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Summary

� Lifetime seed production can be constrained by shortfalls of pollen receipt (‘pollen limita-

tion’). The ovule oversupply hypothesis states that, in response to unpredictable pollen avail-

ability, plants evolve to produce more ovules than they expect to be fertilized, and that this

results in pollen limitation of seed production.
� Here, we present a cartoon model and a model of optimal plant reproductive allocations

under stochastic pollen receipt to evaluate the hypothesis that an oversupply of ovules leads

to increased pollen limitation.
� We show that an oversupply of ovules has two opposing influences on pollen limitation of

whole-plant seed production. First, ovule oversupply increases the likelihood that pollen

receipt limits the number of ovules that can be fertilized (‘prezygotic pollen limitation’).

Second, ovule oversupply increases the proportion of pollen grains received that are used to

fertilize ovules (‘pollen use efficiency’). As a result of these opposing influences, ovule over-

supply has only a modest effect on the degree to which lifetime seed production is constrained

by pollen receipt, producing a small decrease in the incidence of pollen limitation.
� Ovule oversupply is not the cause of the pollen limitation problem, but rather is part of the

evolutionary solution to that problem.

Introduction

Plants are said to be pollen limited when their lifetime produc-
tion of seeds is constrained by shortfalls of pollen receipt. An
extensive literature suggests that pollen limitation is widespread,
with potentially important repercussions for conservation of
native plant populations (Larson & Barrett, 2000; Ashman et al.,
2004; Knight et al., 2005; Anderson et al., 2011) and production
of food for a growing world population (Klein et al., 2007).

There remains, however, considerable uncertainty regarding
the ultimate causes of pollen limitation. Leading nonmutually
exclusive hypotheses include: pollen limitation occurs because of
negative anthropogenic effects on populations of plants (pollen
donors) or pollinators (pollen vectors)(Burkle et al., 2013;
Hadley et al., 2014); pollen limitation reflects natural fluctuations
in factors constraining seed production, as expected under an
optimal plant life history in an environment with uncertain pol-
len receipt (Ashman et al., 2004; Burd, 2008; Rosenheim et al.,
2014; Schreiber et al., 2015); and pollen limitation occurs specifi-
cally as a result of plants evolving to produce an ‘oversupply’ of
ovules in response to uncertain pollen receipt (Burd, 1995; Ash-
man et al., 2004; Knight et al., 2005). Each of these hypotheses
continues to be discussed as explanations for pollen limitation
(Fulkerson et al., 2012; Vamosi et al., 2013; L�azaro et al., 2015),
and without any resolution of their relative importance it is
unclear how, or if, one should best seek to remedy observed polli-
nation shortfalls.

Uncertainty in pollen receipt is expected to have a strong,
direct effect on pollen limitation (arrow 1 in Fig. 1): pollen limi-
tation is caused by unpredictable variation in the availability of
pollen, and models consistently demonstrate that as the magni-
tude of the unpredictability increases, pollen limitation becomes
more severe (Burd, 2008; Rosenheim et al., 2014; Schreiber
et al., 2015). Under the ovule oversupply hypothesis, however,
there is a second, indirect pathway through which uncertain pol-
len receipt is proposed to shape pollen limitation (arrows 2 and 3
in Fig. 1). Growing empirical and theoretical evidence supports
the hypothesis that uncertain pollen receipt favors plants that
produce a greater number of ovules than they generally expect to
be able to mature into seeds (arrow 2 in Fig. 1; Burd, 1995; Ash-
man et al., 2004; Burd et al., 2009; Friedman & Barrett, 2011;
Schreiber et al., 2015). This oversupply of ovules is advantageous
in plant populations that experience considerable within-plant
variation in pollen receipt across flowers, because it allows plants
to capitalize on reproductive opportunities afforded by the rare
flowers that receive unusually abundant pollen. However, flowers
with more numerous ovules obviously require greater pollen
receipt to achieve full ovule fertilization, raising the possibility
that ovule oversupply is a central driver of pollen limitation. The
goal of our study was to evaluate the suggestion that ovule over-
supply causes pollen limitation (arrow 3 in Fig. 1).

We first present a simple cartoon model of plant reproduction
to show why, perhaps counter to our intuition, it is difficult to
anticipate whether or not an oversupply of ovules should be
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expected to increase pollen limitation. The cartoon model intro-
duces the potential importance of ‘pollen-use efficiency,’ the frac-
tion of pollen received by a plant that is used to fertilize ovules.
We then extend the optimality model of plant reproduction
introduced by Schreiber et al. (2015), which incorporates sepa-
rate plant allocations to producing ovules, attracting pollen, and
maturing seeds, to evaluate quantitatively the relationship
between ovule oversupply and pollen limitation in an environ-
ment with stochastic pollen receipt. To distinguish the role of
ovule oversupply (arrow 3 in Fig. 1) from the direct pathway of
influence of uncertain pollen receipt on pollen limitation (arrow
1 in Fig. 1), we alter ovule supply without altering the magnitude
of uncertainty in pollen receipt. We do this in two ways. First, we
conduct an in silico ‘ovule supplementation’ experiment, as a
direct analog to the pollen supplementation experiments that are
the mainstay of pollen limitation studies. This in silico experi-
ment produces the clearest inferences regarding the effects of
increasing ovule number, because it changes ovule number while
holding all other reproductive traits (i.e. allocations to producing
ovules, attracting pollen, and maturing seeds) unchanged.
Second, we alter the cost of producing each ovule, and calculate
the resulting optimal number of ovules to be produced; as
expected, the optimal number of ovules produced increases when
ovules are cheaper. This produces somewhat less direct inferences
regarding the effects of ovule number, because optimal alloca-
tions to pollen attraction and seed maturation also change, albeit
subtly, as ovule costs change. These changing allocations to pol-
len attraction and seed maturation can have their own influences
on pollen limitation. But the manipulation of ovule cost is useful
nonetheless as a mirror of what might be observed in a compara-
tive study of plant taxa exhibiting differences in ovule cost and
number.

Model description

Cartoon model

We use a simple cartoon model to show that, for a plant experi-
encing substantial between-flower variation in pollen receipt,

increasing the number of ovules per flower does not necessarily
lead to an increase in pollen limitation. The cartoon model is a
heuristic tool only. We emphasize that our final conclusions
regarding the influence of ovule oversupply on pollen limitation
are derived entirely from the optimality model, which embraces a
range of pollen receipt possibilities rather than just contrasting
two simple scenarios, as we do with the cartoon model. Neverthe-
less, we hope that the cartoon model will provide an intuitive
understanding of why the optimality model produces the results
that it does.

Plants require three essential, nonsubstitutable components to
produce a mature seed: an ovule; pollen to fertilize the ovule,
resulting in a zygote; and the resources needed to provision the
zygote, resulting in a mature seed along with any protective or
dispersal structures. Fig. 2 depicts a plant with four flowers (A–
D); the upper and lower panels differ only in whether each flower
has four ovules (Fig. 2a) or eight ovules (Fig. 2b). Pollen receipt
varies across the four flowers, creating potential mismatches
between the availability of ovules and pollen. Although our car-
toon implies that a single pollen grain suffices to fertilize an
ovule, in general multiple grains are often needed (Alonso et al.,
2011); thus, an individual ‘unit’ of pollen shown in Fig. 2 can be
thought of as a ‘packet’ of pollen grains sufficient to fertilize a sin-
gle ovule. Finally, our plant also has stored reserves sufficient to
fully provision ten seeds.

Whereas ovules and pollen cannot be reallocated between
flowers after pollen receipt is completed (that is, any mismatches
that emerge after pollen receipt are permanent), in a fully physio-
logically integrated plant, or plant module, resources for seed
maturation can be allocated to any flower, tracking the availabil-
ity of zygotes (Zimmerman & Pyke, 1988).

For a shortfall in pollen receipt to limit total seed production
by a plant, two conditions must be satisfied. First, zygote produc-
tion by at least some individual flowers on the plant must be pol-
len limited, rather than ovule limited; that is, individual flowers
must not receive sufficient pollen to fertilize all their ovules. The
number of zygotes produced on three of the four flowers in
Fig. 2(a) (flowers A, B and C) is limited by the amount of pollen
received. Second, the entire plant must be ‘zygote limited’, rather
than being limited by resources available for seed maturation;
that is, the plant must fail to produce enough zygotes to utilize
fully its resources available for seed maturation. The plant
depicted in Fig. 2(a) is zygote limited, because only seven zygotes
will be formed (one on flower A, two on flower B, and four on
flower D); these seven zygotes will be provisioned to make seeds,
leaving resources sufficient for three additional seeds ‘wasted’
(equivalently, one could say that resources for maturing seeds
were used with an efficiency of only 70%). Thus, because the
plant depicted in Fig. 2(a) has pollen-limited flowers, and is
zygote-limited, total seed production is also pollen-limited: if
supplemental pollen were added to each flower, 16 zygotes would
be formed, 10 of which would be matured to seeds, an increase
of three seeds compared with the natural level of pollen receipt.
We define the magnitude of pollen limitation as the proportional
increase in seed production achieved by supplementing pollen to
all flowers: [(seeds produced with supplemental pollen) � (seeds

Fig. 1 Uncertainty in pollen receipt has been hypothesized to lead to
pollen limitation through two pathways. Theoretical support for the direct
pathway (arrow 1) is well established, as pollen limitation is not expected
without unpredictability in pollen receipt. It is also well established that
ovule oversupply is favored evolutionarily in response to uncertain pollen
receipt (arrow 2). The goal of this study was to evaluate the importance of
ovule oversupply as a cause of pollen limitation (arrow 3).
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produced under natural pollination)]/(seeds produced under nat-
ural pollination); in this case pollen limitation = (10 � 7)/
7 = 0.43. Our fitness metric is slightly different from that intro-
duced by Larson & Barrett (2000), but for the modest pollen
limitation effects that our optimality model predicts (see Results),
the two measures are very similar. Note that pollen limitation
implies that resources available for seed maturation were used
inefficiently: pollen limitation = 1/(seed resource use efficiency)
� 1.

It is, however, events occurring at flower D (Fig. 2a) that hold
the key to our evaluation of the ovule oversupply hypothesis.

Flower D is not pollen limited, but rather is ovule limited:
because pollen receipt exceeds the total number of ovules, three
packets of pollen are ‘wasted’, failing to produce zygotes. As a
result, the total plant-wide efficiency of pollen use, which we
define as (the number of pollen packets that fertilize ovules)/(the
total number of pollen packets received), is equal to 7/10 or 70%.
When pollen limits reproductive success, any process that
enhances pollen-use efficiency clearly has the potential to reduce
the impact of pollen limitation.

It should now be clear why it is difficult to anticipate whether
or not increasing the supply of ovules should be expected to

(a)

(b)

Fig. 2 Cartoon model showing that
increasing the number of ovules per flower
does not necessarily increase the degree to
which shortfalls in pollen receipt constrain
whole-plant seed production. Shown is a
plant with four flowers, each of which has
either (a) four or (b) eight ovules. Pollen
receipt varies across flowers. Increasing the
number of ovules per flower increases the
fraction of flowers whose zygote production
is limited by pollen receipt (3/4 flowers in (a)
versus 4/4 flowers in (b)), but also increases
the efficiency of pollen use (7/10 in (a)
versus 10/10 in (b)). In this hypothetical
example, increased pollen use efficiency
more than offsets the greater pollen
limitation of zygote production, such that
doubling the number of ovules per flower
eliminates pollen limitation of whole-plant
seed production.
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increase pollen limitation: an increasing supply of ovules seems
likely to have opposing effects on the degree to which the two
conditions necessary for pollen limitation of total seed produc-
tion by the plant, pollen limitation of flowers and zygote limita-
tion of plants, will be satisfied. First, the most immediate effect
of ovule oversupply is to increase the importance of pollen limita-
tion for individual flowers. As ovule number per flower increases,
more pollen is needed to achieve full fertilization, and there are
clearly greater opportunities for ovules to remain unfertilized.
Thus, if in our cartoon model we assume that ovule cost is negli-
gibly small compared with the cost of pollen attraction or seed
maturation, such that we can increase ovule number without
changing pollen receipt or seed maturation, then doubling the
number of ovules per flower to eight results in all of the flowers
on the plant being pollen limited (Fig. 2b). However, a simulta-
neous effect of increasing the number of ovules per flower is to
decrease the importance of zygote limitation by increasing the
likelihood that every packet of pollen received by a plant finds an
ovule to fertilize. Thus, with eight ovules per flower, our plant
does not waste any of the 10 pollen packets received (pollen-use
efficiency = 100%), as even flower D, which receives seven pack-
ets of pollen, has more than enough receptive ovules. Thus, with
eight ovules per flower, the plant forms 10 zygotes, sufficient to
utilize fully its resources available for seed maturation, and pro-
duces 10 seeds. In this hypothetical example, having a stronger
oversupply of ovules eliminates pollen limitation entirely: adding
supplemental pollen would not generate any increase in seed
production.

In sum, we have the possibility of a counterintuitive result:
although having more ovules per flower often results in more pol-
len limitation at the level of the individual flower, it does not
appear universally to result in more pollen limitation at the level
of the whole plant. More generally, if ovule oversupply has
opposing effects on the two conditions that jointly underlie pol-
len limitation of total seed production by a plant (pollen receipt
limits the number of zygotes produced by individual flowers, and
zygote production limits total seed production by the plant), then
we need a formal quantitative assessment to evaluate the net
effect of ovule oversupply on the expression of pollen limitation.

Optimality model

We now present a model that allows us to explore quantitatively
how an oversupply of ovules influences the degree to which pol-
len limitation constrains seed production for a semelparous plant.
We manipulated ovule oversupply in two ways. First, we simu-
lated the effects of taking plants expressing optimal reproductive
allocations under stochastic pollen receipt and performing with
them an in silico ‘ovule supplementation experiment’. In direct
analogy to the pollen supplementation experiments that ecolo-
gists routinely perform to quantify pollen limitation in nature,
we simulated the consequences of giving additional ovules to
every flower on a plant, at no cost to the plant. This approach
obviously is not realistic, but it has the advantage of manipulating
ovule number while holding everything else constant (i.e. there
were no concurrent changes in resource allocations to producing

ovules, attracting pollen, or maturing seeds); thus, it provides the
strongest inferences regarding the causal effects of ovule oversup-
ply. Second, we varied the cost of producing an ovule as a biolog-
ically relevant means of creating different levels of ovule
oversupply (smaller ovules, which are cheaper to produce, are
associated with a greater number of ovules per flower in inter-
specific comparisons; Greenway & Harder, 2007). As will be
shown later, our model predicts that cheaper ovules are associated
with a higher optimal number of ovules per flower, thereby creat-
ing the desired ‘treatments’ for our modeling experiment. Across
a range of ovule costs, we determined the optimal allocation to
ovule production, pollen attraction, and seed maturation for
plants experiencing unpredictable pollen receipt, and then simu-
lated the stochastic process of pollen receipt to explore conse-
quences of the optimal reproductive allocations for the
expression of pollen limitation.

Here, we briefly describe our model of optimal reproductive
allocations; for a full description, see Schreiber et al. (2015).
Plants begin with a total of R units of resource available for
female reproductive function (R = 100 in the baseline parameter
set), of which fractions ao, ap, and as are allocated to producing
ovules, attracting pollen, and maturing seeds, respectively, across
k flowers (ao + ap + as = 1). Each ovule costs co, attracting enough
pollen to fertilize one ovule costs cp, and provisioning one zygote
to produce a mature seed costs cs. Thus, the average flower
receives enough pollen to fertilize apR/cpk ovules. We introduce
stochasticity in pollen receipt at two levels: between-plant; and
within-plant, between-flower. Between-plant stochasticity is
introduced with a gamma-distributed random variable Y, with
mean 1 and coefficient of variation CVplant, such that mean pol-
len receipt per flower for a random plant is:

P ¼ aPRY

cPk

Within-plant stochasticity is introduced with k independent
gamma-distributed random variables, Z Y

1 ,. . ., Z Y
k , each with

mean Y and coefficient of variation CVflower, such that the ith
flower on a plant receives sufficient pollen to fertilize ovules.

Pi ¼ aPRZ Y
i

cP k

If neither ovules nor pollen can be redistributed between flow-
ers, but resources for seed maturation can be, then a plant’s total
seed production (our measure of plant fitness, excluding fitness
through male function) is:

S ¼ min
aSR

cS
;
Xk

i¼1
min

aOR

cOk
;
aPRZ Y

i

cPk

� �� �

This expression includes two ‘min’ terms. The right-most of
these terms says that the number of zygotes produced on flower i
equals the minimum of the number of ovules produced there and
the number of pollen packets received there. The left-most ‘min’
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term says that the total number of seeds produced is the mini-
mum of the total number of seeds that can be fully provisioned,
given the resources available after allocations to ovules and pollen
attraction are completed, and the total number of zygotes pro-
duced, summing across all k flowers. Monte Carlo methods and
the optim function in R (R Core Team, 2014) were used to find
the allocations to ovules (and, thus, the number of ovules pro-
duced per flower), pollen attraction, and seed maturation
that maximized the expected value of S, assuming that plants
make a single, irreversible allocation decision at the outset of
reproduction.

We used numerical methods to examine the effects of adding
supplemental ovules to each flower, or changing the cost of ovule
production, co, on the following: the percentage of all plants that
were zygote limited (i.e. that produced fewer zygotes than they
could fully provision to mature seeds); the percentage of all flow-
ers that were pollen limited (i.e. that did not receive sufficient
pollen to fertilize all ovules); ovule-use efficiency (i.e. the percent-
age of ovules that were fertilized); pollen-use efficiency (i.e. the
percentage of pollen packets received that fertilized ovules);
zygote-use efficiency (i.e. the percentage of zygotes that were
matured to seeds); and pollen limitation of seed production by
the plant (i.e. the percentage increase in total seed production if
all ovules on all flowers were fertilized).

Finally, because some plants may flower early in the growing
season and then continue to harvest resources that are used for
seed provisioning later in the season (i.e. ‘income breeding’ as
opposed to ‘capital breeding’; Charlesworth & Morgan, 1991),
we explored a model that included stochastic postpollination seed
maturation resource income, with mean expected resource
income, Inc, varying from 0 (baseline) up to 100 units, which
doubled the expected total amount of resources available for
reproduction. We modeled Inc as a gamma-distributed random
variable with coefficient of variation = 0.5.

We parameterized our model using values grounded in empiri-
cal observations for flowering plants. We chose baseline parame-
ter values to match trait values typically observed in nature, and
used sensitivity analyses to explore the variation commonly
observed about those values. Greenway & Harder (2007) showed
that median seed size is 93-fold greater than the ovules from
which they developed, and Rosenheim et al. (2014) found that
the median flower cost (prepollination costs of seed production)
for animal-pollinated angiosperms is c. 14% of the total cost of
seed production, with the remaining 86% of the cost associated
with maturing the seed (postpollination costs of seed produc-
tion). Both studies found considerable variation in the relative
costs of ovules, flowers, and seeds. Thus, our baseline cost param-
eters were co = 0.01, cp = 0.1, and cs = 1, and our sensitivity analy-
ses varied both co and cs up and down ten-fold (co = 0.001�0.1;
cs = 0.1–10.0) relative to flower costs. Substantial variation in
pollen receipt across different flowers within a plant population
has been observed in many studies, with observed median
CVflower near 1.0, and values ranging from c. 0.4 to 2.5 (Burd
et al., 2009; Alonso et al., 2013). Variation in pollen receipt
observed at the level of whole plants has been relatively little
explored; the few published studies suggest a median for CVplant

near 0.4 and only relatively modest between-system variation
(observed values range from 0.22 to 0.52; Rosenheim et al.,
2016). Thus, our baseline parameter values for unpredictability
in pollen receipt were CVflower = 1.0 and CVplant = 0.4, with sen-
sitivity analyses spanning the full range of observed values
(CVflower: 0.4–2.5; CVplant: 0.2–0.6). Finally, for the base param-
eter set we set flower number, k = 25, and allowed k to vary over
a broad range of values (5–125).

Under our baseline parameter values, the optimal strategy for
plants was to produce c. 10 ovules in each of their 25 flowers (see
Results). In our ovule supplementation experiment, we supple-
mented each flower with 1–40 additional ovules (25–1000 ovules
added per plant), allowing us to explore a broad range of ovule
oversupply conditions.

Results

Under our baseline parameter values, and in the absence of
stochasticity in pollen receipt, each plant was capable of produc-
ing a total of 90 seeds (each seed costs 1.11 units of resource: 0.01
for the ovule, 0.1 for pollen attraction, and 1.0 for seed matura-
tion; thus 90 seeds cost 99.9 units of resource, nearly fully utiliz-
ing the 100.0 units of resource that each plant started with). To
produce 90 seeds, each of the 25 flowers would need to host three
or four ovules. Under stochastic pollen receipt, the optimal num-
ber of ovules produced per flower was instead c. 10 (Fig. 3d);
thus, our model successfully created the expected ovule oversup-
ply condition (arrow 2 in Fig. 1).

However, we find no support for the hypothesis that increasing
ovule numbers causes increased pollen limitation. Instead, our
model suggests that increasing the oversupply of ovules through
in silico ovule supplementation causes a consistent decrease in
pollen limitation at the level of the whole plant (Fig. 3). Pollen
limitation decreased with ovule supplementation for the baseline
parameter values (Fig. 3j) and across all 16 alternate parameter
value sets explored in our sensitivity analyses (Supporting
Information Figs S1–S3). The effect size was consistently small;
for example, under the baseline parameter values, pollen limita-
tion dropped from 0.042 to 0.037, a drop of just (0.042 –
0.037)/0.042 = 11.8%. Across the 17 scenarios explored, ovule
supplementation decreased pollen limitation by just 13.9% on
average (range: 2.3–32.2%). This small effect size reflected a
nearly even balancing of two opposing effects of ovule oversup-
ply. First, a stronger oversupply of ovules caused the percentage
of flowers that were pollen limited to increase (Fig. 3f). Thus, as
anticipated, zygote production became more heavily pollen lim-
ited as the number of ovules per flower increased. This should act
to increase the importance of pollen limitation for total seed pro-
duction. Second, however, a stronger oversupply of ovules also
increased pollen-use efficiency (Fig. 3h), leading to a decrease in
the incidence of zygote-limited plants (Fig. 3e). This should act
to decrease the importance of pollen limitation for total seed pro-
duction. These two effects largely offset one another, resulting in
a modest net influence of ovule oversupply on the degree to
which pollen limitation constrains seed production. And, as
anticipated by our cartoon model, the net influence of
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strengthening the oversupply of ovules is actually a decrease in
the importance of pollen limitation.

As expected, increasing ovule oversupply reduced the propor-
tion of ovules that were fertilized (Fig. 3g; ovule-use efficiency)
and reduced the proportion of zygotes that were successfully
matured into seeds (Fig. 3i; zygote-use efficiency). Thus, ovule
oversupply did have the expected effects on ovule and zygote
dynamics, even if these effects propagated only weakly to shape
actual seed production.

These results were largely confirmed in our second in silico
experiment, in which we manipulated optimal ovule number per
flower by changing the cost of producing an ovule (co = 0.001–
0.1; Figs S4–S7). Decreasing the cost of an ovule resulted in a
strong increase in ovule number (Fig. S4d), but simultaneously
resulted in slight changes in allocations to pollen attraction and
seed maturation (e.g. Fig. S4a–c), as plants redirected the freed-
up resources; thus, changes in pollen limitation reflect the com-
bined influences of these changes. As ovule number increased (in
this case, moving right to left along the x-axis) in response to
decreased ovule cost, pollen limitation decreased in the base
parameter set and in 14 of the 16 additional scenarios examined
in the sensitivity analyses (Figs S4–S7). As was observed in the
ovule supplementation experiment, the effect size was generally

modest: on average across all scenarios explored, increasing ovule
number was associated with a 14.8% drop in the magnitude of
pollen limitation (range of effect sizes: �43.4 to + 8.7%).

Finally, ovule oversupply was again associated with decreased
pollen limitation when plants could continue to produce
resources used for seed maturation after pollination was com-
pleted (income breeding; Fig. S8). Decreases in pollen limitation
associated with ovule oversupply were modest (30.4% on aver-
age; range: 17.6–43.9%).

Discussion

Contrary to the ovule oversupply hypothesis (Burd, 1995),
increasing the oversupply of ovules does not increase the degree
to which pollen receipt limits the lifetime seed production of
plants. Greater numbers of ovules clearly do elevate the amount
of pollen that must be received to achieve full ovule fertilization,
and as ovule oversupply increases, the proportion of flowers expe-
riencing a shortfall of pollen receipt grows (Fig. 3f). Thus, zygote
production becomes predominantly pollen limited as ovule over-
supply increases. But, as suggested by our cartoon model, another
offsetting process is also at work: increasing ovule number per
flower increases pollen-use efficiency. Abundant ovules mean that

(a) (b) (c)

(d) (e) (f)

(g)

(j)

(h) (i)

Fig. 3 In silico ovule supplementation
experiment: baseline parameter values.
Shown are the optimal total plant-wide
proportions of reproductive resources
allocated to (a) ovules, (b) pollen attraction,
and (c) seed maturation, (d) the total number
of ovules per flower, (e) the percentage of
plants whose total seed production is zygote
limited (i.e. zygote number < number of
seeds that can be produced, given the
amount of resources available for seed
maturation), (f) the percentage of flowers
that are pollen limited (i.e. pollen
receipt < ovule number), (g) ovule-use
efficiency (percentage of ovules that are
fertilized), (h) pollen-use efficiency
(percentage of pollen packets that are used
to fertilize ovules), (i) zygote-use efficiency
(percentage of zygotes that are provisioned
to mature seeds), and (j) pollen limitation of
whole-plant seed production (per cent fitness
gain that would be achieved if all flowers
received supplemental pollen sufficient to
fertilize all ovules). Results are shown for the
baseline parameter set (co = 0.01, cp = 0.1,
cs = 1, CVplant = 0.4, CVflower = 1.0, and
k = 25).
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even those rare flowers that receive exceptionally high amounts of
pollen still have sufficient ovules to match each pollen packet
with an ovule, generating an abundant supply of zygotes. In a
fully physiologically integrated plant or plant module, this abun-
dant supply of zygotes makes it more likely that plant reproduc-
tion will be limited by the availability of resources needed to
mature zygotes into seeds, rather than by either of the prezygotic
components of reproduction (ovules or pollen). Thus, an escala-
tion of pollen limitation is averted. In sum, the degree to which
pollen availability limits zygote production (‘prezygotic pollen
limitation’; Alonso et al., 2013; Arceo-G�omez & Ashman, 2014)
appears not to be a reliable indicator of the degree to which pol-
len availability limits seed production. The simple models that
we present here suggest that the oversupply of ovules is part of a
plant’s ‘evolutionary solution’ to the problem of pollen limita-
tion, rather than the cause of that problem.

Why does ovule oversupply reduce pollen limitation?

Not only does ovule oversupply fail to emerge as a key positive
driver of pollen limitation, but our model suggests that ovule
oversupply acts consistently in the opposite direction, modestly
reducing the impact of pollen limitation. This result was
observed in all scenarios explored in our ovule supplementation
experiment, which changed ovule number without imposing any
cost on the plant and while holding all other parameters constant.
Can we understand why? We have defined pollen limitation as
[(seeds produced with supplemental pollen) � (seeds produced
under natural pollination)]/(seeds produced under natural polli-
nation). How will an increase in ovule supply affect the two
quantities contained in this formula? Begin with the first quan-
tity: the number of seeds produced by plants receiving supple-
mental pollen. Under pollen supplementation, every ovule
produced by the plant will be fertilized. An optimal plant life his-
tory will never involve producing fewer ovules than the number
of zygotes the plant can provision to produce mature seeds,
because such a strategy would necessarily waste resources available
for seed maturation. Thus, the fitness of plants receiving supple-
mental pollen can never be ovule limited, and adding ovules can-
not therefore increase the fitness of such plants. Adding ovules
cannot cause a decrease in total seed production either, as the
plant is getting the ovules for free. Thus, adding ovules cannot
change seed production under pollen supplementation. Examine
now the second quantity: the number of seeds produced under
natural pollination. As before, adding ovules cannot decrease
total seed production. But we can make a stronger statement:
adding ovules to plants under open pollination must increase
mean whole-plant seed production, because if ovules were never
limiting to the fitness of open-pollinated plants, then the plants
would evolve reduced ovule numbers to save the costs of building
excess ovules. This is an example of the general result that opti-
mal life histories always balance nonzero risks of having fitness
constrained by each of the essential, nonsubstitutable factors
required for reproductive success (Rosenheim et al., 2010). Thus,
if adding ovules does not change seed production under pollen
supplementation, but always increases seed production under

open pollination, then adding ovules must decrease pollen limita-
tion. Thus, it is not surprising that we confirm this expectation in
our in silico ovule supplementation experiment. The ovule sup-
plementation experiment is still instructive in demonstrating that
the magnitude of the effect is generally modest. We suggest that
the rare exceptions to this expectation observed in our experiment
that manipulated ovule number through changes in ovule cost
(Figs S4–S8) must, therefore, stem from the concurrent changes
in allocations to pollen attraction and seed maturation.

The empirical record: ovule number per flower versus
pollen limitation

Our result that ovule oversupply lessens the impact of pollen lim-
itation may still seem counterintuitive to some readers. Ground-
ing this result in empirical observations would, therefore, be
welcome. To our knowledge, only two comparative studies have
examined the relationship between ovule number per flower and
pollen limitation, and they produced seemingly opposite results
(Knight et al., 2005; L�azaro et al., 2015). (Note that other studies
frequently cited as supporting the ovule oversupply hypothesis,
such as Burd et al. (2009), tested the relationship between pollen
receipt uncertainty and ovule number per flower (arrow 2 in
Fig. 1), but not the relationship between ovule number and pol-
len limitation (arrow 3 in Fig. 1), which is our focus here.) These
two studies, however, measured pollen limitation in different
ways, and their different methodologies probably shaped their
apparently opposing results.

Knight et al. (2005) found that ovule number per flower was
significantly positively related to pollen limitation, both when
the data were and were not corrected for phylogenetic relation-
ships among taxa. This result seems to support the ovule over-
supply hypothesis and to be inconsistent with our model
predictions. However, Knight et al. (2005) included in their
meta-analysis only studies that measured pollen limitation by
supplementing pollen to a subset of flowers produced by a plant
during a single reproductive season (‘partial plant level’). They
did this because pollen supplementation at the partial plant level
was the most common type of supplementation experiment
reported in the literature, and they explicitly recognized that
partial plant-level studies probably overestimate the effects of
pollen limitation on lifetime seed production, because plants
can reallocate resources for seed maturation from nonsupple-
mented flowers to supplemented flowers, both within and
between breeding seasons (Zimmerman & Pyke, 1988; Obeso,
2002; Knight et al., 2006; Wesselingh, 2007). However, pollen
limitation estimates based on partial plant-level pollen supple-
mentation are likely to be heavily influenced by pollen limita-
tion at the flower level (i.e. prezygotic pollen limitation), which
our model predicts will consistently increase as ovule number
per flower increases (Fig. 3f). In the limit, strong reallocation of
resources to pollen-supplemented flowers from other reproduc-
tive structures on a plant can ensure that all ovules available on
those flowers are fertilized and matured to seeds. Thus, it is
unsurprising that a positive relationship emerged in the Knight
et al. (2005) analysis.
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By contrast, L�azaro et al. (2015) examined the relationship
between ovule number per flower and pollen limitation using
almost exclusively pollen supplementation at the whole-plant
level, with the explicit goal of minimizing the degree to which
resource reallocation would distort the resulting estimates of pol-
len limitation. Although most of their species were polycarpic
perennials, and thus their pollen limitation estimates were still
probably inflated by resource reallocations across breeding sea-
sons, their estimates were probably less strongly influenced by
pollen limitation at the flower level, and more reflective of effects
of pollen limitation on plant fitness. L�azaro et al. (2015) quanti-
fied pollen limitation for 24 species in each of two plant commu-
nities. In the first community (‘Ryghsetra’), mean ovule number
per flower did not predict pollen limitation; in the second com-
munity (‘Finse’), increasing ovule number was associated with
declining pollen limitation. L�azaro et al. (2015) noted that their
results are the opposite of that expected under the ovule oversup-
ply hypothesis. A decline in pollen limitation with increasing
ovule number is instead consistent with the predictions of our
model. Our model does, however, predict sufficiently small effect
sizes that a failure to resolve statistically significant relationships
in some communities (i.e. Ryghsetra) is unsurprising.

In sum, although there is clearly a need for additional empiri-
cal tests of the relationship between ovule number and pollen
limitation, the existing studies suggest that moving away from
pollen limitation estimates heavily influenced by pollen limita-
tion at the flower level (‘prezygotic pollen limitation’) and
towards estimates more strongly influenced by effects of pollen
limitation on plant fitness produces a shift from a positive to a
neutral or negative relationship between ovule number and pol-
len limitation, as predicted by our model.

Alleviating pollen limitation

Pollen limitation of plant reproduction is a growing concern
world-wide, as shortfalls of pollination are thought to represent a
threat to the long-term viability of some native plant populations
(Anderson et al., 2011; Pauw & Hawkins, 2011). But, before we
can develop rational strategies for ameliorating perceived pollina-
tion shortfalls, we need to understand their causes. In particular,
we need to be able to identify cases where negative anthropogenic
impacts on plant populations (pollen donors) or pollinator popu-
lations (pollen vectors) have increased the magnitude of pollen
limitation substantially beyond that which should be expected in
healthy communities coping with natural levels of unpredictable
variation in pollen receipt.

Pollen limitation does not appear to be an inexorable conse-
quence of plants producing abundant ovules. Nevertheless, some
pollen limitation is still expected under an optimal life history
(Figs 2j, S1–S8). Empirical and theoretical results suggest that
pollen limitation should vary strongly across plant species,
depending on the degree to which plants rely on outcrossing
(Burd, 1994; Alonso et al., 2010; L�azaro et al., 2015) or special-
ized pollinators (L�azaro et al., 2015), the relative magnitudes of
prepollination versus postpollination costs of seed production
(Rosenheim et al., 2014; Schreiber et al., 2015), and the

underlying intrinsic levels of unpredictability in pollen receipt
(Burd et al., 2009; Schreiber et al., 2015). Pollen limitation that
greatly exceeds that expected under an optimal plant life history
can serve as a clear signal of anthropogenic interruptions in polli-
nation and set the stage for effective counter-measures.

Conclusions

Faced with uncertain pollen receipt, plants are favored to produce
an oversupply of ovules so that they can capitalize on flowers that
receive abundant pollen. Here, we ask whether this optimal over-
supply of ovules is a primary cause of pollen limitation. That is:
does ovule oversupply cause pollen receipt shortfalls to limit life-
time seed production by plants? We find that the answer is no.
And, not only does ovule oversupply not create pollen limitation,
it has the reverse effect, decreasing the magnitude of pollen limi-
tation. Ovule oversupply does increase the likelihood of pollen
being the primary constraint to the number of zygotes produced
(‘prezygotic pollen limitation’), but abundant ovules also allow
plants to use the pollen that they do receive more efficiently, con-
verting a larger proportion of pollen received into zygotes. This
makes pollen limitation less likely. Thus, ovule oversupply is part
of the evolutionary solution to the problem of pollen limitation,
rather than the cause of the problem.
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Additional supporting information may be found in the online
version of this article.

Fig. S1 In silico ovule supplementation experiment: sensitivity
analysis examining the influence of different values for k, the
number of flowers per plant.

Fig. S2 In silico ovule supplementation experiment: sensitivity
analysis examining the influence of different values for cs, the seed
cost.

Fig. S3 In silico ovule supplementation experiment: sensitivity
analysis examining the influence of different values for CVplant,
the coefficient of variation in pollen receipt across whole plants,
and CVflower, the coefficient of variation in pollen receipt within
plants, across flowers.

Fig. S4 In silico experiment manipulating ovule number by
changing the cost of producing an ovule: baseline parameter val-
ues.

Fig. S5 In silico experiment manipulating ovule number by
changing the cost of producing an ovule: sensitivity analysis
examining the influence of different values for k, the number of
flowers per plant.

Fig. S6 In silico experiment manipulating ovule number by
changing the cost of producing an ovule: sensitivity analysis
examining the influence of different values for cs, the seed cost.

Fig. S7 In silico experiment manipulating ovule number by
changing the cost of producing an ovule: sensitivity analysis
examining the influence of different values for CVplant, the coeffi-
cient of variation in pollen receipt across whole plants, and
CVflower, the coefficient of variation in pollen receipt within
plants, across flowers.

Fig. S8 In silico experiment manipulating ovule number by
changing the cost of producing an ovule: sensitivity analysis
examining the influence of different mean expected values for
Inc, the amount of new resources available for seed maturation as
a result of the plant’s ability to gather key nutrients via root
uptake or photosynthesis occurring postpollination.
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