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In a theoretical analysis of gender allocation in hermaphroditic plants, Lloyd
concluded that ‘‘intrasexual selection to increase the proficiency of pollen dona-
tion, particularly the number of visitors that can remove pollen from a flower, is
the major selective force guiding floral evolution’ (1984, p. 300, emphasis in the
original; see also Willson and Price 1977; Udovic 1981; Charnov 1982; Sutherland
and Delph 1984; Bell 1985; Stanton et al. 1986). Selection for improved paternal
fitness could result in a variety of evolutionary responses because changes in
pollen removal, transport, and/or deposition on stigmas could all improve pollen
donation. One such response might be to produce more pollen, which should
generally result in a plant siring more seeds. However, if the resources devoted
to reproduction are limited, this increased allocation of resources to male function
could occur at the expense of female function (Charnov 1979; Charlesworth and
Charlesworth 1981; Lloyd 1984). Alternatively, a plant’s success as a father could
depend on its temporal deployment of pollen (Thomson and Barrett 1981; Lloyd
and Yates 1982), because some allocations of pollen among pollinators may
reduce the uncertainty of successful pollen transport, thereby promoting pollen
dispersal to stigmas.

Plants can distribute pollen among pollinators by either packaging or dispensing
mechanisms (Lloyd and Yates 1982). Packaging is the division of a plant’s total
pollen production into separate units (packages), which sequentially become

"available to pollinators. For example, any plant that staggers either anthesis
within an inflorescence or anther dehiscence within a flower is engaged in packag-
ing (for a survey, see Percival 1955). In contrast, dispensing mechanisms restrict
the amount of available pollen that a pollinator removes from a package during a
single flower visit (see Lloyd and Yates 1982; Brantjes 1983). For example, in the
Campanulaceae, anthers shed pollen onto the outer surface of the style, where it is
held in place by retractable hairs: retraction proceeds gradually along the style,
thereby restricting pollen removal by individual pollinators (Lloyd and Yates
1982). Packaging and dispensing are not exclusive and may operate simulta-
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neously as in Lupinus (Dunn 1956) and Lobelia (Devlin and Stephenson 1985),
both of which have acropetal inflorescences and control removal of pollen from
individual flowers.

In this paper, we ask what patterns of pollen packaging and dispensing max-
imize the number of pollen grains reaching the stigmas of other plants. The
mechanics of pollen removal and transport by a pollinator determine the func-
tional relation between pollen removal and deposition that governs pollen dis-
persal. We therefore begin our analysis by describing pollen transport for two lily
species (Erythronium americanum Ker and E. grandiflorum Pursh). On the basis
of these results, we then develop a general model of pollen transport to determine
the most effective means of packaging and dispensing pollen. To consider some of"
the ecological influences on maximizing pollen dispersal, our models incorporate
different patterns of pollen removal during a series of flower visits and limited
pollinator availability. Finally, we interpret the function of a variety of floral
characters with respect to their potential role in maximizing pollen dispersal.

METHODS

Pollen Removal

Measuring pollen removal during a flower visit requires an estimate of the
amount of pollen available before the visit. To estimate pollen availability we
employed one of two statistical descriptions of pollen production. Erythronium
flowers produce six large anthers in two whorls. The anthers in each whorl
dehisce relatively synchronously, but the outer whorl generally dehisces 1 day
before the inner whorl. Pollen production by a flower’s inner anthers is highly
correlated with production by its outer anthers (E. americanum, log-transformed
data, r = 0.947, N = 48, p < 0.001; Harder et al. 1985). In addition, an individual
anther’s pollen production is highly correlated with the anther’s length before
dehiscence (E. grandiflorum, log-transformed data, r = 0.902, N = 40, p <
0.001). The second relation enables the use of flowers with some or all anthers
fully dehisced (E. grandiflorum experiments), whereas the use of the first relation
requires that only the outer three anthers can be dehisced (E. americanum
experiments).

To measure pollen removal, we allowed a bee to visit a fresh flower with three
or six fully dehisced anthers. After the visit, dehisced anthers were collected and
preserved in 70% ethanol until the remaining pollen could be counted with a
Coulter Counter® (model TAII; for further details, see Harder et al. 1985). We
then estimated the amount of pollen removed by the bee by subtracting the count
of the pollen left by the bee from the flower’s predicted pollen availability. The
length of each bee visit was timed with a stopwatch to the nearest 0.1 s.

We also measured the number of pollen grains falling beneath an E. ameri-
canum flower during a bee visit. These experiments were conducted in a small
screen cage (30 cm X 30 cm X 30 c¢cm), and individual flowers were held over a
clean sheet of paper during the bee visit. After the visit, pollen was scraped from
the paper with a glass microscope slide and then washed from the slide into a vial
until it could be counted under a microscope.
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Pollen Deposition

Our procedures for measuring pollen deposition, which employed the natural
pollen dichromism found in E. grandiflorum, are described fully elsewhere
(Thomson and Plowright 1980; Thomson 1986; Thomson et al. 1986; Thomson and
Thomson, in press). Briefly, we brought flowers with red pollen into large flower-
ing stands that included only flowers with yellow pollen near Kebler Pass, Col-
orado. A chilled bumble bee queen (Bombus occidentalis) was then allowed to
warm up and begin feeding on a bouquet of yellow-pollen flowers. Once she could
fly, the bee was induced to visit the red-pollen donor with three or six dehisced
anthers. After following the bee at a distance and marking the next 20-40 flowers
visited, we collected the stigmas of recipient flowers. These stigmas were then
examined microscopically to count the number of red pollen grains, all of which
must have been brought there from the donor by the observed bee. Although E.
grandiflorum is self-compatible, we considered only grains exported to other
flowers in determining the total pollen deposition realized by a donor flower. For
each donor flower, we also measured pollen removal as described above, to
establish the relation between removal and total deposition. Essentially all pollen
deposition from a particular donor occurs during the next 20 flower visits (Thom-
son et al. 1986).

RESULTS

Pollen Removal and Deposition for ‘Erythronium’

Nectar-collecting queen bumble bees (Bombus ternarius and B. terricola) and
worker honey bees (Apis mellifera) removed up to 87.9% of the pollen available
on dehisced anthers of Erythronium americanum during a single flower visit (fig.
1). The number of pollen grains removed (R) depended on the number available
(Ap) and the amount of time the bee spent on the flower (L); thus,

R = 07712441 — e~ %%
(r? = 0.819, p < 0.001) or, alternatively,
’ P =0772(1 — 000,

where P is the proportion of available pollen removed. For these flowers, the
estimated average (*= SD) pollen availability was 41,500 = 13,410 grains. Bees
removed pollen quite rapidly during short visits (and presumably during the
beginning of longer visits), but their overall removal rate declined with increasing
visit duration as the proportion removed approached an average asymptote of
0.772. The bee species did not differ in their pollen-removal efficiency.

On the average (= SD), 14.0% = 8.31% of the pollen removed from a flower fell
to the ground and was not carried away by the bee. As with pollen removal, the
amount of fallen pollen (F) increased with the duration of the flower visit (fig. 2;
F = 426.7 T%%% 12 = 0.616, N = 29, p < 0.001). However, multiple-regression
results indicate that the amount of pollen removed did not explain a significant
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FiGg. 1.—The proportion of available pollen removed from Erythronium americanum flow-
ers in relation to the length of the visit by the pollinator: solid symbols, bumble bee queens;
open symbols, honey bee workers.
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F1G. 2.—Amount of pollen falling beneath Erythronium americanum flowers during a bee
visit in relation to the length of the visit.
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FiG. 3.—The relation between the pollen removal from 25 donor Erythronium grandiflorum
flowers and subsequent deposition on stigmas of the next 20 recipient flowers visited by
Bombus occidentalis queens. a, The number of grains deposited; b, the percentage of
removed pollen deposited. To facilitate presentation, the residuals around the complete
multiple-regression equation have been plotted as though each donor flower received the
average 158 self grains. b, The prediction line is based on the regression statistics estimated
from the data in a.

portion of the remaining variation in the amount of fallen pollen once the effect of
the duration of the visit had been removed (p > 0.5).

Bees visiting E. grandiflorum deposited an average of only 0.6% of the pollen
that they removed from a particular donor flower on stigmas of the next 20
recipient flowers (fig. 3). The number of pollen grains deposited on stigmas of
recipient flowers (D) varied with the number of grains removed from the donor (R)
and the number of grains deposited on the donating flower’s stigma (S, for self
pollen),

lj — R0.329 SO.403 (1)

(fig. 3a; coefficient of determination R*> = 0.612 for log-transformed data, N =
25, p < 0.001). The relation between self- and outcrossed-pollen deposition
suggests that when pollen was deposited on the bee’s body so as to result in
considerable self-pollination, it was also more favorably located for deposition on
the stigmas of subsequently visited flowers. Because the partial-regression
coefficient associated with the amount of pollen removed is significantly less than
1(sp, = 0.045, ¢t = 14.98, p < 0.001), pollen deposition is a decelerating function of
removal.

Maximizing Pollen Deposition with Unlimited Pollinators

Having determined that pollen dispersal by a single pollinator is an increasing,
but decelerating, function of pollen removal (fig. 3; eq. 1), we can begin to model a
plant’s total pollen dispersal. We assume that pollen is always deposited on a
similar location on the pollinators’ bodies, so that equation (1) can be general-
ized to

D = aR®. 2
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In this equation, the constants a and g reflect the loss of the pollen leaving a donor
plant during its dispersal to recipient flowers, and we refer to them collectively as
the attenuation coefficients. This attenuation results from passive loss, such as
pollen falling beneath the flower during removal (fig. 2), and active loss resulting
from pollinator grooming.

In addition to the relation between pollen removal and deposition by a single
pollinator (eq. 2), total pollen dispersal from a particular plant depends on the
number of pollen-removing visits and on the amount of pollen each pollinator
removes. In modeling pollen dispersal, we initially assume unlimited pollinator
availability before considering two more-realistic conditions: a limited, but fixed,
number of visits; and an uncertain number of visits with a specified mean. During
the course of these visits, successive pollinators could remove pollen in various
patterns. Our models contrast two possible removal patterns: the situation in
which each pollinator removes the same number of pollen grains during a flower
visit (numerical removal); and removal of a fixed proportion of available pollen
(proportional removal). These patterns do not exhaust the range of alternatives,
but incorporating them in the models illustrates that the removal pattern can
influence the particular packaging and dispensing strategies needed to maximize
pollen dispersal.

Numerical removal.—Consider a single pollen package that initially contains
Ay pollen grains. If each pollinator removes R pollen grains, then the maximum
number of visits (V) during which pollen can be removed from that package is

V = Ao/R ©))

(fig. 4a, dotted curve). Total deposition (T') of pollen removed by all pollinators is
given by the product of equations (2) and (3),

T = aR®"'A,. 4)

Total deposition declines with increasing pollen removal (fig. 4b, dotted curve),
because when g is less than 1, as it is for Erythronium (fig. 3a), the proportion of
removed pollen that an individual pollinator deposits on stigmas (aR*~') declines
as the number of grains removed increases (fig. 3b). Consequently, when pol-
linators are unlimited, a plant would maximize its total dispersal of pollen to
stigmas if each animal removed only a single pollen grain.

Proportional removal.—When each pollen vector removes the same proportion
(P) of the available pollen, pollen availability (A,) after v visits is

Ay, = Ao (1 = P),
where A is the pollen availability before any pollinator visits. Because this
function has an asymptote of zero, it is necessary to define an ‘‘empty’’ flower as

one containing some small number of pollen grains. It follows that the number of
visits required to empty a flower of all but Ay pollen grains is

V = (logAy — logAy)/log(1 — P),

which is a declining function of P (fig. 4c, dotted curve). The number of pollen
grains removed during the vth visit is

R = A1 — PV 'P. )
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FiG. 4.—Dependence of the maximum number of pollen-removing visits to a pollen-
donating donor plant (a, ¢) and the total number of grains deposited on recipient stigmas by all
pollen-removing visitors (b, d) on the intensity of numerical (¢, b) and proportional (¢, d)
pollen removal. Solid lines, The effect of a maximum of 10 visits; dashed lines, a maximum of
25 visits; dotted lines, unlimited pollinator availability. A, = 50,000 grains, a = 7.7, g = 0.33.
A flower was considered ‘‘empty’’ when only 10 pollen grains remained.

Combining equations (2) and (5) gives the expected number of pollen grains
deposited as a result of the vth pollen-removing visit,

D = alA((1 — P)'"'PJ*.

Summing the deposition resulting from V visits gives the total number of grains

deposited for a given level of proportional removal:
\4

T =) alA(l — P)'"'PF,

v=1
a finite geometric series that simplifies to
T = a(AoP)[1 — (1 — PP¥Y]/[1 — (1 = P)*]. (6)

As with numerical removal, total deposition is a steadily declining function of the
proportion of pollen removed when pollinators are unlimited, as long as g < 1 (fig.
4d, dotted line). Again, total pollen deposition is maximized by restricting the
amount of pollen removed by each pollinator as much as possible.

Dispensing Strategies Given Limited Pollinator Availability

Numerical removal.—Because pollen vastly outnumbers pollinators, the ex-
treme limitation of pollen removal suggested by equation (4) is unrealistic, even if
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it were physically possible. In fact, individual flowers frequently receive few
pollinator visits (Feinsinger 1978; Augspurger 1980; Paton and Ford 1983; Motten
1986; Sih and Baltus 1987). To examine the impact of different dispensing strate-
gies on pollen dispersal when pollinator availability is limited, assume that a single
pollen package receives a fixed number of pollinator visits (V). As long as all of
these visits do not remove the available pollen (VLR < A,), total pollen deposi-
tion,

T = aR®VyL, @)

increases with increasing removal (fig. 4a, dashed and solid lines). When each
pollinator removes enough pollen (R*) that the V; visits are just sufficient to-
remove all of the available pollen, total pollen deposition is maximized and
equation (4) equals equation (7) (fig. 4b, dashed and solid lines), so that

R* = A()/VL . (8)

Hence, the amount of pollen removed per pollinator that maximizes total deposi-
tion by all pollinators depends only on the initial pollen availability and the fixed
number of pollinator visits. This deposition-maximizing pollen removal is not
affected by the rate of pollen loss during dispersal, because coefficients a and g do
not appear in equation (8). In contrast, the rate of pollen loss does influence the
maximum possible pollen deposition (7*) for a fixed number of pollinator visits,

T* = aAfvi e, ©)

which is found by substituting R* from equation (8) into equation (7). A decrease
in pollinator availability increases the level of pollen removal required to max-
imize total deposition, but the number of pollen grains reaching stigmas declines
(fig. 4b, dashed and solid lines).

Proportional removal.—With proportional removal, as with numerical re-
moval, the maximum number of pollen-removing visits equals the number of
available pollinators (V1), as long as each visitor removes a sufficiently small
proportion (P) of pollen that the V7 visits do not empty the anthers (fig. 4c, dashed
and solid lines). For proportional removal, however, total pollen deposition (eq. 6)
does not increase monotonically with removal for a fixed number of visits. Setting
the first derivative of equation (6) with respect to P equal to zero and solving for P
gives the proportional pollen removal that maximizes total pollen deposition (P*):

PEVi[1 — (1 — P*)%]

(10)
—[1 = P* — (1 — Pl — (1 — P¥)~¢"1] = 0.

Although this equation does not have a direct solution, only the fixed number of
visits (V) and the attenuation coefficient g should influence P*. Hence, optimal
proportional removal differs from optimal numerical removal by depending on the
rate of pollen loss but not on original pollen availability (4y; see eq. 8). Because
total pollen deposition (eq. 6) does not increase monotonically with P, it can be
maximized even though pollen remains undispersed (approximately 10% of total
production for the cases illustrated in fig. 4d).
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FiG. 5.—The relation between the number of pollen packages and total pollen deposition
for numerical removal. a, The effect of different levels of potential removal during each of 25
flower visits (V, = 25; solid line, R = 4000 grains; dashed line, R = 10,000 grains; dotted line,
R = 30,000 grains); b, the dependence of pollen deposition on the number of available
pollinators (R = 50,000 grains). For both panels, total pollen production (A4,) is 120,000
grains, a = 7.7, and g = 0.33.

Packaging Strategies Given Limited Pollinator Availability

. Numerical removal.—Consider now the effect on total pollen dispersal of
breaking a plant’s total pollen production (A,) into n packages. We assume that
only the A grains (Ag = A/n) from a single package are available at any time and
that equation (7) describes the dependence of pollen deposition on pollen removal
and pollinator availability. During a plant’s flowering period, it receives V, flower
visits, which are regularly distributed in time; each package therefore receives Vi,
= V,/n visits, on the average. In considering packaging alternatives, we further
assume either that each pollinator removes R grains if they are available or that
the package is emptied if fewer than R grains remain.

Pollen availability (4,) and the amount of pollen each pollinator can remove (R)
interact to determine three possible relations between total pollen deposition (7})
and the number of packages (fig. Sa). First, when a single visit does not empty a
package (Ao > R) and there are too few pollinators to empty a package during
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its life (VLR < Ay), the number of packages does not affect total deposition from
all packages:

T, = naR®V; = aR®V,

(fig. Sa, horizontal portions of all curves). Second, when each visit empties a
package (A9 = R) and there are more pollinators than packages (V; > n), total
deposition,

T, = naAs = aAgn'~%, (1)

increases with the number of packages, because increased packaging restricts
pollen removal by each pollinator and increases the number of pollinators mov-
ing pollen (fig. Sa, ascending portions of dashed and dotted curves). Finally, total
pollen deposition,

T, = aA§V, = aAfV/n?, (12)

declines as the number of packages increases when each visit empties a package
(Ap < R) and there are more packages than pollinators (V; < n), because pollen
in unvisited packages remains undispersed (fig. 5a, descending portions of all
curves).

These different relations between total pollen deposition and the number of
pollen packages produce two different expectations for the degree of packaging
required to maximize pollen dispersal. When a plant receives too few visits to
remove all of the pollen produced, regardless of the number of packages (RV, <
A.), no single number of packages maximizes total deposition of pollen on stigmas
(fig. Sa, solid line). Because the total cost to the plant of packaging pollen
probably increases with the number of packages, producing a single package
would be the most efficient deployment. In contrast, when all pollinators can
remove a plant’s total pollen production (RV, > A,), total deposition is maximized
when the number of packages equals the total number of available pollinators,

n* =V, (13)

(fig. Sa, dashed and dotted lines; fig. 5b), a result that is independent of the
amount of pollen removed, the rate of pollen loss, and total pollen production.
Substituting #»* into equation (11) provides the maximum possible pollen deposi-
tion (T7),

T¢ = aAfV{~¢,

which is identical to the maximum pollen deposition for dispensing with numerical
removal (eq. 9). This identity obtains because packaging restricts actual pollen
removal by each pollinator to Ay/Vy grains, which is the optimal level (R*; eq. 8)
for dispensing.

Proportional removal.—Pollen dispersal from n packages following V, visits
during which pollinators remove a fixed proportion (P) of the pollen remaining in
each package can be found by altering equation (6). When visits (V) outnumber
packages (n), deposition from an individual package (T) is

T = a(APP[1 — (1 = PV/n*[1 — (1 — P)*1; (14)
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and total deposition from all packages (7}) is given by
T, = n'"%a(AP)P[1 — (1 — PEV/[1 — (1 — Py, (15)

which reduces to equation (11) when P = 1 (Vi, = V,/n). When there are fewer
packages than pollinators, each visited package receives a single visit if visits are
regularly distributed (V. = 1 for visited packages). For visited packages, equation
(14) then simplifies to

T = a(ALP)4/n?,
and equation (15) becomes
Tt = Vta(AtP)g/ng 5 (16)

which reduces to equation (12) when P = 1. Because the function described by
equation (16) declines monotonically with increasing n, total pollen deposition
must be maximized with respect to » when pollinators outnumber pollen pack-
ages. Setting the first derivative of equation (15) equal to zero gives

In[1 — gVin(1 — P)/n*(1 — )] + gVidn(1 — P)/n* = 0. a7

Although this equation has no direct solution, the optimal number of packages
(n*) depends only on the proportion of pollen removed by each pollinator (P; fig.
6a), the total number of pollinator visits (V; fig. 6b), and the attenuation
coefficient g.

Variation in Pollinator Availability

To this point, we have treated pollinator availability for a given situation as a
constant. In contrast, plants experience variable numbers of pollinator visits (see,
e.g., Schemske et al. 1978; Willson and Bertin 1979; Sih and Baltus 1987; Kato
1988). The effect of this variation on dispensing and packaging can be examined
by treating the number of visits that a package receives as a random variable. For
example, for dispensing with numerical removal, optimal removal is found by
modifying equation (8) to

ER = A, >, q.(IW), (18)
v=0
and equation (9) to
E(T*) = aAf > qw' %, (19
v=0

where E( ) is the expected value (mean) of the quantity in parentheses, and g, is
the proportion of plants receiving v visits. We consider only the effect of uncertain
pollinator visits on optimal dispensing, because the general conclusions for pack-
aging and dispensing are similar.

Two alternatives exist for the likelihood that a particular plant will be visited: all
plants have an equal probability of visitation; or some plants are more likely to
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Fic. 6.—The relation between the number of pollen packages and total pollen deposition
for proportional removal. a, The effect of different levels of removal during each of 25 flower
visits (V, = 25); b, the dependence of pollen deposition on the number of available pollinators
(P = 0.5). For both panels, total pollen production (A,) is 120,000 grains, a = 7.7,and g =
0.33.

be visited than others. These alternatives can be respectively represented by
Poisson and negative-binomial distributions for g,. Because the solutions to
equations (18) and (19) (numerical removal) and the stochastic form of equation (6)
(proportional removal) are analytically complex for these distributions, we have
solved these equations numerically.

Figure 7 contrasts the effects of a fixed frequency of pollinator visits (determin-
istic curve) with an equal probability of visits (Poisson curve) and an unequal
probability of visits (curves associated with values of k, the parameter of the
negative-binomial distribution that determines the inequality in visitation proba-
bilities). The impact of variation in the frequency of pollinator visits on the level of
pollen removal that maximizes expected total deposition depends on the distribu-
tion of visits (fig. 7). For both numerical and proportional removal, an equal
probability of visits (Poisson distribution) affects optimal removal most when
flowers receive few visits, on the average. In contrast, unequal probabilities of
pollinator visits (negative-binomial distribution) influence optimal removal levels
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F1G6. 7.—The effect of variation in pollinator availability on the level of pollen removal that
maximizes expected total deposition of pollen on stigmas: a, numerical removal; b, propor-
tional removal. The crossover of the stochastic and deterministic models in « arises because
flowers that received no visits for stochastic distributions with low mean numbers of visits
were assumed to offer their total pollen production. Model parameters are as in figure 4.

for even a high expected frequency of visits. This influence increases directly with
the disparity in visitation probabilities (i.e., as k decreases; fig. 7).

Although the risk of reduced pollen dispersal associated with stochastic pol-
linator visits alters the optimal level of pollen removal, the most effective means
for dealing with this risk can differ for numerical and proportional removal (figs. 7,
8). To maximize their expected pollen dispersal, plants that experience numerical
removal should guard against the likelihood of fewer pollinator visits than average
by allowing each pollinator to remove more pollen than would be optimal if the
number of visits were certain (fig. 7a). This ‘‘risk aversion’” would also be
appropriate for proportional removal if the attenuation coefficient g were between
0.7 and 1 (fig. 8). However, when g is less than 0.6, as it is for Erythronium (fig.
3a), allowing less pollen removal than is optimal when visits are certain maximizes
expected pollen dispersal (figs. 7b, 8). This dependence of risk sensitivity on g is
not a factor for numerical removal because, unlike proportional removal (eq. 10),
optimal removal is not affected by g (see eq. 8).

Regardless of the type of risk sensitivity involved, variation in pollinator visita-
tion depresses the expected number of pollen grains reaching stigmas relative to
the donation through a fixed number of visits (fig. 9). Optimal numerical removal
results in slightly greater expected pollen deposition than optimal proportional
removal for a given mean number of visits. In addition, maximal expected pollen
deposition is more sensitive to variation in pollinator availability for proportional
removal.
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See the text for an explanation of the different curves. Model parameters are as in figure 4.
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DISCUSSION

Maximizing Pollen Deposition

Plants pay a large price, in terms of lost male gametes, for using animals as
sexual proxies. Bees can remove over 80% of the pollen available in a flower
during a single visit (fig. 1; Dunham 1939; Strickler 1979); however, only 0.6% of
the pollen leaving an Erythronium flower arrives on the stigmas of other plants, on
the average (fig. 3). Part of this loss occurs when pollen falls directly beneath the
flower during the pollinator’s visit (fig. 2). The larger component of pollen loss
probably results from grooming by the bee while it flies between flowers (Thom-
son 1986). Levin and Berube (1972) similarly found that Colias butterflies depos-
ited only about 0.5% of the pollen removed from Phlox flowers on stigmas of
subsequently visited plants. Much of the loss of Phlox pollen resulted when a
butterfly coiled and uncoiled its proboscis.

The returns to a plant, in terms of the proportion of removed pollen that reaches
stigmas, diminish as the amount of pollen removed increases (fig. 3b). Therefore,
a plant could generally maximize pollen dispersal by limiting the pollen removed
by individual pollinators (see also Lloyd and Yates 1982), given the constraints
imposed by the expected number of pollinator visits (figs. 4, 5b, 6b, 7). Effective
dispensing and/or packaging strategies should allow all of the pollinators visiting a
plant to participate in pollen dispersal, while ensuring the removal of most of the
pollen produced by the time flowering finishes.

These general conclusions do not depend on whether each pollinator removes

the same number or the same proportion of pollen grains, but the removal pattern
does affect specific features of the optimal level of pollen removal, whether it is
achieved through dispensing or packaging mechanisms. Optimal numerical re-
moval depends on pollen production and on the expected number of pollinator
visits (eqs. 8, 13). Optimal proportional removal likewise depends on pollinator
availability, but it is not influenced by pollen production and does depend on the
attenuation coefficient g (eqs. 10, 17). Following optimal numerical removal, all of
the plant’s pollen should have been removed (figs. 4b, 5): optimal proportional
removal leaves a small amount of pollen in the anthers (figs. 4d, 6).
_ The removal pattern also affects the variety of optimal packaging strategies for
a given pollinator availability. Changing numerical removal results in an abrupt
shift between two optimal numbers of packages (fig. 5a). If all of the pollinators
visiting a plant cannot remove the available pollen, a single package would be
most economical; otherwise, the number of packages should equal the number of
pollinators (eq. 13). In contrast, the number of packages needed to maximize
pollen dispersal for proportional removal increases continuously with the propor-
tion of pollen removed by each pollinator (fig. 6a).

Unfortunately, the removal pattern is not known for any plant, and the biolog-
ical relevance of these differences is therefore unclear. In all likelihood, neither
numerical nor proportional removal adequately represents the removal pattern for
most plants. Orchids (Orchidaceae) and milkweeds (Asclepias) may be exceptions
because they produce pollen in pollinia rather than as discrete grains, and their
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pollinators therefore probably remove roughly the same number of grains during
any flower visit.

Floral Mechanisms Restricting Pollen Removal

Most plants probably possess mechanisms that reduce pollen removal by indi-
vidual pollinators during a single visit. Pollen packaging is the most obvious
mechanism, but it can be implemented in surprisingly subtle forms. A plant’s total
pollen production can be hierarchically divided into inflorescences, individual
flowers, stamens, and even anther sacs. Pollen may be presented sequentially
within all of these organizational levels, as in bristly sarsaparilla, Aralia hispida
(Thomson et al., in press), or within some subset. Percival (1955) collected data on
pollen presentation by 81 Welsh species, which clearly illustrate the prevalence of
packaging. She found that anthers did not dehisce simultaneously or in the bud in
52 species: in 44.2% of the species, anthers dehisced over more than 1 day within
a flower or inflorescence, as in Erythronium.

Dispensing may be less common than packaging among angiosperms, but the
diversity of mechanisms employed is considerably greater. Percival (1965) recog-
nized four categories of pollen presentation that can be characterized as dispens-
ing mechanisms: secondary pollen presentation, as seen in lupines (Lupinus;
Dunn 1956), Campanulaceae (Lloyd and Yates 1982; Brantjes 1983), and As-
teraceae; gradual opening of an anther from one end to the other (Erythronium);
contraction of the anther, squeezing pollen out of terminal pores (Rhododendron);
and anthers lodged under tension in separate pockets in the corolla, such that each
stamen must be ‘‘tripped’’ to remove its pollen (Kalmia). To this list can be added
poricidal anthers, which limit pollinator access to pollen, require specialized
pollinator behavior for pollen removal (see, e.g., Buchmann 1983; Snow and
Roubik 1987), and release pollen over a protracted period (Buchmann et al. 1977;
Goodwin 1986). Poricidal anthers are known in 6%—-8% of angiosperm species in
at least 72 families (Buchmann 1983). Each of these features restricts the amount
of available pollen removed during a single pollinator visit and could enhance the
number of pollen grains reaching stigmas from a given donor.

Nectar production provides plants with a nonstructural mechanism for dispens-
ing pollen. Figure 1 illustrates that the amount of pollen removed from Ery-
thronium americanum flowers by nectar-feeding bees depends on the duration of
the flower visit. Because the time that nectar-collecting pollinators spend on a
flower depends on the volume and viscosity of nectar ingested (Montgomerie
1984; May 1985; Pivnick and McNeil 1985; Harder 1986; Tamm and Gass 1986),
plants could indirectly control pollen removal by controlling nectar production
(for an unusual nectar mechanism that limits visit duration and increases the
number of visits a flower receives, see Whitham 1977).

The relation between nectar availability and pollen removal enables testing the
general prediction that an intermediate level of pollen removal maximizes pollen
deposition. Such a test would require first manipulating the nectar content of
donor flowers with marked pollen to alter pollen removal and then measuring
pollen dispersal. Unfortunately, natural pollen dichromism, as seen in Erythro-
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nium, is rare, and marking techniques (review in Handel 1983) are generally
inappropriate when both removal and deposition must be measured. Electro-
phoretic markers can be profitably employed to measure a donor plant’s paternal
contribution to seed production by neighboring recipient plants (Handel 1983).
However, variation in paternity could result from aspects of reproduction other
than pollen dispersal, including gametophytic competition and incompatibility.

Uncertainty of Pollinator Visits

Disparity between plants in the probability of being visited alters the level of
pollen removal required to maximize expected deposition (fig. 7). Several aspects
of the natural history of plants could result in unequal probabilities of pollinator
visitation. First, plants are often spatially aggregated, such that individuals tend to
be either more closely associated or more isolated than is characteristic of random
dispersion. Because pollinators typically move between closely neighboring
plants (Waddington and Heinrich 1981), isolated plants can receive considerably
fewer visits than aggregated individuals (Thomson 1981; Sih and Baltus 1987; but
see Schmitt 1983a). Second, forest herbs that are pollinated by heterothermic
insects are especially subject to disparities in the frequency of pollinator visits,
depending on the amount of time they experience full sunlight (Beattie 1971).
Third, plants that flower early in the species’ flowering period typically receive
fewer visits than later-flowering plants, apparently because of a lag in assessment
of new resources by pollinators (Barrett 1980; Thomson 1980, 1981, 1982; Gross
and Werner 1983; Schmitt 1983a,b; Sih and Baltus 1987). Finally, variable
weather that altered pollinator activity during a species’ flowering period would
also induce heterogeneous visitation probabilities (Terdas 1976a,b; Schemske
1977).

Given this diversity of influences on pollinator behavior, unequal visitation
probabilities are probably common. On the basis of our analysis of the effects of
uncertain pollinator visits on optimal dispensing strategies (figs. 7, 8, 9), this
uncertainty alters the restriction of pollen removal that will maximize expected
total pollen deposition. However, the evolutionary change in pollen removal
required to alleviate the risk of reduced pollen dispersal may depend on both plant
and pollinator characteristics. Given unequal probabilities of pollinator visitation
between individuals, plant species with numerical pollen removal should always
allow more pollen removal per visit than would maximize pollen dispersal if pollen
visits were certain (fig. 7a). For plants with proportional removal, the change in
allocation of pollen among pollinators required to maximize expected pollen
dispersal depends on the attenuation coefficient g (fig. 8), which probably depends
on the frequency and efficiency of pollinator grooming. When the proportion of
pollen that pollinators remove scarcely affects the proportion of removed pollen
deposited on stigmas (percent deposited), pollen removal per visit should be
increased (g > 0.7; fig. 8). However, when the percent deposited declines dramat-
ically as the proportion removed increases (g < 0.6), plants would maximize
expected pollen dispersal by gambling on being visited by more pollinators than
average, thereby increasing pollen dispersal by all pollinators (fig. 7b). Regardless
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of the type of risk sensitivity involved, the cost of implementing the appropriate
response, in terms of reduced expected pollen deposition, should be relatively
small (fig. 9).

The uncertain frequency of pollinator visits places a premium on packaging and
dispensing mechanisms that provide flexibility in the amount of pollen removed
during a particular visit. This flexibility is easily achieved by allowing pollen
presentation to increase through time, independently of the frequency of visits.
For example, Erythronium anthers dehisce by gradually splitting and evert-
ing from base to tip (for similar examples, see Percival 1965). When pollinator
visits are frequent, each pollinator encounters anthers that have dehisced only
slightly since the preceding visit. In contrast, when pollinators are rare, the
anthers dehisce much more between visits, thereby allowing removal of more
pollen. The use of nectar to control the duration of pollinator visits also allows
pollen removal to be tuned to pollinator availability, as long as nectar continues
to accumulate (see, e.g., Kato 1988; Thomson et al., in press). In addition to
these dispensing mechanisms, packaging generally provides flexible presentation,
because pollinator visits do not seem to affect anthesis or anther dehiscence
directly.

By comparison, mechanisms that dispense a relatively fixed amount of pollen
do not allow such facultative changes in pollen dispersal. For example, in Lupinus
the stigma is pushed through the massed pollen in the tip of the keel petal, and
each pollinator receives a ‘‘stigma-full”’ of pollen on its abdomen (Dunn 1956).
This floral mechanism probably does not allow for increased pollen removal
during periods of low pollinator availability. Relatively inflexible dispensing
mechanisms such as this should be most common in frequently visited species,
because they would experience a proportionately smaller reduction in total pollen
dispersal (fig. 9).

Constraints on Restricting Pollen Removal

Evolution of the restricted pollen removal predicted by our models could be
subject to three types of limitations: phylogenetic constraints; costs associated
with packaging and dispensing; and conflicts between restricting pollen removal
and maintaining other aspects of floral function. Of these, phylogenetic con-
straints may be the least influential because pollen removal can be restricted by
many alternative mechanisms. We have demonstrated for numerical removal that
optimal dispensing and optimal packaging result in the same success in pollen
dispersal. In addition, we have outlined the diversity of mechanisms for packaging
and dispensing pollen, which provide many alternatives for restricting pollen
removal. As a consequence, there are probably many evolutionary solutions to
selection for enhanced pollen dispersal.

Physiological costs of producing and maintaining many pollen packages could
constrain particular packaging strategies, because the total cost to a plant of
producing perianths and support structures is probably greater for many small
packages than for a few large packages (see Chaplin and Walker 1982). Because
this acceleration in costs with increased packaging tends to counteract the associ-
ated gross benefits, the optimal number of packages will be smaller than suggested
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by equations (13) and (17). Packaging may often be combined with dispensing
mechanisms to overcome this limitation.

Restriction of pollen removal to improve pollen dispersal could coincidentally
conflict with two other aspects of floral function, pollinator attraction and pollen
receipt. Both dispensing and packaging tend to lower a pollen-collecting bee’s
foraging efficiency per flower, thereby decreasing the plant’s attractiveness. If
these bees are the plant’s main pollinators, maintaining attractiveness may neces-
sitate fewer packages and/or greater pollen removal per visit. Restricting pollen
removal by limiting nectar production would similarly reduce a plant’s attrac-
tiveness to nectar-foraging pollinators, although the relation between nectar con-
centration and viscosity may alleviate this constraint. Changes in nectar con-
centration below about 40% sucrose (mass of solute per mass of solution;
Montgomerie 1984; May 1985; Pivnick and McNeil 1985; Harder 1986; Tamm and
Gass 1986) have little effect on ingestion rates of nectarivorous animals, because
viscosity increases rather gradually with concentration in that range. Hence, a
plant could restrict the length of a flower visit and still provide the pollinator with
an acceptable rate of energy intake by providing a small volume of fairly concen-
trated nectar.

Deposition of pollen on stigmas also depends on the length of a flower visit
(Thomson and Plowright 1980; Thomson 1986); thus, restricting nectar availability
to limit pollen removal could also limit pollen receipt for a hermaphroditic flower.
Separating male and female function in time (dichogamy) would avoid this conflict
by allowing different levels of nectar production by a flower in the male or female
phase. Dichogamous flowers for which seed production is pollen-limited should
therefore produce nectar more slowly in the male phase. This pattern has been
frequently observed (Pyke 1978; Best and Bierzychudek 1982; Cruden et al. 1983;
Galen and Plowright 1985; but see Bell et al. 1984), but corresponding information
on pollinator limitation of seed production has not been reported. Devlin and
Stephenson (1985) found the opposite pattern in Lobelia cardinalis, which is not
pollen-limited (Devlin and Stephenson 1987).

The requirements of female function should have little effect on selection to
enhance male function when seed production is resource-limited. On the basis of a
model of the relative durations of male and female phases for dichogamous
flowers, Lloyd and Yates (1982) concluded that sexual selection should lengthen
the male phase only when pollen availability does not limit seed production. This
longer male phase allows more pollinator visits per flower and could increase
pollen dispersal if it were accompanied by selection to restrict pollen removal per
pollinator (fig. 9).

The arrival of a pollen grain on a conspecific stigma does not ensure pollen-tube
growth, fertilization, or production of viable seed. Consequently, the proportion
of pollen grains fertilizing ovules must be even less than the 0.5%-0.6% observed
for Erythronium grandiflorum (fig. 3b) and Phlox (Levin and Berube 1972). De-
spite this additional loss of pollen, the evolutionary improvement of dispensing
and packaging, along with reduction in the effectiveness of pollinator grooming,
would enhance overall paternal fitness, because most pollen loss occurs during
transport.
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SUMMARY

On the average, nectar-collecting bumble bees deposited 0.6% of the pollen
removed from the flowers of Erythronium grandiflorum (Liliaceae) onto the stig-
mas of subsequently visited flowers. Because the proportion deposited declined as
the amount removed increased, an individual plant would maximize its total
pollen dispersal by relying on many pollen-removing visits while limiting the
pollen removed by each pollinator. This restriction of pollen removal could be
achieved by a plant presenting only a small portion of its pollen at one time
(packaging) and/or by limiting the amount of presented pollen that a pollinator
removes during a single visit (dispensing). The restriction of pollen removal
required to maximize the expected total deposition on stigmas depends on the
number of pollinator visits a plant receives, variation in the frequency of visits,
and the pattern of pollen removal during a series of visits. Many aspects of floral
biology contribute to a plant’s ability to restrict pollen removal, including in-
florescence size, flower morphology, anthesis patterns, nectar production, and
dichogamy. Selection increasing paternal fitness of animal-pollinated plants could
therefore elicit one of a variety of evolutionary responses; the specific response
will depend on characteristics of both the plant and the pollinator.
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