have shown that artificially reducing self- pollination greatly increases 

fruit set (Larue, 2021; Zhao & Liu, 2009), supporting the hypothesis 
that sexual interference is involved.

By focusing on an exhaustively sampled isolated chestnut pop-
ulation (Larue, Barreneche, & Petit, 2021a), we hope to source most 
fruits to their corresponding pollen donor using powerful genotyp-
ing techniques (Larue, Guichoux, et al., 2021). This should provide 
detailed description of the pollen pool sampled by each mother 
tree. In combination with fruit set measurements, this study design 
should eventually allow us to create a complete pollination model, 
by coupling male and female mating success models. Here, we de-
rive model parameters and assess model performance. We then use 
the model to test the hypothesis that, under natural conditions, self- 
pollination does reduce fruit set in chestnut. This approach should 
help evaluate whether sexual interference, an outcome of sexual se-
lection (Barrett, 2002), represents an important factor in chestnut 
reproduction and evolution.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The 273 studied trees are located in Villenave d'Ornon, near 
Bordeaux, in south- western France (44.788319 N, −0.577062 E). 
The study site has been previously described (Larue, Barreneche, & 
Petit, 2021a). Most trees (242) belong to the INRAE chestnut germ-
plasm collection hosted in two nearby orchards. The trees belong 
to three chestnut species and their hybrids. The three species are 
the European chestnut (Castanea sativa), the Japanese chestnut (C. 
crenata) and the Chinese chestnut (C. mollissima). The first orchard, 
planted in 1970, comprises only 29 large widely spaced trees on 
2.3 ha. The second orchard, planted in 1990, comprises 213 trees 
on 3.5 ha. All 242 trees are grafted on two rootstocks: “Marsol” 
(CA07) and “Maraval” (CA74), two hybrids of C. sativa and C. crenata. 
We also identified 24 small but already fertile trees in the nursery 
and seven adult trees located within a distance of one kilometre 
from the studied orchards. All these trees were geolocated using 
a Garmin 64st gps and their coordinates are expressed in lambert 
93 (Figure 1). We verified tree positions and corrected them using 
QGIS Software (Qgis Desktop 3.16.4) and satellite photos from IGN 
BdOrtho (https://geose rvices.ign.fr/bdortho).

2.2  |  Monitoring of flowering phenology

To study temporal compatibility between trees, we described in de-
tail the flowering phenology of each individual tree using a scale spe-
cifically developed for chestnuts (Larue, Barreneche, & Petit, 2021b). 
We scored phenology during the late spring of 2018, twice a week 
during six weeks, between June and mid- July. During each monitor-
ing session, we gave three scores to each tree: one for male flowers 
of unisexual male catkins (PhM), another for female inflorescences 
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4  |    LARUE et al.

of bisexual catkins (PhF) and a final one for male flowers of bisexual 
catkins. For the model presented in this article, we used only the two 
first scores (i.e., PhM and PhF).

2.3  |  Phenotype characterization

To obtain proxies of male fitness, we described the capacity of the trees 
to produce pollen in spring 2018 (Larue, Barreneche, & Petit, 2021a). 
After examining male flowers of each tree (i.e., number of stamens 
and length of stamen filaments), we assigned it to one of four flower 
type categories: astaminate, brachystaminate, mesostaminate and 
longistaminate (Solignat & Chapa, 1975). For subsequent analyses, 
we considered only two categories of flowers (FType covariate). The 
first, which we named “dystaminate”, includes trees with male catkins 
made of male flowers with poorly developed stamens (i.e., astaminate, 
brachystaminate and mesostaminate trees). The second category, 
called “eustaminate”, includes all the other trees with male flowers 
having fully developed stamens (i.e., longistaminate trees). For each 
tree, we also measured canopy average diameter (in metres) and cal-
culated its canopy area (CA covariate, measured in square metres) by 
assuming that the canopy is half- spherical and visually estimating the 
proportion of missing canopy. Finally, we measured the average length 
of the male catkins of each tree (the FLength covariate, measured in 
centimetres). When phenotypic data were missing for a tree, we re-
placed these by the mean value of the corresponding variable.

2.4  |  Fruit set estimation

In chestnuts, female inflorescences are composed of three female 
flowers located side by side, the central one flowering slightly be-
fore the two lateral ones (Solignat & Chapa, 1975). Each flower, if 
pollinated, produces an indehiscent fruit protected by a pericarp 
of maternal origin. A fruit typically contains a single seed, seed set 
being thus equivalent to fruit set. If pollination of a flower fails, the 
pericarp is still present, but remains empty. After flowering, female 
inflorescences turn into spiny infrutescences called burrs, in which 
three (full or empty) fruits are enclosed. If all three fruits are empty, 
the burr can fail to develop and fall early in the season. Sampling a 
large number of burrs is straightforward and fruit set is calculated by 
counting the number of developed or empty fruits present in each 
burr (Larue, Austruy, et al., 2021). During fall 2018, we collected at 
least 20 burrs, corresponding to 60 fruits, in the canopy of each tree 
or on the ground underneath the canopy. In fall 2019, we targeted 
at least 30 burrs per tree (90 fruits) to increase resolution. We es-
timated fruit set by counting the number of developed and aborted 
fruits per burr, excluding burrs with only aborted fruits.

2.5  |  Chestnut germplasm collection

We previously genetically characterized all trees from the collection 
with SNP markers (Larue, Barreneche, & Petit, 2021a). Briefly, in 

F I G U R E  1  Map of all trees from the 
INRAE chestnut collection and from 
chestnut trees growing in the orchards 
vicinity used in this study. Shape of 
symbols indicates male flower type, 
whereas its colour indicates the species.
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    |  5LARUE et al.

May 2018, we collected one or two young leaves from all trees. We 
isolated DNA from 50 mg of leaves using a custom- made CTAB pro-
tocol with 1.4 M NaCl lysis buffer (Larue, Guichoux, et al., 2021). We 
then assigned each tree to a species (Larue, Guichoux, et al., 2021). 
We identified 121 C. sativa, 94 C. sativa × C. crenata hybrids, 21 C. 
crenata, 20 C. mollissima, and 17 other interspecific crosses subse-
quently pooled in the analyses (2 C. crenata × C. mollissima hybrids, 
10 C. sativa × C. mollissima hybrids and 5 three- ways hybrids). Among 
these trees, there were 187 eustaminate trees (68%) and 86 dys-
taminate trees (32%) (Table 1).

2.6  |  Fruit sampling and DNA isolation

To perform paternity analysis, we collected at least 40 burrs and up 
to 95 on 43 mother trees in September 2018 (Table 2). We chose 
genets with multiple ramets randomly distributed to vary the pollen 
environment. These 43 mother trees belong to the three chestnut 
species and one category of hybrids (C. sativa × C. crenata). For each 
burr, we isolated DNA either from one randomly selected fruit or 
from all three fruits. All samples were stored at −20°C until DNA iso-
lation. We isolated DNA from 50 mg of chestnut tissue using CTAB 
custom DNA isolation protocol for 96 well plate format with 2.4 M 
NaCl lysis buffer (Larue, Guichoux, et al., 2021). We checked the 
quality of isolated DNA with a spectrophotometer Thermo Scientific 
NanoDrop 8000.

2.7  |  SNP genotyping

We characterized all individuals at 79 SNP using Agena MassARRAY 
Platform (Larue, Guichoux, et al., 2021) and checked the raw data 
using MassARRAY Typer Analyser 4.0.26.75 (Agena Biosciences). 
We excluded loci with weak or ambiguous signal (i.e., unclear clus-
ter delimitation) and retained 68 SNP to perform the subsequent 
analyses.

2.8  |  Categorical paternity analysis

A categorical paternity analysis was performed with the software 
Cervus (Kalinowski et al., 2007). We calculated allelic frequencies 
using the 113 unique genotypes of all adult trees constituting the 
INRAE chestnut germplasm collection. We list all parameters used 
for the simulation of paternity analysis in Supporting Information 1; 
self- fertilization was enabled. We calculated confidence intervals 
using LOD score and delta LOD with a relaxed level of 95% and a 
strict level of 99%.

2.9  |  Pollen limitation and sexual interference

When a plant receives high quality pollen mixture, in which all pol-
len grains are viable and compatible, only the amount of pollen re-
ceived limits pollination success (Figure 2, green curve). A plateau is 
reached rapidly after which nearly all female flowers produce a fruit. 
Before that, a slight pollen increase will have a strong positive effect 
on pollination success (limitation by quantity). However, the mixture 
of pollen received by a plant is rarely entirely compatible. If a frac-
tion of the pollen grains cause ovule abortion for different reasons, 
such as late- acting self- incompatibility or early inbreeding depres-
sion in the case of self- pollen (Figure 2, red curve), this reduces fruit 
set. After some threshold, an additional amount of pollen no longer 
increases pollination success (limitation by quality).

Usually, to estimate pollen limitation, researchers manually add 
pollen to female flowers in so- called pollen supplementation experi-
ments. Aizen and Harder (2007) have criticized this method, arguing 
that if the pollen mixture received by control plants differs from that 
used in supplementation experiments, the results will be difficult to 
interpret. The precise composition of the pollen mixture naturally 
received by a mother plant is generally unknown. Hence, these sup-
plementation experiments cannot differentiate the effects of pollen 
quantity and quality on pollination success. We designed the model 
presented below to fill that gap.

TA B L E  1  Composition of the studied plot: Chestnut tree sample sizes by species and flower type, expressed in number of clones (grafted 
varieties) and ramets (trees)

Species Sativa Hybrids Crenata Mollissima Others Total All

Flower type Ea Db E D E D E D E D E D

No. clones 26 19 27 8 7 0 17 0 6 3 83 30 113

No. ramets 64 57 70 24 21 0 20 0 12 5 187 86 273

% clones 0.23 0.17 0.24 0.07 0.06 0.00 0.15 0.00 0.05 0.03 0.73 0.27 1.00

% ramets 0.23 0.21 0.26 0.09 0.08 0.00 0.07 0.00 0.04 0.02 0.68 0.32 1.00

aE, eustaminate trees.
bD, dystaminate trees.
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6  |    LARUE et al.

2.10  |  Modelling and parameter estimation

2.10.1  |  Spatially- explicit mating model

We used a spatially explicit individual- based mating model to inves-
tigate intra-  and interspecific mating events with pollen from inside 
and outside the studied stand. This approach allows a simultane-
ous estimation of all the parameters influencing male fecundity and 
pollen dispersal using a Bayesian approach for random effect mat-
ing model (Chybicki et al., 2019; Klein et al., 2008; Klein & Oddou- 
Muratorio, 2011). We added several components to adjust to the 
present data set and to the questions of interest. Specifically, (i) we 
coupled the standard likelihood of pollen pool composition with the 
likelihood of fruit set; (ii) we considered several species with fer-
tilization barriers between each species pair; (iii) we modelled the 
effect of male and female flowering dates on mating probabilities 
(for the male flowering date, only the first peak of pollen emission 
was considered); (iv) we included a clone- ramet information with 
some degree of self- sterility among ramets of the same clone; and 
(iv) we used two models for the fruit set likelihood, one with self- 
sterility only and the other with self- sterility together with pollen 
limitation. In both models, we investigated the effects of covariates 
on fruit set. We also accounted for mistyping at a maximum of two 
loci per genotype (using a mistyping rate of 0.001 at all loci) and for 
the presence of null alleles at 12 of the 68 loci. We identified these 
null alleles by checking for Mendelian segregation in mother trees 
using MisMatChFinder, a custom made software (Larue, Guichoux, 
et al., 2021).

2.10.2  |  Likelihoods

More specifically, the full likelihood of the data writes:

where go is the genotype of a seed and gjo is the genotype of its mother- 
tree jo.

where nb is the number of formed fruits in the burr b sampled 
on the mother- tree jb. For each mother tree, we used only the 
burrs collected in 2018, as we have flowering data only for that 
year. When fruit set data from 2018 were not available (23% of 
the cases), we used burrs collected in 2019 instead to estimate 
fruit set, rather than using mean fruit set values. Our rationale 
is that fruit sets were positively correlated across years (r = 0.62, 
n = 160).

(1)L(data| parameters) = Lgenet × Lfructi

Lgenet(data| parameters) =
∏

o:genotyped seeds

P
(
go| gjo

)

Lfructi(data| parameters) =
∏

b:burrs

P
(
nb| jb

)
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    |  7LARUE et al.

For the first component of Equation (1), the probability that a 
seed o from mother gjo has genotype go is:

where T(go| gjo , gk) are the Mendelian probabilities of generating the 
offspring's genotype go from the known genotypes of the two parents; 
AF are the SNP allelic frequencies in the external population, mig cor-
responds to the pollen migration rate from outside the site (to be esti-
mated); and �jk is the relative contribution of the candidate father k to 
the pollen pool of mother j (detailed below).

For the second component of Equation (1), the probability that a 
burr b from a mother jb has nb formed fruits follows a zero- deflated 
binomial distribution.

where �jb is the probability for a single fruit to be formed, that is, fertil-
ization occurs and no abortion occurs (see below). We obtained these 
equations by assuming that the different fruits in the same burr are in-
dependent of each other (given the amount and composition of pollen 
received) and that burrs with zero fruit were not sampled. Different 
parameterized models for �jb were built to account for different pro-
cesses (see below). Figure 3 shows how observations, latent variables 

and parameters interact in the Directed Acyclic Graph of this hierar-
chical model.

2.10.3  |  Modelling the relative contributions of 
candidate fathers to pollen pools (πjk)

Central in Equation (2), the relative contribution �jk of the candidate 
father k to the pollen pool of mother j results from the competi-
tion with pollen from all other known candidate fathers. Following 
Smouse and Sork (2004), we considered three kinds of factors deter-
mining the pollen pool available to each mother- tree j: factors affect-
ing the male fecundity of each father tree k of the stand (Fk); factors 
affecting the dispersal from location of father k to the location of 
mother j (DISPjk); and factors affecting the compatibility between 
mother j and father k (COMPATjk) (including phenology, species bar-
riers, reduced competitive ability of pollen coming from ramets of 
the same clone):

where v1, v2 and v3 are the fixed effects of the three covariates of inter-
est (flower- type (Dys = 0; Eu = 1), canopy area, catkin length) and Ek is 
an individual random effect of variance VE.

where s is the shape parameter and a is a scale parameter related to the 
mean dispersal distance � following � = a

Γ(3 ∕ s)

Γ(2 ∕ s)
. The parameters s and � 

were estimated. Note that for selfing, i.e., for j = k and djj = 0, we used 

(2)P
(
go| gjo

)
= mig × T

(
go| gjo ,AF

)
+ (1 − mig) ×

∑

k:candidates

�jok
× T

(
go| gjo , gk

)

(3)P
(
nb = 1| jb

)
=

3�jb

(
1−�jb

)2

1 −
(
1−�jb

)3

(4)P
(
nb = 2| jb

)
=

3�2
jb

(
1 − �jb

)

1 −
(
1−�jb

)3

(5)P
(
nb = 3| jb

)
=

3�3
jb

1 −
(
1−�jb

)3

(6)�jk =
Fk × DISPjk × COMPATjk∑
l

Fl × DISPjl × COMPATjl

(7)Fk = exp
(
v1FTypek + v2CAk + v3FLengthk + Ek

)

(8)DISPjk =
s

2�a2Γ(2∕ s)
exp

(
−

ds
jk

as

)

F I G U R E  2  Pollination success (fruit 
set) as a function of pollen receipt per 
ovule. Green curve: Quantity limitation 
only. Red curve: Limitation by the quality 
of pollen received (e.g., a late- acting self- 
incompatibility barrier or early inbreeding 
depression), in addition to quantity 
limitation. Pollen quantity effects are 
only visible when the quantity of pollen 
received by the ovules is low, whereas 
pollen quality effects occur regardless 
of pollen quantity but are most visible 
when the quantity of pollen received by 
ovules is high. Adapted from Aizen and 
Harder (2007).
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8  |    LARUE et al.

the integral of the exponential power kernel over a disk of radius 3 m 
mimicking the canopy of an average tree:

where SIjk = bSI if j and k belong to the same clone of the same species 
and SIjk = 1 if j and k belong to different species or different clones 
of the same species. In this equation SIjk represents the relative com-
petitive ability of the pollen: i.e., a pollen grain has a chance to win 
the race for fertilization weighted by a factor SIjk (bSI is expected <1). 
bSI is thus the parameter for early- acting self- incompatibility, and 

Equation 6 models pollen pools prior to the fecundation stage. Below 
(in Equations 10 and 11), we will also consider the effect of late- acting 
self- incompatibility, acting at fertilization stage, or through postzygotic 
barriers at the survival stage (embryo abortion or early inbreeding 
depression).

In Equation (9) hspj ,spk represents the relative fertilization success 
on a mother j of species spj of each pollen grain from a father k of 
species spk, relatively to a compatible pollen of species spj (thus any 
hsp,sp = 1). Finally, PhMk and PhFj are the phenological indices for male 
blooming and female receptivity; the parameter Δopt1 determines the 
optimal phenological lag that provide the best chance of pollination 
success and parameter σ1 determines the sensitivity to phenological 
lag (smaller σ1 means a quicker loss of pollination success when de-
parting from the optimal lag).

Parameters bSI, h′s, Δopt1, σ1 are to estimate.

DISPjj = ∫
r=3

r=0

sr

a2Γ(2∕ s)
exp

(
−

rs

as

)
dr.

(9)
COMPATjk = SIjk × hspj ,spk × e

−
(PhMk−PhFj−Δopt1)

2

�
2
1

F I G U R E  3  Directed acyclic graph illustrating the model used. « pollen pool » here is considered at the time of fecundation, i.e., after 
pollen competition and before abortion of ovules or embryos. It combines a pollen pool model for the relative contributions of the fathers 
to the pollen pool (πjk) and a fruit set model, based on probability to have a filled fruit, αj. The pollen pool composition (πjk) determines the 
genotypic data of seeds and depends on male fecundities (controlled by three phenotypic traits), geographical coordinates and genotypes of 
adult trees, and mating compatibilities between them. These compatibilities between trees depend in turn on barriers against self- pollen and 
against heterospecific pollen and on the temporal compatibility between flowering trees. The probability to have a filled fruit, αj, determines 
fruit set. It is modelled as a function of phenotypic traits, of the barriers against selfed ovules or embryos and of pollen pool intensity Qj (i.e., 
limitation by pollen quantity, model 2 only, see below), which is controlled by the same parameters as pollen pool composition πjk.
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    |  9LARUE et al.

2.10.4  |  Modelling the probability of a filled fruit (�j)

Central in Equations 3– 5, the probabilities of a filled fruit �j, for all 
mothers j, were modelled in two different ways described below. 
In both models, the probability to abort due to late- acting self- 
incompatibility or early inbreeding depression is the principal deter-
minant of �j. In model 1 below, we consider a barrier, where selfed 
ovules or embryos have different abortion rates than outcrossed 
ones. Model 2 is identical to model 1 except for the addition of a 
mechanism for pollen limitation as a determinant of fruit set.

Model 1
Fruit set determined by differential abortion rates. The survival rate 
of an embryo of mother j is written.

where �jk is written as above and corresponds to the probability of 
fertilization by father k, and �jk is the survival rate at fruit stage of an 
ovule fertilized by father k. Here self- incompatibility is the only deter-
minant of abortion with �jk = aSI (expected <1) if j and k belong to the 
same clone and �jk = 1 if j and k belong to different clones. Parameters 
w2 and w3 are the effects of covariates on fertilization success and i is 
the intercept. The left component of �j is a logit link that expresses the 
probability of fertilization success (between 0 and 1) as a function of 
the covariates and the right component expresses the probability that 
the embryo survives.

In that model, due to differential survival rates, the proportion of 
father k in nonaborted fruits becomes

(i.e., �jk is thus replaced by �′jk in Equation (2) of Lgenet).

Model 2
Fruit set determined by differential abortion rates and pollen 
limitation:

where �jk, �jk, w2, w3 and i are defined as above and where

is the total amount of effective pollen received by the mother- tree j. 
Here “effective” means “after competition, accounting for early- acting 
penalty of self- pollen grains”. The parameter wPL of Equation 11 thus 

measures the importance of pollen limitation as a determinant of fruit 
set.

Here again, the proportion of father k in the nonaborted fruits, 
used in Equation (2), is replaced by

2.10.5  |  Estimation procedure

We used a Bayesian framework and a Markov chain Monte- Carlo 
(MCMC) with a Metropolis- Hasting algorithm to estimate jointly all 
latent variables, that is, the Ek

′s random components of fecundity, 
and all parameters, that is, mig, �, s, v1, v2, v3, h′s, Δopt1, σ1, bSI, aSI, w2 , 
w3, wPL.

Each MCMC was run for 1,000,000 iterations and the first 
250,000 were discarded. We visually checked the good convergence 
of the chains towards a stationary state and ran several independent 
chains to check that all reached the same stationary state. We kept 
one iteration every 50th iteration to compute posterior distributions 
and posterior means for the parameters, the individual fecundities, 
and some additional variables enabling to evaluate the goodness- of- 
fit of the models.

2.11  |  Statistical analysis

We tested the significance of the relationships between predicted 
and observed variables with a linear model and the differences in 
male fertility between flower types and among species with one- 
way ANOVAs. We drew interspecific barriers plots with basic func-
tions implemented in R (version 3.6.0; R Core Team, 2013), and 
scatter plots, boxplots and histograms with ggplot2 (version 3.6.3; 
Wickham, 2016), ggthemes (version 4.2.4; Arnold, 2016) and cow-
plot (version 1.1.1; Wilke, 2020) packages.

3  |  RESULTS

3.1  |  Flowering and fruiting

We have obtained phenological, phenotypic and fruit set data for 
most trees in the study site (Larue, Barreneche, & Petit, 2021a). The 
canopy area (CA) and catkin length (FLength) of the trees were highly 
variable: CA = 20.9 m2 (0.04– 224) and FLength = 18.7 cm (9.4– 35.2). 
There is a large overlap of flowering phenology among species, with 
however a tendency for C. mollissima to bloom first, followed by C. 
crenata, C. sativa × C. crenata hybrids, and finally C. sativa. Fruit set, 
assessed on 216 trees, is much higher for dystaminate trees (0.85, 
ranging from 0.64 to 0.99) than for eustaminate trees (0.45, ranging 
from 0.14 to 0.63).

(10)�j =
exp

(
i + w2CA + w3FLengthj

)

1 + exp
(
i + w2CAj + w3FLengthj

)
∑

k

� jk�jk

��jk =
� jk × �jk∑
l

�jl × �jl

(11)�j =
exp

(
i + w2CAj + w3FLengthj + wPLQj

)

1 + exp
(
i + w2CAj + w3FLengthj + wPLQj

)
∑

k

� jk�jk

Qj =
∑

l:father trees

Fl × DISPjl × COMPATjl

��jk =
� jk × �jk∑
l

�jl × �jl
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10  |    LARUE et al.

3.2  |  Paternity analysis with CERVUS

We performed paternity analysis on 1939 seeds (Table S1, Figure 3e). 
From this, 15 seeds were excluded because their genotypes had 
more than 50% of missing data, 11 seeds were sired by an unknown 
father, presumably from outside the studied area, and 1913 seeds 
(i.e., 98.7% of the total) were assigned to a single father, including 
1825 assigned at the strict threshold of 99%. Among the 1924 seeds 
correctly genotyped (Table 2), 75 are self- pollinated (overall selfing 
rate of 3.9%). Selfing rate of mother trees varied across individu-
als (0%– 36%, Table S1). Conspecific trees sired a large but variable 
proportion of the seeds of each mother tree. For C. sativa mother 
trees, C. sativa sired 48% of the seeds; for C. sativa × C. crenata hy-
brid mother trees, C. sativa × C. crenata hybrids sired 45% of the 
seeds; and for C. mollissima mother trees, C. mollissima sired 63% of 
the seeds. However, for C. crenata, represented by only seven clones 
in the study site, conspecific C. crenata trees sired only 8% of the 
seeds whereas C. sativa × C. crenata hybrids sired as many as 73% of 
the seeds (Table 2).

Dystaminate trees, which represent 32% of the adult population 
studied, sired only 145 of the 1913 seeds with an identified father 
(8% of the total). In contrast, eustaminate trees, which represent 
68% of the adult population studied, sired 1768 seeds (92% of the 
total). Hence, eustaminate trees sired on average 5.6 times more 
seeds than dystaminate trees.

3.3  |  Model comparison

Our attempts with model 2, in which fruit set is determined not only 
by differential abortion rates of self- fertilized versus outcrossed 
ovules and embryos but also by pollen limitation, did not result in an 
improved fit compared to model 1 in which fruit set is determined 
only by differential abortion rates. We therefore focused on model 
1, which combines a spatially explicit mixed- mating model and a fruit 
set model. We compared it with the standard MEMM version, which 
does not include fruit set (Table 3). The likelihood of the standard 
version of MEMM is (as expected) lower than the likelihood of the 
corresponding genetic part of the new model: 62,584 versus 62,872, 
illustrating a better fit to that part of the data.

With the new model, male fecundity (Fk) is on average five times 
larger for eustaminate trees than for dystaminate ones (parameter 
v1 in Table 3 and Figure 4, left; ANOVA, p < 10−15), which is close to 
the value found for siring success (5.6- fold difference, see above). In 
contrast, the standard MEMM model yields a much larger difference 
(Table 3). There is also evidence for male fecundity Fk differences 
across species (ANOVA, p < .004), but the only significant pairwise 
comparison is that between C. sativa and C. sativa × C. crenata hy-
brids, the two most abundant and best sampled taxa, with hybrids 
having a slightly higher male fecundity (Tukey's test, p < .003).

With the standard MEMM model, only the value of a prezygotic 
barrier against self- pollen can be estimated (bSI = 0.01), suggesting 
that there is a 100- fold advantage for cross- pollen over self- pollen. 

With the new model, two parameters are estimated instead: an early 
barrier against self- pollen caused the competitive advantage of cross- 
pollen over self- pollen (bSI = 0.20), and a delayed barrier against self- 
pollen caused by a mechanism of late- acting self- incompatibility or 
early inbreeding depression resulting in a competitive advantage 
through ovule or embryo abortion (overall abortion rate αSI = 95%, 
Table 3). Once combined, these two mechanisms result in an overall 
selfing rate of about 4% (see Figure 5).

The migration rate of pollen from outside the site is very similar 
in both models (about 4.5% in the new model, see Table 3). This find-
ing differs from that based on paternity analyses, as we identified 
only 11 seeds (0.6%) with unknown parents.

3.4  |  Model predictions and model performance

By disentangling the different processes accounted for in the model, 
we could predict the proportions of self- pollen received by each 
mother tree at different stages. The first stage corresponds to the 
pollen pool received on stigmas at the time of pollination (Figure 5a). 
Self- pollen received by mother trees represents on average 59% of 
the pollen pool deposited on stigmas, with large variation among 
trees (from 5% to 98%). For instance, in eustaminate mother trees, 
the average proportion of self- pollen reaches 74%. In the second 
stage, the five- fold difference in competitive ability between self-  
and cross- pollen further shapes the proportion of self- pollen mak-
ing it to the ovules (Figure 5b). This results in a large decrease in 
the proportion of self- pollen, down to 35% (48% in eustaminate 
trees). The third stage corresponds to the effect of late- acting self- 
incompatibility and early inbreeding depression (Figure 5c). The pro-
portion of self- pollinated fruits is reduced to 4% (0– 19), due to the 
abortion of almost all ovules fertilized by self- pollen (asi = 0.95). For 
eustaminate trees, this implies that 46% the ovules abort (95% of 
48%). The last picture (Figure 5d) illustrates the selfing rate assessed 
on fruits of each mother- tree, estimated with the paternity analysis. 
This proportion is low, around 4% (0– 36), matching well with the 
estimate of the fitted model. The overall relationship between ob-
served and predicted self- pollination is marginally not significant (F 
test, p < .06, r2 = 0.06), with one tree (E_39_A) having an unusually 
high selfing rate.

Observed fruit set matched very well with predicted fruit set 
(F test, p < 10−16, r2 = 0.9) (Figure 6), suggesting that our model 
for fruit set satisfactorily catches the underlying processes. The 
predictions are good for all investigated species (Figure 6a) re-
gardless of flower types (Figure 6b). Data from both dystaminate 
(black dots, larger fruit sets) and eustaminate mother plants (red 
dots, widely variable fruit sets, including weak values) closely cor-
respond to predictions in the full range of observed values (from 
0.14 up to 0.99). Abortion rate of selfed ovules or embryos have 
a strong effect on fruit set, whereas other variables, such as tree 
phenotypes and phenology, have only a minor impact. Catkin 
length had no effect on male fecundities or on fruit set, whereas 
canopy area had a slightly positive effect on male fecundities as 
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    |  11LARUE et al.

well as on fruit set (Table 3). Regarding flowering phenology, we 
found that mating between trees is maximum when full flowering 
of unisexual male catkins happens close in time to the full recep-
tivity of female flowers (Table 3, Δopt1 within one day). However, 

the window of compatibility is relatively wide since a flowering 
gap of +/− 14 days (σ1) only reduced the chances of pollination by 
a factor 10. We provide parameters for interspecific barriers and 
pollen dispersal in Supporting Information 2 and 3.

TA B L E  3  Comparison of parameters estimated values of the new model and the standard MEMM model

Abbreviation Description

New model Standard MEMM model

Mean CIa min CI max Mean CIa min CI max

Likelihoods

- log(L(data)) Total likelihood 72,740

- log(Lgenet) Likelihood of seed genetic model 62,872 62,584

- log(Lfructi) Likelihood of fruit set model 9869

Parameters

VE Variance of the random component of ♂ 
fecundity per ramet

0.9 0.7 1.1 1.2 0.8 1.6

mig Pollen migration rate from outside the site 0.045 0.035 0.056 0.046 0.036 0.056

δ Pollen mean dispersal distance 5319 1265 9732 2725 324 8923

s Shape parameter of dispersal function 0.07 0.06 0.10 0.09 0.06 0.15

bSI Prezygotic barrier against selfing 0.20 0.14 0.27 0.01 0.00 0.02

aSI Survival rate of selfed embryos (1 –  postzygotic 
barrier)

0.05 0.03 0.06 / / /

Δopt1 (days) First ♂ peak -  ♀ receptivity −0.8 −3.5 1.8 −5.4 −9.5 −1.0

σ1 (days) Sensibility of male pollination success to 
departure to optimal phenological lag 
between mother and father

13.5 12.1 15.3 14.8 12.3 18.5

Interspecific barriers (h's)

S × CS Sativa × hybrid 0.54 0.37 0.77 0.43 0.26 0.68

S × C Sativa × crenata 0.45 0.25 0.75 0.46 0.23 0.85

S × M Sativa × mollissima 0.13 0.06 0.23 0.17 0.07 0.33

CS × S Hybrid × sativa 0.46 0.30 0.67 0.66 0.38 1.06

CS × C Hybrid × crenata 4.18 2.54 6.68 4.61 2.52 7.94

CS × M Hybrid × mollissima 0.63 0.35 1.06 0.89 0.41 1.73

C × S Crenata × sativa 0.08 0.02 0.20 0.33 0.04 1.19

C × CS Crenata × hybrid 0.79 0.45 1.27 0.65 0.17 1.92

C × M Crenata × mollissima 0.90 0.32 1.88 1.35 0.24 4.59

M × S Mollissima × sativa 0.01 0.00 0.04 0.01 0.00 0.03

M × CS Mollissima × hybrid 0.04 0.01 0.09 0.01 0.00 0.02

M × C Mollissima × crenata 0.39 0.15 0.84 0.07 0.01 0.18

Effect on male fecundity

v1
b Male fecundity of eustaminate vs. dystaminate 

trees
5.0 3.5 7.1 40.5 16.5 99.5

v2 Effect of canopy area on ♂ fecundity 0.15 0.01 0.32 0.42 0.24 0.62

v3 Effect of catkin length on ♂ fecundity 0.10 −0.06 0.27 0.29 0.09 0.48

Effect on fruit set

Ic Intercept of the logit model for fruit set 3.0 2.7 3.5 / / /

w2 Effect of canopy area on fruit set 0.8 0.3 1.4 / / /

w3 Effect of catkin length on fruit set −0.2 −0.4 0.1 / / /

aCredibility interval.
bLogit value of the intercept.
cExponential value of the effect.
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4  |  DISCUSSION

To investigate sexual interference in chestnuts under natural condi-
tions, we successfully developed a spatially explicit individual- based 
model coupling the standard likelihood of pollen pool composition 
with the fruit set likelihood. Hence, we could estimate female mat-
ing success and male fecundity in the same modelling framework. 
In theory, the pollen pool (pollen composition/quality and pollen 
amount/quantity) should influence female mating success, as pre-
dicted by Levin (1988). This fully justifies coupling the two processes 
for more realistic predictions of fruit set. Here, for the first time, we 
used information on the pollen cloud composition at the time of pol-
lination, obtained thanks to genetic markers, including the propor-
tion of self- pollen, to predict fruit set.

Our biological system proved very effective for these new de-
velopments. Nearly all chestnut trees could be geolocated, sam-
pled, genotyped and phenotyped. We evaluated their fruit set using 
a simple but effective procedure that closely reflects pollination 
success (Larue, 2021). We found that most mating events take 
place within the study plot: gene flow from outside the study site 
(i.e., from distances >1 km, given our nearly exhaustive sampling 
strategy) involved as little as 0.6% of the fruits, as inferred using 
paternity exclusion. This makes sense given that the surround-
ing landscape is mostly urban with no chestnut forests or woods. 
Moreover, chestnut is pollinated by small beetles and flies (Larue, 

Austruy, et al., 2021), which are probably less effective for long- 
distance pollen dispersal than either wind or large bees (Hasegawa 
et al., 2015; Wessinger, 2021). In most cases, we could identify the 
father with great confidence, providing a powerful platform for 
clarifying complex mating processes. Overall, the model accurately 
predicted pollen- pool composition and fruit set. Trees' flower types 
(dystaminate or eustaminate trees) strongly determined male fecun-
dity (i.e., eustaminate > > dystaminate), confirming the existence of 
different genders in European chestnut and in its hybrids, including 
completely or partly male- sterile chestnut trees.

We also found a positive effect of canopy area on both male 
fecundity and fruit set. Previous studies have also reported a pos-
itive relationship between male fecundity and tree size, including 
in insect- pollinated species, as expected given that pollen produc-
tion increases with tree size (Burczyk et al., 2002; Latouche- Hallé 
et al., 2004; Oddou- Muratorio et al., 2005). In contrast, the positive 
relationship between fruit set and tree size was unexpected as large 
trees are expected to experience increased self- pollination and to 
have decreased fruit set compared to male- fertile trees. More work 
is needed to confirm this trend and clarify its cause.

We obtained accurate predictions of fruit set only when consid-
ering differential abortion rates of selfed-  and outcrossed ovules and 
embryos. In contrast, there was no need to invoke pollen limitation 
to predict fruit set. The high fruit set observed in male- sterile trees 
(over 95% in some trees) supports this conclusion. We hypothesise 
that in this site, characterized by a large diversity of potential pol-
len donor trees located at reduced distance from each other and by 
abundant insect visitors (Larue, Austruy, et al., 2021), cross pollen is 
not limiting. Hence, we conclude that sexual interference is largely 
responsible for the reduced fruit set observed in male- fertile trees.

Unlike the standard MEMM model that uses a single parameter 
to estimate the barrier against self- pollen, our new model uses two 
parameters: the relative competitive ability of self- pollen compared 
to cross- pollen and the viability of selfed ovules or embryos caused 
by late- acting self- incompatibility or early inbreeding depression. 
We found that cross- pollen is five times more competitive than self- 
pollen and that roughly 19 selfed ovules out of 20 give rise to an 
empty fruit. Using these two barriers in combination, we could accu-
rately predict the observed selfing rate and fruit set. Fruit mortality 
thus depends on the proportion of self- pollen remaining after pollen 
competition. We argue that this proves the importance of sexual in-
terference and our ability to reproduce this mechanism in equations.

Several related findings confirm that sexual interference is in-
volved. First, as already pointed out, eustaminate (male- fertile) 
trees, which produce large amounts of pollen, have a greatly re-
duced fruit set compared to dystaminate (mostly male- sterile) trees. 
Second, for both eustaminate and dystaminate trees, increased 
male fecundity is associated with decreased fruit set, as expected 
if self- pollination usurps ovules. These findings are supported by 

F I G U R E  4  Individual male fecundities predicted according to 
trees' flower types.

F I G U R E  5  Proportion of self- pollen predicted and observed on each mother tree. (a) Expected proportion of self- pollen arriving on 
the stigmas. (b) Expected proportion of self- pollen after the operation of pollen competition. (c) Expected proportion of self- pollen after 
abortion of self- pollinated ovules or selfed embryos. (d) Proportion of fruits of each mother tree actually resulting from a selfing event.
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emasculation experiments (removal of male catkins) of whole trees 
or branches, where we observed increased fruit set in emasculated 
male- fertile but not in “emasculated” male- sterile varieties of C. sa-
tiva × C. crenata hybrids (Larue, 2021; Larue & Petit 2022). Similarly, 
Zhao and Liu (2009) observed increased fruit yield using chemical 
emasculation of male- fertile C. mollissima.

Since Darwin (1877), researchers have interpreted floral 
traits of outcrossing plant species as the result of natural selec-
tion against self- fertilization. Under this framework, the high rate 
of ovule loss caused by self- pollination observed in chestnut, a 
largely self- incompatible tree, is surprising, if we consider along 
with Barrett (2002) that selection should have minimized the con-
sequences of sexual interference. One possibility to explain this 
counter- intuitive finding is that natural selection is not the only 
mechanism at work. As increasingly acknowledged in the litera-
ture, sexual selection to increase male mating success applies not 
only to animals but also to plants, including cosexual ones (Moore & 
Pannell, 2011; Willson, 1979). We have previously shown that chest-
nuts produce huge amounts of tiny pollen grains and make large ef-
forts to attract pollinators (Larue, Austruy, et al., 2021). Hence, both 
sexual and natural selection must be considered, which could result 
in evolutionary trade- offs including sexual interference (Moore & 
Pannell, 2011). The large pollen production in chestnut is probably 
driven not only by low pollinator reliability but also by competition 
among males for access to ovules (Willson, 1979). Because of incom-
plete dichogamy (Hasegawa et al., 2017) as well as limited movement 
of some of the pollinators on trees canopies, abundant geitonoga-
mous pollination takes place, leading to the coating of stigmas by 
self- pollen, as shown in Japan by Hasegawa et al. (2009). Our work 

confirmed this finding: we found that on average 74% (and up to 
98%) of pollen received by male- fertile trees is self- pollen, whereas 
the selfing rate is only 4%. Despite the greater competitive advan-
tage of cross- pollen over self- pollen, almost half of the ovules abort 
in male- fertile trees, a massive rate, illustrating the importance of 
sexual interference in the field. By construction, male- sterile indi-
viduals do not experience sexual interference. Their presence in nat-
ural populations of European chestnut (Larue, 2021; Bodénès, Larue 
and Petit, personal observation) suggests that this advantage is large 
enough to compensate for their reduced male fitness, as discussed 
elsewhere (Larue & Petit 2022).

Our model was able to distinguish between two types of barri-
ers against self- fertilization that occur successively, both contrib-
uting to decrease the proportion of selfed seeds in the offspring. 
Alone, the lower competitive ability of self- pollen compared to 
cross- pollen should have no effect on fruit set when pollen is 
nonlimiting. However, this mechanism interacts with the subse-
quent barrier (abortion of selfed ovules or abortion of embryos). 
This interaction helps reduce sexual interference compared to 
a situation where only late- acting self- incompatibility or early- 
inbreeding depression would take place. At first sight, the earlier 
barrier appears much more effective than the later one, because 
it does not impact fruit set. This finding raises the question of 
why this first barrier did not evolve to become even more ef-
fective, thereby further reducing fruit mortality. In their seminal 
paper, Seavey and Bawa (1986) mention two possible advantages 
of late- acting self- incompatibility barriers that could explain their 
persistence in nature. They propose that such barriers would re-
sult in “an extended period of time over which pollen genotypes 

F I G U R E  6  Relationship between predicted and observed pollen pool composition. (a) for each mother tree, we compared the observed 
fraction of the pollen pool donated by each of the four paternal taxa with model predictions. (b) Relationship between observed and 
expected fruit set for each tree (ramet). Eustaminate trees are in red and dystaminate ones are in black.
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    |  15LARUE et al.

may be evaluated by the maternal parent and greater flexibility in 
the choice of male parents”. Ghazoul and Satake (2009) cite an-
other possible advantage, which they call the “sacrificial sibling” 
hypothesis. High fruit abortion rate, combined with difficulties 
for seed predators to distinguish between aborted and viable 
fruits, could dilute predation pressure, ultimately benefitting 
to mother plant fitness. In chestnuts, the spiny burrs are a vivid 
testimony of the important pressure exerted by seed predators 
such as chestnut weevils during fruit growth. These interesting 
but largely neglected questions could only emerge once we had 
demonstrated that self- pollination reduces fruit set in nature, il-
lustrating the importance of acknowledging the existence of sex-
ual interference and evaluating its demographic effects in plant 
populations.

4.1  |  Future challenges and opportunities

We found no evidence for pollen limitation in our study. It would 
be useful to explore situations in which there is pollen limitation, 
including under natural conditions in chestnut forests, to explore 
how this process interacts with sexual interference. In contrast, we 
found massive rates of hybridization in this mixed- species stand. In 
our model, we considered that interspecific barriers are early acting, 
with no incidence on fruit set. In principle, along with self- pollen, 
allospecific pollen could also represent a source of low- quality pol-
len interfering with fruit set, a topic that deserves further study. 
We found that canopy size influenced male and female pollination 
success. It should exert contrasting pressures during pollination, as 
pollinating insects may preferentially visit large trees, whereas the 
negative effect of self- pollination should increase with plant size (de 
Jong et al., 1993). To go a step further, it would be interesting to 
consider plant size effects separately for male- sterile and for male- 
fertile trees.

Despite some remaining uncertainties, the model developed is 
remarkably informative and allowed the largely neglected but mas-
sive effect of self- pollen interference on fruit set in chestnut to be 
explored. Because our model is process- based, it enables predictions 
to be achieved in various configurations and scenarios. All these 
advances have potential practical consequences for orchards con-
ception and management as well as for conservation. They are also 
relevant for fundamental studies aiming at comprehensively charac-
terizing male and female mating success and their interactions.
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