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Hermaphroditic individuals can produce both selfed and outcrossed progeny, termed mixed mating. General theory predicts that
mixed-mating populations should evolve quickly toward high rates of selfing, driven by rapid purging of genetic load and loss
of inbreeding depression (ID), but the substantial number of mixed-mating species observed in nature calls this prediction into
question. Lower average ID reported for selfing than for outcrossing populations is consistent with purging and suggests that
mixed-mating taxa in evolutionary transition will have intermediate ID. We compared the magnitude of ID from published estimates
for highly selfing (r > 0.8), mixed-mating (0.2 < r > 0.8), and highly outcrossing (r < 0.2) plant populations across 58 species. We
found that mixed-mating and outcrossing taxa have equally high average lifetime ID (8§ = 0.58 and 0.54, respectively) and similar
ID at each of four life-cycle stages. These results are not consistent with evolution toward selfing in most mixed-mating taxa. We
suggest that prevention of purging by selective interference could explain stable mixed mating in many natural populations. We
identify critical gaps in the empirical data on ID and outline key approaches to filling them.
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The most general theory for mating-system evolution in
hermaphrodites suggests that populations will evolve to com-
plete selfing or complete outcrossing, depending on the balance
between automatic selection favoring self-fertilization (Fisher
1941) and inbreeding depression (ID) favoring outcrossing (Lloyd
1979; Lande and Schemske 1985), assuming that increased self-
ing does not result in a disproportionate decrease in outcrossing
(Holsinger et al. 1984). The theory also predicts that evolution-
ary transition from outcrossing to selfing should occur quickly
(within hundreds of generations) because of the rapid purging
of genetic load and the loss of ID when an outcrossing popu-
lation begins to self (Lande and Schemske 1985; Charlesworth
and Charlesworth 1987; Charlesworth et al. 1990). One hy-
pothesis to explain the occurrence of mixed-mating popula-
tions, in which individuals produce both self and outcrossed
progeny, is that they are in evolutionary transition from out-
crossing to selfing. If purging is fast, the evolutionary transition
from outcrossing to selfing should occur quickly, and mixed-
mating populations should be rare. Despite these expectations,
a recent tally of mating-system estimates for 345 plants species
(Goodwillie et al. 2005) revealed that 42% exhibited mixed mat-
ing, defined as selfing rates between 20% and 80%. Although
sampling bias against both selfing and highly outcrossing species
may inflate the frequency of mixed-mating populations (Igic and
Kohn 2006; Goodwillie et al. 2010), the number of species re-
ported to show mixed mating is not trivial (Barrett and Eckert
1990; Goodwillie et al. 2005; Jarne and Auld 2006), and calls
into question the status of mixed-mating populations as tran-
sitional, and therefore the sufficiency of the theory to explain
the observed distribution of mating systems in hermaphroditic
species.

The expression of genetic load upon inbreeding, termed ID,
has been a central focus of both theory and empirical studies of
mating-system evolution for decades (e.g., see Lloyd 1979; Lande
and Schemske 1985; Charlesworth and Charlesworth 1987; but
see Holsinger 1991). In a review of empirical estimates of ID,
Husband and Schemske (1996) found a negative relationship be-
tween ID and primary selfing rate (r) and that primarily outcross-
ing populations (r < 0.45) as a group had significantly stronger
ID than primarily selfing populations (r > 0.55). These results
are consistent with decline in ID with the evolution of greater
selfing, and clearly predict that if mixed-mating populations are
evolving toward greater selfing, they should express lower ID than
outcrossing populations. However, here, we present analyses of
an updated database of ID and mating system that demonstrate
that the average ID of mixed-mating taxa is not intermediate
but rather is as large as that for outcrossing taxa. This result indi-
cates a nontrivial frequency of mixed mating that is evolutionarily
stable.
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EXPECTATIONS FOR ID IN MIXED-MATING TAXA

The wide range of variation in selfing rates among closely re-
lated species and even populations of the same species indicates
that mating system is evolutionarily labile. Observations of mixed
mating might therefore be explained as stages in the evolutionary
transition between the extremes of complete selfing and complete
outcrossing (Schemske and Lande 1985; Weber and Goodwillie
2009; Ness et al. 2010). If most mixed mating can be explained
as evolutionary transitions, then the general theory is sufficient to
explain much of the observed distribution of mating systems of
natural populations. Alternatively, mixed mating might be evolu-
tionarily stable for a substantial number of species or populations.
Numerous models have proposed conditions that could explain
evolutionary stability of mixed mating (reviewed by Goodwillie
et al. 2005), but determining which of the conditions they invoke
are relevant to natural populations remains an empirical question
that has not been satisfactorily resolved for even a single species.

To determine definitively whether mixed mating is evolu-
tionarily stable in a given population requires measuring the rela-
tionship between the selfing rates of individuals and their lifetime
fitness. Stabilizing selection favoring intermediate selfing would
indicate stable mixed mating, whereas directional selection would
suggest that the mating system is in evolutionary transition to-
ward greater selfing or greater outcrossing. Measuring the fitness
function for the selfing rate of individuals within a population
is technically challenging at best because it requires estimating
fitness gained through pollen and seed. No direct estimates of
this relationship are currently available, but ID is one of the key
components of the fitness function, and its magnitude has been
estimated for many natural populations.

ID, the lower fitness of self than of outcross progeny, is
driven primarily by recurrent, largely recessive deleterious muta-
tions that arise in all populations (Charlesworth and Charlesworth
1987; Johnston and Schoen 1995; Charlesworth and Willis 2009).
Self-fertilization exposes these mutations to selection and thus re-
duces the magnitude of ID (Charlesworth and Charlesworth 1987;
Husband and Schemske 1996; Ritland 1996; Byers and Waller
1999). Consequently, the expression of ID is expected to be lower
in more highly selfing populations and to accelerate directional
selection toward greater selfing. In contrast, genetic load is ex-
pected to accumulate in outcrossing populations and to favor the
evolution of inbreeding avoidance. Empirical data demonstrating
significantly greater ID in primarily outcrossing than in primar-
ily selfing taxa of plants (Husband and Schemske 1996) and of
hermaphroditic snails (Escobar et al. 2011) support these expec-
tations.

Based on genetic theory for the dynamics of ID and the em-
pirical evidence supporting purging, we would expect that if most
mixed-mating taxa were evolving toward a more extreme mating
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system, the mean ID expressed by these taxa would lie between
the average ID of primarily outcrossing taxa and primarily selfing
taxa. Strongly deleterious or partially dominant alleles are purged
rapidly under most conditions when an outcrossing population
begins to self-fertilize (Lande and Schemske 1985; Charlesworth
and Charlesworth 1987, 1995; Charlesworth 2003; simulation re-
sults below), suggesting that ID should also decline rapidly. Taxa
evolving from selfing toward outcrossing may be accumulating
load but are unlikely to have accumulated as much as stable out-
crossing species, on average, because even modest amounts of
selfing will purge some new mutations. Although the mating sys-
tem of any single taxon could be either stable or evolving, if most
mixed-mating taxa are evolving toward a more extreme mating
system, then we expect the average ID of mixed-mating taxa to
be less than that of primarily outcrossing and greater than that of
primarily selfing taxa.

Because evolutionary transition toward greater selfing is
thought to occur more frequently than that toward outcrossing
(Stebbins 1957; Takebayashi and Morrell 2001; Igic et al. 2006),
the majority of mixed-mating taxa should be in transition to-
ward greater selfing. Assuming that purging occurs, the mean
ID for mixed-mating species in transition should be closer to the
mean for selfers than to the mean for outcrossers because more
taxa will have purged than have accumulated new mutations. In
addition, the particularly low average ID between fertilization
and seed germination expressed by primarily selfing relative to
outcrossing taxa (Husband and Schemske 1996) suggests that
ID expressed between fertilization and dispersal is purged most
quickly. Such early life-cycle ID in mixed-mating species that
are in evolutionary transition may therefore be as low as that of
primarily selfing species.

Similarity in average ID for mixed-mating and selfing species
is not sufficient to indicate that most mixed-mating taxa are in evo-
lutionary transition, because conditions, such as pollen discount-
ing (e.g., see, Holsinger 1991; Johnston 1998) and temporally
fluctuating ID (Cheptou and Mathias 2001, but see Porcher et al.
2009), could maintain mixed mating at low to moderate ID. In
contrast, similar mean ID for mixed-mating and outcrossing taxa
would suggest a mechanism that inhibits purging and therefore
limits a major source of selection toward greater selfing.

Of the mechanisms proposed to contribute to stable mixed
mating, only one includes conditions under which ID as great as
that of primarily outcrossing taxa could be maintained in a popula-
tion despite moderate to high self-fertilization (Lande et al. 1994).
When the effects of deleterious mutations at multiple loci com-
bine to prevent any selfed offspring from surviving to reproduce,
there is no opportunity for selection against homozygous delete-
rious mutations. Consequently, even recessive lethals will not be
purged. Lande et al. (1994) dubbed this phenomenon “selective
interference” and Porcher and Lande (2005a) demonstrated that

it can generate a threshold selfing rate below which purging is
completely ineffective. If self-pollen arrives at receptive stigmas
and self-fertilization is not prevented by self-incompatibility, then
taxa affected by selective interference can have stable intermedi-
ate rates of selfing at fertilization and express strong ID. Because
it prevents purging, selective interference is expected to main-
tain ID in partially selfing taxa that is as great as that of purely
outcrossing taxa,

Simulation of purging
We conducted numerical simulation to confirm that, if ID is
purged after initiation of selfing, this process occurs rapidly. We
simulated the process of purging using the inbreeding history ap-
proximation of Kondrashov’s model for evolution of the genetic
load (Kondrashov 1985; Kelly 2007). The Kondrashov model has
been used extensively to explore the relationship between equi-
librium ID and selfing rate (e.g., by Charlesworth et al. 1990;
Porcher and Lande 2005b; Kelly 2007; Johnston et al. 2009).
Deleterious mutations occur at an effectively infinite number of
loci at a genomic rate U in an infinite population. The dominance
coefficient (/1) and strength of selection (s) are the same for all
loci. ID for a specified selfing rate (r) is determined by the dis-
tribution of numbers of heterozygous and homozygous mutations
per individual. We used a simulation program (written by John
K. Kelly) that allows specification of the genomic mutation rate,
dominance coefficient for mutations, and strength of selection
against mutations. We determine the ID in each generation after
a transition from complete outcrossing to the new frequency of
selfing (' = 0.99, 0.95, and 0.80). We simulated the change in
ID expected when an outcrossing population begins to self for
a range of parameters reflecting estimates of mutation rate, se-
lection against mutations, and dominance coefficients. Because
we assume a fixed frequency of selfing, any value of r for which
0 < r < 1 indicates mixed mating. The broader definitions of
outcrossing and selfing that we apply to our empirical data reflect
the expected effects of measurement error and the environment
(e.g., pollinator availability and behavior) on estimates of selfing.
Our simulations indicate that, if purging happens, most of it
occurs rapidly (Fig. 1, Appendix A). Purging can be completely
prevented by strong selection (s = 1) or nearly complete reces-
sivity (h = 0.02), as has been shown previously (Lande et al.,
1994; Kelly 2007; Fig. 1A). For parameters describing moder-
ately and mildly deleterious mutations, purging occurred and was
completed within a few hundred to a few thousand generations
(Fig. 1B,C). Purging was faster when the magnitude of selection
or dominance was greater, when the new selfing rate was higher,
and when the rate of mutation was lower (Appendix A). Our re-
sults for a range of estimates suggest that conclusions regarding
purging are robust to variation in the values of parameters describ-
ing mutations (Appendix A). The rapid purging indicated by our
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Figure 1. Results from numerical simulation of the evolution
of inbreeding depression after a change in mating system for
lethal (top), moderately deleterious (middle), and mildly delete-
rious (bottom) mutations. Each panel shows the expected change
in inbreeding depression for a specific combination of genomic
mutation rate (U), dominance (h), and selection (s) for a shift from
complete outcrossing to selfing frequencies of 0.01 (light gray),
0.05 (dark gray), and 0.80 (black). In the top panel, results are the
same for all selfing rates but are displaced slightly for visibility.

simulations supports the prediction that, if most mixed-mating
taxa are in evolutionary transition, their mean ID should be less
than that for outcrossing taxa.

MATING SYSTEM AND ID: EMPIRICAL RESULTS
We compared the mean of published estimates of ID for mixed-
mating, sefing, and outcrossing taxa. We searched the literature
for estimates of ID for taxa for which Goodwillie et al. (2005)
reported selfing rates for natural populations based on marker
analysis of progeny arrays (N = 345 species). We included only
taxa whose ID estimates were derived from measurements of
fitness components from experimental hand self and outcross
pollinations.

We excluded studies in which ID estimates were based on

declines in the inbreeding coefficient with age, because these do
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not include ID expressed as differences in fecundity of selfed and
outcrossed progeny (Ritland 1990). We also excluded estimates
based on measures of the fitness of selfed and open-pollinated
crosses, which can be biased by selfing in the open-pollinated
crosses. Finally, we excluded comparisons of progeny from cleis-
togamous and chasmogamous flowers because these can be biased
both by selfing in the chasmogamous flowers and by nongenetic
differences in the sizes and germination behaviors of seeds pro-
duced by the two flower types (see, e.g., McNamara and Quinn
1977; Lu 2002). For each population, we recorded fitness compo-
nents for up to four life-cycle stages. We defined the four stages
as in Husband and Schemske (1996), as seed production of polli-
nated flowers, seed germination, juvenile survival, and growth or
reproduction of progeny resulting from hand pollinations.

Studies differ in the traits used to estimate ID in the earliest
and latest life-cycle stages. For the earliest stage, we recorded
seed number per cross when it was available but also accepted
proportion fruit set or, in a few cases, seed weight. For the
last stage, we recorded seed or fruit production but also ac-
cepted flower number. If none of these was reported, we accepted
a measure of vegetative size such as biomass, height, or leaf
number.

To minimize variation in our estimates of ID caused by dif-
ferences in the environmental conditions under which fitness was
measured (reviewed by Armbruster and Reed 2005), we included
estimates for progeny raised in the greenhouse in preference
to those measured in the field whenever possible. Estimates of
ID from less harsh environments tend to be biased downward
(Armbruster and Reed 2005), but because we wished to identify
general patterns across many species, we chose the systematic
bias possible in greenhouse estimates over the obfuscating noise
that could be created by comparison of ID measured in more
variable field environments.

For 16 species, including all 10 gymnosperms and the only
angiosperm tree (Eucalyptus regnans), measurements of ID were
from field or garden-grown progeny. In most of these cases,
seeds were germinated in the laboratory, and subsequent progeny
growth was in an outdoor garden under environmental condi-
tions likely to be less variable and more benign than natural field
conditions.

We calculated the fitness of selfed offspring relative to out-
crossed offspring for each life-cycle stage and cumulative ID as
(1 — [the product of the relative fitnesses at all stages]). We
also calculated cumulative ID including only seed set per cross,
percentage germination, and growth/fecundity, the three stages
for which data are most commonly reported. We distinguish our
two estimates of cumulative ID as four-stage ID, which includes
juvenile survival, and three-stage ID, which does not.

Before analyses, we converted all measured selfing rates to
estimates of primary selfing, proportion of selfing at fertilization,
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Table 1. Mean (standard error of the mean) inbreeding depression expressed at each of four successive life-cycle stages for all taxa in
our dataset, angiosperms only, gymnosperms only, and gynodioecious taxa only. For all taxa and for angiosperms only, means in the
same row that share a superscript do not differ significantly (Mann-Whitney U tests). Sample sizes are for all stages except for survival,
for which N is 56 for all taxa, 47 for angiosperms, nine for gymnosperms, and seven for gynodioecious taxa.

N Seed set Germination Survival to flowering Growth/reproduction
All taxa 68 0.206"€ (0.032) 0.1165€ (0.018) 0.134% (0.032) 0.220* (0.019)
Angiosperms 58 0.1438 (0.026) 0.1278€ (0.019) 0.119€ (0.035) 0.226% (0.024)
Gymnosperms 10 0.571 (0.098) 0.053 (0.032) 0.211 (0.089) 0.187 (0.033)
Gynodioecious taxa 10 0.287 (0.073) 0.239 (0.051) 0.234 (0.149) 0.247 (0.065)
by correcting for ID that occurred in life stages before progeny 5 A A A
were screened for markers (Maki 1993). We classified cases with ] A & O
primary selfing rates < 0.2 as outcrossing, those with primary % 0.8 A °
selfing rates > 0.8 as selfing, and all cases with primary self- 3 L ° © d <
ing rates between 0.2 and 0.8 as mixed mating (as in Schemske g °
and Lande 1985). We excluded all cases lacking marker-based ] 087 o G ‘..o S
estimates of the mating system from our analyses because of the 'E * ‘° % ° o
difficulty of distinguishing mixed mating from other categories QL 0a® ° o o0 ° o °
without this quantitative estimate. g .0 ° ° ° L
To assess the relationship between ID and selfing, we g < ° A °
matched estimates of selfing to measures of ID for the same popu- 8 0.2 ° i .. & °
lation whenever possible. For gynodioecious taxa, we calculated g 4 ° o
the mating system at the population level, except for Thymus 3 0.0 I °
vulgaris, for which the only estimate available was the selfing _GE, o
rate of hermaphrodites. For two species (Datura stramonium and = l l I I l l
0.0 0.2 0.4 06 08 1.0

Phlox drummondii), no estimate of selfing was available for the
population for which ID was measured, but estimates from multi-
ple other populations of each species were available and differed
by no more than 0.1. For these species, we averaged selfing across
populations. In cases where multiple estimates of either ID or self-
ing were available for the same population (N = 20), we averaged
them. When data for both ID and selfing were available for mul-
tiple populations of the same species (N = 15), we averaged
estimates of each whenever primary selfing rates differed by less
than 0.2 (the width of the range we chose to define selfing and
outcrossing taxa). If selfing estimates differed by 0.2 or more, we
included both populations in the analyses.

Description of the data
We located data for 100 populations of 58 species (Table 1, Fig. 2).
Pooling data for similar populations of the same species yielded
a total of 68 cases. The data are spread fairly consistently across
the potential range of both cumulative ID and primary selfing,
except that the number of taxa with primary selfing between 0.2
and 0.4 is about twice that in other intervals of the same width
(Fig. 2).

The 58 species came from 27 families and included 10 gym-
nosperm species. Sixteen species were represented by more than
one population in the full dataset of 100 populations, and nine

Primary selfing rate

Figure 2. The relationship between three-stage cumulative in-
breeding depression and primary selfing rate for 68 populations.
Gymnosperms are indicated by triangles and gynodioecious taxa
by diamonds. Vertical lines mark the primary selfing-rate cutoffs
we chose to define mixed-mating taxa (0.2 < primary selfing
rate < 0.8).

were represented by more than two after populations of the same
species with similar mating-system estimates were averaged.

ANALYSES

For the full set of 68 cases, we calculated mean cumulative ID
for selfing, mixed-mating, and outcrossing cases, treating mat-
ing system as a discrete trait. Because sample sizes were modest
(13 selfing taxa, 38 mixed-mating taxa, and 17 outcrossing taxa),
we took the statistically conservative approach of comparing
the locations of the distributions of ID with Mann—Whitney U
tests rather than comparing means with parametric tests. We
also compared the magnitude of ID expressed at each life-cycle
stage averaged for all taxa in the dataset with Mann—Whitney U
tests. Finally, we compared the distributions of ID for each life-
cycle stage in selfing, mixed-mating, and outcrossing cases with
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Mann-Whitney U tests. We held type I error rates at 0.05 for mul-
tiple comparison with a sequential Bonferroni procedure (Holm
1979), but doing so did not change the results, so we report only
uncorrected significance.

We plotted ID as a function of primary selfing rate to identify
mixed-mating taxa with strong ID relative to their selfing rates.
We also calculated Spearman’s rank correlation to quantify the
relationship between primary selfing and both three- and four-
stage ID for all cases in the dataset. Because our data included
estimates of ID and selfing for multiple populations of some
species, we also examined relationships between population-level
estimates of selfing and ID for each species for which we had data
for more than two populations.

Summary statistics for mating-system estimates

Mean primary selfing for all 68 cases was 0.45, and mean cu-
mulative three- and four-stage ID values were 0.45 and 0.52,
respectively. ID was notably greater for gymnosperms than for all
other taxa (gymnosperm mean three-stage ID = 0.65, N = 10;
angiosperm mean = 0.41, N = 58).

The average magnitude of ID varied with life-cycle stage.
Mean ID was nearly twice as great for the earliest (seed set) and
latest (adult growth and reproduction) life-cycle stages as for the
intermediate stages (germination and juvenile survival; Table 1),
but when only angiosperms were included in the analysis, ID for
the earliest stage was more similar to those of the intermediate
stages. The mean for the latest stage remained nearly twice as
large (Table 1). Exclusion of gymnosperms had a substantial ef-
fect on these results because these taxa express relatively strong
ID between fertilization and seed maturation and weak ID at ger-
mination (Table 1).

Rank correlation between ID and primary selfing was neg-
ative for three-stage ID (rtho = —0.26, one-tailed P = 0.015,
N = 68) and four-stage ID (tho = —0.18, one-tailed P = 0.10,
N = 56), although the latter was not significant. Removing gym-
nosperms from the analysis had little effect on the rank corre-
lation between three-stage ID and primary selfing (rtho = —.24,
one-tailed P = 0.04, N = 58).

Evidence for evolutionary transition in the mating
system

We expected that, if mixed mating reflects evolutionary transition
in most taxa with intermediate selfing rates, then the mean ID of
mixed-mating taxa should be between the mean for selfers and
that for outcrossers. We also expected that ID at the seed stage
would be particularly weak for mixed-mating taxa if many are
in transition. Our comparisons of overall and stage-specific ID
do not support these expectations. The mean three-stage ID was
more than twice as large for outcrossers (0.48) as for selfers (0.23),
and the mean for mixed-mating taxa (0.51) was slightly, though
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not significantly, greater than that for outcrossers (Fig. 3). The
distributions of three-stage ID for mixed-mating and outcrossing
taxa are similar, and both are shifted significantly upward relative
to that of selfing taxa (Fig. 3). Four-stage ID was available for
56 cases, and the pattern and significance of differences among
mating-system classes was similar to that for three-stage ID (mean
four-stage ID for selfers was 0.26, for mixed-mating taxa 0.58,
and for outcrossers 0.54). Removing gymnosperms from these
comparisons had little effect; for angiosperms alone, mean three-
stage ID was 0.23, 0.48, and 0.44 for selfing, mixed-mating, and
outcrossing taxa, respectively. The estimates for mixed-mating
and outcrossing taxa are not significantly different from each
other, and both are significantly greater than that for selfers
(results not shown). For all four stages, mean ID was 0.26, 0.55,
and 0.44 for selfing, mixed-mating, and outcrossing angiosperm
taxa, respectively.

The magnitude of life-cycle stage-specific expression of ID
also differed for selfing, mixed-mating, and outcrossing taxa
(Fig. 4). ID expressed by mixed-mating taxa at the seed stage
was significantly greater than that of selfers and not significantly
different from that of outcrossers. At germination, mating-system
classes did not differ significantly in ID. ID for progeny survival to
flowering and for adult growth or reproduction was significantly
greater for mixed-mating than for selfing taxa. Outcrossers had
intermediate ID at both of these stages and were not significantly
different from either selfing or mixed-mating taxa.

When gymnosperms, which have exceptionally high early ID
(Table 1), were removed from the comparisons of stage-specific
ID, differences among mating-system classes in early ID were
no longer significant (Fig. 5). For angiosperms alone, selfing
and outcrossing taxa did not differ in the expression of ID at
seed germination or survival to flowering, but ID at germination
was significantly greater for mixed mating than for selfing taxa,
and ID in survival to flowering was greater for mixed mating
than for either selfing or outcrossing taxa (Fig. 5). Removal of
gymnosperms did not affect the contrasts for ID expressed as
adult growth or reproduction.

Evidence consistent with selective interference

Of the 10 taxa with the strongest three-stage ID (ID > 0.75), eight
were mixed mating. Also, of these 10, five were gymnosperms,
and four were gynodioecious (Fig. 2). In addition, gynodioecious
Cucurbita foetidissima had a moderate three-stage ID (0.55), but
the four-stage ID for this species (0.87) was in the range of the top
10 estimates (Table 2). The large stature and great longevity of
gymnosperms are traits proposed to promote selective interference
because they increase per-generation mutation rates (Scofield and
Schultz 2006). Both the strong overall ID and the exceptionally
strong ID expressed at the seed stage by gymnosperms (Table 1)
are expected when selective interference occurs. Of the
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Figure 3. Box plots for three- (left panel) and four-stage (right panel) cumulative inbreeding depression for taxa designated selfing
(primary selfing rate > 0.8), mixed mating (0.2 < primary selfing rate < 0.8), and outcrossing (primary selfing rate < 0.2). Box top and
bottom indicate upper and lower quartiles of the distribution. Vertical lines show 1.5 x the interquartile range; points that fall beyond

this range are indicated individually as open circles. The heavy horizontal bar indicates the median. Distributions that share a letter are

not statistically significantly different by Mann-Whitney U test.

gynodioecious taxa with strong ID, Schiedea salicaria is woody
and possibly long lived, Wurmbea dioica is a long-lived perennial,
and C. foetidissima is a large, clonal perennial. Bidens sandvicen-
sis is small and short lived, and 7. vulgaris is a small shrub.

A mean adult inbreeding coefficient close to zero in mixed-
mating populations is a clear signature of selective interference
(Lande et al. 1994; Scofield and Schultz 2006). We calculated the
mean inbreeding coefficient among parents for selfing, mixed-
mating, and outcrossing taxa for cases in our dataset for which it
was reported. Data were limited, but the coefficient was close to
zero for both mixed-mating taxa (0.038, N = 12) and outcrossing
taxa (0.006, N = 6). Both of these were considerably lower than
the mean for selfing taxa (0.545, N = 8).

Variation in ID among populations within species

For populations within each of nine species for which data for both
ID and selfing were available for more than two populations, the
relationships between ID and selfing ranged from positive to neg-
ative (Fig. 6). For Leptosiphon jepsonii, Eichhornia paniculata,
and Clarkia tembloriensis, ID declined consistently as selfing in-
creased, as would be expected if within-species trends mirror the

relationship in the full dataset. The relationship between ID and
selfing was also negative for Collinsia heterophylla and C. verna,
but a sign test indicated that the observed frequency of species
with negative relationships (six out of nine) was not higher than
expected by chance (P = 0.25). ID and selfing appeared unrelated
for populations of Mimulus guttatus, Salvia pratensis, Chamerion
angustifolium, and Lupinus perennis, but we lack data from either
highly selfing or highly outcrossing populations of these species,
which would provide the best contrast for detecting a relationship
between the mating system and ID.

Discussion

We found that the average ID expressed by mixed-mating taxa
is as strong as that of highly outcrossing taxa. Such strong ID
indicates that not all mixed mating can be dismissed as a transitory
phase in evolution toward a more extreme mating system. Strong
cumulative ID; strong expression of predispersal ID in large, long-
lived taxa; and an average inbreeding coefficient for parents that
is close to zero all support the potential for selective interference
to contribute to stable mixed mating in self-compatible taxa that
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cannot prevent the receipt of self-pollen. Beyond the inferences
supported by our analyses, we conclude that, despite longstanding
interest in the puzzle of mixed mating, our insight into what
explains its occurrence remains limited by the quantity and quality
of available empirical data.

We interpret strong average ID for mixed-mating taxa as ev-
idence that mixed mating can be maintained in some populations
in spite of strong ID. An alternative is that error in the estimation
of selfing caused us to classify some highly outcrossing taxa as
mixed mating and therefore to overestimated ID in mixed-mating
taxa. Estimates of mating system based on small numbers of poly-
morphic markers can overestimate selfing because there is little
power to distinguish selfing from biparental inbreeding. We be-
lieve this bias had little influence on our results because, for cases
in which we have information on the number of markers used,
mating-system estimates for mixed-mating taxa were based on
an average of 3.4 markers per population, and the relationship
between number of markers and estimated selfing for mixed-
mating cases is weak and not significantly different from zero
(tho =—0.153, P = 0.44, N = 27; Appendix B).
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One other factor that could contribute to high average ID
of mixed-mating taxa is overdominance in the expression of ID,
which can result in an increase in ID with selfing (Charlesworth
and Charlesworth 1987). Several models suggest that, when over-
dominance underlies ID, the negative consequences of increased
selfing caused by increased ID can make mixed-mating stable
(e.g., see Maynard Smith 1977; Charlesworth and Charlesworth
1990; Uyenoyama and Waller 1991; Latta and Ritland 1993). Al-
though there is little empirical evidence supporting ID caused by
overdominance, the difficulty of demonstrating this phenomenon
(reviewed by Charlesworth and Willis 2009) makes it premature
to rule out the possibility.

SELECTIVE INTERFERENCE

Equally strong average ID for mixed-mating and outcrossing taxa
suggests that at least some of the former carry considerable ID
that they have not purged. ID approached a value of 1 for some
taxa with selfing rates as high as 0.7 (Fig. 2), suggesting that even
substantial selfing may not be sufficient to purge genetic load.
Some mixed-mating taxa in our dataset may have only recently
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evolved selfing from an outcrossing ancestor and may be express-
ing the strong ID that can occur in the early stages of purging, but
we argue that it is unlikely that most mixed-mating taxa would
fall into this category, especially given the rapid rate of purging
suggested by our simulations (Fig. 1). More probably, the large
average ID we found reflects the inability of some mixed-mating
populations to purge.

Exceptionally strong ID in gymnosperms is consistent with
a role for selective interference in preventing purging in these
taxa. Greater per-generation mutation rates in long lived, large
plant taxa such as trees (Scofield and Schultz 2006) and many
clonal species (Vallejo-Marin et al. 2010) are expected to make
them more susceptible to selective interference. Our results are
consistent with this prediction in that five of our 10 largest esti-
mates of cumulative three-stage ID were for gymnosperm trees,
and one was for the long lived, clonal herb C. angustifolium. The
high average ID expressed by gymnosperms at the earliest life-
cycle stage (Table 1) is also consistent with selective interference,
which is expected to prevent purging of even early-acting lethal
mutations.

Although analysis of progeny arrays from taxa affected by
selective interference may indicate mixed mating, if no selfed off-
spring survive to reproduce, then mating is effectively outcrossing
(Lande et al. 1994; Scofield and Schultz 2006). The occurrence
of self-fertilization in these taxa is therefore not adaptive but re-
sults from the inability to prevent self-pollen from arriving at
receptive stigmas, and the absence of effective mechanisms of
self-incompatibility. Because the primary selfing rates of taxa ex-
hibiting selective interference can fall within the range of mixed
mating, they may make up an appreciable fraction of that group.

Five gynodioecious species with mixed-mating systems
(Wurmbea, Schiedea, Cucurbita, Bidens, and Thymus) also ex-
pressed very strong four-stage ID (Table 2). Most of these taxa
express both strong ID and strong selfing (Fig. 2), consistent
with models that predict that this combination promotes the in-
vasion of hermaphrodite populations by females (Lloyd 1975;
Charlesworth and Charlesworth 1978). Selective interference may
prevent purging in the gynodioecious taxa that are large or long
lived, including Wurmbea, Schiedea, and Cucurbita, but Bidens
and Thymus are both of small stature, and Bidens is short lived.
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Figure 6. The relationship between three-stage cumulative in-
breeding depression and primary selfing rate, highlighting data
for sets of populations of the same species. This figure includes
all 100 populations for which we found data; multiple popu-
lations of the same species were not averaged. Species abbre-
viations are Lupinus, Lupinus perennis; C.hetero, Collinsia het-
erophylla; C.verna, Collinsia verna; Lepto, Leptosiphon jepsonii;
Clarkia, Clarkia tembloriensis; Eichhornia, Eichhornia paniculata;
Salvia, Salvia pratensis; Mimulus, Mimulus guttatus; Chamerion,
Chamerion angustifolium.

High rates of population turnover have been proposed to maintain
gynodioecy in these taxa (Schultz and Ganders 1996; Thompson
and Tarayre 2000) and may also maintain higher rates of ID
if populations become locally extinct before the genetic load is
purged.

EVIDENCE CONSISTENT WITH EVOLUTION TOWARD
SELFING

The negative relationship we observed between selfing and ID
among all species and for populations within some species can-
not by itself distinguish evolutionary transition in the mating sys-
tem from mixed mating that is stable at different selfing rates
in different populations. For some of the species for which the
relationship between selfing rate and ID among populations is
consistently negative, other evidence supports the existence of a
catalyst that could initiate evolution toward increased selfing: de-
mographic bottleneck associated with colonization accompanied
by loss of heterostyly in E. paniculata (Ness et al. 2010) and
possible selection for selfing as a means of avoiding hybridiza-
tion with a sympatric congener in L. jepsonii (Goodwillie 1999;
Weber and Goodwillie 2009). Paleobiogeographic evidence also
supports demographic bottlenecks in the two gymnosperm taxa

with low ID, Pinus resinosa (Fowler 1965a,b) and Thuja plicata
(El-Kassaby et al. 1994; O’Connell et al. 2008). Although we
cannot rule out stable mixed mating in these taxa, the sum of
the evidence in each case supports a scenario of evolution toward
greater selfing.

COMPARISON WITH PAST ANALYSES OF ID

In their review of the relationship between ID and mating system,
Byers and Waller (1999) found the evidence for purging scant
and concluded that it plays a limited role in natural populations.
In contrast, our simulations indicated that once selfing ensues
in an outcrossing population, rapid purging is expected under a
wide range of conditions, and our empirical data showing greater
average ID for outcrossing than for selfing taxa are consistent with
purging in many natural populations. We also found a significant
negative correlation between selfing and ID across all taxa, despite
evidence for maintenance of strong ID by selective interference in
some mixed-mating taxa, which could obscure this relationship.

Our results are consistent with those of Husband and
Schemske (1996), who also concluded that purging is a signif-
icant evolutionary force in natural populations. Although we de-
fined selfing and outcrossing mating systems more narrowly than
Husband and Schemske (1996), our estimates of mean three-stage
ID for primarily selfing and primarily outcrossing taxa (0.23 and
0.44, respectively) are similar to those they reported (0.23 for taxa
with primary selfing rates greater than 0.55 and 0.53 for taxa with
primary selfing rates less than 0.45).

Our results and those of Husband and Schemske (1996) are
based primarily on estimates of ID calculated from the differ-
ence in fitness for selfed and outcrossed zygotes from crosses
conducted on naturally occurring parental genotypes. This proce-
dure overestimates the genetic load in highly selfing populations,
because selfed progeny are more inbred in highly selfing than
in highly outcrossing populations. Selfed progeny from a highly
inbreeding population will have an inbreeding coefficient close
to 1, whereas those from a randomly outcrossing population will
have an inbreeding coefficient of 0.5 (Uyenoyama et al. 1993;
Charlesworth and Willis 2009). As a consequence, inbred progeny
will have greater homozygosity in a selfing population than in an
outbred one and will therefore have a greater opportunity to ex-
press largely recessive mutations as ID. Because this difference
biases against the greater ID in outcrossed taxa reported here
and by Husband and Schemske (1996), the actual difference is
probably larger.

Although we found substantially greater ID expressed in
the earliest and latest life-cycle stages on average, much of the
greater ID in the earliest stage was driven by the extreme values
for gymnosperms (Table 1; compare Figs. 4 and 5). This pattern
could indicate that the strong early ID for primarily outcrossing
taxa reported by Husband and Schemske (1996) is not general but
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rather is restricted to gymnosperms or to taxa affected by selective
interference.

PROSPECTUS

Insights into mixed mating from the relationship between mating
system and ID remain limited by the current availability and
quality of empirical data. Because only studies that measure ID
for all life-cycle stages can be included in comparisons, we urge
future empiricists to estimate fitness for all life stages of selfed
and outcrossed zygotes. We also urge reporting measures of error
as well as means for fitness estimates, to permit the use of meta-
analytical techniques, which was not possible for our dataset.
More estimates of ID for primarily selfing taxa and primarily
outcrossing taxa would increase the power and scope of analyses.
Reporting inbreeding coefficients (Fis) would help to identify
cases of selective interference because, when this occurs, Fig is
expected to be zero even when analysis of progeny arrays indicates
appreciable selfing. Inbreeding coefficients were available for less
than 40% of the cases in our dataset.

Accurate estimates of ID, which require studies with large
samples conducted in natural environments and encompassing the
entire life cycle of selfed and outcrossed progeny, are necessary
for conclusive inferences about many mechanisms proposed to
maintain mixed mating in individual taxa. Many models propose
quantitative thresholds for the magnitude and/or age-specific ex-
pression of ID necessary to generate selection for a particular mat-
ing system (reviewed by Goodwillie et al. 2005; see also Porcher
and Lande 2005b; Harder et al. 2008). Currently, such explicit
thresholds are difficult to apply because of the large uncertainty
associated with estimates of ID arising from the effects of envi-
ronment on the expression of ID and considerable variation in ID
among families within a population.

Not all mechanisms proposed to explain mixed mating pro-
duce a distinct pattern of expression of ID (e.g., see Holsinger
1991; Johnston 1998), and a comprehensive explanation for the
distribution of mating systems in natural populations must go be-
yond analysis of ID. Determining whether mixed mating is stable
by measuring selection on individuals within populations remains
adifficult challenge, but alternative approaches also illuminate the
evolution of plant mating systems. Work relating mating system
to colonizing ability (e.g., by Baker 1974; Pannell and Dorken
2006; Cheptou and Massol 2009; Randle et al. 2009), selection
for dispersal (e.g., see Roze and Rousset 2005), extinction risk
(Takebayashi and Morrell 2001), interdemic selection (Pannell
and Barrett 1998, 2001; Schoen and Busch 2008), and the balance
of selection, drift, and migration in finite populations (Whitlock
et al. 2000; Pannell and Barrett 2001; Theodorou and Couvet
2002; Roze and Rousset 2004) has extended our perspective on
mating-system evolution to broader spatial and temporal scales.
The pronounced evolutionary lability of plant mating systems evi-
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denced by wide variation in selfing rates within genera and among
populations suggests that phylogenetic correction will not affect
the interpretation of broad analyses such as ours. However, relat-
ing mating system to ID within clades that include species with
mating systems that span the range from selfing to outcrossing
could provide deeper insight into the role of ID in mating-system
evolution.

Overall, our analyses indicate that despite longstanding inter-
est in mating-system evolution, a wealth of theory, and suggestive
patterns in available data, our ability to distinguish among the
myriad mechanisms proposed to explain the occurrence of mixed
mating in plants remains limited by the availability of empiri-
cal data. Future empirical studies linking ID and mating systems
across broader spatial and temporal scales, while addressing the
critical gaps in the available data described here, will contribute
essential evidence necessary to unravel the enigma of mixed mat-
ing in plants.
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Appendix A

Results for simulation of purging when selfing was initiated in
an outcrossing population for different combinations of mutation
rate (U), dominance (h), strength of selection against mutations
(s5), and frequency of selfing (r). “Initial ID” is the starting strength
of inbreeding depression. “Final ID” is the strength of inbreeding
depression at equilibrium for the new selfing frequency. “Half
life” is the generation at which purging is half complete (i.e., the
generation where ID = 1/2[Initial ID — Final ID]). (A) Results for
the parameters in Figure 1. (B) Results for the same parameters
as A except that U is reduced to 0.2. (C) Extreme recessivity can
result in failure to purge even for moderately to weakly selected
mutations and with a high frequency of selfing. (D) The effect of
reducing the dominance of weakly selected mutations (compare
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with the last three lines of A) and of larger frequencies of self-
ing. (E) The effect of reducing the dominance of mutations with
moderate effects on fitness (compare with the middle three lines

of A).
Initial Final = Half
U h s r ID ID life
A 1 0.02 1.0 0.99 1.0 1.0 NA
1 0.02 1.0 0.95 1.0 1.0 NA
1 0.02 1.0 0.80 1.0 1.0 NA
1 0.20 0.05 0.99 0.777 0.524 89
1 0.20 0.05 0.95 0.777  0.510 90
1 0.20 0.05 0.80 0.777  0.453 90
1 0.40 0.001 0.99 0.221  0.117 1778
1 0.40 0.001 0.95 0.221 0.114 1722
1 0.40 0.001 0.80 0221 0 114
B 02 002 1.0 0.99 0.992 0.904 70
02 002 1.0 0.95 0.992 0.868 86
02 002 1.0 0.80 0.992 0435 103
0.2 020 0.05 0.99 0.259  0.137 72
0.2 020 0.05 0.95 0.259 0.129 68
0.2 020 0.05 0.80 0.259 0.102 57
0.2 040 0.001 0.99 0.049 0.025 1556
02 040 0.001 095 0.049  0.024 1464
02 040 0.001 0.80 0.049  0.021 1442
Cc 1 0.02 0.05 0.99 1.0 1.0 NA
1 0.02 0.05 0.95 1.0 1.0 NA
1 0.02 0.05 0.80 1.0 1.0 NA
1 0.02 0.05 0.50 1.0 1.0 NA
1 0.02 0.001 0.99 1.0 1.0 NA
1 0.02 0.001 0.95 1.0 1.0 NA
1 0.02 0.001 0.80 1.0 1.0 NA
1 0.02 0.001 0.50 1.0 1.0 NA
D 1 0.30 0.001 0.99 0.487 0.281 2608
1 0.30 0.001 0.95 0.487 0.274 2508
1 0.30 0.001 0.90 0487 0.264 2466
1 0.30 0.001 0.85 0.487 0.254 1582
1 0.30 0.001 0.825 0487 O 115
1 0.30 0.001 .080 0487 O 64
1 0.30 0.001 .050 0487 0 16
E 1 0.1 0.05 0.99 0982 0.863 249
1 0.1 0.05 0.95 0.982 0.855 262
1 0.1 0.05 0.80 0.982 0.811 300

Appendix B

The relationship between the number of polymorphic marker loci
used to measure selfing rate and the estimated primary selfing rate
for 59 taxa for which number of markers was available. Number
of markers was averaged when selfing rate was an average for
multiple populations of the same species. Symbols distinguish
selfing, mixed-mating, and outcrossing taxa.
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