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Abstract

We analyze evolution of individual flowering pheagies by combining an ecological model of
pollinator behavior with a genetic model of inbreggddepression for plant viability. The
flowering phenology of a plant genotype determigeexpected daily floral display which,
together with pollinator behavior, governs the dapan rate of geitonogamous selfing
(fertilization among flowers on the same plant)lliRators select plant phenologies in two ways:
they are more likely to visit plants displaying radlowers per day, and they influence
geitonogamous selfing and consequent inbreedingedsion via their abundance, foraging
behavior and pollen carryover among flowers onaatplOur model predicts two types of
equilibria at stable intermediate selfing ratesdavide range of pollinator behaviors and pollen
transfer parameters. Edge equilibria occur at makonminimal selfing rates and are
constrained by pollinators. Internal equilibria ocbetween edge equilibria and are determined
by a trade-off between pollinator attraction taykafloral displays and avoidance of inbreeding
depression due to selfing. We conclude that unadédgeitonogamous selfing generated by

pollinator behavior can contribute to the commoaunence of stable mixed mating in plants.
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"With ordinary hermaphrodite species, the expansion of only a few flowers at the sametimeis
one of the simplest means of favouring outcrossing of distinct individuals; but this would render
the plants less conspicuous to insects . . . We should bear in mind that pollen must be carried . . .
from flower to flower on the same large branching stem much more abundantly than from plant

toplant..." -- Darwin (1876)pp. 390-392
Introduction

Understanding the maintenance of mixed mating systén which species with perfect flowers
produce both selfed and outcrossed seeds, remahmlange in plant evolutionary biology.
Classical genetic models of inbreeding depresspposing the 50% automatic advantage of
selfing (Lande and Schemske 1985) cannot explaguintly observed intermediate selfing
rates (Schemske and Lande 1985; Goodwillie et0fI5p Additional constraints have thus been
invoked for the maintenance of intermediate selfetgs (Johnston 1998; Cheptou and Mathias
2001; Charlesworth 2006; reviewed in Goodwilli@ket2005). Recent theoretical studies have
suggested that mixed mating systems of most spe@gssimply be maintained by functional
relationships or trade-offs among fithess compaesiich as trade-offs among components of
female and male fertility (Johnston et al. 2009)carrelations between selfing rate and viability
(Jordan and Otto 2012). In many cases the genatiloaecological mechanisms creating such
relationships among fithess components for plageding systems have not been elucidated
experimentally (but see Mojica and Kelly 2010).

Pollination biology mechanisms play a central inldetermining mating systems, and
should contribute to trade-offs among fithess congots (Uyenoyama et al. 1993; Devaux et al.
2014). For example, trade-offs between selfing aaie pollen export caused by competing

selfing (Lloyd 1979) can produce mixed mating syst€Porcher and Lande 2005; Harder et al.
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2008; Johnston et al. 2009). Here, we examinedieeaf pollinator behavior as a general
mechanism creating trade-offs among fithness compusrtbat can maintain mixed mating
systems in animal-pollinated hermaphroditic plants.

Pollinators select for multiple traits simultanelyu®ell 1985; O’Neil 1997; Elzinga et al.
2007), sometimes in conflicting directions, asha tase of floral display. Pollinator sensory
capabilities and preferences may select for inedésral display, as indicated by a positive
correlation between the number of open flowergédfldisplay) and pollinator visitation rate
(Ohashi and Yahara 1999). Larger floral display rasp increase the seed production of plants
by increasing the number of flowers per plant eiiby individual pollinators (Hessing 1988;
Robertson 1992; Robertson and Macnair 1995; Snak @096 and references therein; Mitchell
et al. 2004; Grindeland et al. 2005). These pditinbehaviors can promote geitonogamous
selfing (cross-fertilization among flowers on tteere plant, Holsinger 1986; de Jong et al. 1992,
1993; Harder and Barrett 1995; Snow et al. 1996)expression of inbreeding depression in the
many self-compatible species that display numeflougers (Geber 1985; Mazer 1987; Johnston
1991; Mitchell et al. 2004; Ashman and Majetic 20B6kert et al. 2010). In animal-pollinated
plants, these conflicting selective forces mayroftesult in the evolution of intermediate floral
displays characterized by intermediate selfingsiate

Darwin (1876 quoted above) first suggested thatéiing phenology and mixed mating
systems evolve as a trade-off between the berwgfattiracting more pollinators and the
detrimental effects of geitonogamous self-ferttliaa. The role of pollinators in determining
plant mating systems was modeled by several authcrsling Lloyd (1979, 1992), Geber
(1985), de Jong et al. (1992), Robertson (1992;H&w and Lande (2005), and Jordan and Otto

(2012). However, these works were based on siredlifinodels for pollinator behavior or the
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dynamics of inbreeding depression. The joint evofuof floral display, geitonogamous selfing
and inbreeding depression has not previously bestelad, although the dynamics of
inbreeding depression can affect mating systemuéeol. Empirical evidence supports purging
of inbreeding depression in selfing populationstipalarly its early-acting component due to
nearly recessive lethal mutations (Husband and8ske 1996; Charlesworth and Willis 2009).
Population genetic theory supports the finding thatlate-acting component of inbreeding
depression due to slightly recessive mildly deletex mutations is far less subject to purging,
but that substantial reduction in the overall irdaieg depression strongly favors the further
evolution of increased selfing (Lande and Schem$i85; Charlesworth and Charlesworth 1987,
Lande et al. 1994; Charlesworth and Willis 2009;cRer et al. 2009).

To clarify the ecological and genetic mechanisnas ginevent evolution of complete
selfing in partially selfing plant species we mothed joint evolution of inbreeding depression
and selfing rate determined by individual flowerpigenology, floral display, and individual
pollinator behavior, generalizing each of thesemeatsms in the model of de Jong et al. (1992).
We derive the expected relative fitness of a raodifrer of flowering phenology in a plant
population, and investigate the evolution of floingrphenology and geitonogamous selfing rate
(excluding within-flower selfing). By analyzing tleecurrence and stability of equilibrium
geitonogamous selfing rates we find that a widgeaof pollinator behaviors can produce stable
intermediate selfing rates, and identify parametgesting the greatest impact on plant mating

system evolution.
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M odels

We assume a large (effectively infinite) plant piggpion evolving in a non-seasonal
environment. All plants produce the same expeatad humber of flowerd/, but may differ in
their flowering phenology, i.e. how they spreaduvéws through days. We define the floral
display of a plant as the number of simultaneoapln flowers. We assume that the expected
flowering phenology of plant genotype is normaligtdbuted in time. Stochasticity in the
number of flowers open on a particular plant onvemgday occurs because of developmental
noise and temporal environmental variation. Polbreaare assumed to be generalist (Waser et
al. 1996) such that their density is independethefabundance and flowering phenology of the
focal plant species. Pollinators are also assumée tonstant such that they visit flowers on a
single species within a day (a widespread patterosa generalist pollinator species; Chittka et
al. 1999) and they carry exclusively conspecifitggobetween plants. Thus, the number of
pollinator visits to an individual plant on a givday depends only on the plant floral display that
day and the pollinator abundance. Individual flosvierthe population differ in their probability
of being visited by pollinators, depending on thsezchastic factors: the realized floral display
of a plant, the number of pollinator visits to &egi plant, and the number of flowers visited per
plant per pollinator visit (as detailed below).

To obtain the equilibria of flowering phenology ageitonogamous selfing rate that result
from the conflicting selective forces imposed bylipators, we derive the expected relative
fitness of a rare modifier genotype caused by dlsntaease or decrease in standard deviation
of individual flowering phenology compared to tlesident population. The expected relative
fitnesses of the rare modifiaw{) and common resident{ genotypes depend on the expected

total number of flowers pollinatet], the expected amount of poll@nexported by pollinators
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that fertilizes ovules of other plants, and thea@gamous selfing rate, as well as the
inbreeding depression in fitness of selfed vs. mssed ovules. Below, we describe the
pollination model, analyzing two mechanisms of i@stliseed production due to pollen
limitation, and two modes of pollinator foragingna&ior among flowers within plants on a
given day.

Individual flowering phenology

We assume that the total number of flonrproduced by a given plant throughout its
flowering period follows a Poisson distribution wineanV. The flowering phenology of plants
with a given genotype follows a normal distributieith standard deviatioa. A standard
deviation in flowering time of zero describes pfatitat display all theiN flowers on one day,
whereas large values of standard deviation charaetelants that display few flowers per day
over many days. Within the individual flowering j@ef of a plant, the expected number of

flowers open on day (floral display at dayl) is

) ddj:: e x*/29% gx. [1]

Fy=—r
The realized number of flowefsa plant opens on dad/follows a Poisson distribution with
meanF,; (Table 1). Therefore, the probability that a pldisplays a random number Bfflowers
on dayd is pp(F;) = F,"e~Fa/F!. Each flower is open for a single day (a$fibiscus
moscheutos, Snow et al. 1996), but the model should stilapproximately correct if the
longevity of flowers is much shorter than indivilflawering periods. We assume that the
average flowering time of plants with the sasis uniformly distributed through time, which

models aseasonal reproduction.
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Pollination ecology

We assume that self-fertilization occurs only tlglogeitonogamy, and not through autonomous
or facilitated selfing (within-flower self-fertilation without or with pollinator involvement).

The widespread occurrence of dichogamy and herkgdjamits the opportunity for within-
flower selfing but does not prevent among-flowetaegamous selfing (Snow et al. 1996;
Rademaker et al. 1999; Duan et al. 2005). Predam@af geitonogamy (with negligible within-
flower selfing) has been observed in a number etigs, such aSyclamen creticum (Affre and
Thompson 1997),upinus arboreus (Kittelson and Maron 2000) amgjuilegia coerulea (Brunet
and Sweet 2006). We also assume that a singlengtdli visit is sufficient to fertilize all ovules
of a flower because pollinators deposit a largentjtyaof pollen at each visit. This assumption is
most appropriate for nectarivorous pollinators, skhgroom less frequently and tend to transfer
more pollen grains than pollen-feeders (Castellat@s. 2003), or for plant species with few
ovules per flower; it does not preclude pollen tation at the plant level (see below). Finally,
within a single bout at a particular plant an indial pollinator visits a given flower at most
once, a pattern commonly observed (Best and Bibtmyek 1982; Goulson et al. 1998; Ohashi
and Yahara 1999; Stout and Goulson 2001).

Pollinator visitation rate

Pollinator visits influence the three component§itakss of a plant genotype: the number of
flowers pollinatedr’, geitonogamous selfing rafe and amount of pollen export&d The

number of daily pollinator visits: to a plant follows a Poisson distribution with meééwv (F),
whereM is pollinator abundance (the expected numberdi¥idual pollinators encountering a

plant) andv(F) is an attraction function arising from sensoryedébn and preference of
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pollinators (the probability that an individual poator encountering a plant does visit it). The

attraction function depends on the realized fldisplayF,

v(F) = F/[(F + D1 + a e PF)] [2]

with parametera andb defined in Tables 1 and 2, anf0) = 0 andv () = 1 (Fig. SO left
panel).
Pollen transfer
For simplicity, we assume that pollinators alwageg the same (constant) amount of poken
(pollinator saturation, de Jong et al. 1993), Wlatwathe fraction of self-pollen in the pollen load
to change with the number of flowers visited odanpduring a single bout. When a pollinator
visits a flower, it depositgA pollen grains on the stigma and collects the sameunt from the
anthers, so thdt — p is the (constant) pollen carryover (identicallyolds for both the
deposition and uptake rates of pollinators; Table 1

The fractionS,, of self-pollen on a pollinator that has just \@sitthek" flower, which
strongly influences the geitonogamous selfing raés, been observed to follow a damped
geometric pattern with increasiigCresswell 2006 and references thereSp)= 1 — (1 — p)*.
Poallinator behavior among flowers of the same plant
We allow stochastic variation in the number of feya/ visited per pollinator visit (or bout) to an
individual plant on a given day, even for plantshithe same realized floral displ&yby
assuming that on each bout a pollinator leavesuat plith a constant probabilityafter each

flower visited (Table 1). Within a single pollinatbout, the probability of visiting thié" flower
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is (1 — 7)*~1. Accordingly, the probability, (conditional on pollinator visitation) that the

pollinator leaves the plant after thié flower is

0 for k =0
qr ={t(1 —)* ! for k <F. [3]
(1-7)F?1 fork=F

We model two contrasting pollinator visitation gaitts among simultaneously open flowers of
the same plant that differ by the order in whidwiérs are visited (random versus constant
rank). The preceding equations apply to both wistamodels, but the expected number of
flowers fertilized and the geitonogamous selfinig wiffer between the visitation models when

multiple pollinators visit multiple flowers of treame plant on a given day.
RANDOM RANK VIS TATION MODEL

Within each pollinator bout the visitation rankftifwers is random, and the visitation ranks of
flowers on the same plant on a given day are inu#gr@ among bouts. For a plant displaying

F flowers the mean number of flowers pollinated irgle bout is
np = Lhokqe = =[1— (1 —)F withng = 0.

The probability of a flower not being pollinatedrim(independent) pollinator bouts on a given
day is(1 — ng/F)™. Averaged over the Poisson distribution of botlts,probability of a flower

not being pollinated on a plant with realized flatsplayF is

—Mv(F) m
s € [Mv(F)] (1 _np

m
F) = e MVMF/F for F > 1,

m!
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CONSTANT RANK VIS TATION MODEL

Each pollinator visits flowers on a single plantabgiven day in the same order, e.g. from
bottom to top inflorescences for bumblebees (BedtRierzychudek 1982; Harder and Barrett
1995; Harder et al. 2000). Recall that in a giveatlthe probability that thig" flower on a plant
is visited is(1 — 7)*~1. With mindependent bouts the probability that kfelower is not
pollinated is[1 — (1 — )¥~1]™. Averaging this probability over the Poisson disttion of

number of pollinator bouts, the probability thag K flower is not pollinated is

e~ Mv(B) [ My (F)|m

i [1-(1- T)k—l]m — e_MV(F)(l—T)k_l.

Ym=0

Plant fitness components

Amount of pollen exported

The quantity of pollen exported by a pollinatondesy a plant after visiting of its flowers does
not depend on the pollinator visitation pattern amfiowers and is simplySy; this facilitates
calculating the expected total pollen exported Ibyisiting pollinators and that is available for
outcrossing with other plants. The expected patbgported during the entire flowering period of

plants with a given value of is

e~ Mv(F) M v(F)]™

P(0) = XF=0 Xd=-c0 Pr(Fa) Xm=0 - mv(F) XF_o qx ASk
= T 2o S Pr(F) Mu(F)[1 = (1= p)" (1~ D)), [4]

With pollinator limitation,P is a non-monotonic function gf ¢ ando (not shown).
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Number of flowers fertilized
Under the assumptions of pollen saturation ancelaalen loads carried on pollinators, total
seed production is proportional to the expectedberrof flowers fertilized through the entire

flowering periodT (o). For the random rank visitation model

T(0) = XFo1 Xd=—oo Pr(Fa) F(1 — e MVEme/F), [5a]

and for the constant rank visitation model

T(0) = 21 $5 oo Pr(Fa) By (1 — e MYOA-DT), [5b]

Pollen limitation occurs whenevE& c) < N, and can be caused by two different processes.
First, seed set may be limited by pollinators lag\va plant (at rate) before visiting all flowers,
and by the total abundance of pollinatdfs,these two conditions define pollinator abundance
limitation. Seed set may further be limited by pw@ltor attraction if pollinator visitation rates to
plants increase with floral display. With eitherrfoof limitation, T is a non-monotonic function
of p, T andao (Fig. SO, right panel).

Geitonogamous selfing rate

The geitonogamous selfing rate of plants with a&giv is the expected total selfed progeny
divided by the expected total progeny for all sptnts,G (o) = S(0)/T (o), for any (constant)
number of ovules per flower. The expected quantitself-pollen deposited across flowei(@r)
depends on the pollinator visitation pattern amfdogers on the same plant, and on the

assumption of a constant amount of popehdeposited per flower per pollinator visit.
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For the random rank visitation model, the pollioatrank of flowers is random within a
single pollinator visit and independent among palior visits to a given plant on any day. With
these assumptions, the expected proportion ofpedlén on any flower visited (regardless of the
number of visits) equals the expected self-pollepadited across flowers visited by a single
pollinator. This quantity does not depend on thgrele of pollen precedence among pollinator
visits to a given flower. For example, with compl@recedence by the first pollinator visit to a
flower, the rank order of the flower on the firgllmator visit is still random, with the same
expectation. Consequently, the expected quantisglbfpollen deposited on flowers by a single

pollinator is given by

F k o
S(0) = L1 Lo pr(Fa) F(1 — e M0 (Fme/Fy M Bebim Sy

ng
= y® o — p—Mv(F)ng/F _ 1 M
SSierr PG (S, e

For the constant rank visitation model, the expgueantity of self-pollen deposited is

calculated for all visited flowers as

S(0) = 21 TG oo Pr(F) Ty S (1 — M0G0, [6b]

Again, this quantity does not depend on the degf@®llen precedence among visits to a given
flower, and accounts for variation in the compasitof pollen deposited per flower among

pollinators and among visits to different plantsabgiven pollinator. Under the constant rank
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model, the geitonogamous selfing rate of an indiglglant on a given day can change only
when a pollinator visits more flowers than previpadlinators did on the same day.
Flowering phenologies at equilibrium
We track the fate of an initially rare modifier géype with standard deviation in flowering time
o™ close to that of the resident population\We partition the fithess of modified genotypes
into male and female fithess components gainedigireelfing and outcrossing of ovules from
the focal and the resident plants, following Chawlerth and Charlesworth (1978), Lloyd
(1979), Lande and Schemske (1985), and Johnstn(@009),

P(c")

W' = G(0") Wsar (@) +5[1 = G(@)]Woue T(0") +3 [1 = G()Wout 55 T(0). (7]

with wger andw,,; the mean fitness of selfed and outcrossed progespgectively.

Approximate evolutionary equilibria @f, and hence the equilibria of geitonogamous selfing

rate, occur when the selection gradient vanishes,

1 ow*

TA7 *
Wout 90" | jx_

Solving this equation we find the constraint fuantd, that balances the inbreeding depression
and produces equilibrium. The constraint functiociudes both the automatic genetic advantage
of selfing and the ecological constraints on gegamous selfing rate caused by pollinator

behavior (for details on the method see PorcheiLande 2013),
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_1 1 aT(c*) . T(0)[1-G(o)] aP(c™)
6C (0) T2 Il + _az(a**) ( do* + P(0o) do* )l ' [8]
g o'=0

The derivatives of the total number of flowers p@ted, number of selfed flowers, pollen export
and geitonogamous selfing rate with respeet e given in the Appendix.

Inbreeding depression in natural populations isediby a combination of nearly
recessive highly deleterious mutations, which capilrged by selfing and selection, and
slightly recessive mildly deleterious mutations,jethundergo little purging in response to
increased selfing (Lande and Schemske 1985; Chantset al. 1990; Husband and Schemske
1996; Charlesworth and Willis 2009; Porcher anddea013). We include the first component
of evolving inbreeding depression using the Konldoag1985) model of an infinite number of
loci in an infinitely large population mutating t@arly recessive lethal alleles. Each new
mutation is assumed to be unique and becomes hg@uoogynly through geitonogamous
selfing. This genetic model produces results simidanodels with a finite number of loci
mutating to recessive lethal alleles in an infiquggulation, or for a large finite population in
which each new recessive lethal mutation is ontishaot currently segregating in the
population (Lande et al. 1994). We incorporatesdeond component of inbreeding depression
due to slightly recessive mildly deleterious muas via a constant background inbreeding
depressiond, Table 2). Both components of inbreeding depresare assumed to act on plant
viability (from seed to flowering).

Internal equilibria in flowering phenology occunatiues ofe where the constraint
function crosses (and thus equals) the inbreed@pgedsion, which can then be mapped onto the
corresponding geitonogamous selfing r@fe). The stability of internal equilibria is given by

the relative orientation of the constraint functaord the inbreeding depression curve at the
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crossing point. Simple graphical analysis of equii of the mating system (Yahara 1992),
without using an explicit genetic model of matirygtem evolution, is an approximation that
gives reasonably accurate results with moderatergenrate to recessive lethal$ £ 0.2;
Porcher and Lande 2013). This approximation coatalements of Evolutionarily Stable
Strategies, as well as inclusive fitness by incoapog the automatic advantage of selfing.
Edge equilibria do not correspond to a crossingtpaii the constraint function and the
inbreeding depression curve and occur at extrenm@r{ral or maximal) geitonogamous selfing
rates as a function effor a given set of ecological parameters. Theistexice and stability
depend on the internal equilibria and the relatiientation of the constraint function and the
inbreeding depression curve at extreme geitonogamaias.
Scenariosinvestigated
We examined edge and internal equilibrium geitonomas selfing rates for many parameter
combinations involvingif pollinator attraction limitatiow(F), (ii) pollen transferp, and
pollination abundance limitatiom,andM, (iii) pollinator visitation pattern (foraging behavior
within plants), (v) genomic rate to nearly recessive lethal allgle@yith dominance coefficient
h = 0.02), and constant background inbreeding defmeg!, and {) mean total number of
flowers per plantV. Parameter values were either assigned accorlieggerimental data, or
varied across a wide range including experimergtates (Table 2). Cases with no pollen
limitation were generated by using a flat attrattionction making pollinator visits to plants
independent of floral display (no pollinator attian limitation) while greatly increasing

pollinator abundanceM = 10*) and bout lengthz(= 10~°; no pollinator abundance limitation).
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Results

The model predicts equilibrium geitonogamous sglfetes constrained either by pollination
ecology (edge equilibria) or by a trade-off betwegetlinator attraction and inbreeding
depression (internal equilibria). We describe thapprties of the ecological model (how
flowering phenology and pollinator behavior infleengeitonogamous selfing rates and plant
fithess components) followed by the equilibria atia from the evolutionary model. We focus
on a baseline case with both pollinator abundainaiéation and pollinator attraction limitation, a
random rank visitation pattern of pollinator vistsiong flowers on the same plant, and a
moderately high genomic rate of nearly recessitlealenutationsl{ = 0.2, h = 0.02)

associated with a constant background inbreedipgedsion § = 0.25). Results obtained under
the constant rank visitation model are mainly pnéset in the Supplementary Online Material.
Ecological constraints on geitonogamous selfing and fitness components

For a wide range of pollinator behaviors and init&ssof pollen limitation, geitonogamous
selfing rates generally decrease with longer imtligl flowering phenology and lower total
flower production (Fig. 1 and S1, top panels), nseafewer flowers are open simultaneously.
However, the impact of flowering phenology on gedgamous selfing rate diminishes with a
large total number of flowers per plant. For velngr$ individual flowering phenologies with

o < 1, the geitonogamous selfing ratés) may show steep changes or be a non-monotonic or
even oscillatory function af (Figs. 1 and S1, bottom panels). For such shdividual

flowering periods, most flowers are open on a simgy and are highly self-fertilized, while the
rare flowers open in the extreme tails of the irdiial phenology are strictly outcrossed; a small

change in the flowering period then alters the etguétotal number of flowers fertilized and the
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proportion fertilized by outcrossed pollen, depeigdon the shape of the pollinator attraction
function.

In addition to the flowering phenology @ndN), the average number of flowers visited
per plant and the pollen deposition rate gvendp) exert the greatest impact on geitonogamous
selfing rates (egs. 5 and 6 and Figs. 1, 2, S1a8hd&eitonogamous selfing rates are also
influenced by pollinator visitation patterns, whigher selfing rates under constant vs. random
movements of pollinators among flowers (egs. 5S@&nmbmpare Figs. 1 and S1). This difference
is mainly explained by pollinators visiting idergldunder the constant rank model) or different
(under the random rank model) initial flowers, whaisproportionately affect the
geitonogamous selfing by receiving the largest arhotioutcross pollen. In contrast, changing
pollinator abundanc® affects total and selfed progeny by the same faatad thus has no
impact on geitonogamy.

The range of possible geitonogamous selfing ratesnstrained by the total number of
flowers produced, the plant flowering phenology #melbehavior of pollinators. A
geitonogamous selfing rate of zero is always preduxy an extremely long flowering
phenology § — o) resulting in floral displays of at most one flawser day. In contrast, the
highest geitonogamous selfing rates corresponldetsitortest phenology = 0), with all
flowers open on a single day, and the selfing rdites depend greatly on pollinator behavior;
maximum geitonogamous rates range from near zérenywollen deposition and bout length are
small, to near one under the opposite conditioigs(R2 and S2).

With no pollinator attraction limitation but a givéntensity of pollinator abundance
limitation, longer individual flowering periods ptace greater pollen export (eg. 4) and seed

production, because a higher proportion of totalvirs per plant is visited (eq. 5). Under
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pollinator attraction limitation, changes in totiéhess and its components become non-
monotonic functions of individual flowering periodjth maxima at intermediate values of
individual flowering standard deviatian(Fig. S0). Total pollen export and number of pated
flowers are larger under the random than the cahssak visitation model, because multiple
pollinators are expected to fertilize more (diffe)eflowers when they move randomly among
them. Constraints and trade-offs imposed by pdbirsagenerate non-monotonic and multi-
valued relationships among plant fithess compon@igs. 3 and S3). The shape of these
relationships is most strongly influenced by pdltor attraction limitation and total number of
flowers produced, especially for small
Evolutionary equilibria of geitonogamous selfing rates
The evolutionary model combining pollination ecotand inbreeding depression predicts three
types of equilibrium geitonogamous selfing rategjonand minor internal equilibria, and edge
equilibria. Minor internal equilibria are produckyd changes in the sign 65(c)/dc and loops
in the constraint functiofi, when plotted againgt, which both correspond to steep or
oscillatory changes in geitonogamous selfing rédeshort individual flowering phenologies
(o < 1; Figs. 1 and S1). Their number and stability dejo@m the interplay between the foraging
behavior of pollinators among flowers and the tpralduction of flowers per plani] (Figs. 3,
4, S6 and S3, S4, S7 for the random vs. constaktuigitation models, respectively). Since
minor internal equilibria are practically indistunghable from neighboring edge equilibria at
maximal geitonogamous selfing rates (e.g. Figsicb$b), they have limited biological
significance and will not be mentioned further.

The existence of major internal equilibria with> 1 depends most strongly on pollinator

attraction limitation and inbreeding depressiorg$Fé, 5, S6 and S4, S5, S7 for the random vs.
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constant rank visitation models, respectively). Wheral display influences pollinator
attraction, many combinations of bout length, polkarryover and visitation patterns among
flowers generate at least one (and sometimes ri@)ltipajor stable equilibria associated with at
least two unstable equilibria. Flowering phenolsgé major evolutionarily stable equilibria
have longer periods when plants produce a largar tamber of flowers, because the trade-off
between geitonogamous selfing rate and standardta@vin flowering time is weaker with
larger total number of flowers. For realistic pallearryover and leaving rates (between 1/3 and
2/3, Table 2), stable intermediate selfing ratasegpond to flowering periods of several days
for plants producing few flowers, up to several tinsror years for plants producing hundreds of
flowers (Fig. S6 and S7 for the random vs. congtamk visitation models, respectively). The
existence of stable mixed mating systems is canition high inbreeding depression:
decreasing the genomic mutation rate to recessthallalleles{) and the background
inbreeding depressiod) condenses the pollination parameter space tloat&imajor stable
internal equilibria (Fig. 5 and S5 for the randosn eonstant rank visitation models,
respectively).

Stable mixed mating can also be observed whenrpbifetation is caused by pollinator
abundance limitation only (Fig. S0), without padltor attraction limitation. In this case, with
low leaving rate of pollinators, a single stablgananternal equilibrium is predicted under both
pollinator visitation models (not shown). With nollen limitation at all (Fig. S0O), a single
unstable internal equilibrium is predicted undethbmodels of pollinator visitation; this
corresponds to short flowering periogs< 1), producing a geitonogamous selfing rate close to

the maximum for a given pollination model.
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Finally, the evolutionary model shows that miniraal maximal geitonogamous selfing
rates constitute edge equilibria. All pollinatiomdels produce a stable edge equilibria &t 0,
with maximal geitonogamous selfing rate, althouglegplained above the position of this edge
equilibrium strongly depends on pollinator behavidiese edge equilibria at= 0 correspond
to stable mixed mating system for any combinatibpatlination parameters (Figs. 4-5 and S4-

S5 for the random vs. constant rank visitation nydespectively).

Discussion

Our results demonstrate that ecological mechanigpsllination biology can balance the strong
automatic genetic advantage of selfing to prodtalels mixed mating systems. This can occur
even for selfing rates high enough to purge most@iecessive lethal component of inbreeding
depression. Stable mixed mating systems result {rpmtermediate flowering phenologies
maintained by a trade-off between floral displaygollinator attraction and inbreeding
depression due to geitonogamous selfing as progms&arwin (1876) (internal equilibria), and
(ii) extreme flowering phenologies constrained byipatbr behavior (edge equilibria). Stable
edge equilibria are maintained by directional g&acon flowering phenology and selfing rate.
Stable internal equilibria result from a balancen®en ecological and genetic factors, but the
selection is frequency-dependent and generally doemaximize mean fitness (Wright 1969;
Lande 1976). In particular, the automatic genediaatage of selfing is strongly frequency-
dependent, diminishing from a 50% advantage inworossing population to 0 in a completely

selfing population. Thus directional selectionlsodikely to prevail at stable internal equilibria



10

11

12

13

14

15

16

17

18

19

20

21

22

23

22

Pollinator behavior as a general mechanism maintaining mixed mating

Johnston et al. (2009) previously analyzed phenoiogical trade-offs among plant fithess
components to explain mixed mating systems, pdstglaingle-valued functional relationships
without specifying the underlying mechanisms. Wevghere that pollinator foraging behavior
generates mechanistic trade-offs among plant Btoeemponents, and that these mechanistic
relationships can be multi-valued. Our model aéseeals how the constraints among plant
fitness components depend on empirically measuegabtameters of pollination biology and
floral traits (Figs 3, 5, S3 and S5).

The existence of evolutionarily stable intermedie#ing rates in our model requires
substantial total inbreeding depression and pdifeation (Figs. 4-5 and S4-S5). With no
inbreeding depression, we find internal equilikomdy for plants producing numerous flowers
with short flowering phenologies (mass bloominglefJong et al. 1992 who assumed no
inbreeding depression and 0). Evolution of inbreeding depression by puggits recessive
lethal component through partial selfing was fotmdlter or even eliminate stable equilibrium
selfing rates (e.g. Charlesworth and Charleswo®8v1Porcher et al. 2009), but for a wide
range of ecological and genetic parameters our hprddicts stable mixed mating systems
(Figs. 4-5 and S4-S5). These intermediate stabtergeamous selfing rates involve plants
producing up to hundreds of flowers in total, anel @nsistent with estimates between 8 to 70%
in natural and experimental populations (Robert@®? and references therein; Schoen and
Lloyd 1992; Leclerc-Potvin and Ritland 1994; Sndvele 1996 and references therein; Eckert
2000; Karron et al. 2004, 2009; Brunet and Swe8620

Our study further shows that pollinator foragindpé&eor interacts with flowering

phenology to constrain geitonogamous selfing ratékse edge equilibria, which comprise stable



10

11

12

13

14

15

16

17

18

19

20

21

22

23

23

mixed mating systems maintained without inbreediegression (Figs. 4-5 and S4-S5). Edge
equilibria predicted for extremely long individud&dwering phenologies with few flowers open
per day (producing minimal geitonogamous selfirayehlittle biological significance as
flowering seasons are usually limited (O’Neil 199n)contrast, edge equilibria at the opposite
extreme of mass blooming produce maximal geiton@genselfing rates that depend greatly on
the pollination parameters (pollinator abundanomding behavior, and pollen transfer) and the
total flower production of individual plants; theselfing rates are less than one because the first
flower a pollinator visits on a plant is certairfpt least partially) outcrossed.
Expected mating systemsin natural populations
Which among the major internal and edge equililsridne most likely for a plant species is
governed by several parameters in our model. Weatxpajor internal equilibria characterized
by intermediate selfing rates and moderate or ftowgering periods (from a few days to a few
months) in populations withi)(significant pollen limitation, which is widespia natural
populations (Knight et al. 2005}j) relatively high genomic rate of lethal mutatidhgnd high
inbreeding depression, both of which have beenmeoated (up tdJ = 0.2, references in Lande
et al. 1994; see Johnston and Schoen 1995; andaHdisind Schemske 1996 for inbreeding
depression), even in populations with intermedsaléing rates (Winn et al. 2011), and)(
intermediate rates for pollinator leaving and pok&rryover consistent with experimental
estimates (Geber 1985; Robertson 1992; Snow &986 and references therein; Duan et al.
2005; Brunet and Sweet 2006; Ishii and Harder 2006)

In populations with lowJ and low inbreeding depression, we expect eithénetwo edge
equilibria produced by pollinator behavior, dep@mgdon the intensity of pollen limitation. In

populations with little pollen limitation (abundambllinator visits independent of floral display)
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we expect lower edge equilibria with a long indivad flowering phenology and small daily
floral display producing low geitonogamous selfiages. A long phenology with low pollen
limitation maximizes the number of flowers polliedtand pollen export, but is unlikely to
evolve for animal-pollinated species because aldtoaler display usually entails low pollinator
attraction and high extinction risk (Devaux and dar2010), except with reliable trap-lining
pollinators (Schemske 1983).

In contrast, upper edge equilibria, with a largedl display during a short individual
phenology producing the maximal geitonogamousrsgifate, are expected in populations with
low inbreeding depression and strong pollen linotatdue to the combined benefits of
pollinator attraction and the automatic advantagseting. However, mass flowering
phenologies are rare, partly because their shodtidn increases the risk of pollination failure in
a stochastic environment (Devaux and Lande 2015.elolution of such phenologies, referred
to as semelparous, monocarpic, or “big-bang”, imesladditional constraints on ecology and
life-history not included here (Young and Augspur$y@91).

Limitations and per spectives
In our model, the existence of stable mixed masygfems depends on mechanisms that are
supported by experimental observations in manyrabpwpulations: high inbreeding
depression, pollinator attraction limitation, aralimators visiting more than one (but not all)
flowers on a plant. Relaxing various assumptionthefmodel would change the position but not
the existence of stable equilibrium selfing rates.

Two assumptions could significantly alter our potidins and deserve a full analytical
treatment. First, we assumed inbreeding depressigsiant viability only. Including inbreeding

depression for flower number would reduce the nurobeollinator visits to inbred plants, and
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therefore decrease their geitonogamous selfing Aak@wer selfing rate could increase the
equilibrium inbreeding depression maintained bytilous mutations and could promote
evolution of long flowering phenologies, if pollitea attraction limitation is weak. Second, we
assumed no within-flower selfing, whereas autonasrsmifing occurs in many self-compatible
species. The outcome of a model allowing evolutibboth flowering phenology and
autonomous selfing will depend on the mode of ftilization (prior, competing or delayed
selfing, Lloyd and Schoen 1992), interacting witbrieeding depression, pollen limitation and
life history. Including evolving autonomous selfimgthe model would likely cause selfing rates
to evolve above the maximum geitonogamous limdunmodel, extending the upper edge
equilibrium to complete selfing. Autonomous selfimguld not eliminate the trade-off between
pollinator attraction and avoidance of inbreediegrssion, so internal equilibria should still
exist. Facilitated selfing (within-flower fertilit@n caused by pollinators) may similarly increase
net selfing rates; it has received little theow@tmr empirical attention.

We assumed that a single pollinator visit was sidfit to fertilize all ovules of a flower.
Allowing pollen limitation within flowers would nathange geitonogamous selfing rates, which
are assumed to be independent of the order ofrpdéposition within plants. Within-flower
pollen limitation would likely strengthen overabblpen limitation, promoting stable intermediate
selfing rates.

We also assumed a single flowering period per phher than a perennial life history in
which resource allocation among years may influgheesvolution of floral display and mating
system (Morgan et al. 1997). A normally distributkxvering phenology for individual plant
genotypes is assumed, with continual floweringhef population in an aseasonal environment.

In a seasonal environment population flowering pihegies are often approximately normal
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(Schemske 1977; Schmitt 1983; references in Elzatgd 2007). Non-normal population
phenologies may be caused by a combination of linptdd flowers remaining open longer
than one day (Ashman and Schoen 1994) and inclemeather at the end of the temperate-zone
flowering season. Extending longevity of individ@lawers in our model would likely smooth
the oscillations in the geitonogamous selfing rédesow values ot (Figs. 1 and S1) and thus
eliminate the minor internal equilibria close te timaximal geitonogamous selfing rates.
Although our model incorporates a detailed desicmpof pollinator behavior, further work
should include pollinator learning and populatigmamics, interspecific ecological interaction
and co-evolution. For example, we assume a congtabtbility of leaving a plant per flower
visited, whereas it can depend on floral displaghi@®tson 1992 iMyosotis; Harder and Barrett
1995 inEichhornia paniculata; Mitchell et al. 2004 ilMimulus) and on both the quantity and
quality of rewards obtained from previously visifémivers (Cresswell 1990; Johnson and
Nilsson 1999). Pollinator leaving rates that insee@ith the number of flowers visited on a plant
would reduce the geitonogamous selfing rate belawin the present model, but would not

eliminate unavoidable geitonogamy.
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Figure 1: Geitonogamous selfing rat@, under pollinator attraction limitatiom (= 50, b =
0.1) and pollinator abundance limitatiod (= 10; T = 0.01, dashed, ot = 0.25, solid), for the
random rank visitation model (egs. 5a and 6a), fas@ion of flowering phenologies for three

values of total number of flowers per plaii, and two values of the rate of pollen deposition
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geitonogamous selfing rate, G

rat@, as a function of pollen transfer parameterar(dp),

for two values of standard deviation in flowerimgé (o), under the random rank visitation

model and pollinator attraction limitation & 50, b = 0.1) with N = 100 flowers per plant,

andM = 10.
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Figure 3: Relationships between maternal selfed and owtetbsomponents of fithess under the

random rank visitation model with pollinator attiiaa limitation @ = 50, b = 0.1) and

pollinator abundance limitatiod( = 10 andt = 0.33), forp = 0.25, A = 100, and three

values of total number of flowers

or unstable (open) equilibria, with minor interegjuilibria on the dashed lines. Other parameters

U = 0.2 andd = 0.25.
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10

11

12

13

14

15

16

17

18

19

20

21

40

Appendix
Derivatives used in evaluating the constraint function (eg. 8).

Poisson probability that a plant displdy$lowers with expectatiofi; on dayd

a F OF, F
pr(Fa) — dpF(Fd) (F_ _ 1)
d

do do

0Fg
do

_ __N —(d+0.5)2/26% _ (4 _ —(d-0.5)2/2452

= ——5=[(d+05)e (d —0.5)e |

Foro = 0 this derivative does not exist, but it cancelsindthe numerator and denominator of
eg. 8 which is then defined in this limit.

Pollen exported per plant, for both the random @mistant rank visitation models:

0P(a) _ Ap
dc  1-(1-p)(1-7)

S50 [ 2o 5D M v(F)(1 — (1= p)F (1 = 1)) [41

Total number of flowers pollinated and number ofafers selfed for the random rank visitation

model

TO) _ vw voo  r(FQ) _ ,
6; = XF=12d=—o P}(;Gd F(1 — e Mv(Pne/I [5a7]
05(0) _ voo P opr(Fg) _ _—Mv(F)ng/F 1 (1-(-pFa-of ,
dc YF=1Xd=-oo dc F(1-e ; )[1 np( 1-(1-p)(1-1) )] [6a]
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Total number of flowers pollinated and number ofafers selfed for the constant rank visitation

model

T (o) oo oo Opr(Fgq) - —_1)k-1 ’
0 Y2 5P I;gd SE_ (1 _ e~Mv(F)(1-1) ) [5b7]
95(0) o Yoo Opr(Fq) - —7)k-1 ,
D = N T TETOTE Sy (1 - e PG [6b7

Approximations for numerical computation
We approximated the realized individual flowerifgepologies to a finite flowering period of
100 days (potentially missing 5.7 x 10~7N flowers). WithN = 100, for ¢ < 0.01 day alll
flowers of a plant are open on a single day, amyersely, forc = 100 days on average a tenth
of a flower is open per day during a flowering pdrof about a thousand days.

Similarly, we approximated the sums upFte= oo, which appear in the quantity of pollen

exported, number of flowers pollinated, and nundfeselfed flowers and their derivatives, by

using a finite upper bound defined by Ceilifg+ 10,/ F; + 1].
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Table 1. Ecological and genetic parameters, alatigtiveir experimental estimates and ranges ofesinvestigated.

Symbol Meaning Investigated values Experimental estimat&eferences

standard deviation of individual 3-40 days, but only for O’Neil (1997); Hof et al.
o [0, 1000]

flowering phenology duration (1999); Moeller (2004)

realized and mean total number of
N,N 10, 100, 1000
flowers per plant
Geber (1985); Johnson and

Nilsson (1999) ; Duan et al.

probability of a pollinator leaving a plant 0.3-0.4 for both direct
T 10%, [0.01, 0.99] (2005); Grindeland et al.
after each flower visited and indirect estimates
(2005); Brunet and Sweet
(2006); Ishii and Harder (2006)
Waser (1988); de Jong et al.
proportion of pollen a pollinator deposits (1992) ; Robertson (1992);
p [0.01, 0.99] 0.04-0.6
on each flower visited Johnson and Nilsson (1999) ;

Karron et al. (2009)

A constant amount of pollen on pollinators 100 306670 Geber (1985); de Jong et al.



(pollen load)

pollinator density 10, 10 000

scale parameter of the visitation rate

50
function
shape parameter of the visitation rate
0.1
function
genomic rate to nearly recessive lethal
0, 0.02,0.2

mutations

dominance coefficient of lethal mutations 0.02

background inbreeding depression 0.25

43

indirect (range of seed

sets)

0.01-0.2

0.02

0.12-0.27

(1992)

Knight et al. (2005)

Levin and Anderson 1970;
Rathcke 1983; Harder and
Barrett 1995; Galloway et al.
2002

Charlesworth et al. (2004) ;
Lande et al. (1994)

Simmons and Crow (1977)
Husband and Schemske (1996);

Winn et al. (2011)




Table 2. Functions and composite parameters ahtiael

Symbol Meaning

F,Fy, realized and expected floral display of a plantlegd

Pr probability of a given plant displaying flowers on a given day
AS,_,, AS, amount of self-pollen deposited on and taken ftioek™ flower visited
v(F) visitation rate of pollinators to a plant displayif flowers

T (o) expected total number of flowers pollinated fomptacharacterized by
P(o) average amount of pollen exported by plants charaed byo

G(o) geitonogamous selfing rate for plants characteriged

constraint function
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