PROCEEDINGS B

royalsocietypublishing.org/journal/rspb

()

Research

updates

Cite this article: Hao K, Tian Z-X, Wang Z-C,
Huang S-Q. 2020 Pollen grain size associated
with pollinator feeding strategy. Proc. R. Soc. B
287: 20201191.
http://dx.doi.org/10.1098/rspb.2020.1191

Received: 24 May 2020
Accepted: 24 July 2020

Subject Category:
Evolution

Subject Areas:
ecology, evolution, plant science

Keywords:

pollen grain size evolution, style length,
pollinator type, grooming behaviour,
size-number trade-off, phylogeny

Author for correspondence:
Shuang-Quan Huang
e-mail: hsq@mail.ccnu.edu.cn

"These authors contributed equally to this
work.

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
€.5082859.

THE ROYAL SOCIETY

PUBLISHING

Pollen grain size associated with
pollinator feeding strateqy

Kai Hao, Zhi-Xi Tian', Zi-Chen Wang and Shuang-Quan Huang

Institute of Evolution and Ecology, School of Life Sciences, Central China Normal University, Wuhan 430079,
People’s Republic of China

S-QH, 0000-0003-4540-1935

Angiosperm pollen grain diameter varies greatly from a few microns to over
100, but the selective forces driving the interspecific variation in pollen size
remain unclear. Although both pre- and post-pollination hypotheses have
been proposed, empirical evidence remains scarce. Here we propose that
visits by pollen-foraging pollinators have selected against large pollen grains.
An association between pollinator behaviour and pollen grain size was con-
firmed by field studies of 80 flowering species in natural communities,
showing that pollinators positively collected pollen in those species with rela-
tively smaller pollen grains but rarely did so in species with larger ones.
Allowing for the confounding effects of pollinator type, flower size or style
length and pollen grain number, we found a significant effect of pollen-foraging
behaviour on variation in pollen grain size, particularly in bee-pollinated
plants. While these results suggest that many plant species whose pollen is
collected or consumed by pollinators produce small pollen grains, it remains
unclear whether pollen grain size is directly affected by pollinator foraging
habit or indirectly mediated by pollen number trade-offs.

1. Introduction

Pollination mutualisms are often complicated by the fact that the agents of
pollen dispersal are usually attracted to flowers by the prospect of nourishment.
Floral visitors and plants consequently have conflicting agendas, especially
when the nourishment sought by the floral visitors is pollen [1-3]. Bees have
evolved various structural and behavioural adaptations to promote pollen
collection, as the development of their larvae relies on the pollen protein [4].
For example, harvested pollen is often packed on the corbiculae of bees
where it is not available for stigmatic deposition or ovule fertilization. It
remains unclear how plants mitigate pollen loss to bee visitors [5], although
in a few species this has been resolved by the evolution of heteranthery, a
partitioning in function in anthers between pollinating and feeding [6].

Among angiosperm species, pollen grain volume ranges over almost five
orders of magnitude, the diameter ranging from less than 10 um (e.g. in forget-
me-not, Myosotis) to over 100 um (in cotton or cucumber) [7-10]. Why are
pollen grains so large in some species but relatively smaller in most species
(ca. 2040 pm)? Hypotheses to explain pollen grain size variation can be broadly
categorized pre- or post-pollination selection. Numerous observations support
the post-pollination hypothesis, for example, stigma depth/style length is often
positively associated with pollen grain size [11-16]. Here, larger pollen grains
may outperform smaller grains on stigmas in a long race because of faster germi-
nation or tube growth, resulting in a higher siring success [17-21]. However,
correlations between pollen grain size and style length may simply be the result
of intrinsic scaling relationships and have nothing to do with variation in fertili-
zation success of different sized grains [22-24]. The null hypothesis of
allometric scaling of sexual organs and flower size is referred as the allometry
hypothesis here (electronic supplementary material, table S1).

Early workers proposed that pre-pollination foraging economics would also
select on pollen grain size. In particular, it was suggested that bees would
prefer small (lipid-rich, starchless) pollen grains over large (starchy) grains
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because larger grains were envisioned as having relatively
lower nutritional value [25]. However, this pre-pollination
hypothesis has not been supported by subsequent studies con-
sidering phylogenetic relatedness and pistil characteristics [14],
or analysis of nutrition components [15]. Instead, Harder [14]
proposed another pre-pollination hypothesis that the comb-
like structures on bee limbs would be more efficient at groom-
ing large pollen grains than small ones. Consequently, one may
expect that bee-pollinated plants would evolve smaller pollen
grains to escape from grooming. However, Harder [14] found
no evidence for associations between pollen grain size and
the effectiveness of grooming. Although the idea appears to
have been abandoned, it was never fully investigated using
modern phylogenetic methods coupled with direct examin-
ations of pollinator grooming behaviour and variation in
pollen grain size.

Here, we re-visit pre- and post-pollination hypotheses
explaining pollen size variation (electronic supplementary
material, table S1). The evolution of pollen grain size may be
constrained by the numbers of grains per flower given that
there is a size-number trade-off [26,27], reflecting an allocation
strategy for male investment [28]. To disentangle confounding
effects of the pollen size evolution, we ask whether interspecific
pollen size variation is the result of allometric growth of flower
size, or post-pollination stigma/stylar interactions (i.e. the
stylar interaction hypothesis) or whether variation is associated
with pollinator foraging behaviour (the pollinator foraging
hypothesis). We propose that pollen grain size should be
associated with pollinator behaviour. More specifically, large
pollen would be favoured in the species whose pollen is little
exploited by pollinators, whereas in species visited by pollen-
collecting foragers, large numbers of smaller pollen grains
may enhance reproductive success by increasing the chances
that some pollen grains are not groomed.

2. Material and methods

(a) Measurement of pollen grain size and number

We collected pollen grains from open flowers of 80 native species
from 25 families in a field station of Central China Normal
University, Shangri-La Alpine Botanical Garden (SABG, 27°54' N,
99°38' E, 3300-3350 m above sea level) in Yunnan Province, south-
west China. These pollen grains were made into temporary slides
with gelatin. To estimate pollen grain size, equatorial and/or
polar diameters of 5-20 grains per species were measured under
a light microscope based on pollen shape (electronic supplemen-
tary material, figure S1 and table S2). As the sampled pollen was
basically spherical or ellipsoidal, the value of the long (polar) axis
was used as pollen diameter in the comparisons across species.
Pollen grain numbers per flower were collected from our previous
studies in SABG, sampling 10 flowers that were nearly opening [29]
or 20 flowers per species [30].

(b) Pollen-foraging behaviour

To examine the pollinator foraging hypothesis, we investigated
pollinator groups and pollinator feeding pollen behaviour on flow-
ers in natural communities in SABG. Our previous studies over
years there indicated that diverse insects acted as effective pollina-
tors including bumblebees, solitary bees, hoverflies, other flies,
butterflies, hawkmoths and other moths (see [31-34]). To identify
whether pollinators collect pollen, we spent hundreds of hours on
clear days observing pollinator foraging activities on 80 flowering
species from 25 families (electronic supplementary material,

table S2). These species were native, flowering in the wild and n

open to natural visitors. We observed for at least 20 foraging
bouts of each floral visitor or for more than 4 h to record whether
the insect bodies contacted anthers/ pollen and conspecific stigmas
during foraging, and whether the visitors consumed or groomed
pollen, particularly into the bees’ corbiculae or scopae (electronic
supplementary material, figures S2 and S3). As large pollen
grains commonly appear in Cucurbitaceae, Geraniaceae, Malva-
ceae and Liliaceae whose pollen grains are usually exposed to
visitors [34] without physical protection from pollen collectors,
we examined pollen visibility in these 80 species to test whether
large pollen grains are associated with pollen exposure and polli-
nator feeding behaviour. Pollen in each species was categorized
as exposed (anthers and pollen are visible to visitors) or concealed
(anthers and pollen are hidden in the corolla tube) (see [34]).

(c) Measurements of flower size and style length

To test the post-pollination stylar interaction hypothesis for the
interspecific pollen size variation, we examined the relationship
between pollen grain diameter and style length. Previous analysis
of pollen grain size and number suggested that the size of sexual
organs could be related to flower size [24,26]. To test the allometry
hypothesis, we measured flower size. To estimate style length, we
measured the distance from the corolla base to the top of the pistil
with a digital caliper on 3-30 fresh flowers (34 species) or on
photos of herbarium specimens from Chinese Virtual Herbarium
(http://www.cvh.ac.cn/) (46 species) using DIGIMIZER software
(v. 4.6.0). Meanwhile, the surface area of the corolla of each of
the 80 species was measured to estimate flower size with herbar-
ium specimens using Dicimizer software [35]. For bowl-shaped
flowers, we measured the total area of the corolla. For tubular
and bilaterally symmetrical flowers, flower size was calculated
as the lateral area multiplied by two. If species had special corolla
shapes such as the beak-like upper lips in Pedicularis species, areas
of these parts were then added to the total area [31].

(d) Data analysis

To test the three hypotheses for pollen size evolution (electronic
supplementary material, table S1), we built a phylogenetic tree
of the 80 species from SABG with one outgroup based on internal
transcribed spacer (nrITS) and two chloroplast markers (matK,
rbcL regions). All gene sequences were downloaded from NCBI
(https://www.ncbi.nlm.nih.gov/). GenBank accession numbers
are shown in the electronic supplementary material, table S1.
The sequences were assembled using Geneious v. 11.0 (Biomatters,
Auckland, New Zealand), they were aligned using MaFrr v. 7.3.0
[36] and were edited using BioEDIT v. 7.2.5 [37]. Aligned matrices
of three DNA regions were combined using SEQUENCEMATRIX V. 1.8
[38]. Bayesian inference (BI) methods were used for phylogenetic
reconstruction. Partitioned BI analyses were performed using
MRBAYEs v. 3.2.6 [39], with DNA substitution models selected
for each gene partition by the Bayesian information criterion
using JMoDEeLTEST v. 2.0 [40,41]. Markov chain Monte Carlo ana-
lyses were run in MrBaves for 10 million generations for each
dataset with each run comprising four incrementally heated
chains. The first 25% of the trees were discarded as burn-in. The
remaining trees were used to generate a majority-rule consensus
tree. Both BI analyses and JMoDELTEST were performed at the
CIPRES Science Gateway (http://www.phylo.org).

To see whether variation in pollen size is associated with
pollen consumption by flower visitors (electronic supplementary
material, figure S1, S2 and S3), we mapped pollen diameter, pol-
linator foraging habits (whether or not pollinators consume/
collect pollen), pollen visibility (whether or not pollen is con-
cealed or physically protected from consumption) and pollen
number on the phylogenetic tree at the Interactive Tree Of Life
(https://itol.embl.de/) (figure 1).
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Figure 1. Reconstruction of the phylogeny of 80 flowering species from 25 families which were studied in Shangri-La, southwest China with pollinator types (bee
pollinators, other pollinators), pollen grooming/collecting behaviour (positively collecting, not or rarely grooming/collecting), pollen visibility (exposed, concealed
pollen) indicated by closed or open symbols respectively, pollen grain diameter, style length and pollen number (related to bar lengths) mapped onto it.

To examine the association between flower size (visual area
of corolla), style length, and pollen number and diameter, we
conducted bivariate correlation in SPSS v. 22.0 (IBM Inc.,
New York, NY, USA). As pollen-related traits usually correlate
with flower size, partial correlation analysis with flower size
as the control variable was performed to account for the effect
of flower size. The phylogenetically independent contrast
(PIC) analyses and calculation of Felsenstein’s contrasts corre-
lation [42] between flower size, pollen grain size, pollen
number and style length were performed in MEsQuITE v.2.75
[43] with the phenotypic diversity analysis program (PDAP)
package [44].

To examine the effects of pollinator type, grooming behaviour
and pollen visibility on pollen grain size and pollen number, we
logarithmically transformed data of pollen grain size and
number and then conducted generalized linear model (GLM)
analysis (normal distribution and an identity function) with
pollen size or pollen number as the dependent variable, and polli-
nator type, grooming behaviour and pollen visibility as the fixed
factors. Also, we conducted the same analysis using a phylogenetic
linear model by maximum likelihood using Pagel’s lambda model
[45]. This analysis was performed with the function phylolm of the
package phylolm [46] in R v. 3.5.0 [47] separately. The outgroup
from the BI tree was pruned before analyses.
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Table 1. The Pearson’s correlation and Felsenstein’s contrast (left/right) values (upper right) and p-values (lower left) between flower size, style length, pollen [}

number and pollen grain diameter based on bivariate correlation analysis and the phylogenetically independent contrast (PIC) analysis of the 80 wild species in

Shangri-La, southwest China. (Significant R values are in italics.)

flower size style length pollen number pollen size
flower size 0.583/0.649 0.620/0.609 0.267/0.302
style length <0.001/<0.001 0.229/0.358 0.267/0.382
pollen number <0.001/<0.001 0.068/0.004 -0.384/-0.082
pollen size 0.016/0.007 0.017/<0.001 0.002/0.517

To remove the confounding effects of flower size and style
length on pollen grain size and number in bee-pollinated species,
we further calculated the ratio of pollen diameter to style length,
the ratio of pollen diameter to flower size and the ratio of pollen
number to flower size (see [48]). Then, we conducted GLM
analysis (normal distribution and an identity function) with
these ratios as the dependent variable and grooming behaviour
as fixed factors. To examine whether exposed species” pollen is
less likely to be depleted by pollen collectors than the concealed
pollen in bee-pollinated species, GLM analysis (normal distri-
bution and an identity function) was performed with the
proportion of species with exposed pollen as dependent variable
and pollen grooming behaviour as the fixed factor.

3. Results

(a) Correlations of pollen-related traits

Pollen-related traits including pollen grain size and number,
flower size and style length varied greatly among the 80 species
for which pollinator foraging behaviour was observed in natu-
ral communities (figure 1; electronic supplementary material,
table S1). For example, pollen diameter (mean +s.e.=42.0 +
2.4 nm, n=80; electronic supplementary material, figure S4)
varied around 10-fold from the smallest (11.8 pm in
Onosma confertum (Boraginaceae)) to the largest (106.1 pm
in Herpetospermum pedunculosum (Cucurbitaceae)). Pollen
number per flower (mean=s.e.=62991+14621, n=64)
varied from fewer than 700 in Geranium sibiricum to over
700000 grains in O. confertum (figure 1). Pollen size was corre-
lated positively with flower size and style length, and
negatively with pollen number. These correlations between
flower size and pollen-related traits were confirmed based on
phylogenetically independent contrasts except for pollen size
and number (table 1). However, the partial correlation analysis
with flower size as the control variable indicated that only
pollen size and pollen number were correlated (r=-0.653,
p <0.001), while there was no significant correlation between
pollen size and style length (p = 0.563), or pollen number and
style length (p =0.218). These results suggest an intra-sexual
trade-off between pollen size and number that was strongly
correlated with flower size, an intrinsic factor, while inter-
specific variation in allocation to pollen size and number
could be driven by extrinsic factors.

(b) Factors affecting pollen size and number

Under a GLM, pollen size or number in species mainly polli-
nated by bees did not differ significantly from that of species
pollinated by other insects (table 21). However, pollen grains

were significantly larger in species with exposed pollen than
in those with concealed pollen (table 24), but the relationship
between pollen visibility and pollen size disappeared under
phylogenetic analysis (table 2b), perhaps because pollen
exposure is a conservative trait within plant families. Under
the phylogenetic linear model, effects of either pollinator
type or pollen visibility on both pollen grain size and
number were not significant, but the presence or absence of
pollen-foraging behaviour by pollinators significantly affected
both pollen size and number (figure 2 and table 2b).

Our field observations of pollinator foraging behaviours
showed that bees did not collect pollen in 33 (51.6%) of the
64 bee-pollinated plant species; bees collected nectar but
rarely or never positively gathered pollen into their corbicu-
lae (figure 1; electronic supplementary material, figure S2
and S3). Pollen grains of plant species pollinated by pollen
collectors were significantly smaller (figure 2c) and more
numerous (figure 2f) than those of species pollinated by
insects that did not positively collect pollen from that species.

To isolate the confounding effect of pollinator type on
pollen grain size, we analysed the 64 species whose major pol-
linators were bees, showing that pollen grain diameter was
significantly larger (Wald y*=32.981, p<0.001) in species
from which bees did not collect pollen (48.8 +3.7 pm, 1 =33)
than in species from which bees did collect pollen (30.5 +
1.9 ym, n=31). Correspondingly, the proportion of species
with exposed pollen was significantly higher (Wald y*=
12.470, p=0.001) in plants from which bees did not collect
pollen (66.7 +8.3%) than in those from which they did posi-
tively collect it (25.8+8.0%). Bee-pollinated species had
significantly more (Wald y*=11.003, p=0.001) pollen grains
if bees collected their pollen (102754 +29441, n=26) than
for species where bees did not collect their pollen (27013 +
8137, n=26). However, pollen number did not significantly
differ (Wald y*=1.268, p=0.260) between species with con-
cealed (78716 = 31421, n=24) and exposed pollen (53 026 +
12988, n=28).

A positive relationship between pollen grain size and style
length (r = 0.313, p = 0.012) among the 64 bee-pollinated species
was also observed under the PIC analysis. The ratio of pollen
grain diameter to style length in these bee-pollinated species
was significantly higher (Wald x* =4.795, p =0.029) in species
in which bees did not positively collect pollen (6.8 +1.0) than
in those where they did collect it (4.1+0.7), confirming that
large pollen was usually not exploited by bees. Similarly, the
ratio of pollen diameter to flower size was significantly higher
(Wald »* = 14.546, p < 0.001) in species without pollen collection
(0.98£0.06) than in species with pollen collected by bees
(0.73 +0.03). However, the ratio of pollen number to flower size
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Figure 2. Comparison of pollen grain size (mean + s.e., n = 80 species) and number (mean + s.e., n = 64 species) between pollinator types (a,d), pollen visibility
(b,e) and pollen-foraging behaviour whether pollinators positively collect pollen or not (c,f), all estimated by phylogenetic linear model analysis (*, p < 0.05; ns, no
significant difference). The number of species is shown under each bar.

Table 2. Comparison of pollen size and number per flower between different pollinator types, different pollinator foraging behaviour (whether or not visitors
positively collect pollen) and pollen visibility under (a) generalized linear model analysis, with the coefficient of variation (CV) in pollen grain diameter and
number, and (b) phylogenetic linear model analysis. (Italicized values indicate significant differences at p < 0.05.)

pollen grain diameter (pm)

pollen number

factors

Wald z> Wald 2

(a) generalized linear model analysis

. 1:73 ;

pollinator type bee pollinators
.......... ' 2.53‘] 0"]12 0'057 0‘812
other pollinators 0.60 233
grooming behaviour grooming 0.35 1.46
.......... . 31‘928 <0'007 10'729 0'001
no grooming 0.48 2.20
pollen visibility exposed pollen 0.51 1.64
...................... 9‘418 0'002 P 1'625 0‘202 .
concealed pollen 0.39 2.00
dependent variable factors estimate s.e. t p
(b) phylogenetic linear model analysis
pollen size pollinator type 7.686 5.921 1.298 0.198
grooming behaviour —19.357 5.092 —3.802 <0.001
pollen visibility 7.042 5.0m 1.405 0.164
pollen number pollinator type —0.214 0.203 —1.054 0.296
grooming behaviour 0.485 0.186 2.601 0.012
pollen visibility —0.076 0.178 —0.424 0.673



did not differ significantly (Wald x> =0.035, p = 0.851) between
species with (2.28+0.08) and without (2.26+0.11) pollen
collection, indicating that pollen size rather than number was
likely to be affected by pollen collection by pollinators.

The PIC analysis suggested a positive relationship between
pollen grain size and style length across species, not inconsist-
ent with the post-pollination hypothesis for the evolution of
pollen grain size. These pollen-related trait correlations disap-
peared in the partial analysis as the control of flower size;
however, a trade-off between pollen size and number
appeared. To reduce the confounding effects of pollinator
type and flower size, our comparison of pollen size/style
length ratios in 64 bee-pollinated species showed that pollen
size was strongly affected by pollen-feeding habits.

In contrast with a basic assumption in previous analyses
that bees are generalized pollen collectors, our direct obser-
vations in the field showed that bumblebees foraged for
nectar only and avoided collecting pollen on 52% of bee-
pollinated species (figure 2b); pollen grains of those species
were lodged on the bee bodies but were rarely groomed
into the corbiculae. We observed that the two most abundant
bumblebee species did not collect pollen from species in
Cucurbitaceae, Malvaceae, Geraniaceae and Liliaceae despite
the fact that these pollen grains were relatively large (dia-
meter greater than 80 um). They did however, collect pollen
from other species with relatively small grains (figure 1; elec-
tronic supplementary material, figures S2 and S3; [3]). Pollen
depletion by bees accounts for a high proportion of pollen
loss during pollen transfer [49], however many plants appear
to have evolved adaptive strategies to avoid pollen overexploi-
tation by collectors [50]. In a few plant groups, for example,
cotton and pumpkin flowers [4], anecdotal observations
showed that honeybees did not groom and pack pollen into
the corbiculae. Instead, pollen was cleaned from their bodies
and discarded. It is thought that spines on the pollen grains
of cotton (Gossypium) make pollen packing physically difficult
[51] and act as a defence against exploitation. Alternatively
large pollen grains may be unfavourable to bumblebees [52]
if they are starch-rich but protein-poor [25]. To our knowledge,
however, physical and chemical defences protecting pollen
from bee collection have been little studied [53], but they
could account for the lack of harvesting from some of the
large-grained species in this study.

The conflict of interest between pollen consumers and
plants also appears to have influenced the evolution of
other floral rewards. Unpalatable and toxic floral nectar
may filter ineffective pollinators and protect nectar from rob-
bers [54,55]. Recent studies have found that pollen usually
contained greater quantities of toxic components than
nectar [56], while a chemical defence protecting pollen from
collection was confirmed in two bumblebee-pollinated Dipsa-
cus species with exposed pollen on unconcealed anthers [53].
Compared to species in which pollen grains were heavily
incorporated into the bees’ diet, grains that were rejected
were observed to be effectively delivered to stigmas, facilitat-
ing pollen transfer [53].

Comparative analyses showed positive relations between
pollen size and style length and trade-offs between pollen
size and number in some but not in other plant lineages

(electronic supplementary material, table S3), but the con-
founding effect of flower size has rarely been considered.
Flowers pollinated by large pollinators such as Lepidoptera,
bats or birds usually have large pollen and a long style
[25,48]; these plants are likely to have relatively larger flowers
than bee-pollinated plants. The PIC analysis showed that
pollen size and style length are strongly correlated with
flower size across the 80 species (table 1), supporting the
allometry hypothesis, but the partial correlation analysis
excluding the effect of flower size showed pollen size was
only correlated with pollen number. If a number of pollen
grains are exploited by pollinators as rewards, a partition in
allocation to feeding and pollinating would balance the size
of pollen grains, as indicated by pollen size and number of
trade-offs. Our survey of pollen grain size and pollinator
feeding habits indicated that pollen grains are significantly
smaller in species whose pollen is collected or consumed. The
coefficient of variation (CV) in pollen-concealed species is smal-
ler than that in pollen-exposed ones (table 2). While pollen size
(and number) is consistently smaller (and higher) across species
in concealed species, exposed species have either large or small
(or few or many) pollen grains. This difference in CV may
explain why we found no significant variation in pollen size
or number between pollen-exposed and pollen-concealed
species (figure 2).

Our analyses removing the confounding effects of
pollinator types and flower size showed that the effect of pol-
len-feeding behaviour on variation in pollen grain size (but
not pollen number) remained significant in bee-pollinated
species, supporting the pollinator foraging hypothesis.
Pollen grains in species pollinated by non-pollen-collecting
Lepidoptera, bats or birds are relatively large, perhaps as a
result of the same relaxed selection by pollen loss to consu-
mers. Interspecific variation in pollen number per flower
can be affected by intrinsic factors such as flower size,
pollen size and nutritional content, and extrinsic factors
including pollen vector, pollen collection intensity and visita-
tion frequency [1549,57-59]. For example, bat-pollinated
flowers usually produce more and larger pollen grains than
hummingbird-pollinated species in a cloud forest in Ecuador
[60]. An increase of pollen production would be favoured if
larger amounts were efficiently transferred, resulting in a
more linear male fitness gain curve under a scarcity of polli-
nator visits and non-discarding-pollen behaviour [59,60],
which could explain some species (i.e. Lepidoptera-
pollinated Liliaceae species) producing a large number of
relatively large pollen grains.

Our study of pollinator foraging behaviours showed that
large pollen grains were associated with species where pollen
grains were seldom harvested by pollinators, while small
pollen grains were associated with species which were heavily
exploited by pollen-collecting foragers. Further studies are
needed to clarify whether pollen grain size is directly driven
by pollinator foraging habit or indirectly mediated by trade-
offs between pollen size and number (i.e. selection is actually
on pollen grain number). As predicted, our results indicated
that large pollen grains would be favoured where pollen collec-
tion is weak or absent. However, it remains unclear why
the major pollinators (i.e. bumblebees here) reject collecting
large pollen grains. A perspective of pollen-pollen consumer
competition could open a new avenue for understanding
the evolution of flower—pollinator interactions and male
reproductive success in flowering plants.
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