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Estimation of outcrossing rates at hierarchical
levels of fruits, individuals, populations and species
in Magnolia stellata

I Tamaki, S Setsuko and N Tomaru
Laboratory of Forest Ecology and Physiology, Graduate School of Bioagricultural Sciences, Nagoya University, Nagoya, Japan

In plant species with mixed mating systems, differences in
diverse factors—including their pollination system, flowering
phenology, life form and susceptibility to inbreeding depres-
sion—cause variation in outcrossing rates among fruits within
individuals, among individuals within populations and among
populations within species. To quantify this hierarchical
variation, we examined outcrossing rates at the seed stage
in five populations of Magnolia stellata, a self-compatible,
insect-pollinated and protogynous tree species. For this
purpose, we sampled 1498 seeds within 204 fruits obtained
from 56 individuals of the five populations, determined
genotypes of the sampled seeds and maternal individuals at
six polymorphic microsatellite loci, then estimated outcrossing
rates and their variance components at four hierarchical
levels (fruits, individuals, populations and species) using a
nested analysis of variance-type linear model with a Bayesian
approach. The species-level outcrossing rate was 0.730

(95% credible interval, 0.595–0.842), indicating that this
species has a mixed mating system. Outcrossing rates were
not significantly different among populations, but were
significantly different among individuals within populations.
Variance components at the levels of individual and fruit were
statistically supported and were highest for the former. Thus,
factors influencing outcrossing rates at the individual level,
such as differences in flowering phenology and early-stage
inbreeding depression, appear to have important effects
within these M. stellata populations, but not among them. The
method of hierarchically estimating outcrossing rates using a
Bayesian approach, as applied in this study, is compared
with conventional methods for estimating outcrossing rates,
and the statistical properties of the Bayesian approach are
discussed.
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Introduction

Since Darwin (1876), botanists have paid great attention
to mixed mating systems of plants (Schemske and Lande,
1985; Goodwillie et al., 2005; Jarne and David, 2008).
Plants with such systems vary widely in terms of
pollination system, flowering phenology, life form and
susceptibility to inbreeding depression. Furthermore,
variation in outcrossing rates, caused by these factors,
has been widely observed at a range of hierarchical
levels, including regions (Bower and Aitken, 2007; Mable
and Adam, 2007), populations (Routley et al., 1999;
Bower and Aitken, 2007; Karasawa et al., 2007; Michalski
and Durka, 2007; Yates et al., 2007; Ishida, 2008),
individuals (El-Kassaby et al., 1993; Lee, 2000; Bower
and Aitken, 2007; Nassar et al., 2007; de-Lucas et al.,
2008), parts within individual plants (El-Kassaby et al.,
1993; Patterson et al., 2004) and fruits (Cruzan et al., 1994).
The effects of pollination systems can be illustrated by
the differences between wind-pollinated and insect-

pollinated species. Generally, wind-pollinated species
show either high or low outcrossing rate (Culley et al.,
2002), whereas insect-pollinated species show a wide
range of outcrossing rates (Aide, 1986; Goodwillie et al.,
2005). Moreover, inter-population variation in outcross-
ing rates is higher for insect-pollinated species than for
wind-pollinated species (Schemske and Lande, 1985;
Aide, 1986). In addition, pollination by beetles and flies is
generally less effective than pollination by bumble bees
and other bees (Osada et al., 2003), and the uncertainty of
successful pollination seems to be generally higher
among insect-pollinated species, especially those polli-
nated by insects other than bumble bees, than among
wind-pollinated species. The effects of life form can be
illustrated by findings that long-lived tree species
generally have higher outcrossing rates than annuals
(Hamrick and Godt, 1996; Petit and Hampe, 2006).
Moreover, as members of tree species are of large plant
sizes and environments are heterogeneous even within
individuals’ crowns, differences in outcrossing rates
between upper and lower parts of their crowns have
been reported (El-Kassaby et al., 1993; Patterson et al.,
2004). The synchronization of flowering phenology also
has a strong influence on the efficiency of pollination
and, ultimately, on plants’ mating systems (Hirao et al.,
2006). In dichogamous species, asynchronization of
flowering phenology within individual plants increases
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the opportunity for geitonogamous selfing. Conse-
quently, differences in the degrees of inbreeding depres-
sion during the development of embryos following
fertilization can cause major variation in seeds’ or later
stages’ outcrossing rates.

As many factors cause variation in outcrossing rates
among components at hierarchical levels, when consid-
ering the ecological and/or evolutionary significance in
the value of outcrossing rates, the hierarchical structure
of data should be taken into account by estimating the
components of variance in outcrossing rates at different
hierarchical levels. Otherwise biased or inappropriate
estimates of outcrossing rates may be obtained, and their
significance may be misinterpreted. This problem is not
typical for outcrossing rate estimation but does occur
when estimating parameters associated with hierarchi-
cally nested binomial data. For example, the same
problem occurs when estimating fruit set, seed set,
germination rate or survival rate. To address this
problem, a nested analysis of variance-type linear model
seems to be appropriate, although there are some
essential problems. At the lowest level, as obtainable
data are finite, binomial sampling errors will inflate
variance estimates, depending on sample sizes. More-
over, at the higher levels, the variances inherit sampling
errors from the lower levels. This has been a statistical
problem for decades. Maximum likelihood is hard to
compute exactly as the number of hierarchical levels of
data increases, so a Bayesian approach seems appro-
priate. Hierarchical Bayesian models have been used
recently in a range of disciplines, including ecology,
genetics, atmospheric sciences, finance and medicine
(Clark, 2005), as they can provide more profound
insights into the structure of complex, heterolytic data
sets than conventional models (Clark, 2005, 2007). In the
study presented here, a nested analysis of variance-type
linear model with a Bayesian approach was applied
using Markov Chain Monte Carlo methodology to
estimate outcrossing rates at the seed stage and their
components of variance, at multiple levels (fruits,
individuals, populations and species) in five populations
of Magnolia stellata (Magnoliaceae). The outcrossing rates
obtained using the hierarchical Bayesian method are
compared with estimates obtained by two conventional
methods. The statistical properties of the Bayesian
approach are then discussed.

Materials and methods

Study organism and sampling
M. stellata (Sieb. et Zucc.) Maxim. is a tree species of the
Magnoliaceae, commonly known as ‘star magnolia’, that
is endemic to the Tokai region in Japan and favored as an
ornamental garden plant in Europe and North America
(Callaway, 1994). It occurs at swampy sites such as the
margins of small rivers or marshes (Ueda, 1988) and
grows to 10m in height and 20 cm in diameter at breast
height. The main pollinators of the species are rove
beetles and Thysanoptera, but rare visits by bumble bees
and honey bees have also been observed (Setsuko et al.,
2008; I Tamaki, unpublished). M. stellata flowers in early
spring, but strong fluctuations in the temperature and
other climatic variables at this time, are thought to cause
wide variation in its pollinators’ activities and, conse-

quently, in M. stellata’s mating parameters. M. stellata
has a mixed mating system (Hirayama et al., 2005) and
produces protogynous hermaphrodite flowers with
self-compatibility. Therefore, autogamous selfing cannot
occur (Saeda et al., 2004), but geitonogamous selfing can
as flowering is not fully synchronous within individual
trees (Setsuko et al., 2008). The fruits are aggregated and
the numbers of seeds per fruit are highly variable,
ranging from 1 to 40, within and among individual trees
(I Tamaki, unpublished). Clearly, many factors affect the
outcrossing rates of M. stellata, which thus provides ideal
material for studying variation in mixed mating systems
at hierarchical levels.

We collected leaves and fruits from individual trees of
five populations (Kurogawa, Toshichibara, Ikawazu,
Nagusa and Tabika). Detailed information regarding
these populations, including their geographical positions
and genetic variation, has been presented earlier (Tamaki
et al., 2008). Here, materials from individuals from which
we collected more than two fruits were analyzed,
including a total of 1498 seeds from 204 fruits obtained
from 56 individuals representing the five populations
(Table 1). Average numbers of sampled seeds per fruit,
sampled fruits per individual and sampled individuals
per population were 7.3, 3.6 and 11.2, respectively. The
sampled leaves and the seeds extracted from sampled
fruits were stored at �30 and 4 1C, respectively, until
DNA extraction.

DNA extraction and microsatellite analysis
Genomic DNA was extracted from the sampled leaves,
and from the embryo and endosperm in sampled seeds,
using the hexadecyltrimethylammonium bromide meth-
od (Murray and Thompson, 1980) with minor modifica-
tions or a DNeasy Plant Mini Kit (Qiagen, Heilden,
Germany). The genotypes of the sampled materials were
then determined using six microsatellite markers devel-
oped for M. stellata (Setsuko et al., 2005): stm0184,
stm0222, stm0223, stm0251, stm0334 and stm0423. PCR
fragments were separated using a 3100 Genetic Analyzer
in conjunction with GeneScan software (Applied Bio-
systems, Carlsbad, CA, USA), see Setsuko et al. (2005) for
details.

Data analysis
The existence of null alleles from maternal gametes
(ovules) can be detected by analyzing several seeds per
known maternal genotype. Null alleles at five loci were

Table 1 Population name, code and size, and the numbers of
individuals, fruits and seeds sampled from each of the five studied
Magnolia stellata populations

Population Number of samples

Name Code Size Individual Fruit Seed

Kurogawa Kur 29 11 38 287
Toshichibara Tos 130 12 41 347
Ikawazu Ika 30 12 48 383
Nagusa Nag 53 13 48 373
Tabika Tab 51 8 29 108
Total 56 204 1498

Population sizes are the numbers of reproductive individuals in the
populations.
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recognized in five family arrays in our data sets in this
manner, and the genotypes at those loci in those families
were treated as missing data. It is not possible to infer
null alleles originating from paternal gametes (pollen) in
this way, which may lead to underestimation of out-
crossing rates. However, as we estimated outcrossing
rates using information from polymorphic multilocus
data, any such underestimation is likely to have been
minor.

In many studies, estimates of outcrossing rates have
been obtained using mixed mating models implemented
in the program MLTR (Ritland, 2002). However, seeds
that originated from outcrossing events can be unam-
biguously identified by comparing the genotypes of
seeds and their maternal trees, as alleles that are
present in the seeds but not in the maternal tree must
have come from other, paternal sources (Reusch, 2001;
Obayashi et al., 2002; Kenta et al., 2004; Isagi et al., 2007;
Sampson and Byrne, 2008) apart from a very low
frequency that may have originated from mutations.
The accuracy of estimates obtained using this approach
depends on the levels of polymorphism of the genetic
markers used, as a seed that is derived from an
outcrossing event will not be recognized as such if it
has no alleles that differ from those of its maternal tree at
the examined loci. Here, we minimized the probability of
such failures by using multiple highly polymorphic
microsatellite markers, and we calculated the probability
that outcrossing would not be detected at locus l (the
parameter bl) from the following expression (Shaw et al.,
1981; Weir, 1996):

bl ¼
X

u

Plu;luPlu þ
X

u

X

u6¼v

Plu;lvðPlu þ PlvÞ;

where Plu,lu is the frequency of a homozygous genotype
of allele u, Plu,lv is the frequency of a heterozygous
genotype of alleles u and v, and plu and plv are
the frequencies of alleles u and v, respectively. The
estimated frequencies of genotypes and alleles each of
the populations used in this analysis were derived in an
earlier study (Tamaki et al., 2008), and genotype
frequencies were weighted according to the numbers of
seeds contributed by maternal individuals with the
respective genotypes. The multilocus probability of
not detecting outcrossing, a, is the product of bl over
all loci:

a ¼
Y

l

bl:

To estimate outcrossing rates and their components of
variance at the levels of fruits, individuals, populations
and species, a nested analysis of variance-type linear
model with a hierarchical Bayesian approach was used.
The number of outcrossed seeds in fruit i within
individual j within population k (ocijk) was assumed to
follow a binomial (Bin) distribution with the expected
outcrossing rate (yijkfruit) and the number of total seeds (nijk):

ocijk � Binðyfruitijk ; nijkÞ:
Outcrossing rates depend hierarchically on the effects
of fruits (bijkfruit), individuals (bjkindividual), populations
(bkpopulation) and species (a common, suprapopulation
component; bspecies) levels:

logitðyfruitijk Þ ¼ bfruitijk þ bindividualjk þ bpopulationk þ bspecies:

Where these parameters are assumed to follow a weakly
informative normal (N) prior distribution:

bfruitijk � Nð0; s2fruitÞ;

bindividualjk � Nð0; s2 individualÞ;

bpopulationk � Nð0; s2 populationÞ;
bspecies � Nð0; 1000Þ;

and variances of bijkfruit, bjkindividual and bkpopulation are assumed
to follow a weakly informative inverse gamma (IG)
hyperprior distribution:

s2 fruit � IGð0:001; 0:001Þ;
s2 individual � IGð0:001; 0:001Þ;
s2 population � IGð0:001; 0:001Þ:

In this model, outcrossing rates at the levels of fruits
(yijkfruit), individuals (yjkindividual), populations (ykpopulation)
and species (yspecies) are estimated by logistic (bijkfruitþ
bjkindividualþbkpopulationþ bspecies), logistic (bjkindividualþ
bkpopulationþ bspecies), logistic (bkpopulationþ bspecies) and logis-
tic (bspecies), respectively. To improve the convergence
properties of Markov Chain Monte Carlo simulation in
the above model scheme, hierarchical centering repara-
meterization was conducted following Gelfand et al.
(1995):

logitðyfruitijk Þ � Nðlogitðyindividualjk Þ; s2 fruitÞ;

logitðyindividualjk Þ � Nðlogitðypopulationk Þ; s2 individualÞ;

logitðypopulationk Þ � NðlogitðyspeciesÞ; s2 populationÞ;
logitðyspeciesÞ � Nð0; 1000Þ:

We implemented this model using WinBUGS 1.4.3
(Spiegelhalter et al., 2003) and R2WinBUGS package
in R 2.7.2 (Sturtz et al., 2005; R Development Core
Team, 2008), running Markov Chain Monte Carlo
simulations with three chains (5000 iterations after 5000
burn-in iterations, during which convergence was
reached) and kept every tenth sample from each chain
to provide 1500 independent sets of samples from the
posterior distribution (see the data and scripts in the
Supplementary information). A deviance information
criterion (DIC) analysis was conducted to examine the
statistical support for each variance component. DIC is
intended to serve as a generalization of Akaike’s
information criterion in hierarchical models; models with
smaller values of DIC are regarded as being better
(Spiegelhalter et al., 2002). DIC is calculated by the
following equation:

DIC ¼ �DðfÞ � 7pD;

where D̄(f) is the posterior mean of the deviance that is
�2 times log-likelihood of the model with the parameter
vector f, pD is the effective number of parameters and is
given by D̄(f)�D(f), and D(f) is a point estimate of the
deviance obtained using the posterior mean of f. When
the difference between DICs is larger than 10, the model
with the lower DIC value is statistically supported, but
when this difference is lower than 5, there is little
difference between the models. We compared the DIC
value for the full model with those for the models in
which each hierarchical component was eliminated from
the full model.
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In addition, we estimated outcrossing rates at each
hierarchical level using two alternative methods that
disregard the number of samples and the hierarchical
structure of the data, and compared them with those
estimated by the hierarchical Bayesian model. First, the
iterative averaging method was used, in which out-
crossing rates at higher levels were estimated by
averaging those at lower levels. Second, we used the
pooling method, estimating outcrossing rates at a given
level by pooling data for all seeds within each compo-
nent (that is, individuals, populations or species) at that
level. Note that outcrossing rates at the lowest level, that
is, the fruit level, were estimated (in both cases) by
dividing the number of outcrossed seeds within a fruit
by the total number of seeds within it.

Results

The multilocus probability that an outcrossing event had
occurred but was not discernible, a, was lower than
0.0001 for each of the five populations, and the numbers
of seeds sampled from each of the populations ranged
from 108 to 383 (Table 1), thus the number of outcrossed
seeds from each population that was erroneously
designated selfed is likely to have been less than one.

The posterior mean outcrossing rate at the species
level obtained by applying the hierarchical Bayesian
method to our samples was 0.730 (95% credible interval
(CI), 0.595–0.842; Figure 1a), whereas the outcrossing
rates at the species level obtained by the iterative
averaging and pooling methods were 0.652 and 0.666,
respectively (Figures 2a and b). Posterior mean values of
the outcrossing rates at the population level ranged from
0.671 to 0.769, and their CIs overlapped (Figure 1b). In
contrast, outcrossing rates at the individual level varied
widely and their CIs did not overlap between some pairs
of individuals in all of the populations except the Tabika
population (for example, between individuals Kur08 and

Kur09 of the Kurogawa population or individuals Tos01
and Tos14 of the Toshichibara population; Figure 3).
Outcrossing rates at the fruit level were generally very
similar within individuals; only a pair of fruits from
individual Tos10 of the Toshichibara population showed
no overlapping of CIs (Figure 4).

Posterior mean values of the components of variance
in outcrossing rates among fruits within individuals,
among individuals within populations and among
populations were 1.121 (CI, 0.599–1.880), 1.691 (0.856–
2.872) and 0.252 (0.001–1.682), respectively (Table 2).
Their CIs overlapped, although the variance components
at the individual and the population levels showed the
highest and lowest values, respectively. On the basis of
the DIC analysis, the statistical significances of variance
components at the fruit and the individual levels were
supported (DDIC¼ 79.6 and 12.3, respectively), whereas
those at the population level were neither supported nor
rejected (DDIC¼ 0.3; Table 3). However, differences in
the values of pDwere very small when comparing model
0 (pD¼ 117.5) and model 3 (pD¼ 117.4). This may
suggest that bpopulation makes a small contribution to the
model.

Similar trends were observed in the relationships
between the outcrossing rates estimated using the
hierarchical Bayesian model and those obtained using
both the iterative averaging and pooling methods
(Figures 2a and b). When the outcrossing rates estimated
using either the iterative averaging or pooling method
were lower than 0.6 and higher than 0.8, they were lower
and higher than those estimated using the hierarchical
Bayesian model, respectively. These trends were also
observed in the estimated fruit-level outcrossing rates,
and especially prominent when sample sizes were small
(Figure 2c).

Discussion

Mating system and its variation in M. stellata
The 95% CI of species-level outcrossing rates in M.
stellata ranged from 0.595 to 0.842, showing that the
species has a mixed mating system that is slightly biased
toward outcrossing. The estimate of the outcrossing rate
ofM. stellata obtained in this study (0.730) is similar to, or
slightly higher than, estimates obtained for two con-
generic species: M. obovata (0.10–0.66; Ishida, 2008) and
M. salicifolia (0.650; K Takabayashi and N Tomaru,
unpublished). The similarity of those values may result
from the shared mating characteristics of members of the
Magnoliaceae, such as insect pollination and protogyny
(Bernhardt and Thien, 1987; Callaway, 1994).

Population-level outcrossing rates obtained for the five
populations (0.671–0.769) did not significantly differ
from one another, as indicated by their overlapping
CIs, and were consistent with those obtained for two
other populations with 10 and 20 individuals (0.612 and
0.739, respectively) examined in an earlier study of the
species (Hirayama et al., 2007). In the cited study, the
outcrossing rate obtained for the small population was
lower than that of the large population, but in this study
no positive relationships between population size and
population-level outcrossing rates were detected
(r¼�0.8, P¼ 0.09). Therefore, the population-level out-
crossing rate may be quite constant, regardless of
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Figure 1 Posterior distributions of outcrossing rates at the levels of
species (a) and populations (b) in Magnolia stellata.
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population size. However, the five populations investi-
gated in this study and the small population (Yokkaichi)
examined by Hirayama et al. (2007) were distributed at
the edge of the species’ range (Tamaki et al., 2008).
Therefore, additional analyses of populations distributed
in the central part of the species’ range are required to
test the hypothesis more rigorously. The CIs of the
outcrossing rates at the population level overlapped,
whereas the variance component at the population level
was neither supported nor rejected from DIC analysis.
This may be due to the small numbers of study
populations, and further research, based on a greater
number of populations, is needed. It should also be
noted that Setsuko et al. (2007) obtained a much higher
population-level estimate of outcrossing rate of M.
stellata (0.943) at the seedling stage in a paternity analysis
(Setsuko et al., 2007), possibly due to selection against
selfed seeds before and during germination.

In contrast to the quite constant population- and fruit-
level outcrossing rates we obtained, the individual-level
outcrossing rates were highly varied; the variance
component in outcrossing rates among individuals
within populations was higher than that at any of the
other examined hierarchical levels. Thus, in this species,
outcrossing rates seem to vary mostly among individuals
within populations. Similarly, de-Lucas et al. (2008)
examined the mating system of Mediterranean maritime
pine at the hierarchical levels, in a nested analysis of 61
individuals, in 24 plots, of three populations, and found
that most (99%) of the variation in outcrossing rates of
the species resided among individuals. The cited authors
attributed some of this variation to differences in tree
size and crown width. Unfortunately, we did not

measure these variables, so we were unable to assess
their effects. In an M. stellata population, synchronous,
but less than perfectly synchronous, flowering among
individual trees has been reported (Setsuko et al., 2008).
As trees that flower early in a population are relatively
unlikely to be pollinated by pollen from other trees,
outcrossing rates of these individuals may be low. In
addition, in two populations of this species, differences
in early-life-stage inbreeding depression (inbreeding
depression during the development of embryo following
fertilization) among individual trees have been reported
(Hirayama et al., 2007). Thus, among-individual differ-
ences in early-life-stage inbreeding depression are likely
to provide a further source of variation in outcrossing
rates among individuals. The variation of individual-
level outcrossing rates observed in this study may result
from the combined effects of these two phenological and
genetic factors. There are some differences in flowering
phenology among flowers within an individual tree
(Setsuko et al., 2008) and the variance component was
statistically supported; however, there were few differ-
ences among fruits within individual trees as indicated
by their overlapping CIs. Thus, the individual-level
factors influencing outcrossing rates discussed above
may be stronger than fruit-level factors.

Comparisons between the hierarchical Bayesian model

and two alternative methods, and the statistical properties

of the model
The outcrossing rates estimated using both the iterative
averaging and pooling methods were lower than those
obtained using the hierarchical Bayesian model when

0.0

0.2

0.4

0.6

0.8

1.0

Averaged outcrossing rate

Individual level
Population level
Species level

Pooled outcrossing rate

Individual level
Population level
Species level

0.0

0.2

0.4

0.6

0.8

1.0

Fruit−level outcrossing rate
(outcrossed seeds / all seeds)

n = 20
n = 10
n = 5
n = 1

P
os

te
rio

r 
m

ea
n

P
os

te
rio

r 
m

ea
n

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0

Figure 2 Relationships of posterior mean values of outcrossing rates obtained using the hierarchical Bayesian model and outcrossing rates
obtained using the iterative averaging (a) and pooling (b) methods, and outcrossing rates at the fruit level (c). Lines indicate that outcrossing
rates calculated by each method are identical to posterior mean values.
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outcrossing rates were low and higher when outcrossing
rates were high. When outcrossing rates were extreme (0
and 1) or the number of sampled seeds was small, some
fruit-level outcrossing rates differed markedly from
those derived using the hierarchical Bayesian model.
These results may depend on two properties of the
model. First, the logit link function does not allow rates
of just 0 and 1. Second, in the nested design, the
predicted outcrossing rate for a particular fruit is closer
to the mean value at the individual level than the actual
proportion of outcrossed seeds observed in that parti-
cular fruit, especially when the number of sampled seeds
per fruit is small. This is because of binomial sampling
error. It could be suggested that analyses of outcrossing
rates should be conducted using data sets that consist of
fruits containing sufficient seeds. However, fruits with
small numbers of seeds due to a shortage of pollen occur
commonly in the field (Hirayama et al., 2005), so omitting
such fruits from the analyses may lead to biased
estimates of outcrossing rates and variance components.

Whether or not the outcrossing rates estimated by the
model in this study are better than those estimated using
conventional methods depends on the assumption with-
in the model that outcrossing rates are normally
distributed on the logit scale. This should be remem-
bered when applying the model. Moreover, two aspects
should be noted. First, genotype data for both maternal
trees and their seeds are needed. Second, multiple highly
polymorphic markers, such as nuclear microsatellite
markers, are needed and the multilocus probability of
failure to detect outcrossing events must be calculated.
When the status of seeds (outcrossed or selfed) is
ambiguous, the model cannot be applied in a straightfor-
ward way and a process that estimates the status of
individual seeds stochastically from allele frequencies,
such as the multi-locus mixed mating model (Ritland
and Jain, 1981), will need to be embedded to the model.

In current population genetics, many microsatellite
markers have been developed; applying microsatellite
markers developed for related species should address
the problem easily and directly, avoiding the need to
develop a much more complex algorithm. Extension of
the Bayesian model by adding the effects of different
years would enable the differences and variances in
outcrossing rates between years to be considered too.
This model could also be fitted to data with similar
hierarchical structures for estimating fruit set, seed set or
germination rate. As these data do not have any
uncertainty associated with recording their status,
applying the model to these data would be easier than
its use in the estimation of outcrossing rates. If the results
of mating system studies using this model are archived,
they could be very useful in any attempts to elucidate
poorly understood aspects of the evolutionary and
ecological implications of mixed mating systems in
plants.
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