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Abstract

Premise: Pollen-rewarding plants face two conflicting constraints: They must prevent
consumptive emasculation while remaining attractive to pollen-collecting visitors.
Small pollen packages (the quantity of pollen available in a single visit) may
discourage visitors from grooming (reducing consumptive loss) but may also decrease
a plant's attractiveness to pollen-collecting visitors. What package size best balances
these two constraints?

Methods: We modeled the joint effects of pollinators' grooming behaviors and
package size preferences on the optimal package size (i.e., the size that maximizes
pollen donation). We then used this model to examine Darwin's conjecture that
selection should favor increased pollen production in pollen-rewarding plants.
Results: When package size preferences are weak, minimizing package size reduces
grooming losses and should be favored (as in previous theoretical studies). Stronger
preferences select for larger packages despite the associated increase to grooming loss
because loss associated with nonremoval of smaller packages is even greater. Total pollen
donation increases with production (as Darwin suggested). However, if floral visitation
declines or packages size preference increases with overall pollen availability, the fraction
of pollen donated may decline as per-plant pollen production increases. Hence,
increasing production may result in diminishing returns.

Conclusions: Pollen-rewarding plants can balance conflicting constraints on pollen
donation by producing intermediate-sized pollen packages. Strictly pollen-rewarding
plants may have responded to past selection to produce more pollen in total, but
diminishing returns may limit the strength of that selection.

KEYWORDS
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Angiosperms present different types of “rewards” (nectar,
pollen, oils, resins, and even ovules/seeds; e.g., Ramirez
et al., 2023 in this special issue) to entice animals to visit
their flowers and, in so doing, provide the plant with
reproductive services (delivery of pollen to a flower's
stigmas, and delivery of the flower's pollen to stigmas).
Among these rewards, pollen perhaps most commonly
serves two functions: It is a reward, but it also carries
gametes (the same is true of ovules in pollinating seed
parasitic mutualisms, but they are relatively rare). While

plants often use alternative rewards such as nectar to entice
floral visitors and may safeguard pollen via morphological
(Thorp, 2000) or chemical (Rivest and Forrest, 2020) means,
nearly 20,000 species of insect-pollinated angiosperms
(representing ~7% of all angiosperm species) use pollen as
their sole floral reward (Willmer, 2011). In this situation,
plants may be faced with a dilemma: They must present
enough pollen to entice (pollen-collecting) animals to visit
their flowers but prevent at least some of their pollen from
being consumed so that it can transport male gametes.
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CONSTRAINTS ON POLLEN-REWARDING PLANTS

One well-known mechanism that can shelter at least some
of the pollen that visitors remove from flowers from being
consumed or lost is the presentation of pollen in relatively small
packages (Harder and Thomson, 1989). The reason packaging
can prevent excessive pollen loss is that pollinators are more
likely to groom after receiving a large amount of pollen during a
flower visit, either to simply clean their bodies (likely true even
of nectar-collecting visitors) or, for pollen-collecting visitors, to
immediately consume the pollen or pack it into structures (e.g.,
bees' corbiculae) for transport and later consumption (Boggs
and Gilbert, 1979; Thomson, 1986; Inouye et al., 1994). Either
way, the removed pollen does not transport gametes. For
pollen-collecting visitors, it may not be efficient to groom after
receiving only a small pollen reward, even though pollen is the
reward of interest. As Harder and Thompson (1989; also see
Klinkhamer and de Jong, 1993) showed, when the probability of
grooming increases with the amount of pollen that visitors can
remove from a flower during a visit, the total amount of pollen
delivered to stigmas will be increased by a plant presenting as
little pollen as possible at one time in each flower (ie., by
making pollen package size as small as possible) and distributing
its total pollen production into many small packages.

However, if the size of pollen packages becomes too small,
a plant's flowers may become unattractive to pollen-collecting
visitors, who should prefer to get a relatively large reward
for the time invested in visiting each flower. Thus, pollen-
rewarding plants must negotiate two conflicting constraints:
Making large packages will likely increase pollen loss to
grooming, while making small packages will likely result in
low visitation and many unremoved packages that therefore
will not function to transport gametes. While Harder and
Thomson (1989) presented theory to examine the advantages
of packaging to minimize grooming losses, we are not aware
of any theoretical investigation of how pollen-rewarding
plants should best negotiate the twin constraints of pollen
grooming and attractiveness to pollinators. Hence, here we
construct a simple model to assess optimal package size when
both constraints operate.

In The Origin of Species, Darwin (1859, p. 90) argued
that when floral visitors view pollen as a reward, “[plant]
individuals which produced more and more pollen, and had
larger anthers, would be selected”, even when most of the
pollen is consumed by the visitors. But is it inevitably true that
pollen-rewarding plants that produce more pollen will have
greater male fitness? Darwin drew an analogy between nectar
and pollen as rewards, suggesting that greater production
of either would increase a plant's attractiveness to visitors
seeking that reward, and thus increase male success. As pollen
is the only reward presented by strictly pollen-rewarding
species, Darwin's conjecture might suggest that strictly pollen-
rewarding plants should produce more pollen than their
relatives that produce both nectar and pollen. There is some
empirical evidence that this is indeed the case (Simpson and
Neff, 1983; Golubov et al,, 1999; Etcheverry et al, 2012).
However, greater production of pollen per plant will also alter
the pollen standing crop in the plant population. Greater
pollen availability could potentially alter pollinator visitation

rates and the preferences of pollen-collecting floral visitors,
which in turn may influence whether increasing pollen
production actually does increase male fitness. To examine
this possibility, we modify our simple model to explore
possible scenarios of increasing pollen production and
whether it enhances pollen donation (one component of
male fitness).

In this paper, we use simple mathematical models to
address the following questions: (1) How do grooming
and reward size preference interact to affect optimum
pollen package size in pollen-rewarding plants? (2) Does
optimum package size depend on additional factors such
as total pollen production by a plant and the amount of
passive pollen loss (i.e., pollen that simply falls out of
flowers during a pollinator visit)? (3) Does making more
pollen increase the amount of pollen a plant donates, and
does the answer to this question depend on other changes
that accompany increased pollen production, such as
changes in floral visitation rate and pollinators' reward
size preferences?

OPTIMAL PACKAGE SIZE WITH
GROOMING AND REWARD
PREFERENCES

Pollen donation with passive and active
pollen loss

Many animal-pollinated plants have mechanisms to control the
release of pollen over a period of time (Lloyd and Yates, 1982;
Thomson et al, 2000). A large array of architectural and
phenological mechanisms can control pollen release within
individual flowers and across the entire floral display (Lloyd and
Yates, 1982; Harder and Thomson, 1989). We use “pollen
package” to refer to the amount of pollen available in a flower to
a visitor during a single visit. Our focus is on how a plant's
package size affects the absolute number and fraction of its
pollen grains that are deposited on stigmas, whether in flowers
on other plants, in other flowers on the same plant, or in the
same flower. Mechanisms to reduce autogamy and geitonogamy
are described elsewhere in the pollen presentation literature
(e.g, Harder and Thomson, 1989; Harder and Wilson, 1994;
Castellanos et al., 2005; Thomson, 2006; Leme da Cunha and
Aizen, 2023 in this special issue).

We adopted an equation from Harder and Thomson
(1989) (Eq. 1) to represent the number of grains donated to
stigmas, D, from a package containing R pollen grains,
conditional on its removal by a visitor and accounting for
passive loss and grooming, which are governed by the
parameters a and g, respectively (see Table 1 for definitions
of all model parameters):

D = aR¢ (1)

with 0<a < 1 and 0< g < 1. “Passive loss” refers to pollen
that cannot transport gametes due to processes other than
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TABLE 1 Parameter meanings, ranges, and values used.

Parameter Meaning

Range or values

A Total pollen grains produced per flower
R Pollen package size, number of grains released/flower/visit

a Attenuation coefficient for passive loss

10,000; 50,000; and 100,000
100 up to A

0-1 constant at a=0.9

g Attenuation coefficient for grooming/consumptive loss 0-1

y Reward size preference

H Half-saturation constant for removal probability Al2

80
I

Pollen donated (D)
40

20
I

0 2000 4000 6000 8000 10000

Package size (R)

FIGURE 1 Effect of grooming on pollen donation as described by
Eq. 1, taken from Harder and Thomson (1989). From top to bottom, lines
show values of grooming parameter g of 0.5, 0.4, 0.3, 0.2, and 0.1. In all
cases, the passive loss parameter a = 0.9.

grooming and consumption by pollinators, including
pollen that falls from the flower during a visit or from the
pollinator's body in fight (Thomson, 1986; Inouye
et al., 1994). The passive loss parameter a is the amount
of removed pollen that is not passively lost; thus a =0
represents passive loss of all pollen removed during a visit
and passive loss declines to zero as a approaches 1. The
grooming parameter g governs active loss of pollen that is
not lost passively and is inversely related to grooming
intensity such that if g=1, the fraction donated is
independent of the amount removed, but if g<1, the
fraction deposited declines with the amount removed, as
would be expected if the visitor is more likely to groom or to
groom more thoroughly after picking up a larger amount of
pollen (Harder, 1990a; Castellanos et al., 2005; Weinman
et al., 2023 in this special issue). If g < 1, D is an increasing
but decelerating function of R (Figure 1), and therefore the
proportion of grains donated per package, D/R, declines as
R increases. Therefore, the smallest possible packages will

lead to more donation, and all else being equal, a plant
dividing its total pollen production into many packages,
each as small as possible, will be favored.

Harder and Thomson (1989) found that a mean of 14% of
the pollen available in nectar-rewarding Erythronium american-
um flowers was lost passively during manipulation of flowers
by nectar foraging Bombus (B. ternarius and B. terricola)
queens and Apis mellifera workers, while Rademaker et al.
(1997) found that approximately 50% of the pollen removed
during single visits to nectar-rewarding Echium vulgare flowers
failed to adhere to nectar foraging B. terrestris workers. These
values translate to passive loss parameter values of a = 0.86 and
0.5, respectively. Because pollen-rewarding plants often exhibit
some degree of specialized pollen placement on the floral
visitor (Dunn, 1956; Harder, 1990b; Vallejo-Marin et al., 2009),
which should reduce passive loss, we set the passive loss
parameter at a = 0.9 throughout. Actual passive loss values
may be considerably lower (i.e., a > 0.9) in plants that exhibit
very specialized placement or produce adhesive pollenkitt
(e.g., Lupinus spp.), or higher in those with large open and
unspecialized corollas (e.g., Papaver spp.).

Incorporating pollen reward size preference

However, for a pollen package to contribute to a plant's male
success, it must first be removed by a floral visitor. Pollinators
are known to discriminate among flowers based on pollen
reward size (e.g., Cresswell and Robertson, 1994; Rasheed and
Harder, 1997a, b). To account for the effect of pollinator reward
size preferences on pollen removal, we used a modified
Michaelis-Menten equation to represent the probability p that
a package of size R is removed from the flower:

R

"R @

p

The preference parameter y governs pollinators' prefer-
ences for larger rather than smaller packages. The case y = 0
represents visitors that are indifferent with respect to the
size of pollen rewards, and preference for larger packages
increases with y (Figure 2A). For simplicity, we have
assumed that if y > 0, the probably of removal approaches 1
as package size approaches infinity, but one could easily
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FIGURE 2  Effect of pollinator preferences on the probability that a pollen package of size R is removed from a flower by a visitor, according to Eq. 2.
Panel A shows the effect of changing the preference parameter y from 0.1 (solid black) to 5.1 (solid green); here the half-saturation constant H = 5000. Panel
B shows the effect of increasing the half-saturation constant H from 4000 to 10,000 pollen grains in increments of 2000 grains; here y = 1. Panel C shows the
effect of simultaneously changing y and H from (y, H) = (1, 5000) (solid black) to (y, H) = (17, 45000) (dashed cyan) in equal increments.

introduce another parameter to the numerator on the right-
hand side of (2) to represent the asymptotic probability of
removal. As y approaches infinity, the probability of
removal approaches a step function, with no removal below
a threshold package size and complete removal above.
The parameter H is similar to the Michaelis—Menten half-
saturation constant; when visitors show preferences (y > 0),
H is the package size at which the probability of removal
equals 0.5. Increasing H decreases the probability of
removal at all package sizes (Figure 2B). Thus, the effects
of package size on removal are determined by both y and H
(Figure 2C).

Total pollen donation and optimum
package size

The product of (1) and (2) gives f, the total pollen donation
expected per pollen package:

f=pD. 3)

If a plant makes a total of A pollen grains and divides
them into packages of size R, then the number of packages 1
is

n=—. (4)

Thus, the total expected pollen donation per plant F is
the product of the number of packages (1) and the total
pollen donation expected per pollen package (f)

_ pDA

n (5)

F=nf

The optimal package size R is the one that maximizes F.
In Appendix S1, we show that the optimum package size
predicted by (5) is

17y
E:[L—l] H. (6)
1-g

Three conclusions are immediately apparent from Eq. 6.
First, if y, g, and H are stand-alone parameters (i.e., not
functions of other parameters in the model), then because
passive pollen loss (governed by the parameter a) and total
pollen production (A) do not appear in Eq. 6, they do not
influence the optimal package size (but below, we will relax
the assumption that y and H are stand-alone parameters).
Second, it is easy to see that if y<1-g, then R <0 (see
Appendix S2). Of course, zero or negative package sizes are
impossible, but what this condition says is that if pollinator
preference is weak (i.e., y is closer to zero) relative to the
intensity of grooming (i.e., 1-g is closer to 1), then the
optimum is for the plant to make packages as small as
possible. However, if y>1-g, then plants should make
packages larger than the minimum size, even though a
greater proportion of pollen will be lost to grooming, simply
because too many smaller packages would never be
removed. Third, we see from Eq. 6 that R increases linearly
with H, the half-saturation constant of the pollinator
preference function. Because the probability of removal
declines for all package sizes as H increases (Figure 2B),
higher H means that plants must make larger packages to
ensure a reasonable probability of removal.

The relationship between optimal package size and
parameter y is nonlinear (Figure 3A). As noted above, R is
effectively a single pollen grain when y is small. As y
increases, initially increases to a maximum value and then
declines. As y increases to very large values, the exponent
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FIGURE 3  Optimal package size R given by Eq. 6. Panel A shows R for different values of the preference parameter y with g = 0.5. Panel B shows R for
different values of the grooming parameter g with y = 1. In both panels, H = 5000.

1/y in the first term on the right-hand side of Eq. 6
approaches zero, so the first term goes to 1, and therefore,
the asymptotic optimal package size as y goes to infinity
is H. The reason that R initially increases with y is
straightforward; as pollinators discriminate more against
small packages in favor of larger ones (Figure 2A), plants
must make larger packages to ensure pollen removal.
However, as y becomes very large, the probability of
removal begins to plateau for package sizes above
H (Figure 2A), and therefore there is little advantage in
producing very large packages that are only slightly more
likely to be removed but face high losses to grooming,
causing R to decline. As the probability of removal
approaches a step function as y approaches infinity, all
packages above H in size have removal probability 1 (and all
packages below H are not removed); hence, the best package
size is H, which ensures removal but minimizes grooming
losses. For a given value of the preference parameter y,
optimal package size increases as grooming intensity
decreases (i.e., as g approaches 1; Figure 3B). In other
words, once the grooming constraint is relaxed, larger
packages are favored to increase removal.

Does increased pollen production increase
pollen donation in pollen-rewarding plants?

Was Darwin correct that plants can increase pollen
donation by producing more pollen? The simplest

possibility is that pollinators' package size preferences and
grooming behaviors remain fixed as pollen production
increases. If Eqs. 1 and 2 are independent of pollen
production A, then Eq. 5 predicts that total pollen donation
will increase linearly with pollen production, or equiva-
lently, that the fraction of pollen that is delivered to
stigmas, F/A = pD/R, will be constant as pollen production
increases. Under this scenario, greater pollen production
does increase total pollen donation despite pollen consump-
tion, as Darwin predicted, and the value of the additional
pollen produced does not decline as more and more pollen
is produced.

However, there are good reasons to expect that pollen
removal may not always be independent of total pollen
production. At least two possibilities come to mind, both
related to the fact that if all plants in a population make
more pollen, the pollen standing crop should increase. First,
if pollen availability increases across the plant population,
but if pollinator abundance is limited by other factors
such as nest site availability, predation, or disease or by
availability of resources (e.g., nectar or pollen) in other plant
species at critical times in the year, then the ratio of
pollinators to available pollen might decrease as per-capita
pollen production increases. Thus, greater pollen produc-
tion might lead to a decrease in the probability that a
package will be removed at all package sizes. The second
possibility is that as pollen becomes more available
population-wide, pollen-collecting pollinators might come
to prefer larger packages even more. Looked at another way,
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when pollen is scarce, pollinators may be forced to take
some smaller packages to meet their pollen needs, but as
pollen availability increases, it may be more efficient
for pollinators to learn which plants are presenting
larger packages and concentrate their foraging only on
those plants. In the following sections, we explore how these
two possibilities influence whether greater pollen produc-
tion increases pollen donation.

Scenario I: Consequences of feedbacks between
pollen abundance and pollen removal

The simplest way to introduce a reduction in pollen removal
as pollen production increases is to make the half-saturation
constant H in our simple model an increasing function of A.
Because increasing H decreases the probability of removal for
packages of all sizes (Figure 2B), making H a simple linear
function of A (i.e., H = A/2) achieves the desired reduction in
removal probability as A increases. To isolate the effect of
increasing A, we assess donation for plants making the
optimal package size at each level of A (the optimal size is
given by Eq. 6 with H=A/2). In this and the subsequent
scenarios, we vary pollen production from 10,000 to 100,000
pollen grains, which spans the range of per-flower pollen
production in three strictly pollen rewarding plant species,
Lupinus sericeus (Harder, 1990b), Desmodium uncinatum
(Etcheverry et al,, 2012), and Solanum chimborazense (Mione
and Anderson, 1992), but the results we present hold for
larger amounts of pollen produced per plant.

Not surprisingly, when removal declines with pollen
abundance, plants need to make larger packages to have
them removed (Figure 4A; note that for the parameter
values used in Figure 4A, the optimal package size equals A,
so the best option is to produce a single large package). Also
unsurprisingly, when plants must make larger and larger
packages to achieve removal, grooming losses increase, total
pollen donation increases but less steeply than does pollen
production (compare x- and y-axis scales in Figure 4B), and
the fraction of all pollen that is donated declines with A
(Figure 4C). Thus, reduced removal as pollen production
increases impedes plants' ability to increase donation by
increasing production, and plants face diminishing returns
as they produce more and more pollen.

Scenario II: Simple adaptive pollinator
preferences

To mimic pollinators that adapt their package size preferences
to the level of pollen availability in the plant population, the
simplest modification to the model is to make the parameter y
a linearly increasing function of per-capita pollen production
A (again treating H as a constant as in our original model,
and again tracking donation for plants making the optimal
package size at each level of A). With this change, pollinators'
preferences for larger packages, and discrimination against

smaller packages, increases as the pollen standing crop
increases (see Figure 2A). Because the optimal package size
is a nonlinear function of y (Figure 3A), optimal package size
can increase, decrease, or remain constant with increasing
A (and thus y) over different ranges of A. In the scenario
illustrated in Figure 4B, E, and H, optimal package size equals
A when A is small (<20,000), i.e., the largest possible packages
are favored (Figure 4B), and as package size increases,
grooming losses increase and the fraction of pollen donated
declines (Figure 4H), as in Scenario I. However, once y
becomes sufficiently large that optimal package size begins to
decrease (Figure 4B; compare to Figure 3A) as packages larger
than H are converging in attractiveness, grooming losses
decrease, and fractional pollen donation now increases
(Figure 4H). Eventually, as A continues to increase, fractional
donation will asymptote as the optimal package size converges
on H (see Figure 3A). Thus, in this model, increasing pollen
production can decrease, increase, or have no effect on
pollen donation, depending on the range of pollen production
being considered, a more complex situation than Darwin
envisioned.

Scenario III: Pollinators prefer increasingly larger
packages as pollen production increases

One perhaps unrealistic consequence of the assumption
that only the preference parameter y increases as pollen
production A increases is that pollinators increasingly act as
though they care only about whether a package is above a
threshold size (H), refusing all smaller packages and making no
distinctions on the basis of size for packages above the
threshold. Thus, to mimic increasingly picky pollinators, in
Scenario III we make both the preference parameter y and the
half-saturation constant H linearly increasing functions of
pollen production A (compare to Figure 2C). The result is that
pollinators increasingly favor larger and larger packages as
pollen production increases (Figure 4C). Plants can no longer
avoid high grooming losses if they are to have their pollen
removed by pollinators, total pollen delivery increases less
steeply than pollen production (Figure 4F), and the fraction of
pollen donated declines as A increases (Figure 4I). Thus, as in
Scenario I, under Scenario III plants again face diminishing
returns as they increase pollen production, not because packages
of all sizes suffer reduced removal but because increasingly
pollinators are interested only in the largest packages. However,
depending on the parameter values in the two scenarios, the
diminishing returns in Scenario III may be less steep than in
Scenario I (compare Figure 4F and H).

DISCUSSION

The fundamental message that emerges from our simple
model and the scenarios we explored here is that multiple
constraints on male success must be considered when
we try to understand the reward sizes presented by
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FIGURE 4  Effects of increasing total pollen production by a plant (A) on the optimal package size R (panels A-C), total pollen donation (panels D-F), and
the fraction of pollen that is donated to stigmas (panels G-I), according to three scenarios (described in the text) for how floral visitation and pollinator
preferences change in response to increasing pollen availability. Pollen donation is shown for the optimal pollen package size at each level of total pollen
production A. The left column of panels corresponds to Scenario I in which the pollen preference parameter y in Eq. 2 increases linearly with pollen production
A (according to the function y =1 +0.0002 X (A - 10000)); see Figure 2A; here H = 5000). The middle column of panels corresponds to Scenario II in which the
half-saturation constant H increases linearly with pollen production A (according to the function H = A/2; see Figure 2B; here y = 1). The right column of panels
corresponds to Scenario III in which both the preference parameter y and the half-saturation constant H increase linearly with pollen production A (following
the linear equations just given; see Figure 2C). A baseline of y =1, H = 5000 at pollen production A =10000 applies to all panels, to make the scenarios
comparable. In all scenarios, pollen packages were not allowed to be larger than a plant's total pollen production. Other parameter values: a =0.9, g =0.8.

pollen-rewarding plants. Specifically, when only grooming
losses are considered, presenting the smallest possible
packages will yield the highest pollen donation, but when
pollinator preferences are also considered, plants may need to

make packages that are larger to ensure removal and
maximize donation even though doing so increases grooming
losses, simply because a different loss (pollen that is never
removed) is even more severe for smaller packages.
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CONSTRAINTS ON POLLEN-REWARDING PLANTS

Our simple model and its modifications also shed light
on Darwin's conjecture that pollen-rewarding plants should
be selected to increase pollen production despite consump-
tion of pollen by visitors, a problem that is particularly
acute for strictly pollen-rewarding plants. The answer to the
question of whether Darwin was correct seems to be: It
depends. In particular, whether the fraction of pollen that is
donated to stigmas should remain constant or increase
as pollen production increases depends on the details of
whether and how floral visitation rate (and thus overall
probability of pollen removal) and pollinator preferences
(and thus differential removal of packages of different sizes)
change as pollen production increases (see Figure 4). Note
that in all three scenarios in Figure 4, total pollen donation
does increase as pollen production per plant increases (see
Figure 4D-F). Thus, if Darwin intended to say that greater
pollen production would increase total donation, then he
appears to have been generally correct. However, we have
focused here on the fraction of pollen donated, which we
believe better indicates the marginal value to a plant of
producing additional pollen. In two of our three scenarios (I
and III), the marginal value declines as production increases
(because of declining removal overall in Scenario I and ever-
increasing preferences for larger and larger packages in
Scenario III). Furthermore, one could argue that Scenarios I
and III are perhaps more realistic than Scenario II, which
assumes pollinators' choices become binary (i.e., accepting
any package above a threshold size) at high pollen
production levels. When the fraction of pollen donated
declines with increasing production, one must ask: Rather
than producing more pollen at diminishing returns, would
the plant be better off investing those resources in other
fitness components, such as female success in hermaphro-
ditic plants (i.e., producing more ovules, or increasing the
seed to ovule ratio) or survival and growth in perennial
plants? Perhaps those strictly pollen-rewarding plants that
produce more pollen than their nectar- and pollen-
rewarding relatives (Simpson and Neff, 1983; Golubov
et al., 1999; Etcheverry et al., 2012) have reached the point
where any additional increase in pollen production would
come at too great a cost in terms of other fitness
components. This speculation cannot be answered without
knowing the relative costs of pollen and other fitness
components, as well as how pollinator visitation rate and
reward size preferences respond to increasing pollen
availability. One step in this direction would be a multi-
family comparative analysis of pollen production, package
size, and reward strategy which would facilitate hypothesis
testing regarding the evolution of the pollen reward
strategy. We are not aware that such an analysis has been
performed.

Indeed, our model also highlights how much remains to
be understood about how visitors respond to variation in
pollen rewards. The preference function we have used
(Figure 2) could in principle be fitted to data on floral
visitation and package removal rates measured in field
arrays of plants from genotypes that vary in package size.

Ideally, such an experiment should also vary total pollen
availability, e.g., by increasing the number of flowers or the
density of plants in the array. While such an experiment
would face logistical challenges, it is tractable, but we are
not aware that such an experiment has been performed.

While our model considers the conflicting constraints of
pollen grooming and pollinator preferences, it neglects at
least two other constraints that could shape optimal package
size and that could form the basis for future extensions of
the model. First, we assumed there is no limit to the size of a
package pollinators can remove (cf. Figure 4A, C). In
practice, pollinator body mass or the size of the regions on
pollinators' bodies where they carry pollen may limit the
size of the package they can carry. If so, pollinators might
discriminate not only against packages that are too small
but also those that are too large, or only partially remove
packages above a given size. In this case, a unimodal
preference function might be more appropriate than Eq. 2.
All else being equal, a unimodal preference function should
favor packages that are smaller, but perhaps not as small as
possible. Second, we ignore how constraints on pollen
package size in pollen-rewarding species might be influ-
enced by other species in the community that present other
rewards. For example, Tong et al. (2018) have argued that
differentiation between nectar- and pollen-rewarding strat-
egies in pairs of co-occurring Pedicularis species may
facilitate their co-existence. If the presence of heterospecifics
presenting rich nectar rewards causes pollinators to depend
more on pollen-rewarding species for their pollen needs,
pollinators might be willing to accept smaller packages, as
long as they are larger than the packages presented by their
nectar rewarding neighbors, and of comparable nutritional
quality. Indeed, pollen quality (e.g., protein-lipid-starch
ratio) represents another axis (besides package size) that
could influence the preferences of pollen-collecting visitors,
and that could be incorporated into next-generation
models.

While we have presented our model as representing a
pollen-rewarding plant, our results also apply to plants that
present both pollen and nectar, so long as the pollen is
viewed as a reward by at least some visitors (whose
grooming behaviors and pollen preferences then become
relevant). We expect that the main differences between these
two reward strategies are not qualitative but rather
quantitative differences in visitors' grooming intensity and
strength of pollen preferences. Bees constitute perhaps the
most important pollen-foraging pollinators in most terres-
trial plant communities (Michener, 2000; Thorp, 2000;
Heinrich, 2004; Willmer, 2011) due to their dependence on
pollen as a protein and lipid source (Simpson and
Neff, 1983) coupled with their abundance, wide occurrence,
morphological and behavioral characteristics, and high
foraging efficiency. Bees are known to discriminate on the
basis of both reward size and quality when pollen-foraging
(Buchmann and Cane, 1989; Harder, 1990a; Muth
et al., 2016; Rasheed and Harder, 1997a; Ruedenauer
et al., 2015), and the economics of pollen foraging with
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respect to reward assessment may mirror that of nectar
foragers (Rasheed and Harder, 1997a, 1997b). Even when
foraging for nectar, bees efficiently remove pollen from
their bodies (Thomson and Plowright, 1980;
Thomson, 1986; Harder and Thomson, 1989). Grooming
efficiency should be at least as high when bees are pollen-
foraging. Indeed, there is empirical evidence to suggest
that grooming rates are particularly high during pollen
foraging (Buchmann and Cane, 1989) and increase with
pollen reward size (Harder, 1990a). Thus, when compar-
ing pollen-rewarding to pollen- and nectar-rewarding
plants, we expect the former will face both more intense
grooming and stronger pollen preferences. But these
differences are easily incorporated in our model simply by
changing the values of the parameters g and y (or both y
and H), respectively.

Many plant species have long maintained or secondarily
derived a strictly pollen-rewarding strategy, with strictly
pollen-rewarding genera, subgenera, and species scattered
throughout lineages containing many nectar-rewarding taxa
(e.g., many Fabaceae, Etcheverry et al., 2012; Papaver spp.,
Simpson and Neft, 1983; some Pedicularis spp., Macior,
1970; Solanum spp., Kessler and Halitschke, 2009). Thus,
many plants have been able to successfully navigate over
evolutionary time the conflicting constraints on pollen
rewards that we have highlighted here.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. Derivation of an expression for the optimal
package size using the simple grooming/preference model
in the main text.

Appendix S2. Regions of the parameter space defined by the
grooming and preference parameters in which the optimal
package size R is as small as possible (R <0) or larger than
the smallest possible size (R > 0). Note that low values of the
grooming parameter correspond to high levels of grooming.
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