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Abstract

1. Pollinator-mediated reproductive interference can occur when two or more plant
species share the same pollinators. Recent studies have suggested that prior autonomous
selfing mitigates reproductive interference, potentially facilitating coexistence even in the
absence of pollination niche partitioning (i.e. the pre-emptive selfing hypothesis).
However, whether the evolution of prior selfing promotes coexistence, in the context of
the eco-evolutionary dynamics of population size, selfing rates, and inbreeding
depression, remains poorly understood.

2. We constructed an individual-based model to examine the conditions under which the
evolution of prior selfing promotes coexistence in the context of mutual reproductive
interference. In the model, two plant species compete by way of mutual reproductive
interference, and both have the potential to evolve the capacity for prior autonomous
selfing. We expected that purging of deleterious mutations might result in evolutionary
rescue, assuming that the strength of inbreeding depression declines as the population
selfing rate increases; this would enable inferior competitors to maintain population
density through the evolution of prior selfing.

3. Our simulation demonstrated that evolution of prior selfing may promote coexistence,
whereas reproductive interference in the absence of such evolution results in competitive
exclusion. We found that lower pollinator availability is likely to favour rapid
evolutionary shifts to higher prior selfing rates, thereby neutralising the negative effects
of reproductive interference in both species. When the strength of inbreeding depression
decreased with an increase in the population-level selfing rate, moderate pollinator
availability resulted in long-term coexistence in which relative abundance-dependent

selection on the prior selfing rate served to intermittently maintain the population density



49

50

51

52

53

54

55

56

57

58

59

60

61

of the inferior competitor.

4. Synthesis. We demonstrate that the evolution of prior selfing may increase population
growth rates of inferior competitors and may consequently promote long-term
coexistence via evolutionary rescue. This constitutes a novel mechanism explaining the
co-evolutionary coexistence of closely related plant species without niche partitioning,
and is consistent with recent studies reporting that closely related species with mixed
mating systems can co-occur sympatrically, even under conditions of mutual reproductive

interference.

Key-words: Co-evolution, evolutionary rescue, inbreeding depression, individual-based
model, mixed mating, pollinator-mediated competition, reproductive ecology, selfing

syndrome
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Introduction

The condition under which competing species can coexist is a fundamental question in
ecology (May, 1974; Chesson, 2000). Numerous empirical and theoretical studies have
demonstrated that niche partitioning between competing species is important for
coexistence: i.e. intraspecific competition should be greater than interspecific
competition. Moreover, niche partitioning exerts a stabilising effect in modern
coexistence theory (Chesson, 2000; Silvertown, 2004; Barabas, 2018). Closely related
species that potentially share the same or very similar resource requirements and
reproductive traits are therefore expected to compete strongly, and are unlikely to coexist
(Groning & Hochkirch, 2008; Burns & Straus, 2011; Whitton, Sears & Maddison; 2017).
Additionally, imperfect species recognition causes reproductive interference, further
increasing the vulnerability of species with lower relative abundance to extinction by
reducing fecundity (Groning & Hochkirch, 2008; Schreiber et al., 2019; Iritani &
Noriyuki, 2021).

In flowering plants, when two or more plant species depend on the same
pollinators for reproduction, interspecific pollinator-mediated pollen transfer can cause
strong reproductive interference that results in either niche partitioning or competitive
exclusion of one species (Levin & Anderson, 1970; Takakura, Nishida, Matsumoto &
Nishida, 2008; Runquist & Stanton, 2013; Moreira-Hernandez & Muchhala, 2019).
Reproductive interference via interspecific pollen transfer can occur via an increase in
heterospecific pollen deposition on the stigma, and/or conspecific pollen loss on
heterospecific flowers (Mitchell, Flanagan, Brown, Waser & Karron, 2009; Morales &
Traveset, 2008). Specifically, pollen deposition from closely related heterospecies

strongly decreases female reproductive success owing to pollen tube growth, competition
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in the style, ovule discounting, and/or hybridisation (Harder, Cruzan & Thomson, 1993;
Nishida, Kanaoka, Hashimoto, Takakura & Nishida, 2014; Whitton et al. 2017). Thus,
reproductive interference via heterospecific pollen deposition may favour spatiotemporal
segregation in flowering or floral trait displacement, with the consequence that plants
interact with either different pollinator species or different parts of the same pollinator
(e.g. Runquist 2012; van der Niet & Johnson 2012; Huang & Shi, 2013).

Selfing has garnered much attention recently as an alternative mechanism for
mitigating reproductive interference by heterospecific pollen transfer from competing
relatives (Fishman & Wyatt, 1999; de Waal, Anderson & Ellis, 2015; Katsuhara &
Ushimaru, 2019). Recent studies have suggested that selfing constitutes a reproductive
barrier among related, sympatrically coexisting species (Fishman & Wyatt, 1999; Martin
& Willis, 2007; Goodwillie & Ness 2013; Brys, van Cauwenberghe & Jaquemyn, 2016).
Selfers with small and inconspicuous flowers (selfing syndrome), which receive fewer
pollinator visits, are thus likely to coexist with outcrossing relatives (Sicard & Lenhard,
2011; Kalisz et al. 2012). Reduced heterospecific pollen deposition, resulting from fewer
pollinator visits and/or reproductive assurance via self-pollination, might mitigate the
negative effects of reproductive interference in selfers, although this is difficult to
confirm (Fishman & Wyatt, 1999; Martin & Willis, 2007; de Waal et al. 2015; Brys et al.
2016).

Recent studies have further hypothesised that “prior” rather than “delayed”
autonomous selfing can mitigate the negative effects of reproductive interference via
interspecific pollen transfer, and may promote species coexistence independent of
pollinator visits (i.e. the pre-emptive selfing hypothesis; Randle, Spigler & Kalisz, 2018;

Katsuhara & Ushimaru, 2019). In this study, prior selfing is defined as the phenomenon
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in which an ovule is self-fertilised before or in the absence of outcrossing opportunities,
such as bud pollination or cleistogamy, whereas delayed selfing is that which occurs after
an outcrossing opportunity (Lloyd, 1992). Theoretical and empirical studies have
suggested that prior selfing is unlikely to evolve under conditions of frequent pollinator
visits (Lloyd, 1992; Kalisz, Vogler & Hanley, 2004; Eckert et al. 2010); however, in the
presence of reproductive interference by an abundant competitor species, frequent
pollinator visits substantially reduce the outcrossing success of inferior competitor
species. In this scenario, the evolution of prior selfing may mitigate reproductive
interference, and may rescue the inferior competitor from competitive exclusion.

The pre-emptive selfing hypothesis should be tested in the context of the eco-
evolutionary dynamics of population size, selfing rates, and inbreeding depression.
Because the negative effects of reproductive interference (i.e. decreased outcrossing
success) become more pronounced as the relative abundance of competing species
increases (Levin & Anderson, 1970; Katsuhara & Ushimaru, 2019), the evolution of prior
autonomous selfing in any given species is likely driven by the population dynamics of
competing species. The evolution of prior selfing may facilitate population maintenance
by mitigating reproductive interference; however, conversely, it may promote self-
extinction when inbreeding depression has a strong negative effect on population growth
(Cheptou, 2019; Katsuhara & Ushimaru, 2019). Therefore, the dynamics of inbreeding
depression substantially influence the evolution of selfing: the strength of inbreeding
depression is often inversely related to a population’s selfing rate due to the “purging” of
deleterious, recessive alleles (Schemske & Lande, 1985; Charlesworth, Charlesworth &
Morgan, 1990; Lloyd, 1992; Husband & Schemske, 1996; Crnokrak & Barrett, 2002;

Goodwillie, Kalisz & Eckert, 2005; Charlesworth & Willis, 2009). Thus, the dynamics of



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

population size, selfing rates, and the inbreeding depression of competing species should
be considered when investigating the adaptive significance of prior selfing under
conditions of reproductive interference. To the best of our knowledge, however, no
studies have examined the eco-evolutionary dynamics of these variables, and therefore
little is known about the possibility of coexistence under reproductive interference, and
how it relates to the evolution of prior selfing.

To investigate the pre-emptive selfing hypothesis, we constructed a model in
which two plant species, both sharing the same pollination niche and both capable of
evolving prior autonomous selfing, compete against one another in the form of mutual
reproductive interference (i.e. the eco-evolutionary dynamics model). We explored the
conditions and mechanisms of coexistence in the context of eco-evolutionary outcomes
for a wide range of parameter regions, mainly focusing on pollinator limitation
(outcrossing cost) and inbreeding depression (selfing cost) rather than using the
traditional “stability at an equilibrium point” or recent “mutual invasibility criterion”
analyses (Chesson, 2000, Hart et al., 2019). Our aim was not to explore general
mechanisms, but to focus on a specific plant species system with mutual reproductive
interference, as well as to analyse parameters and scenarios that can be easily applied to
empirical studies of plant mating systems. We addressed the following two questions:
first, can prior selfing evolve under mutual reproductive interference and promote
coexistence as an evolutionary rescue agent? Second, is inbreeding depression an
important determinant of the joint dynamics of population size and selfing rates? We then
discuss the conditions under which the evolution of prior selfing promotes the long-term

coexistence of closely related species sharing the same pollination niche.
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Model

Community structure, pollination, seed production, and germination processes

We developed an individual-based model of two competing, annual flowering plant
species (species with discrete generations) at a site with a constant carrying capacity K,
wherein K individuals of Species 1 (sp1) and/or Species 2 (sp2) occupied the site in each
generation. The default value of K was 2,000. The relative abundance of sp; in the #-th
generation is denoted as q;; , where i is either 1 or 2, and g, ¢ + g2 = 1 holds (0 < q;,
< 1). Thus, the number of individuals of sp; equals K q; .. We assumed complete overlap
in the ecological niches of both species, and no possibility of hybridisation.

We first described the pollination and fertilisation processes (Fig.1). Each
individual of both species produced n ovules, which were fertilised by a combination of
prior autonomous selfing and pollinator-mediated outcrossing with g pollen grains. The j-
th individual of sp; fertilised its ovules via prior autonomous selfing at a rate of 7; ;; in
the 7-th generation (1 < j < Kq;;, 0< 1;;; <1 fori=1 or 2). Thus, an integer number
of ovules, obtained by rounding nr; ; ., were fertilised via prior selfing, whereas the
remaining ovules were available for pollinator-mediated outcrossing (Fig.1). Here, we
assumed that an integer number of ovules, obtained by rounding the proportion P (0 < P
<1)of n(l -1 j,t)’ were pollinated by pollinators with outcrossed conspecific and/or
heterospecific pollen grains. We introduced pollinator limitation using P < 1. We assumed
that pollinators visited flowers of both species indiscriminately and carried their pollen in
proportion to the relative abundance of flowers.

The pollen parent of each outcrossed ovule of individual j was randomly

assigned to conspecifics with the probability of



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

Kqi¢
Z] 1l 9(1 Tl]t)

Kq q K
Z] itg(l rL]t)+Ch.Z b

90T )

where c; represents the strength of reproductive interference from heterospecific
individuals (sps), and 7;;, and 13, (0< cp, 17 and 713, j, < 1) represent rates of
prior selfing of the j-th individuals of sp; and sps, respectively. The parameter c;, is
interpreted as the probability of ovule discounting by a heterospecific pollen grain during
the fertilisation of individual j. This expression is derived from the assumption that the

probabilities that pollen grains of individual j will be assigned to conspecific or

g(1- let)

Kq —q; )K
T fg(- rl,t)+ch2 Bt

and

heterospecific ovules are described as
9(A-Tpj¢)

chg(1- rl] t)

—q;,)K
Chzj 1 g(l Tut)+2 Bt

, respectively (cf. Holsinger, 1991). Here we assumed
g(A-Tpj¢)

that outcrossed pollen decreased proportionally with the prior selfing rate in both species;
this assumption mimics increased pollen discounting and/or anther-stigma interference
with increases in the prior selfing rate (Lloyd and Webb, 1986; Webb and Lloyd, 1986;
Karron, Jackson, Thumser & Schlicht, 1997; Fishman, 2000; Barrett 2002; Dai &
Galloway, 2011). Because we assumed random pollination, each ovule of the j-th
individual was fertilised by the pollen of the j-th individual (pollinator-mediated self-
pollination; geitonogamy) according to the aforementioned probability.

We then explored the seed production process. We assumed that only ovules
fertilised by self- and outcrossed-conspecific pollen could develop seeds, whereas those
assigned by heterospecific pollen did not produce seeds due to ovule discounting (Fig. 1).
Given the probability of outcrossing success for each ovule, the expected number of
outcrossed seeds in individual j decreases with increases in relative abundance and a

lower population mean of the prior selfing rate of sps, indicating frequency-dependent
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reproductive interference. The cost of selfing, relative to outcrossing, was also assumed
as follows: in sp;, all outcrossed ovules were assumed to develop viable seeds, whereas
selfed ovules set seeds at arate of 1 —I;,, where I;; (0< I;; <1)is the strength of
inbreeding depression in generation ¢ in sp;. I;; can be interpreted as an evolutionary
variable owing to the balance between the accumulation and purging of deleterious
mutations (Schemske & Lande, 1985; Husband & Schemske, 1996; Crnokrak & Barrett,
2002). Here, I;, is expressed as a function of the population selfing rate in the (¢ — 1)
generation of sp;, S;_1:

Ij; = Be~it-1,
Sit—1 was calculated as the total number of viable selfed seeds divided by the total
number of viable seeds in sp; in the previous generation. This function is drawn as a
decreasing concave upward curve when the coefficient a is > 0; o expresses the
association of steep decreases in inbreeding depression with increases in population
selfing rates (Lande, Schemske & Schultz 1994; Porcher & Lande, 2016). The intercept S
(0 < < 1) indicates the level of inbreeding depression when complete outcrossing occurs
in the population. We simulated a variety of a and f values to test different scenarios in
the eco-evolutionary dynamics of population size and selfing rates.

Finally, we randomly sampled K seedlings from all seeds of both species to form
the next generation t + 1. We assumed no interspecific differences in competitive ability
in germination and establishment processes or other ecological or genetic features;
therefore, ¢y, a, and § were identical for both species. In addition, our model had no
spatial structure. According to these assumptions, the expected value of the relative

abundance of sp; in the (¢ + 7)-th generation is calculated as follows:
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mean no. of seeds
_ qi't( of sp; individual )
Qit+1 = _ (meanno. ofseedsy _ ~ yrmeanno. of seeds
”( of sp; individual )+( _QL:t)( of spy, individual )

(also see Fig. S1).

Inheritance and mutation of prior autonomous selfing

To describe the evolutionary dynamics of prior autonomous selfing, our model assumed
that the prior selfing rate of individual j in the next generation 1; ;.44 was equal to the
parental average. Thus, the prior selfing rate was assumed to be a quantitative, genetic
trait influenced by other traits (e.g. the degrees of herkogamy and/or dichogamy, and the
proportion of cleistogamous flowers; Culley & Klooster, 2007; Kalisz et al. 2012).
However, 7;;:41 can be adjusted to represent deviations from the parental mean (i.e.
mutation) by adding a random value between —o and +o to the parental mean with a
probability u#, where 1 and o represent the rate and effect size of mutation, respectively.
We used default values of 0.05 for ¢ and 0.1 for . If a mutation-induced change results

in 7;;.,41 >1o0r<0, we truncated the values to 1 and 0, respectively.

Simulation settings and classification of eco-evolutionary outcomes

To explore conditions for the coexistence of the two species, we examined the effects of
pollinator availability (P) and the relationship between inbreeding depression and selfing
rates (a and f) on the outcomes of evolution. We tested the following scenarios
describing the relationship between inbreeding depression and selfing rates: I;, was
either fixed (a =0; £=0.1, 0.3, 0.5, 0.7, or 0.9) or variable in accordance with the
population selfing rate (a« = 0, 0.5, 1, 2, 4, or 8; = 0.9). The full parameter range was

0 < P <1 (Table 1), and the initial number of individuals of both species was equal to

K/2 in each simulation run. Initial autonomous selfing rates for individuals were
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randomly generated based on a normal distribution with a mean and standard deviation of
Fintial (1/2) and Dintial (1/6) for both species. Each run was terminated after 2,000
generations, or after one species went extinct.

After conducting 50 simulation runs for each parameter setting, we classified the
eco-evolutionary dynamics into four categories based on the ecological and evolutionary
status of the species. When the simulation ended with the extinction of either species, the
result was classified as either (1) competitive exclusion by the selfer in cases where the
population mean of prior autonomous selfing rate of survivors was > 0.5, or (2)
competitive exclusion by the outcrosser, when the prior selfing rate of survivors was <
0.5. Runs in which coexistence persisted until the 2,000" generation were also divided
into two categories, (3) coexistence with evolutionary rescue by prior selfing, and (4)
coexistence with neutral dynamics. Classification was based on the procedures described
below.

To detect evolutionary rescue, we calculated the population growth rate and
selection gradient for each generation of sp;. Population growth rate (W; ;) for the #-th
generation was calculated as Kq;;41/Kq; ¢ (= Qier1/ Qi,t)- To clarify the selection
gradient on the prior selfing rate, we identified the seed and pollen parents of all seeds,
and assessed the correlation between the selfing rate 1; ;. and the seeding and siring
success of each individual; this comprised the selection gradient (G; ;) at the ¢-th
generation. Positive or negative values of G;, indicate that higher or lower rates,
respectively, were adaptive for sp; in the respective generation. Evolutionary rescue by
prior selfing was defined as a state requiring the following two conditions: a significant
negative correlation between q;, and G;, (i.e. population declines facilitate the

evolution of selfing), and a significant positive correlation between the population mean
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Kqit

prior selfing rate ), j=1 Tijt /Kq;; and W;, (i.e. the evolution of selfing increases

population growth). The significance of these two correlations in each run was examined
using permutation tests, as follows. Firstly, we calculated these two correlations for the
last 500 generations of a given run; next, we ran 10,000 permutations of the W;, and
G;¢ values among the generations, and repeatedly calculated the two correlations to
create a null distribution to obtain the 95% prediction interval for each. We deemed the
observed correlations significant when they deviated from the 95% prediction interval.
When both or either of the correlation coefficients were non-significant, the run was
classified as coexistence with neutral dynamics (Fig. 2). It should be noted that
coexistence with neutral dynamics indicates that both species persisted for 2,000
generations, whereas coexistence with evolutionary rescue indicates the presence of a
stabilising effect, arising from the evolution of selfing under reproductive interference by
a relatively abundant competitor.

We compared differences in the long-term stability of coexistence with neutral
dynamics and evolutionary rescue using a typical parameter set for each type of
coexistence: P =0.4, a = 0.5, and f = 0.9 for evolutionary rescue (ER set), and P = 0.1, a
=4, and f = 0.9 for coexistence with neutral dynamics (ND set). For each parameter set,
we conducted 200 simulations, which continued 10,000 generations unless either species
became extinct, and documented the number of generations during which both species
persisted for each simulation.

We also assessed how simulation results were affected by the strength of
reproductive interference and the mean selfing rate of the initial population. We ran

simulations in which cn (= 0.0, 0.25, 0.5, 0.75, or 1.0) and 7initial (= 0.0, 0.25, 0.5, 0.75, or
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1.0) varied under the parameter settings described above (i.e. the ER and ND sets), using
50 simulations for each parameter set. To assess the population dynamics of the two
species under a scenario of fixed prior selfing rates, we conducted simulation runs in
which both species had either the same or different fixed prior selfing rates (0 < rinitiat <I),
again using the two parameter sets. Finally, we ran simulations, using both sets, that
assumed fixed abundances of each species, to examine the effects of fixed population size
on the evolution of prior selfing.

Many recent studies assessing stable coexistence have conducted invasion
analyses to test whether rare target species can increase in abundance (Chesson, 2000,
Barabas, 2018; Grainger et al., 2019; Ellner, 2019). In this study, we examined the extent
to which species with very low population density can invade the community under
conditions of coexistence with neutral dynamics and evolutionary rescue. As a first step,
we arbitrarily selected one simulation run from those in which both species coexisted for
2,000 generations, using the ER or ND parameter set (Supporting File 1). The species
with lower frequency in the 2,000™ generation was treated as an invader species. The
simulation was then rerun to obtain invader species relative abundances of 0.1, 0.01, and
0.001 for ratios of invaders to resident species individuals of 200:1,800, 20:1,980, and
2:1,998, respectively. We performed 100 replications with different individuals. Each run

was terminated after 2,000 generations, or when either species became extinct.

Results
Eco-evolutionary dynamics with fixed inbreeding depression
We found that lower pollinator availability fostered the evolution of higher selfing rates

in both species and frequently promoted coexistence with neutral dynamics (Fig. 3a).
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Coexistence with neutral dynamics was limited by higher inbreeding depression (Fig. 3a),
but invariably resulted when both species evolved a prior selfing rate close to 1.0, which
neutralised mutual reproductive interference (Fig. 2). During periods of coexistence, the
population dynamics of both species exhibited a random walk, indicating that coexistence
with neutral dynamics was unstable over the long term, and extinction of one species
occurred when simulations continued for more generations (see below, Long-term
stability of coexistence). When values of either or both of 7/ and P were large, eco-
evolutionary dynamics frequently ended in competitive exclusion (Fig. 3a), whereas
when values for both variables were large, competitive exclusion by the outcrosser
invariably resulted (Fig. 3a). Coexistence with evolutionary rescue occurred only rarely
when inbreeding depression was both fixed and independent of population selfing rates

(Fig. 3a).

Eco-evolutionary dynamics with variable inbreeding depression

Conditions for both types of coexistence were more widened in scenarios with variable
inbreeding depression compared to scenarios assuming fixed inbreeding depression (Fig.
3). Of note, both types of coexistence were associated with intermediate levels of
pollinator availability and intermediate levels of the slope of the inbreeding depression
function (Fig. 3b).

Competitive exclusion by the selfer occurred under a wider range of conditions
when inbreeding depression decreased sharply with increases in population selfing rates
(a>4.0), as compared to scenarios with lower, fixed inbreeding depression rates (a = 0
and = 0.1 or 0.3; Fig. 3). By contrast, when inbreeding depression decreased more

gradually with increases in the population selfing rate (a = 0.5), competitive exclusion by
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the outcrosser tended to occur in the presence of higher pollinator availability, similar to

cases in which both 7 and P were large in the fixed inbreeding depression scenario.

Long-term stability of coexistence

In the 96 out of 200 simulations with the ER set, both species persisted until the 10,000
generation whereas either species went extinct before the 10,000™ generation in all the
200 simulations with the ND set (Fig. 4). The extinctions of either species occurred
within a few hundreds of generations in the remaining 104 simulations with the ER set.
Meanwhile, the generation of the extinction varied largely among the simulations with
the ND set, although the extinction mostly occurred before the 4000™ generation (Fig. 4).
These indicate that coexistence with evolutionary rescue could be maintained in the long
term in cases where fluctuations in relative abundance (q; ;) and prior selfing rates (7; ;)
initiated and that coexistence with neutral dynamics ended stochastically in the

simulations.

Effects of cn and Vinitial on simulation outcomes

In simulations using the ER set, we found that coexistence with evolutionary rescue
nearly always occurred in scenarios with a high initial population selfing rate (¥initia1 >
0.75) and the presence of mutual reproductive interference (cn > 0.0). Neither type of
coexistence was common in either the ER or ND sets (Fig. 5) in cases where the initial
population selfing rate was low (7initial < 0.25). Furthermore, competitive exclusion by the
outcrosser was not observed when the initial population selfing rate was high (#intial >
0.75). The strength of reproductive interference (cn) appeared to have little effect on

coexistence with neutral dynamics in the ND set; however, coexistence with evolutionary
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rescue occurred in the ER set only in the presence of mutual reproductive interference (cn

>0.0).

Simulation outcomes under fixed prior selfing rates and population size

We found that both species very rarely persisted until 2,000 generations in either the ER
or ND sets when prior selfing rates were fixed in both species, except when both species
had identical, very high prior selfing rates (Fig. 6). In the ND set, the successful species
was always the one with a higher prior selfing rate. In the ER set, the successful species
was usually the one with lower and higher prior selfing rates in the areas below and
above the line representing 7> =—r + 0.6, respectively (Fig. 6). In simulations using the
ER set and assuming fixed abundances, an evolutionary shift to higher prior selfing rates
was favoured only when the relative abundance of the focal species was lower than 1/2
(Fig. 7). By contrast, a very high prior selfing rate was always favoured under the ND set,

irrespective of abundance (Fig. 7).

Invasibility of species with low population density

When the initial relative frequency of invader species was set at 0.1, the invader species
increased its abundance and persisted until 2,000 generations in 98% of runs with the ER
set, compared to 18% of runs with the ND set (Fig. 8). The proportion of runs with
successful invasion decreased as the initial frequency of invader species decreased (Fig.
8). Even when the frequency of invader species started at 0.001, coexistence of the
species in the 2,000" generation occurred in 10% of runs with the ER set, but never
occurred with the ND set (Fig. 8). With the ER set, invader species avoided stochastic

extinction in the first several generations regardless of the initial frequency, and stably
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persisted with fluctuations within a relative abundance range of ca. 0.2 to 0.8 via

evolutionary rescue (Fig. 8).

Discussion

Our model demonstrated that the evolution of prior selfing could promote species
coexistence in the presence of mutual reproductive interference, whereas coexistence
rarely resulted without the evolution of prior selfing (Figs. 3 and 6). When controlling for
pollinator availability, both types of coexistence tended to occur more commonly in the
variable inbreeding depression scenario (in which inbreeding depression decreases with
an increase in the population selfing rate) than in the fixed inbreeding depression scenario
(Fig. 3). In particular, coexistence with evolutionary rescue occurred frequently and
remained stable in the long term under conditions of gradually diminishing inbreeding
depression strength and intermediate pollinator availability (Figs. 3, 4 and 8).
Coexistence with evolutionary rescue was achieved with both the strength of reproductive
interference from competing species and adaptive superiority of higher selfing rates being
dependent on relative abundance, and led to fluctuations in both population size and the
prior selfing rate in both species (Figs. 2, 5, 7 and 8).

Here, suitable conditions for coexistence with evolutionary rescue are discussed
using comparisons with empirical studies. Our simulations demonstrated that coexistence
with evolutionary rescue occurred under conditions of moderate pollinator limitation,
variable and moderate levels of inbreeding depression, relatively high initial prior selfing
rates, and the presence of reproductive interference. High pollinator availability always
favoured competitive exclusion by either outcrossers or selfers, depending on the level of

inbreeding depression. In other words, long-term coexistence in the context of
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reproductive interference required pollinator-limited conditions, which are prevalent in
the wild (Larson & Barrett, 2000). Variable levels of inbreeding depression persisted as
the cost of selfing, even at very high population selfing rates. While inbreeding
depression resulting from deleterious recessive alleles is thought to be mitigated by
increases in population selfing rates, weak, mildly deleterious mutations and
heterozygous advantages resulting from overdominance cannot be purged even in
predominantly selfing species, leading to late-acting inbreeding depression (Charlesworth
et al. 1990; Husband & Schemske, 1996; Crnokrak & Barrett, 2002; Charlesworth &
Wills, 2009). In addition, we found that a higher initial prior selfing rate increased the
potential for coexistence with evolutionary rescue (Fig. 5), suggesting that stable
coexistence between a pair of predominantly selfing or mixed-mating species can occur
only under conditions of reproductive interference, which is consistent with recent studies
(Tokuda et al. 2015; Katsuhara & Ushimaru, 2019; Nishida et al. unpublished data). This
type of coexistence never occurred in our simulations in the absence of reproductive
interference, even when other parameter settings were suitable for coexistence (Fig. 5).
This result implies that mutual reproductive interference may be the cost of outcrossing
and may promote higher levels of selfing (Katsuhara & Ushimaru, 2019), likely resulting
in fluctuations in prior selfing rates across generations.

Coexistence with neutral dynamics was often found under conditions of lower
pollinator availability and weak, fixed or moderately varying inbreeding depression (Fig.
3). Higher prior selfing rates evolved very quickly under these conditions, reaching
nearly 1.0 in both species (Fig. 2), which should free the selfer from the negative effect of
reproductive interference. The population dynamics of both species exhibited neutral

random walks (Hubbell, 2001; Chave, 2004), indicating that stochastic events will end
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coexistence with neutral dynamics at some point in time (Figs. 4 and 8). In our model,
coexistence with neutral dynamics was usually associated with the same parameter
conditions that promoted competitive exclusion by selfers, implying that these outcomes
are not qualitatively different (Figs. 3 and 5). The rate of evolutionary change in prior
selfing rates differed among categories, and coexistence occurred when high prior selfing
rates evolved more rapidly in both species (Fig. 2). Many predominately selfing weeds
coexist in human-disturbed habitats, in which pollinators are often limited (Baker, 1974);
this phenomenon is most likely attributable to coexistence with neutral dynamics.
Co-evolutionary shifts toward very high prior selfing rates (> 0.9) in both
species were necessary (Fig. 2) for both types of coexistence; however, many previous
empirical studies have reported coexistence of an extreme selfer and a related outcrosser
(Fishman & Wyatt, 1999; Brys et al. 2016; Randle et al. 2018). The difference between
field observations and our results may be attributable to two possible mechanisms that are
not accounted for in our model. First, ecological differences between species, such as
differences in competitive ability, germination, and strength of inbreeding depression,
may promote coexistence of species with different mating systems. Second, the selfers in
these studies exhibited reduced floral attractiveness, which minimised the negative effects
of reproductive interference (Fishman & Wyatt, 1999; Brys et al. 2016; Randle et al.
2018). Our model assumed that only the rate of prior selfing could evolve, as in the
previous model (Cheptou, 2019). Evolution of a selfing floral syndrome may enable
obligate selfers to coexist with outcrossing relatives. Recent studies have reported mutual
reproductive interference between two sympatrically growing, mixed-mating species with
showy flowers and traits promoting prior autonomous self-pollination, under conditions

of frequent pollinator visitation (i.e. cleistogamous flowers in Impatiens noli-tangere and
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L textori, Tokuda et al. 2015; bud pollination in Commelina communis and C. communis
f. ciliata, Katsuhara & Ushimaru, 2019). The coexistence documented in these study
systems may be explained by evolutionary rescue mediated by prior selfing, as predicted
in our model. Field monitoring of the eco-evolutionary dynamics of these species is
required to confirm this hypothesis. Although they may be time and resource intensive,
field investigations into the relationships between population selfing rates, inbreeding
depression, and relative abundance are an important first step towards improving our
understanding of co-evolutionary coexistence mechanisms in the absence of pollination
niche partitioning.

Empirical evidence for an effect of rapid evolution on plant coexistence remains
limited compared to theoretical studies (Grainger et al., 2019; Hart et al., 2019). Our
model, which incorporates the evolution of mating systems and plant—pollinator
interactions, is much more complex than those developed in recent studies to elucidate
the plant coexistence mechanism based on competitive experiments (Kraft et al., 2015;
Grainger et al., 2019; Hart et al., 2019; Siefert et al., 2021). Nevertheless, certain
advantages of our model support its application over empirical models. First, our model is
widely applicable because evolutionary transition from outcrossing to selfing occurred
repeatedly in various plant families, and even within species (Igic et al., 2015; Busch et
al., 2011). These events were traditionally interpreted as reproductive assurance to
overcome pollinator limitation (Cheptou, 2019); however, some events may be consistent
with our prediction that prior selfing evolved as an evolutionary rescue mechanism for
pollinator-mediated competition. Second, empirical studies have shown that evolutionary
shifts to higher prior selfing rates (often via reductions in herkogamy) can occur rapidly

under pollinator limitation (Roels & Kelly, 2011; Brys & Jacquemyn, 2012; Gravasi &
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Schiestl, 2017; Cheptou, 2019). Experimental studies on the evolution of prior selfing at
ecological timescales are suitable to validate our results, and may provide a new
framework for determining how rapid evolution contributes to the maintenance of plant
diversity.

Our model successfully demonstrated that the evolution of prior selfing may
increase population growth rates of otherwise inferior competitors (Figs. 2 and 8), thus
enabling long-term coexistence via evolutionary rescue. We showed that evolutionarily
variable inbreeding depression, based on the balance between the accumulation and
purging of deleterious mutations (Lande et al., 1994; Porcher & Lande, 2016), both
increased the potential for coexistence and promoted coexistence over the long-term.
These results suggest that the genetic dynamics of inbreeding depression within a given
species may substantially influence dynamics in communities in which pollinator-
mediated competition occurs. Finally, we propose new mechanisms explaining the co-
evolutionary coexistence of closely related species under mutual reproductive
interference in the absence of niche differentiation and spatial structure. The applicability
and generality of these mechanisms should be confirmed via additional, empirical

investigations.
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Table 1. List of parameters included in the model.
Parameter Definition Default value(s)
Fijt Ratio of ovules fertilised via prior autonomous selfing in the 01

j-th individual of sp; in the t-th generation

Qit Relative abundance of spi in the t-th generation 0-1
P Pollinator availability 0-1
Ch Strength of reproductive interference 1
a Slope of inbreeding depression function 0,05,1,2,4,8
S Intercept of inbreeding depression function 0.1,0.3,0.5,0.7,0.9
I Mutation rate 0.05
o Mutation effect size 0.1
K Carrying capacity (number of individuals) 2,000
n Number of ovules per individual plant 200
Finitial Mean initial prior autonomous selfing rate 0.5
Dintial Standard deviation of initial prior autonomous selfing rate 1/6
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(a) Lifecycle Reproductive
interference
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(b) The jth individual of sp, produces n ovules

$ | n ovules |
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Gei * : pollinator-mediated self-pollination (geitonogamy)

Fig. 1. Graphical overview of (a) the lifecycle, and (b) the pollination and fertilisation
processes of the species in the model. The model community comprised two annual
flowering plant species sharing the same pollination and ecological niches, and the model
parameterised pollination, seed production and germination (establishment) processes (a).
Ovules of an individual plant produced seeds fertilised via prior autonomous selfing or by
pollinator-mediated selfing and outcrossing (b). Some ovules remained unfertilised under
conditions of pollinator limitation (P < 1). Reproductive interference via heterospecific
pollination occurred according to the relative frequency of competing species (b).
Pollinators did not discriminate between species. In the seed production process, ovules
may be discounted by inbreeding depression (/;; see Table 1), fertilisation by

heterospecific pollen, or pollen limitation. A certain number of seeds germinate and
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establish based on the relative frequency of the species in the seed pool as the next

generation.
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(2) Competitive exclusion by the outcrosser

(3) Coexistence with evolutionary rescue (4) Coexistence with neutral dynamics
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Fig. 2. Examples of the four outcomes of eco-evolutionary dynamics in our simulations:

(1) competitive exclusion by the selfer; (2) competitive exclusion by the outcrosser; (3)

coexistence with evolutionary rescue; and (4) coexistence with neutral dynamics. The
upper and lower panels of each category represent the relative abundance and mean

population prior selfing rate dynamics, respectively, of sp1 (black line) and sp> (grey).
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Fig. 3. Effects of pollinator availability and the strength of inbreeding depression on simulation outcomes in the fixed inbreeding

depression scenario (a) and variable inbreeding depression scenario (b), respectively. Pie charts show the frequencies of the four eco-

evolutionary outcomes after 50 simulation runs (Fig. 2).
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Fig. 4. Histograms for the number of simulations where either species went extinct for

each generation interval in the ER set (a), and the ND set (b). Graphs represent the

outcomes of 200 simulation runs.
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Fig. 5. Effects of the strength of reproductive interference and initial population mean
selfing rate in two typical parameter sets for coexistence with evolutionary rescue (a) and
with neutral dynamics (b), respectively. Pie charts show the frequencies of the four eco-

evolutionary outcomes after 50 simulation runs (Fig. 2).
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Fig. 6. Ecological consequences of fixed population prior selfing rates in the ER (a) and
ND (b) sets. The x and y axes represent population mean prior selfing rates of sp1 and spa,
respectively. Red indicates survival of sp; whereas blue indicates survival of sp», and grey

regions in the upper right corner of each panel indicate that coexistence persisted to the

2,000™ generation.
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764  Fig. 7. Evolutionary outcomes of fixed relative abundance in the ER (a) and ND (b) sets.
765  Upper and lower graphs show correlations between population mean prior selfing rates and
766  the selection gradient, and relative abundance of the focal species in last 500 of 2,000
767  generations, respectively.
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Fig. 8. Invasibility of species with low initial frequencies (left, 0.1; middle, 0.01; right,
0.001) under the (a—) ER and (d—f) ND sets. (Upper panels) The proportion of
simulations in which both species coexisted until the 2,000 generation. (Lower panels)
Relative abundance of focal (invader) species. The red line in each panel indicates the

level of the initial frequency of invader species.



