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Most flowering plants are hermaphroditic, yet the proportion of seeds fertilized by self and

outcross pollen varies widely among species, ranging from predominant self-fertilization

to exclusive outcrossing. A population’s rate of outcrossing has important evolutionary

outcomes as it influences genetic structure, effective population size, and offspring

fitness. Because most mating system studies have quantified outcrossing rates for just

one or two populations, past reviews of mating system diversity have not been able to

characterize the extent of variation among populations. Here we present a new database

of more than 30 years of mating system studies that report outcrossing rates for three

or more populations per species. This survey, which includes 741 populations from 105

species, illustrates substantial and prevalent among-population variation in the mating

system. Intermediate outcrossing rates (mixed mating) are common; 63% of species

had at least one mixed mating population. The variance among populations and within

species was not significantly correlated with pollination mode or phylogeny. Our review

underscores the need for studies exploring variation in the relative influence of ecological

and genetic factors on the mating system, and how this varies among populations. We

conclude that estimates of outcrossing rates from single populations are often highly

unreliable indicators of the mating system of an entire species.

Keywords: selfing, outcrossing, breeding system, pollination, self-fertilization, mating system, mixed mating,

mating system evolution

INTRODUCTION

Most flowering plants are hermaphroditic, yet the proportion of seeds fertilized by self and outcross
pollen varies widely among species, ranging from predominant self-fertilization to exclusive
outcrossing (Schemske and Lande, 1985; Barrett and Eckert, 1990; Vogler and Kalisz, 2001;
Goodwillie et al., 2005). The extent to which individuals and populations are outcrossing or selfing
(the mating system) can influence the genetic structure of populations, the extent of gene flow,
effective population size, and the expression of inbreeding depression (Barrett and Harder, 2017).

Much theoretical work on mating system evolution has focused on conditions favoring the
evolution of self-fertilization within populations, such as reproductive assurance when pollen
transfer opportunities are limited (Lloyd, 1992; Busch and Delph, 2011), and the genetic
transmission advantage of selfing in populations with low inbreeding depression (Fisher, 1941).
Conversely, high rates of outcrossing are thought to be favored when the cost of inbreeding
depression exceeds the transmission advantage of selfing. These predictions led to the hypothesis
that flowering plant populations should be subject to disruptive selection on the rate of outcrossing,
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FIGURE 1 | Population-level outcrossing rates (tm) for 105 plant species, arranged in order of decreasing species mean tm.

was unknown (n = 4) were excluded from the analysis. While
the highest values of among-population variance were found in
biotically pollinated species (Figure 2), the difference in variance
between pollination modes was not significant according to our
bootstrapped test of binomial variance (0.082, 95% CI: 0.049–
0.116).

DISCUSSION

Our review of population-level outcrossing reveals prevalent and
substantial among-population variation in the mating system of
many flowering plant species. This variation cautions against
the natural desire to generalize an entire species’ mating system
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FIGURE 2 | Variance in tm among populations in 87 species of

biotically-pollinated and 10 species of abiotically-pollinated flowering plants.

Lower and upper hinges correspond to 25 and 75th percentiles, internal

horizontal bars indicate the median, vertical whiskers extends up to the largest

value and down to the lowest values no further than 1.5 interquartile ranges

from the hinge. Points outlying this are represented as dots.

(as a “selfing,” “mixed-mating,” or “outcrossing” species) based
on estimates from a small number of populations. While
previous surveys based on species means or single population
estimates concluded that ∼40% of species are mixed-mating
(0.2 < tm < 0.8) (Vogler and Kalisz, 2001; Goodwillie et al.,
2005), 63% of the species in this review have one or more mixed-
mating populations. As for previous work, the high frequency of
mixed mating is difficult to reconcile with classical models that
predict a bimodal distribution of tm (Lande and Schemske, 1985;
Charlesworth et al., 1990).

Correlates of Outcrossing Variance:
Pollination and Phylogeny
It is difficult to find evidence in our study to support the
hypothesis that biotic pollination drives mating system variance,
relative to abiotic pollination (Schemske and Lande, 1985; Aide,
1986; Barrett and Eckert, 1990). Although visual inspection
of Figure 2 shows many more points with large variation for
biotically pollinated species, our statistical analysis suggests that
this is an illusion resulting from the necessary relationship
between mean and variance for traits constrained to values
between 0 and 1. Since many of the abiotically pollinated species

had very low or very high outcrossing rates, they necessarily had
low variance among populations. In our analysis, we attempted
to control for this, and the lack of significant difference leads
us to conclude that wind pollinated species are restricted in
their variance because of more common obligate selfing or
outcrossing, rather than because of any association with the
pollen vector itself. This leads to the question of why wind
pollinated species might more frequently evolve obligate selfing
or outcrossing, which may hinge on important differences in
pollen transport dynamics under biotic vs. abiotic pollination.

Our phylogenetic comparative analysis found no support
in Moran’s I for a correlation of among population variance
in outcrossing rates with phylogeny. This implies that mating
system variance might be evolving too fast, or too slow, to
be reflected by phylogeny. Additionally, a strong intervening
influence of environmental or ecological drivers of tm variance
might be sufficient to obscure signal in traits that might actually
be correlated to phylogeny. Weak but significant phylogenetic
correlation in mean tm supports the previous findings of Moeller
et al. (2017), and could be driven by correlated tm values in just
a few groups (e.g., the grasses/rushes/sedges, and Mimosoideae;
Figure S4).

What Are the Causes of Intraspecific
Variation in Plant Mating Systems?
Among-population variation in outcrossing rate may reflect
the influence of ecological factors that affect the proportion
of self pollen deposited on stigmas (Karron et al., 1995, 2012;
Devaux et al., 2014b; Sorin et al., 2016), as well as the role of
heritable floral traits that influence the amount of outcross-pollen
receipt (Barrett and Eckert, 1990; Kalisz et al., 2012) or post-
pollination processes (Cruzan and Barrett, 2016; Sorin et al.,
2016). It is important to distinguish these two broad causes of
among-population variation because they differ in their predicted
effects on the evolution of mating systems. Ecological factors
exert important short-term effects that can create mating system
variance, but by virtue of their stochasticity they will vary in the
strength of their influence on adaptation. In contrast, heritable
mating system traits dictate long term evolutionary behavior
of the mating system (Devaux et al., 2014b). The complex
interaction of environmental and heritable mating system traits
ultimately directs adaptation in the mating system; for example,
pollinator availability strongly influences the fitness benefits of
heritable floral traits that promote outcrossing (Eckert et al.,
2009).

The wide range of potential drivers of mating system
variance is reflected by studies of the most variable species in
our database. Considering only the 20% of species with the
highest among-population variation in outcrossing rate, 10/21
studies reported among-population differences in floral traits
that are likely to have a genetic basis, such as herkogamy,
self-incompatibility, heterostyly, and level of autogamy.
Environmental and demographic influences such as pollinator
service, population size, and density were cited as sources of
outcrossing rate variation in 6/21 studies.

Ecological factors influencing the quantity and quality of
pollen delivery include pollinator abundance (Knight et al., 2005;
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Fishman and Willis, 2008); composition of pollinating fauna
(Mitchell et al., 2004; Brunet and Sweet, 2006; Karron et al.,
2012); plant population density (Murawski and Hamrick, 1991;
Karron et al., 1995; Cheptou and Avendaño, 2006); presence
and abundance of co-flowering species (Fishman and Wyatt,
1999; Bell et al., 2005; Moeller and Gebre, 2005); population
size (Raijmann et al., 1994; Routley et al., 1999; Spigler et al.,
2010); and habitat fragmentation (Aguilar et al., 2006; Eckert
et al., 2010; Breed et al., 2015). Many of these ecological factors
vary temporally as well as spatially, leading to within-year or
among-year variation in outcrossing rate (Brunet and Sweet,
2006; Eckert et al., 2009; Kameyama and Kudo, 2009). Ecological
factors can, therefore, cause dynamic shifts in mating system
over short periods, potentially making single season observations
difficult to interpret, and violating assumptions of analyses
assuming constant tm (Ritland, 1990a; Routley et al., 1999). Few
studies have quantified outcrossing rates of populations over
multiple years, and a smaller subset have linked this variation to
changes in ecological factors among years (Eckert et al., 2009).
Our survey included 10 studies with multi-year outcrossing
estimates for the same populations, however most of those did
not include more than two time-point estimates for more than
three populations. While a statistical analysis of among-year, vs.
among-population variance is therefore premature, these studies
found populations that varied markedly in outcrossing rate
between years (difference in tm between years > 0.2) (Molina-
Freamer and Jain, 1992; Herlihy and Eckert, 2002; Brunet and
Sweet, 2006; Eckert et al., 2009; Butcher et al., 2011; Coates et al.,
2013), supporting findings of Eckert et al. (2009) who found half
of studies including multi-year outcrossing estimates reported
appreciable temporal variation.

Genetic factors also influence the mating system. Key among
these is the magnitude of inbreeding depression (Porcher and
Lande, 2005; Devaux et al., 2014a). Among-population variation
in outcrossing rates may also reflect the influence of heritable
traits that vary within and among populations, such as floral
morphology and floral display (Epperson and Clegg, 1988; Lloyd
and Schoen, 1992; Harder and Barrett, 2006; Eckert et al.,
2009; Karron and Mitchell, 2012), genetic self-incompatibility
(Busch, 2005; Tedder et al., 2011; Dart et al., 2012), or stylar
discrimination amongst self and outcross pollen (Kruszewski and
Galloway, 2006; Cruzan and Barrett, 2016). These traits may not
only affect the mating system, they may also affect pollen export
to other plants, raising the possibility of “pollen discounting,” a
factor which may stabilize mixed mating (Porcher and Lande,
2005; Johnston et al., 2009). Adding further complexity, some
traits that influence the mating system, such as flower size, can
be under interacting genetic and environmental control (Elle

and Hare, 2002; Ivey and Carr, 2012), making it difficult to

unambiguously identify the genetic component of variation in

mating system (see below).

Designing Future Studies of Mating System
Variation
In light of prevalent among-population variation in plant mating
systems, future studies should characterize the outcrossing rate

of several populations of each species, and should treat the
mean outcrossing rate of each species with caution. The most
informative studies will also report ecological and genetic axes
of variation that correlate with mating system variation. Since
ecological drivers of outcrossing rates may vary temporally
(Brunet and Sweet, 2006; Eckert et al., 2009), effective studies will
alsomeasure population outcrossing rates, pollinator community
composition, and co-flowering species over multiple years.
Indeed, one hypothesis for the evolution of selfing suggests that
high temporal variance in pollinator service might select for
selfing as a means of reproductive assurance (Stebbins, 1957;
Barrett and Husband, 1990a; Cheptou, 2004; Morgan et al., 2005;
Moeller et al., 2017). This needs to be tested with a longitudinal
design that explicitly measures variance in pollinator community
and visitation alongside measures of outcrossing over multiple
seasons.

One challenge when linking ecological factors with mating
system variation is that multiple ecological variables are
commonly confounded (Barrett and Eckert, 1990). For example,
floral display size may correlate with population density
(Karron et al., 1995), or pollinator abundance may correlate
with presence of co-flowering species (Ghazoul, 2006; Mitchell
et al., 2009; Flanagan et al., 2010). Confounding factors are
best addressed through factorial experimental designs, where
populations represent different combinations of the variables
under study. For example, translocation experiments can address
how the local pollination environment influences among-
population variation in outcrossing rate. Although translocation
studies have rarely been used in mating system research
(cf. Kelly and Willis, 2002), they have been effective in
studies of adaptive divergence in floral morphology (ecotypes)
associated with differences in pollinator community (Peter and
Johnson, 2014; Sun et al., 2014). In mating system work,
individuals could be translocated from a focal population into
a different pollination environment. Any associated differences
in mating system between translocated and non-translocated
plants indicates an environmental influence on the mating
system.

Manipulative studies also provide the opportunity to explore
how genetic factors influence the mating system. Common
garden experiments, for example, are an underused but powerful
way to control for the influence of environmental variation. By
subjecting plants from several source populations to a common
pollination context, and controlling environmental variation that
may influence plastic traits such as flower size, these experiments
are ideal for understanding the influence of genotype on the
mating system (Elle and Hare, 2002; Karron and Mitchell, 2012).

Although seldom assessed, outcrossing rate variation among
individualsmay be nearly as large as variation among populations
(Karron et al., 1997; Nora et al., 2016). This variation in
outcrossing rate among individuals is also open to study by
many of the correlative and experimental approaches described
above. Floral traits, density, phenology, and co-flowering
community can all vary on a fine sub-population scale, and
the influence of these factors on the emergent mating system
could productively be assessed by studies at the sub-population
level.
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Interpreting This Dataset
There are several characteristics of our database that may
influence the distribution of reported outcrossing rates. First,
as in previous surveys (Schemske and Lande, 1985; Barrett
and Eckert, 1990; Barrett and Harder, 1996; Vogler and Kalisz,
2001; Goodwillie et al., 2005; Moeller et al., 2017), our sample
over-represents some taxonomic groups. Our finding of no
correlation in tm variance with phylogeny provides evidence that
our data are not unduly influenced by these over-represented
families. Second, our sample only includes studies reporting tm
for three or more populations. If researchers are biased against
making replicate outcrossing measures across populations when
they do not expect to find variation, our results might also
be biased toward over-representing species with tm variance.
However, the observed variance in tm in our dataset does not
correlate with the number of populations sampled (two-tailed
Spearman’s r = 0.174, P > 0.05) providing little evidence for
this potential bias. Third, when sampling a species, instead
of sampling populations randomly, researchers may bias their
sample to populations they expect will display wide variation in
outcrossing (Schemske and Lande, 1985). If this were occurring,
our measures of species’ variance in tm would be over-estimated
relative to the true variance. Lastly, the proportion of mixed-
mating species in our sample may be overestimated because
researchers focusing on self-incompatible species may be less
likely to measure among-population variation in outcrossing
rates creating a bias against the appearance of obligate outcrossers
in our dataset (Igic and Kohn, 2006).

CONCLUSIONS

Prevalent and substantial among-population variation in
outcrossing rates highlights the need for caution in both
estimation and interpretation of outcrossing rates in flowering
plants. Estimates from single populations should not be
used to characterize the mating system of an entire species.
In the last several decades of research on the causes and
consequences of plant mating system variation, hypotheses,
data, and models have proliferated. Nevertheless, a unifying
framework explaining the frequency of mixed mating
remains elusive. Further insights in future work will require

additional multi-population estimates of tm paired with
relevant ecological data. In order to move beyond correlative

explanations however, careful experimental studies that
combine ecological manipulations and sampling over multiple
seasons, are needed to distinguish the relative influence of
ecology and genetics on the evolutionary enigma of mixed
mating.
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