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ABSTRACT

Background and Aims Most theory addressing the evolution of pollen itation in
flowering plants focuses on stochasticity in refatiabundance of plant and pollinator
populations affecting trade-offs in resource altmoa to ovule production or pollinator
attraction vs. seed maturation. Mating system dimius an underappreciated but potentially
widespread additional mechanism for the evolutipramergence of pollen limitation in
animal pollinated self-compatible plants.

Methods We model individual plant flowering phenologiesfliencing both pollinator
attraction and geitonogamous self-fertilization sl by pollinator movements among

flowers within plants, incorporating demographid ot environmental stochasticity. Plant
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phenology and the resulting pollen limitation aralgzed at evolutionarily stable equilibria
(ESS). Pollen limitation is measured by two quasgitthe proportion of unpollinated flowers
and the reduction in maternal fithess caused byeading depression in selfed seeds.

Key results When pollinators visit multiple flowers per plargollen limitation is never
minimized at an ESS and results from the evolutbfiowering phenologies balancing the
amount and genetic composition (outbred versusthoof pollen receipt.

Conclusions Results are consistent with previous theory detnatisg that pollen limitation
can be an evolved property, and not only a comgfréiey complement existing models by
showing that plant avoidance of inbreeding depoessionstitutes a genetic mechanism
contributing to evolution of pollen limitation, exddition to ecological mechanisms previously

studied.

KEYWORDS
embryo quality; evolutionarily stable equilibriaybreeding depression; individual flowering

phenologies; geitonogamy; pollen quantity; pollemtation; pollinator limitation.
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INTRODUCTION

Limitation of seed or fruit production is widespdeia animal pollinated plants and has three
non-exclusive proximate causes related to pollmsateembryo quality and resource
availability (Bierzychudek 1981; Ashmast al. 2004; Knight et al. 2005). Limited
reproductive success of a plant can be causeddficient pollen receipt: some flowers or
some of their ovules remain unfertilized becaudénadors are scarce, little attracted to the
plant, or visit only a fraction of the flowers opéGeber 1985; Charlesworth 1989; Burd
1995; Snowet al. 1996; Moelleret al. 2012; Schreibeet al. 2015), or because pollinators
carry insufficient pollen loads (e.g. generalistlipators depositing heterospecific rather than
conspecific pollen, Waser 1978). Even with sufiitieonspecific pollen receipt, some seeds
on a plant may not mature because embryos arenofjlality due to inbreeding (Husband
and Schemske 1996; Angelaatial. 2011) or outbreeding depression (Whitlatkal. 2013),

or because female resources are limited and indigterates of abortion in otherwise viable
seeds or fruits (Willson and Rathcke 1974).

Theoretical work has explored ultimate causes diepdimitation and showed that it
can evolve as a result of trade-offs among thredycceproductive functions for plants: ovule
production, seed provisioning, and pollinator atin. Studies of these functions and their
trade-offs revealed that within or among plant aton in pollination rates can generate the
frequently observed pollen limitation (Bierzychud#®81; Haig and Westoby 1988; Burd
1995, 2008; Schreibeat al. 2015), although this is sometimes debated (Rosenkeal.
2014, 2016; Burd 2016). Much of this theory was aled to the role of environmental
stochasticity, i.e. random spatial variation ordam temporal variation in pollen deposition
rate affecting all individual plants in a populatisimultaneously, as a primary determinant of
reproductive trade-offs and consequent pollen &tron (Burd 1995, 2008; Richards al.

2009; Schreibeet al. 2015). In doing so, most models took an ecologredther than a
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population genetics point of view, emphasizing mrakfitness only (e.g. Haig and Westoby
1988; Burd 1994, 1995; but see Bell 1985; Charledw®989; Burd and Callahan 2000;
Harder and Aizen 2010; Thomson 2001). They genegdlve little consideration to seed
quality and mating system, which are however mageolutionary drivers of plant

reproductive strategies (Ashma al. 2004; Devauxet al. 2014a) and have proved to
correlate with pollen limitation (e.g. self-comgality for animal-pollinated plant species,
Larson and Barrett 2000; Knigétal. 2005; Alonscet al. 2010).

Here we complement previous evolutionary studiepallen limitation by examining
how selection on the mating system can also cansttion of seed production and fitness in
self-compatible animal-pollinated plants. Our asmot to question the well-established role
of environmental stochasticity in the evolutionpaflen limitation (see reviews cited above),
but instead to demonstrate that additional mechaniare likely to be at play. We focus on
floral display size, the number of flowers simuiansly open on a plant, a key trait that
influences pollen limitation (Dudash 1991, 1993& vis role in pollinator attraction (e.g.
Willson and Schemske 1980; Bauer al. 2017) and between-flower self-pollination
(geitonogamous selfing as in Lloyd 1992; Leiwal. 2008; Karron and Mitchell 2012), hence
post-zygotic inbreeding depression. Evolution ofdl display size is analyzed by modelling
how individual plants allocate a constant total bemof flowers through the season (i.e. the
individual flowering phenology) under the consttaiof pollinator foraging behavior among
and within plants. Therefore, we analyze how edokigand genetic mechanisms (insufficient
ovule fertilization via pollinator attraction anasufficient embryo quality via inbreeding
depression, respectively) jointly constrain evalatiof a trait influencing pollen limitation.
Unlike previous models, we intentionally do not e$ the role of seed provisioning or
environmental stochasticity but instead focus anrtile of mating system on the emergence

of pollen limitation. Yet, we incorporate the mirahramount of demographic stochasticity to
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portray the basic elements of pollination ecoldgy, random variation in daily floral display,
pollinator visitation and pollinator behavior, amtlude them in a mechanistic model of
pollinator foraging behavior. Our model distinguashtwo ultimate causes of pollen
limitation, i.e. whether plants at evolutionariljalle equilibria (Devauxt al. 2014a) are
pollen limited because they produce too few flowara day to attract pollinators or because

they produce too many flowers to avoid geitonogasremlifing and inbreeding depression.

METHOD
We examine pollen limitation at an evolutionaritalde equilibrium (ESS) predicted by the
model of Devaux et al. (2014a). The total humberflofvers produced by a given plant
throughout the flowering period is Poisson disttédaliwith meanV. These flowers are open
sequentially according to a normal distributionhvéitandard deviation (see e.g. Fig. 1).
Standard deviation in individual flowering phenojogr, is the trait under selection: it
describes how individual plants distribute theomwiers among days within a season, and
relates directly to floral display and durationfleiwering time: small values ofr correspond
to large floral displays over short periods (e.@ss1blooming), whereas large valuescof
produce a small floral display over long perioddieTstandard deviation in flowering
phenology therefore modifies all components of pfaness through floral display size: male
and female outcrossed fitness via pollinator dtitvac and geitonogamous (between-flower)
self-pollination rates via the foraging behaviompollinators among flowers within plants.
Pollinator behavior and the severity of inbreedigpression of selfed seeds following
geitonogamous self-pollination impose trade-offsMeen maternal and paternal components
of plant fitness that govern the ESS. We investighe ESS by examining the fate of an
initially rare modifier of flowering time«*) in a resident plant population at equilibrium,

assuming infinite population size and a uniforntrdisition of the average flowering time, i.e.
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aseasonal reproduction. The ESS can be expressedrms of standard deviations in
individual flowering phenologyg, derived from the maximal expected relative fige$ the
rare modifier ¢*) in the resident plant populatiodw*/dc* = 0 ate™ = o):

P(c*)

W' = GO T(0%) +3[1 = GONWouT(0") + 31 = GO Woue 7 T(0) (1)

with G(o), T(oc) and P(o) respectively the fraction of selfed seeds produdsd
geitonogamous selfing (i.e. geitonogamous polloratiate), number of flowers visited (~
ovules fertilized) and pollen export of genotypeghwstandard deviation in flowering

phenologys , andwg,; andw,,, the mean fitnesses of selfed and outcrossed ohehis
controlling inbreeding depressions (= 1 — W, /Wyy:). The three terms of equation (1)

correspond respectively to seed production viargglfseed production via outcrossing and
cross-fertilization of ovules on other plants.

We choose a mechanistic model of pollination, dtef phenomenological functions
generally used to describe the relationships betwie), T (o) andP (o). With this model
(described below),G(0), T(o) and P(o) depend on individual flowering phenology,
pollinator abundance and pollinator behavior. Trafte between fithess components, such as
pollen discounting, are emerging properties instaableing hypothesized. We make several
simplifying but realistic assumptions to keep thectmanistic model of pollination general
(Devaux et al. 2014a) and introduce a minimal amount of demogcaptochasticity. To
derive equation (1) we assume that:

() individual pollinators are generalist, suchttti@eir density does not depend on the
floral density of the focal plant species but oe tlensity of all plant species in a community;

this assumption ensures that there is no envirotahstochasticity,
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(ii) pollinators are constant, i.e. faithful to tfexal plant species within a foraging bout
(Chittka et al. 1999). Relaxing this assumption would likely lowtbe number of pollinator
visits and the amount of conspecific pollen demokdn stigmas and exported to conspecifics,
with the same predicted effects as a variationatep abundancé! or pollen loadsA on
pollinators (see below),

(i) the number of daily pollinator visits per piis Poisson distributed, with a mean
determined by both pollinator abundandé)(and the function of pollinator attraction to
plants with a given floral display (e.g. Klinkhametr al. 1989; Klinkhamer and de Jong
1990); this assumption introduces a minimal amafntiemographic stochasticity, which,
unlike environmental stochasticity, operates indejgatly among individual plants in the
population. It also depicts the observed corretati@tween pollinator visitation rates and
inflorescence size (e.g. Willson and Schemske 1B&80gret al. 2017),

(iv) pollinators have the same pollen carryovder p, wherep is the rate of pollen
uptake and deposition by pollinator; this assump&msures the observed decay of pollen
deposition from a single flower to subsequent fler@rice and Waser 1982),

(v) pollinators have a constant probabilityto leave a plant after each flower visited,
such that they visit more flowers, but a smallepartion of flowers, on plants with larger vs.
smaller floral displays (Snowt al. 1996; Chittkaet al. 1999; Ohashi and Yahara 2001;
Harderet al. 2004; Ishii and Harder 2006),

(vi) the sequence of flower visitation by pollinegoon a plant is either random
(hereafter “random-rank”) or constant (e.g. alwaysiting flowers from bottom to top,
hereafter “constant rank”). These two extreme behavare likely to encompass the
variability of visiting patterns across pollinatofwith e.g. a higher tendency for constant

sequences in bumblebees; Best and Bierzychudek t888er and Barrett 1995; Hardetr
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al. 2000) and floral architectures (e.g. more constaquences in racemes vs. umbels; Jordan
and Harder 2006),

(vii) a single pollinator visit is sufficient to fidize all ovules on a flower, which
requires few ovules per flower, or large and camtsfzollen loads ofA pollen grains for
pollinators that groom little among visited flowdmollen saturation as in de Joeigal. 1993
with A pollen grains on the pollinator body). This asstiorg although not always verified
(Harder and Thomson 1989), best models nectariggpoliinators (Castellanas al. 2003),

(vii) individual pollinators visit a given flowerrdy once, which is observed frequently
(Best and Bierzychudek 1982; Goulsenal. 1998; Ohashi and Yahara 1999; Stout and
Goulson 2001),

(viii) all plants have the same ovule number pewtr,

(ix) because of infinite population size, reprodmat is never limited by mate
availability, regardless of plant phenology.

With these assumptiong(c) andw (o) can be expressed either in numbers of flowers
visited or numbers of seeds produced, as they aopopgional. Although all these
assumptions may not always be observed in natogllptions (see Devauet al. 2014a for
more details), changing them should not affect main conclusions that pollen limitation
evolves as a byproduct of selection for increasgtingtor attraction but also for avoidance
of inbreeding depression. The few assumptions ¢hat change qualitatively (and not just
guantitatively) the results of the model are eiteplored by changing parameter values (see
below), or thoroughly discussed.

Devaux et al. (2014a) showed that this model predicts two type®quilibria: (1)
evolutionarily stable equilibria (ESS) determingdatrade-off between pollinator attraction
to large floral displays and avoidance of inbregdidepression due to selfing, with

intermediate geitonogamous selfing rates and (@pgecally stable equilibria, corresponding
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to extremely long or short flowering phenologiesstvained by pollinator behavior only,
which yield minimal or maximal selfing rates. Thattér equilibria are rarely observed in
natural populations, in which they are constraibgdnechanisms not included in the present
model. Therefore we ignore them for our study othamisms leading to pollen limitation.

We explore the causes of pollen limitation by irdprey three fithess components at the
evolutionarily stable standard deviation in flowgyitime: (1) the total number of flowers
pollinatedT, i.e. not including inbreeding depression and tlaiecting only a limitation in
the number of pollinator visits, (2) viable seeadurction (first two terms in equation 1,
hereafter “maternal fitness”), including pollinatginortage and inbreeding depression but not
pollen export, and, (3) plant total fithess (expezsin number of flowers, as it is proportional
to seed production), thus including limitation inethnumber of seeds produced and the amount
of pollen exported accounting for pollinator shgegaand inbreeding depression. Note that
even if the paternal outcross component of fitneset included in the first two components,
it does constrain the existence and position ofE8&. We quantify pollen limitation at the
ESS with two measures, within which most empirestimates fall. We exclude pre-zygotic
effects of pollen quality on pollen limitation (e.glow pollen tube growth) by assuming that
all conspecific pollen fertilizes equally ovulesdathat inbreeding depression acts only on
post-zygotic components of fitness (i.e. seed litghiWe also exclude components of pollen
limitation due to costs of producing ovules or mating seeds (i.e. plants have enough
resources to mature all viable seeds), and thussfoo the joint effects of the number of
pollinator visits and inbreeding depression on gmllimitation. Pollen limitation is first
measured at an ESS as the fraction of unfertilmades or equivalently in our model the
fraction of unpollinated flowerg,N — T)/N. This measure of pollen limitation describes the
potential shortage in pollinator visits. Second, meorporate embryo quality by measuring

pollen limitation as the reduction in plant matéritaessw,, at the ESS (viable seeds) due to
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inbreeding depressiow;n,max — Wm) /W max With Wy, max = N(1 + G)/2 WhenWge r = Wy,

= 1. This second measure is used to portray sistior which all flowers receive sufficient
pollen to fertilize all ovules (no pollinator shage), yet seed production is still increased by
manual supplementation with outcross pollen (Ec#test. 2010). In other words, this second
measure is positive only if inbreeding depressiand not pollinator availability, is
responsible for fitness loss. We further assesshehen ESS occurs at the strategythat
both maximizes total plant fitness and minimizes pollen limitatioGV — w’)/N, given the
constraints generated by pollinators. Wf< w’, we determine whether the evolutionary
equilibrium (or equilibria when several exist) asponds to a larger daily floral display (a
shorter plant flowering perioa < ¢’) or a smaller display (a longer plant floweringipé

o > ¢') than the phenology that minimizes pollen limitatiato .

We focus on a reference case chosen to match tygsarvations (see Devaek al.
2014a for details and Table JBupplementary Information]) and then vary some
parameters that most strongly influence pollindtehavior and mating system evolution. In
the referencéase case, plants produdé = 100 flowers, pollen carry-over of pollinators is
1 — p = 0.75. Limitation occurs in pollinator abundance with= 100 pollinators per day,
A = 100 pollen grains on pollinators body and a probapiiitat a pollinator departs a plant
after visiting a flower ofr = 0.33. Limitation also occurs in pollinator attractionava
positive relationship between the number of visi(8) and daily floral displayF v(F) =
F/[(F+1)(1+ae )], with a=50, b =0.1 (Fig. S1[Supplementary Information]).
Inbreeding depression either evolves with the sglfate (i.e. its purging is possible via lower
survival of individuals carrying more deleteriousitations; genomic rate to nearly recessive
lethal allelesU = 0.02, dominance coefficientr = 0.02) or is constant (background
inbreeding depressiod, = 0.25). This parameterization is chosen to match vabieserved

in natural populations, in which not all flowersagxpected to be pollinated because plants

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

receive a finite number of pollinator visits andlpators leave a plant before visiting all of
its open flowers (Ohashi and Yahara 1999). For gtamwith these parameter values ca. 3
flowers among 10 displayed are visited in a sinigtait for the random-rank model of
pollinator foraging behaviour. We investigate te&ative contribution of mechanisms driving
pollen limitation over a wide range of parameteluea that govern pollinator abundance
limitation, pollinator attraction limitation, pofiator movements among flowers of the same
plant, severity of inbreeding depression and tatehber of flowers produced per plant (Table

S1[Supplementary Infor mation]).

RESULTS
None of the evolutionarily stable equilibria maxia®s mean total fithesw (< w') for any set
of pollinator and genetic constraints we model ¢Fif-3 and Figs. S2-S3 for the constant-
rank model[Supplementary Information]). This occurs because of frequency-dependent
selection on the individual flowering phenology aselfing rate: Fisher’'s automatic genetic
advantage of a rare, completely selfing mutanO& n a strictly outcrossing population and
decreases to 0 when the selfing genotype has ctehplavaded the population. The ESS
also do not correspond to flowering phenologies thaximize the fraction of flowers that
can be pollinated by either self or outcross polldavertheless some ESS are close to the
strategy that minimizes pollen limitation by madsadming on a single day (with standard
deviation in flowering time much lower than 1), shmnaximizing pollinator attraction (Fig.
1A). As explained above, these rarely observedlibgai are not discussed further.

When multiple ESS exist, the most realistic onegh(w > 1 day, see above) always
consist of extended flowering phenologies with aliinaction of total flowers open per day.
These equilibria involve a trade-off between pealtor attraction to daily floral display and

seed quality determined by inbreeding depressioth ggitonogamous selfing, and they

11
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depend on the foraging behavior of pollinators. #arbase case consisting of plants with
N = 100 flowers, with limitation of both pollinator abunaee and pollinator attraction and
with substantial inbreeding depression, a randamk-nasitation sequence of flowers on a
plant by individual pollinators generates high (ematl and/or paternal) outcross reproductive
success independent of floral display, whereasnstaat-rank visitation sequence produces
higher outcross reproductive success only if fefi@rvers are open per day (Fig. 1). This
pattern is created because different pollinatoqgodie outcross pollen on different flowers
under random movement, but under the constant mewerdifferent flowers can be
outcrossed only if flowers are open on differengsddor the same reasons and all else being
equal, pollen limitation is higher at an ESS undenstant-rank rather than random-rank
visitation sequences of flowers (Table 1; Figs. B3 Figs. S2-S3Supplementary
Information]).

The strong effect of the genetic composition oflgolreceipt on pollen limitation is
demonstrated by analyzing flowering phenologiest tnolve under reduced inbreeding
depression of selfed seeds (Figs. 2A and Rpplementary Information] for the random-
vs. constant-rank pollinator visitation sequencéafers on a plant). With lower inbreeding
depression, flowering phenologies at evolutionagyilédria are shorter, plants display more
flowers per day, a higher proportion of them islipated because plants receive more
pollinator visits, and thus pollen limitation isninished. The interaction between genetic and
ecological constraints is again exemplified by tiveat difference in pollen limitation at
equilibrium under random- versus constant-ranktafigin sequence of flowers (9% vs 35%;
Table 1). In the latter case, more flowers per tphre pollinated only if they are open on
different days. Therefore equilibrium individuabWering phenologies are longer under the
constant- than the random-rank visitation sequencdel g~10 in Fig. S2A vs.o <1 in

Fig. 2A).

12
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Two modifications of the base conditions alter thieensity of pollinator abundance
limitation: a change in the mean pollinator aburtaon a given dayM) and a change in the
expected number of open flowers that a pollinatsits/on plants (via the leaving probability
7). Decreasing pollinator abundance increases pdtli@tation at an ESS despite the shorter
plant flowering phenologies that evolve to maintansubstantial visitation rate from
pollinators. With low pollinator abundance the diince in individual flowering phenologies,
and resulting pollen limitation, between the twodwels of pollinator visitation are small. This
pattern is expected because the few pollinatotsvisiad to similar numbers of cumulative
flowers visited for the two visitation models (Tabl; Figs. 2B and S2BSupplementary
Information] for the random- vs constant-rank visitation seqeeat flowers). Similarly,
greatly increasing the number of open flowers patiors visit shortens the plant flowering
phenology and shrinks the difference between tlsgation patterns of pollinators. Pollen
limitation at these equilibria is mostly due togarinbreeding depression of geitonogamous
seeds and not to pollinator limitation (Figs. 2Gd a&®2C [Supplementary Information]
panels for the random- vs constant-rank visitatieguence of flowers).

The ESS depend critically on the intensity of paltor attraction limitation (Devaust
al. 2014a), which can be altered in two ways: by chaneither the pollinator attraction
function (Fig. S1 for its shape and intendiBupplementary Information]) or the expected
total number of flowers per plant (Figs. 3 and 8@mber of flowers decreased or increased
by an order of magnitudé&upplementary Information]). For the same pollinator attraction
function, species that produce fewer flowers panphre predicted to have shorter flowering
phenologies to sustain pollinator visitation, w#inong pollen limitation (Figs. 3A and S3A
[Supplementary Information] for the random- vs constant-rank visitation segeef able
1). Differences between pollinator visitation patgeof flowers on a plant are intensified with

increased flower production per plant. A randomkraisitation sequence generates multiple

13
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stable equilibria: flowering phenologies of a feveaks characterized by pollen limitation
mostly due to the low quality of selfed seeds nathan a shortage of pollinator visits, and
much longer flowering phenologies with high pollanitation due mainly to low pollinator

attraction, rather than pollen genetic compositibm.contrast, a constant-rank visitation
sequence generates only extended flowering pheiesldgvoring outcross pollination; these
phenologies are strongly pollen limited becausewfpollinator attraction (Figs. 3B and S3B
[Supplementary Information] for the random- vs constant-rank visitation seqeefi@ble

1),

DISCUSSION

This study complements earlier theoretical work milen limitation by highlighting a
potential additional mechanism driving evolution lohited seed production in natural
populations of animal-pollinated plants. We showvatttboth the quantity and genetic
composition of pollen receipt of self-compatibleraal-pollinated plant species control the
evolutionary equilibrium flowering phenologies amdnsequent pollen limitation. Mean
fitness is not maximized, and pollen limitation ngever minimized at equilibrium. Non-
maximization of mean fitness is explained by fregyedependent selection, which violates
the assumption of constant genotypic fitnessesimed)fior Wright's (1931, 1969) principle of
evolutionary maximization of mean fitness. In thisodel, as in earlier ones (e.qg.
Bierzychudek 1981; Haig and Westoby 1988; Burd 19888; Harder and Aizen 2010;
Schreiberet al. 2015) pollen limitation is an evolved emergentgany; however, here pollen
limitation is constrained by a trade-off betweer tmaternal self and paternal outcross
components of fitness that involves both genetid aoological constraints (Devau al.
2014a), whereas most previous models only considerelogical constraints. The ecological

constraints include pollinator abundance, pollinatdtraction to large floral displays,
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expected pollinator bout length and pollinator tason patterns of flowers on a plant; the
genetic constraints include inbreeding depressiorplant viability and Fisher’'s automatic
advantage of selfing.

Our theoretical approach is mechanistic, whichvadlaan analysis of the causes of
pollen limitation among several parameters desugilpollinator behavior, floral traits and
inbreeding depression. However, as all modelsglies on several necessary simplifying
assumptions and omits some potentially importamiogical mechanisms that can also
influence the evolution of pollen limitation. In eéhfollowing, we first discuss some
implications of our results and identify predictsotihat could be tested in natural populations.
We then outline the main limitations of our apptoand some useful perspectives to broaden
our evolutionary understanding of pollen limitation
Relevance of our model to study pollen limitation in natural populations
The predicted flowering phenologies depend on thiinator foraging behavior among
flowers on a plant. These phenologies are expdotdie longer when different pollinators
visit flowers of a plant in the same order, andegate higher selfing rates, as experimentally
found for bees (Jordan and Harder 2006), and coestky higher pollen limitation than
when pollinators visit flowers on a plant in randarder. The differences generated by
pollinator movements on a plant are reduced ifipalbrs with constant visitation sequence
among flowers also carry more pollen and/or visdrenflowers per plant. Higher pollen
limitation under the constant vs. random rank a&igin pattern is caused both by a lower
number of flowers visited by pollinators and byredding depression in selfed seeds. Pollen
limitation is thus predicted to critically depend pollinator species, inflorescence size and
architecture, all of which are known to impact fbeaging path among flowers on a plant.
Although our model was not designed to examineefifect of inflorescence architecture on

the evolution of pollen limitation, it could be usé¢o test the following prediction: plant

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

species with racemes have been demonstrated ib ralice constant pollinator pathways
among flowers than plant species with umbels (Joralad Harder 2006), such that plant
species with racemes are expected to suffer higbken limitation. However, an accurate
test of this prediction should be based on a mtusl incorporates explicitly inflorescence
architecture.

Regardless of pollinator behavior, geitonogamoeswben-flower within plant) selfing
imposed by pollinators and its associated inbregpdepression often cause evolution of long
flowering phenologies in which plants produce féowers per day and thus avoid inbreeding
depression at the cost of reduced pollinator atoacOur results therefore predict that plant
species with lower inbreeding depression would \evahorter flowering phenologies with
larger daily floral displays, which would enhanaalipator attraction and thus reduce pollen
limitation. This could be tested by examining tleéationship between pollen limitation and
inbreeding depression in natural populations. Nod there are potential caveats (see below),
the main one being that the expected positive ioglslip between pollen limitation and
inbreeding depression may also be caused by emvéotal stochasticity: the intensity of
temporal fluctuations in pollinator abundance witlseason correlates positively with the
duration of flowering phenologies (Devaux and La@6&0), and is also expected with pollen
limitation, as observed in temporal cohorts withiseason (Thomson 2010). The predicted
extended flowering phenologies under higher inbreedepression suffer a high risk of daily
pollination failure due to temporal fluctuationspollinator abundance or activity among days
within seasons (Devaux and Lande 2010), and demeancially on floral constancy of
generalist pollinators among plant species, whichdnetheless frequently observed in plant
communities (Chittkat al. 1999).

Pollen limitation measured over the entire indiabdfilowering phenology, as we do

here, may differ from that measured over partshefghenology (Knighét al. 2006) or that
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measured as the difference in seed production undtral and artificially supplemented
pollination (Knightet al. 2005). The first type of discrepancy highlights tiole of resource
allocation in pollen limitation. The second disa@apy can be generated by abortion of inbred
embryos; therefore pollen limitation may be freqilyemverestimated for partially selfing
species because it is usually measured by supptergdarge amounts of outcross pollen
(Aizen and Harder 2007). In other terms, comparing number of viable seeds under
supplemental outcrossed and selfed pollen candistipguish the cause of pollen limitation,
between a shortage of pollinator visits (increaseeld production with outcrossed or selfed
pollen) and inbreeding depression (smaller increémseed production with self vs. outcross
pollen). Estimating pollen limitation in species oge selfing rates are constrained by
pollinators (Devauxet al. 2014b; a) while accounting for inbreeding dep@sspf selfed
seeds is a difficult but necessary task if the eaws pollen limitation are to be determined, as
already mentioned by Eckedttal. (2010), and several experimental methods thatadsount
for plant resources are available (Calvo and Hpni©90; Aizen and Harder 2007;
Wesselingh 2007; Alonss al. 2012; Arceo-Gomez and Ashman 2014).

Limitations and per spectivesto model the evolution of pollen limitation

Pollen limitation evolves in this study by mechamss different from those analyzed in
previous theory. First and most importantly, we ilmblately excluded environmental
stochasticity for the sake of simplicity : it pravéo be the main driver of within and among
plant variation in pollination and the evolution @dllen limitation in previous models (Burd
2008; Richard#t al. 2009; Rosenheirgt al. 2014; Schreibeet al. 2015) and is undoubtedly
responsible for some pollen limitation in naturapplations. Instead we include demographic
stochasticity (operating independently among irdlials, unlike environmental stochasticity)
to produce variation in the number of open flowargiven day, variation in the number of

pollinator visits to a plant, and variation in thh@mber of flowers visited per plant per
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pollinator visit. Because our model involves annitély large population, such demographic
stochasticity has little impact on evolutionary #Qua in comparison to the temporal
environmental stochasticity that is synchronizesagnall individuals in other models. Pollen
limitation in our model evolves because of a genetide-off between pollinator attraction (as
well as other aspects of pollinator behavior) arfiteeding depression after zygote formation.
Predicting how these mechanisms may interact withirenmental stochasticity is not
straightforward. In self-compatible insect-polliedtplants, both inbreeding depression with
selfing and temporal fluctuations in pollinator da&hility (i.e. pollinator visits per plant,
which could be due to fluctuations in pollinatorsdéor plant population density, Thomson
2010) should contribute to the evolution of pollenitation. Obviously, in a highly stochastic
environment, highly variable pollinator availabjlits much more likely important than is
inbreeding depression with selfing. In a more canmisenvironment with stable pollinator
availability, the contribution of inbreeding deps&s to pollen limitation depends on both the
selfing rate and how much inbreeding depressiorbegourged.

Evolution of individual flowering phenologies, amdnsequent pollen limitation, may
also be driven by genetic and ecological factors camsidered here, acting at both the
individual and community levels: our mechanisticdabof pollinator behavior is simplified,
to address ubiquitous genetic and ecological mashenresponsible for the emergence of
pollen limitation, and cannot portray the immenseiation among pollinator species. First,
plant resources are limited in our model as alhigalisplay the same expected number of
flowers, but we neglect allocation to seed provisig considered by previous authors
(Bierzychudek 1981; Haig and Westoby 1988; Ashmtaal. 2004). Resource allocation may
be particularly crucial to understand pollen lirtida in iteroparous species (Croeeal.
2009), which are not considered in our model. bx$tee model allocation to flowers among

days in the flowering phenology of individual plardnd allow plants to mature all seeds

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

without reproductive compensation. Second, autonmrselfing has been proposed many
times as a reproductive assurance strategy undingpor limitation (Fishman and Willis
2008; Marten-Rodriguez and Fenster 2010; Thometnal. 2013); its evolution towards
increased selfing was found in natural populatightoeller 2006) and in experimental
populations experiencing pollinator abundance &ton (Bodbyl Roels and Kelly 2011).
Allowing autonomous selfing and its evolution caavé complex effects on the evolution of
flowering phenologies (Devawet al. 2014a) and pollen limitation (Morgan and Wilsor020
Harderet al. 2008). We also do not account for facilitated ieglf(c.f. Lloyd and Schoen
1992) as little empirical information exists onsthintra-flower component of selfing except
for specific flower morphologies (Johnsehal. 2005; Owenet al. 2007; Vaughtoret al.
2008). Evolution of sterile flowers can reduce eollimitation by increasing attraction of
pollinators at low energetic and genetic costs @set al. 2013). We further do not address
pollen competition between self and outcross poleeramong multiple sires (Lankinen and
Armbruster 2007; Richardgt al. 2009) possibly complicated by pollen precedencadsV
and Fugate 1986), the evolution of aggregated pdiet occurs in orchids (Harder and
Johnson 2008), or mechanisms such as dichogamy edtodamy that can prevent
geitonogamous selfin@ur model also omits several factors operatingacommunity level
among plant species that can affect both the amandt genetic composition of pollen
receipt: e.g. facilitation and competition amonga@ps (Moeller 2004; Vamost al. 2006;
Hegland and Totland 2008; Devaux and Lande 200@eBéet al. 2011; Lazarat al. 2014),
which partly depends on the constancy of pollirator a plant species and the transfer of
heterospecific pollen, and can potentially affée €volution of autonomous selfing.
CONCLUSION

Ecological constraints alone predict that many #swemain unpollinated because pollen or

plant resources for fruit production and seed naditom are limited. Beyond the role of trade-
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offs among costly reproductive functions, our resghow that pollen limitation is an evolved
property that depends also on genetic mechanismspalinator behaviors that constrain
mating systems and the evolution of plant flowenptgenologies. Our model suggests that,
despite strong pollinator attraction limitationapts do not evolve short phenologies with an
excess of flowers to attract pollinators, but iastevolve long flowering phenologies with
relatively few flowers open per day to favor ougs@ollination, resulting in pollen limitation
due to reduced pollinator attraction to daily flodisplays. Future research on pollen
limitation should examine how genetic processesraut with more commonly studied
ecological processes (resource limitation and enwrental stochasticity) to drive evolution

of pollen limitation.

SUPPLEMENTARY DATA

Supplementary data are available online at htgzsalemic.oup.com/aob and consist of the
following. Table S1: Ecological and genetic paraangt along with the values investigated
and their units. Figure S1: Pollinator attractiamdtion as a function of (log) daily floral
display. Figure S2: Fitness components and florspldy under a constant-rank visitation
sequence of flowers on a plant and under decraabegkeding depression, decreased number
of pollinators available, and increased fractioropén flowers visited by pollinators. Figure
S3: Fitness components and floral display underomstant-rank visitation sequence of

flowers on a plant and under decreased and inadlseer production per plant.
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1 TABLES

2 Table 1. Minimal vs. realized pollen limitation, expressether as percent of unpollinated
3 flowers (PLyyyou = 100 X (N —=T)/N) or percent of deviation from theoretical maximal
4 maternal fitness (PLgeymax = 100 X Wy max — Wim/Wmmax), @t evolutionarily —stable
5 equilibria described by the individual flowering gatologieso” in the base case and for
6 several deviations from thease case. For a given combination of parameter valthes,

7 minimal pollen limitation appears on the first liiin”).

Random-rank visitation Constant-rank visitation
sequence sequence
Parameter values 07 PLunpol  PLdevmax 0?9 PLunpoi  PLdevmax
Min 5.2 30.7 Min 29.8 50.6
Base casé 0.6 7.1 32.1 - - -
34 29.6 57.8 53 31.4 58.6
Lower inbreeding depression Min 5.2 6.7 Min 29.8 34.3
(U=0.02,d=0) 059 7.1 8.7 10 309 35.2
Min 72 79.5 Min 85.8 89.7
Reduced EJI\C/)IIIi:ni\g;r abundance 0.59 72 70.5 08 86 9.8
20 88 92.6 22 88.1 93.3
Reduced pollinator leaving rate Min ~ 9x10° 32 Min  9x10° 321
(r=0.01) 0.5 0.1 34.2 05  0.15 34.5
Reduced attraction i i i i i
(a=20,b=0.01)
Smaller floral display Min 23.7 44.0 Min 29.8 50.1
(N = 10) 335 295 57.3 525 311 56.4
Min 4.6 30.2 Min 29.9 50.6

Larger floral display

(N = 1000) 5.65 4.8 30.3 - - -

350 29.7 57.7 550 314 56.9
8  Note:Base case:M = 100 pollinators are available, they carly= 100 pollen grains, their

9 probability of leaving a plant after visiting aWer ist = 0.33, their pollen carry-over i$ —
10 p=0.75, and their visitation rate is defined by =50 and b=0.1 (Fig. S1

11 [Supplementary Information]); inbreeding depression is due to deleterious tauis that
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can or cannot be purgeti & 0.2, h = 0.02, andd = 0.25), plants produc& = 100 flowers.

Evolutionary equilibria are ranked according toreasedr (flowering period of plants).
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Fig. 1. Fitness components and floral display under twbinator visitation sequences of
flowers on a plant (random-rank for panels A vsistant-rank visitation sequence for panels
B). Left panels: total fitnessw( thick black line), maternal fithessv{, green line) and
number of pollinated flowersT( blue line) as a function of (log) standard dewiatin
flowering time. The solid vertical lines indicateetevolutionarily stable standard deviation(s)
in flowering time. Right panels: floral display éyrline), number of pollinated flowers (blue
line), maternal fitnessw(,,, green line), and total fitness (thick black lire§ a function of
days at the ESS with the highest standard deviatiflowering time. Pollen limitation can be
visualized by comparing floral display (number qfea flowers) vs. number of pollinated
flowers, number of pollinated flowers vs. totalnéss, or number of pollinated flowers vs.
maternal fitness (See Table 1 for quantitative muesss of pollen limitation). Pollinator

attraction limitation defined by = 50 andb = 0.1, pollinator abundance limitation by =
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1 100 pollinators,t = 0.33 andA = 100, pollen deposition ratp = 0.25, N = 100 flowers
2 perplantU = 0.2, h=0.02andd = 0.25 for inbreeding depression.
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Fig. 2. Fitness components and floral display under agemeé inbreeding depressioii £
0.02 andd = 0, panels A), decreased number of pollinators abilé§ = 10, panels B),
and increased fraction of open flowers visited bllipators ¢ = 0.01, panels C). Random-

rank visitation sequence of flowers on a planteotparameters and symbols as in Fig. 1.
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Fig. 3: Fitness components and floral display under deee § = 10, panels A) and
increased N = 1000, panels B) flower production per plant. Randomkrarisitation
sequence of flowers on a plant; other parameteds syymbols as in Fig. 1. The stable
equilibria for both small and large standard dewra in flowering time for plants producing

N = 1000 are shown on a log-scale.
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