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abstract: Male-male competition in plants is thought to exert
selection on flower morphology and on the temporal presentation
of pollen. Theory suggests that a plant’s pollen dosing strategy should
evolve to match the abundance and pollen transfer efficiency of its
pollinators. Simultaneous pollen presentation should be favored
when pollinators are infrequent or efficient at delivering the pollen
they remove, whereas gradual dosing should optimize delivery by
frequent and wasteful pollinators. Among Penstemon and Keckiella
species, anthers vary in ways that affect pollen release, and the morphology of dried anthers reliably indicates how they dispense pollen.
In these genera, hummingbird pollination has evolved repeatedly
from hymenopteran pollination. Pollen production does not change
with evolutionary shifts between pollinators. We show that after we
control for phylogeny, hymenopteran-adapted species present their
pollen more gradually than hummingbird-adapted relatives. In a
species pair that seemed to defy the pattern, the rhythm of anther
maturation produced an equivalent dosing effect. These results accord with previous findings that hummingbirds can be more efficient
than bees at delivering pollen.
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In angiosperms, individuals potentially compete to donate
pollen to receptive stigmas. Because of this, sexual selection, defined as selection caused by differences in mating
success (Arnold 1994), can shape floral characters (Bell
1985; Queller 1997). For many plants, such competition
involves pollinators. This ought to engender certain evolutionary dynamics affecting floral traits (Willson 1979)
comparable with the dynamics surrounding the evolution
of male genitalia in animals that copulate (Hosken and
Stockley 2004) or the evolution of elaborate male plumage
in birds (Badyaev and Hill 2003). Male-male competition
can favor the evolution of floral attractiveness characters,
such as showy petals and rapidly replenishing nectar, and
traits that affect the physical interaction between pollinator
and flower (Wilson et al. 1994).
Traits that determine the timing of pollen pickup by
pollinators can also be targets of sexual selection (Lloyd
and Yates 1982). Many plants present pollen in doses,
either by packaging (staggering the opening of anthers,
flowers, or inflorescences) or by dispensing (restricting the
amount removed from a package by a single visit). Adaptive explanations for pollen presentation patterns have
centered on modeling the efficiency of transfer of pollen
grains. Collectively, these models make up “pollen presentation theory” (Harder and Thomson 1989; Harder and
Wilson 1994, 1998; LeBuhn and Holsinger 1998; Thomson
2003) and suggest that, in principle, plants can increase
male fitness by adjusting the schedule of pollen presentation to the quality and quantity of pollinators. Analogous
proposals have been offered to explain the metering of
sperm in certain fishes (Warner et al. 1995; Wedell et al.
2002).
Consider, for example, how bees and birds differ in their
efficiencies of pollen transfer. Focus on pollen transfer after
single visits. If an animal dislodges R grains from a donor
flower and subsequently deposits Dsum of them on the
stigmas of all recipient flowers, we define pollen transfer
efficiency as Dsum/R. All else being equal, we expect that
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pollen transfer efficiency will be higher for birds than for
bees for three reasons. First, bees are more likely to groom
pollen grains off the stigma-contacting surfaces of their
bodies. Bees groom very frequently during foraging bouts,
combing their bodies with specially modified groups of
leg hairs that effectively sweep pollen into collection organs
(scopae or corbiculae), where it has little or no chance of
being deposited on a stigma (Rademaker et al. 1997).
Hummingbirds, in contrast, tend to preen only between
bouts, and they lack specialized grooming devices. In consequence, a pollen grain on the forehead of a hummingbird
will probably stay there for a large number of flower visits.
A grain on the back of a bee is likely to be taken out of
circulation much sooner. Second, this proposition is supported by studies of pollen carryover by bees and birds
visiting species of Penstemon (Castellanos et al. 2003). The
carryover curves for bees decline more steeply, indicating
a more rapid depletion of the active pool of grains on a
bee. Also, Dsum/R is greater for birds visiting a bird-adapted
Penstemon species than for either birds or bees visiting a
bee-adapted species. Third, bumblebees, at least, and probably all bees, tend to groom more thoroughly after they
have been dusted with a heavy load of pollen (Thomson
and Thomson 1989; Harder 1990a, 1990b). Therefore, a
plant that presents twice as much pollen to a bee visitor
is not likely to get twice as many of those grains delivered
to stigmas. Instead, grooming triggered by excessive pollen
acquisition imposes diminishing returns on the numbers
of grains delivered. At least for bees, it is probable that
plant male fitness gains decelerate as plants make more
pollen available at one time (Janzen 1977; Lloyd 1984;
Yund 1998). For hummingbirds, the comparatively negligible role of grooming during foraging suggests that diminishing returns are less pronounced.
We therefore predicted that flowers adapted to pollination by hummingbirds should present their pollen more
freely (with less dosing) than closely related species that
are adapted for pollination by bees (Thomson et al. 2000).
Optimal pollen presentation tactics for successful pollen
delivery are theoretically affected by several other processes
not considered here, particularly visitation rates and the
extent of pollen removal from anthers. Nevertheless, we
here test this simple prediction in the clade “penstemons”
(the tribe Cheloneae, including Penstemon and Keckiella).
Among penstemons, hummingbird pollination has arisen
more than a dozen times in lineages primitively adapted
to bees and wasps (Wilson et al. 2006). Penstemons are
morphologically well suited to dispense pollen via narrowly dehiscing anthers, and they can practice packaging
by controlling the timing of anther or flower openings.
In addition to anther dehiscence, the amount of pollen
produced might also evolve with pollinator type. Pollen
production might be expected to be lower in plants pol-
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linated by hummingbirds if anther dehiscence were held
constant. And within a pollination type, those species that
release pollen more gradually might produce less pollen
than those that open their anthers widely because the latter
would be subjected to greater pollen wastage. Pollen production has also been related to ovule number. If a species
has a small number of ovules per flower, then one expects
fewer pollen grains. This topic was originally explored by
Cruden (1972, 1976) in terms of the efficiency of the pollen
transfer system, but he did not distinguish male from female reproductive success. Charnov (1982) redirected attention to local mate competition via male function,
whereby pollen production would evolve in excess of what
is needed to set seed because plants would be competing
to sire seed.
Detailed pollen presentation schedules have been described for a few bee-pollinated species (Percival 1955;
Thomson and Barrett 1981; Harder 1990b; Thomson and
Thomson 1992; Robertson and Lloyd 1993; LeBuhn and
Anderson 1994; Bell and Cresswell 1998; Larson and Barrett 1999; Sargent 2003). We here compare bee- and birdadapted penstemons. First, we characterize anther dehiscence schedules using a novel method for quantifying
pollen presentation. Second, we show that bird-adapted
species tend to have less restrictive anther dehiscence than
bee-pollinated species after we account for phylogeny.
Third, in a species pair that violates this trend, we show
that the bee-adapted species achieves more gradual dosing
through packaging. Finally, we show that our results are
not confounded by differences in pollen production.
Methods
Penstemon anthers vary in the morphology of dehiscence,
and this variation was important to the delineation of
subgenera in the traditional taxonomy. The ancestral condition (found in Keckiella and most of the 186 species of
the traditional subgenus Penstemon) is to have locules that
dehisce from end to end. At full dehiscence, anthers may
be shaped like a canoe or be fully explanate. In traditional
subgenus Habroanthus (46 spp.), anthers dehisce from the
distal end toward a connective but not across it. Some
species open wide; others open narrowly. Subgenus Saccanthera (26 spp.) has anthers that dehisce across the connective, leaving sacs on either side. Anthers of Dasanthera
(9 spp.) open across the connective, as in the ancestral
condition, but the edges of the locules are densely wooly.
At the level of the traditional subgenera, anther morphology is unrelated to pollinator type. Both bee and bird
pollination occur in many sections (Lodewick and Lodewick 1999), and the numerous shifts to bird pollination
are strongly supported by phylogenies based on the nuclear
internal transcribed spacer (ITS) region and on the chro-
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mosomal trn region (app. A in the online edition of the
American Naturalist; Wilson et al. 2005; A. Wolfe, unpublished data). The most parsimonious scenario implies
25 originations of hummingbird pollination; 14 of them
are strongly supported as separate. In other words, bird
pollination appeared independently in groups with contrasting anther morphology.
Detailed Pollen Dispensing Schedules
We developed a standard technique to quantify pollen dispensing by anthers. Every 0.5 h, we brushed an anther
with a small square of velvet fabric. This “velvet method”
allowed us to dislodge grains using a hairy surface similar
to that of a bee’s body or the feathers of a hummingbird’s
head, yet allowed the grains to be counted on a microscope
slide after further preparation (details in app. B in the
online edition of the American Naturalist).
We used the velvet method on single anthers in flowers
from which the other three anthers had been removed
before the start of dehiscence. Sampling lasted for the
period of normal dehiscence, between 5 and 16 h. The
first brushing was done shortly before dehiscence, when
the anther had started to shrink as it dried. We sampled
three to seven flowers of each of 13 species; when possible,
we sampled on different days and from different individuals. Six species are hummingbird pollinated and seven
are bee pollinated (table 1), allowing us to designate four
blocks of close relatives with contrasting pollinators.
Statistical analysis focused on the cumulative number
of grains as a function of sampling time (e.g., fig. B1). We

described these curves with two parameters. First, we used
the half-life of the pollen pool, defined as the time after
initial anther dehiscence at which half of the pollen grains
had been released by the anther. A longer half-life indicates
more protracted dispensing. Second, we calculated the
proportion of the total number of grains in the anther
that were released onto the first 10 velvet samples (4.5 h)
of each run. The total number of grains was the sum of
the grains collected during sampling plus those remaining
in the anther. By using the first 10 samples, we avoided
the problem that some flowers were sampled for longer
than others. The two parameters are not independent but
emphasize different aspects of the dispensing curves.
Morphological Variation in Anther Dehiscence
We scored the extent of anther dehiscence in dried stamens
of 69 species. The characteristic extent of dehiscence is
preserved indefinitely in dried specimens. Fully dehisced,
flawless anthers were mounted on aluminum stubs. Under
a dissecting scope, we sorted the species blindly from narrowest to widest opening. This yielded “dehiscence ranks”
from 1 to 69. In the group of species in the traditional
subgenus Saccanthera, anthers dehisce by a slit near the
connective with sacs of pollen on either side (block D,
app. A). These were judged to be the most narrowly dehiscent (dehiscence ranks 1–9), with all other species dehiscing wider (10–69). This judgment is debatable in a
few cases, but the morphology of the anthers of this group
is so different from other penstemons that comparable
rankings are uncertain. A few other species were also dif-

Table 1: Values of pollen dispensing variables in 13 species of Penstemon and Keckiella studied in the
greenhouse
Species
P. laetus1
P. rostriflorus1
P. barbatus 2
P. strictus 2
P. alpinus
P. neomexicanus
P. glabrescens
P. gentryi 3
K. breviflora4
P. newberryi
K. ternata4
P. kunthii 3
P. centranthifolius

Pollinator

Mean half-life

Mean proportion of
grains in first 4.5 h

Dehiscence rank

n

Bee
Hummingbird
Hummingbird
Bee
Bee
Bee
Bee
Bee
Bee
Bird and bee
Hummingbird
Hummingbird
Hummingbird

15.88
14.30
6.25
16.40
15.33
11.20
10.20
4.20
5.00
6.50
4.60
2.20
4.40

.02
.05
.08
.06
.10
.41
.32
.53
.70
.53
.89
.93
.77

2
8
13
16
17
33
34
44
52
58
65
66
67

8
7
4
5
3
5
5
6
2
4
5
6
5

Note: Half-life of the pollen pool in an anther and the proportion of grains released in the first 4.5 h of sampling were
measured from the cumulative curves of pollen release of one anther. Species are sorted in the table according to how wide
open the anthers look after complete dehiscence, when ranked among 69 species (dehiscence rank) from the most restrictive
(low ranks) to very wide (high ranks). Species names with the same superscript form part of a closely related pair with
contrasting pollinators; n p flowers sampled with the velvet pollen-removal method.
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ficult to rank because of their special morphology. For
instance, the edges of Penstemon neomexicanus locules fold
back very wide, but the anthers have deep furrows that
might retain pollen. Small differences in ranks, for example, 62 versus 63 versus 64, do not indicate meaningful
distinctions. As the difference in ranks becomes greater,
confidence increases.
In addition to presenting the ranks of all 69 species, we
compared close relatives, some of which are hummingbird
pollinated and others hymenopteran pollinated. Pollinators were assigned using our previous field surveys of floral
visitors (Wilson et al. 2004). We reexamined the small sets
of close relatives and judged whether species that are more
hummingbird pollinated have more widely dehiscing anthers than those that are more hymenopteran pollinated
(app. A). The choices of pairs were initially guided by the
traditional taxonomy, but the provisional molecular phylogenies support all the choices.

Pollen Packaging Census on the Exception to the Rule
Among only the dried specimens, closely related Penstemon
strictus (hymenopteran pollinated) and Penstemon barbatus (hummingbird pollinated) are essentially tied in how
wide their anthers open. Because this pair was of particular
interest, we followed the dehiscence of the anthers
throughout the lives of individual flowers, that is, pollen
packaging as opposed to pollen dispensing. We labeled
unopened flower buds in the evening. The buds belonged
to at least eight plants of each species growing near each
other along U.S. Highway 50, Gunnison County, Colorado.
Starting the following morning, flower opening time was
recorded, and each of the four anthers in a flower was
scored as closed, partially open (pollen was visible, but the
anther was !60% dehisced), or fully open. We continued
scoring at 2-h intervals until dark and into the following
day until all anthers had dehisced.

Pollen and Ovule Production
For each of 50 species, we collected 18–20 unopened flowers from different plants. Each ovary was preserved in
ethanol in a microcentrifuge tube. The anthers were allowed to dehisce in another tube. Later, we counted ovules
under a dissecting scope and estimated pollen numbers
with a particle counter. In addition, we measured the
length of six dried anther locules for each species and took
an average as a measure of anther size. We used multiple
regression to summarize the relationships among pollinator type, ovule number, locule length, and pollen
number.
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Results
Dispensing
The large variation in anther morphology among penstemons paralleled variation in pollen dispensing in the velvet
assay. Without phylogenetic correction, variation among
species overwhelmed differences between bee- and birdpollinated species in the dispensing curves (nonsignificance of pollination syndrome in nested ANOVAs; table
1); however, comparing close relatives with different pollination syndromes revealed systematic trends.
We compared the two pollination systems within four
taxonomic subgroups where separate pollinator shifts have
happened: (1) Penstemon laetus versus Penstemon rostriflorus, (2) Penstemon strictus versus Penstemon barbatus,
(3) Penstemon gentryi versus Penstemon kunthii, and (4)
Keckiella breviflora versus Keckiella ternata. The proportion
of grains released in the first 4.5 h of sampling was higher
for the bee-pollinated member of each pair, which would
be expected for anthers that dispense more gradually (significant in pairs 2 and 3). Similarly, the half-life of anthers
was shorter for hummingbird-pollinated species, except in
Keckiella, where it was very similar in the two species
(significant in pairs 1 and 3). These results suggest more
restrictive dispensing by bee-adapted species. With only
four comparisons, paired t-tests were marginally significant for both variables, log-transformed half-life (t p
1.68, P p .09) and arcsine–square root–transformed proportion of grains presented in first 4.5 h (t p 2.09, P p
.06).
In micrographs (app. A), dry anther morphology is concordant with the velvet results. For example, P. gentryi has
canoe-shaped anthers such that pollen deep in the anther
could be resistant to removal, whereas P. kunthii has more
platter-shaped anthers that shed their pollen more easily
(block A, app. A). The pair P. strictus and P. barbatus
presents a special case (block J, app. A). The dry anthers
of these species do not seem to reflect the faster dispensing
by P. barbatus.
Having only four pairs of close relatives provides low
statistical power to generalize differences between syndromes across penstemons. However, velvet assays correspond well to dehiscence ranks. The linear regressions
of both of the dispensing variables on the rank of dehiscence are significant in the predicted direction (fig. 1): for
the log-transformed half-life, r 2 p 0.657, F p 120.8,
P ! .001; and for the arcsine–square root–transformed
proportion of grains released in 10 samples, r 2 p 0.869,
F p 378.6, P ! .001. The dehiscence ranks can thus be
used as proxies for pollen dispensing.
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test is highly significant: the anthers of hummingbirdpollinated species dehisce more than those of their beepollinated relatives (t p 4.3, P p .0005, n p 18 pairs). To
be more cautious, we repeated this analysis considering
close differences in ranks (5 or less) as ties and performed
a Wilcoxon signed-ranks test. It also showed significantly
wider dehiscence in bird-pollinated species (P ! .005,
n p 15). Finally, for a phylogenetically cleaner comparison, we repeated the analysis using only the 10 pairs in
table 2 with clear sister taxa. Again, we found wider anther
dehiscence in bird-pollinated species (paired t p 4.2,
P p .002, n p 10 pairs).
Pollen Packaging Census on the Exception to the Rule

Figure 1: Regression of two variables of dispensing (measured with the
velvet method) on the rank of anther dehiscence of 13 species of penstemons. The species are arranged in the X-axes according to their dehiscence rank among 69 species so that species on the right have anthers
that dehisce wider. Points represent replicates within each species. A, The
half-life of pollen grains is shorter for species with widely opening anthers.
B, The proportion of grains presented by 4.5 h is higher for anthers with
wider dehiscence.

Dehiscence Rank Comparison between Bee- and
Bird-Pollinated Flowers
Using dehiscence ranks, we compared blocks of closely
related species that represent separate originations of bird
pollination (table 2). Anthers are illustrated by taxon block
in appendix A. Where the closest match is not resolved,
we used conservative combinations of species. A paired t-

We found no differences between P. strictus and P. barbatus
flowers in the length of time from the first anther opening
to the last (13.9 Ⳳ 1.84 h [SE], n p 20 for P. strictus;
17.2 Ⳳ 1.66 h, n p 18 for P. barbatus; t p 1.33, df p
36, P p .192), but further analysis showed that their diel
schedules produced meaningful differences in pollen packaging. Penstemon strictus had more censuses in which new
pollen became available for removal than P. barbatus: nine
of the P. strictus flowers had new pollen in two censuses
and 11 had new pollen in three censuses, whereas 17 of
the P. barbatus flowers had new pollen in two censuses
and only one had new pollen in three censuses (Fisher’s
exact test, P p .001). Moreover, P. strictus anthers were
recorded as being partially open 25% of the time, while
P. barbatus anthers were never partially open (Fisher’s exact test with each anther as a replicate, P ! .001). These
patterns indicate that P. strictus achieved more gradual
pollen packaging during the periods when pollinators were
active. The long duration of dehiscence in P. barbatus arose
because flowers frequently opened two anthers late on one
day, roughly simultaneously, and the other two early the
next day. Those times roughly coincide with peaks of hummingbird activity.
Pollen Production Patterns
The log of pollen production (across 50 species) was positively related to the number of ovules per flower (logtransformed; standardized partial b  p 0.599, P ! .0001)
and to locule length (b  p 0.246, P p .033) but not to
bee versus bird pollination (b  p ⫺0.099, P p .394). In
a separate bivariate analysis, pollen production was not
related to the dehiscence rank of anthers (r p 0.028,
P p .28, n p 52).
When we considered only blocks of closely related species with different pollinators, the number of pollen grains
in a flower again did not differ between bee- and birdpollinated species (paired t p 1.16, one-tailed P p .277,
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Table 2: Comparison of anther dehiscence ranks in closely related pairs of Penstemon and Keckiella species with
contrasting pollinators
Pair
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R

Bird-pollinated species

Bee-pollinated species

Rank
difference

P. kunthii
P. pinifolius
P. centranthifolius
P. rostriflorus
P. newberryi
P. utahensis
All bird-pollinated Keckiella species
P. lanceolatus
P. hartwegii
P. barbatus
P. labrosus
P. cardinalis
P. eatonii
P. pseudospectabilis
P. harvardii
P. fasciculatus
P. baccharifolius
P. floridus

P. gentryi
P. glabrescens
P. patens
P. laetus
P. davidsonii
P. confusus
All bee-pollinated Keckiella species
P. dasyphyllus
P. gentianoides
E.g., P. strictus
E.g., P. speciosus
E.g., P. neomexicanus
E.g., P. alpinus
P. spectabilis
All bee-pollinated species
All bee-pollinated species
All bee-pollinated species
P. palmeri

22
26
29
6
5
18
19.8
14
20
⫺6.5
3.5
6.5
10.5
41
26.7
24.7
⫺10.3
⫺5

Ranks as predicted:
bee ! bird?
Yes
Yes
Yes
Yes, but close
Yes, but close
Yes
Yes
Yes
Yes
No, but close
Yes, but close
Hard to compare
Yes
Yes
Yes
Yes
No
No, but close

Note: Each row represents a separate origination of hummingbird pollination. Appendix A in the online edition of the American Naturalist
gives details on blocking and pictures of anthers. The rank difference shows the result of subtracting the rank of the bee-pollinated species (or
a mean rank in case of uncertain closest relatives) from the rank of the bird-pollinated species. The last column shows whether the pair conforms
to the prediction that the bee-pollinated species would have more restricted pollen presentation (i.e., a lower dehiscence rank).

n p 9 pairs). The mean number of grains ranged from
100,500 to 428,100 for bee-pollinated species, and from
93,600 to 255,800 for bird-pollinated species.

Discussion
Pollen presentation in penstemons has evolved to match
the type of pollinator. There is so much phylogenetic conservatism within subgroups that we cannot consider a
particular anther morphology as a “bee type” or “bird
type,” but in phylogenetically controlled comparisons,
hymenopteran-adapted species present pollen more gradually than their hummingbird-adapted relatives (table 2).
We believe that this pattern is most probably caused by
the differences in pollen transfer efficiency that arise from
the differences in grooming behavior. This interpretation
is consistent with direct measures of pollen transfer by
Castellanos et al. (2003). Although those studies did not
show that bees would remove more pollen than birds, the
bee data were restricted to nectar-collecting visits. Common penstemon-visiting Hymenoptera other than nectaring bumblebees (pollen-collecting Bombus, Osmia, and
Pseudomasaris wasps) are certain to remove more pollen
from anthers and are less likely to deliver it to stigmas.
Castellanos et al. (2003) did find that birds have flatter
pollen carryover curves than bees, which is consistent with
the idea that it is less wasteful for a plant to put large

amounts of pollen on a bird than on a less efficient bee.
This conclusion is further supported by the results in this
article: hymenopteran-pollinated penstemons seem adapted for miserly pollen donation.
Adaptation to bird pollination loosens the restrictions
on pollen dispensing, but it does not change pollen production per flower. Pollen production is evolutionarily labile, but it is correlated with flower size and not with the
type of pollinator. The independence of pollen production
and pollinator type simplifies the interpretation of different dispensing schedules as evolutionary tactics to maximize successful pollination by different animals.
In general, gradual or restricted pollen presentation can
be achieved by various mechanisms (Lloyd and Yates
1982). Pollen may be dispensed from an anther, or there
may be staggered maturation of pollen packages. Castellanos (2003) described pilot studies of pollen packaging
among anthers in Penstemon. Although no tidy statistical
pattern has emerged, the comparison of bird-pollinated
Penstemon barbatus with bee-pollinated Penstemon strictus
reported above showed that presentation of pollen packages is more simultaneous in the former, which is consistent with our theories. It is possible that dispensing by
anthers dominates the evolution of pollen presentation in
penstemons. Anther-level dispensing provides a shortterm plasticity that packaging does not. Gradual dispensing, by definition, allows for the facultative accumulation
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of grains in anthers when visitation rates are unusually
low in a population that normally receives many visits
(Harder and Thomson 1989; Harder and Barclay 1994).
Despite the pattern of more gradual dispensing in beeadapted species, there was great residual variation among
the 13 penstemons studied. Some hummingbird-pollinated
species released between 77% and 93% of their grains by
the fifth hour of sampling, whereas Penstemon rostriflorus
dispensed only 5% of its grains in that time. Penstemon
rostriflorus has saccate anthers (characteristic of subgenus
Saccanthera; block D, app. A), a morphology that restricts
dispensing. Another source of variation in dispensing could
be secondary pollen presentation on anther hairs, as could
be the case for P. strictus (block J, app. A), a species with
relatively broad dehiscence but gradual dispensing. Its close
relative, the bird-pollinated P. barbatus, lacks hairs. Dense
hairs around the anther dehiscence line could help restrict
removal. This could explain why our velvet assays and dehiscence rank scores did not agree in this species pair. It is
also possible that hairy anthers restrict pollen removal by
bees that buzz flowers; a dense pubescence could inhibit
the transfer of vibrational energy to the anther. The role of
hairs needs further testing. Members of the traditional subgenus Dasanthera and the genus Nothochelone have very
wooly anthers, and their functional dispensing might be
more complex than suggested by dehiscence rank.
It is difficult to assess the generality of our findings; few
other studies have quantified pollen presentation, and
none has taken a comparative approach. Harder (1990b)
found restricted pollen dispensing by anthers only in two
out of six species, although some degree of staggered packaging was always present. In flowers of Brassica napus, Bell
and Cresswell (1998) found dispensing from anthers and
speculated that pollen was disseminated at the same rate
that it was dispensed because pollen did not accumulate
in anthers. This implies that dispensing was effectively
limiting pollen delivery, as pollen presentation theory predicts in plants with high visitation rates. Conner et al.
(2003) speculated that selection for restricted pollen removal might explain stasis in anther height dimorphism
in the Brassicaceae. The flowers are usually generalists visited by small insects, and single-visit removal is reduced
by anther dimorphism.
An example of extreme dispensing is provided by poricidal anthers that deliver pollen only onto bees capable of
buzzing them. Harder and Barclay (1994) reported that
in several buzz-pollinated plants, poricidal anthers are
“tuned out” beyond the maximum vibration frequencies
that bees can produce, so that removal is controlled. In
buzz-pollinated Rhexia virginica, Larson and Barrett
(1999) found gradual dispensing over three visits to a
flower. Visits to their study plants were very infrequent,
so about 50% of pollen grains remained untouched in

flowers. They found strong pollen limitation of fecundity,
which suggests that the combination of low visitation and
gradual dispensing leads to reduced fertility.
Floral Rewards and Pollen Presentation
Controlled presentation of pollen cannot dictate the exact
pattern of pollen dispersal. Gradual dispensing can put an
upper limit on the grains available for removal at any
moment, but removal also depends on pollinator behavior
and frequency (Harder 1990a). In turn, behavioral patterns depend on the pollinator species and the conduct of
the visitor at the flower. Pollen collectors, for example,
may be able to force more pollen out of the anthers than
is exposed, using buzzing behaviors and manipulation of
anthers with mouthparts or forelegs. Alternatively, a small
visitor that hardly contacts the anthers might reach the
nectaries but leave available pollen in the anthers.
More importantly, the optimal schedule of pollen presentation is expected to be coupled with the production
of rewards that influence pollinator behaviors (Harder and
Thomson 1989). For instance, the amount of nectar available in the flower can determine the length of a visit or
the number of flowers visited in the plant, which then
could affect pollen removal (Harder 1990b; Cresswell and
Galen 1991; Hodges 1995). We have not directly linked
nectar secretion with pollen dispensing, but we have studied the nectar offerings of penstemons (Castellanos et al.
2002; Wilson et al. 2006). Penstemon speciosus, for example,
dynamically replenishes nectar in response to emptying,
such that a full load of nectar is produced in less than 3
h, and some fresh nectar is available almost continuously.
Furthermore, bee-adapted P. strictus replenishes nectar faster than bird-adapted P. barbatus, consistent with the more
gradual pollen presentation by P. strictus. More detailed
measurements are necessary to establish whether pollen
presentation is synchronized with nectar offerings. In a
case where the reward is pollen itself, pollen-collecting
honeybees adjust their visitation to the rate of pollen dispensing in Cistus salvifolius (Nansen and Korie 2000).
Conclusion
The pattern of differential pollen presentation we found
is consistent with a hypothesis of selection caused by malemale competition. In pollination, such competition is most
important in species where seed set is not pollen limited
and many grains compete for reaching stigmas (Charnov
1979) or where pollen grains are not evenly distributed
among stigmas (Stanton 1994). Floral strategies for attracting pollinators (showy petals, rich nectar) and encouraging their fidelity and constancy (distinctive color
patterns or handling requirements) have been interpreted
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as consequences of male-male competition (e.g., Bell 1985;
Stanton et al. 1986; Galen 1992). Our work shows how
mechanisms for controlled pollen delivery to pollinators
can also be strategies for maximizing pollen dispersal, at
least in plants that have the physiological and anatomical
potential for fine-tuning the dispensing or packaging of
grains (Lloyd and Yates 1982; Lloyd 1984). Penstemon
anthers can dehisce at different speeds and to various
widths and can thus accommodate the presentation of
grains to the shape of the male fitness gain curve that
corresponds to the pollinators of the species. The level of
competition for stigmas might be variable among penstemon populations, but the shape of the male gain curve
should consistently depend on whether the species is bee
or bird pollinated (see Yund 1998). Thus, anthers have
diverged in the schedule of pollen presentation and the
morphology of dehiscence.
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