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INVITED PAPER

For the Special Issue: Ecology and Evolution of Pollen Performance

AMERICAN JOURNAL OF BOTANY

Winning in style: Longer styles receive more pollen,
but style length does not affect pollen attrition in wild

Clarkia populations’

Susan J. Mazer?, Arrash Moghaddasi, Alexandra K. Bello? and Alisa A. Hove

PREMISE OF THE STUDY: One proposed function of long styles is to intensify selection among male gametophytes relative to short styles. If so, given suffi-
cient competition, longer styles will have higher rates of pollen tube attrition (failure to reach the style base) within the style than shorter ones. Alterna-
tively, style length may influence pollen receipt, which itself may affect attrition rates.

METHODS: We tested these predictions by collecting senescing styles from wild populations of two insect-pollinated Clarkia species. We examined the
number of pollen grains adhering to the stigma, length of styles, and rates of attrition from the stigma surface to the stigma-style junction (SSJ), from the
SSJ to the style base, and from the stigma surface to the style base. Multivariate analyses estimated the independent effects of pollen grains per stigma,
the number of pollen tubes at the SSJ, and style length on attrition.

KEY RESULTS: Style length was generally positively correlated with pollen receipt, and the number of pollen grains per stigma was positively correlated
with all three attrition rates. In neither species was any attrition rate affected by style length independent of the number of pollen grains per stigma.

CONCLUSIONS: Pollen attrition was mediated by style length, but the function of style length was primarily to increase the number of germinating pollen
grains, which affected attrition rates either through stigma clogging or pollen—pollen interactions. Style length may have a direct effect on pollen receipt
due to the stigma'’s position relative to pollinator body parts, but traits correlated with style length may also directly affect pollen receipt.

KEY WORDS Clarkia unguiculata; Clarkia xantiana subsp. xantiana; gametophytic competition; Onagraceae; pollen attrition; pollen competition; pollen

deposition; sexual selection; style length

Differences in floral structure and morphology among taxa and be-
tween genders have been interpreted as adaptations to alternative
mating systems, pollination syndromes, and gender-specific repro-
ductive costs, and as evolutionary responses to sexual selection on
traits associated with increases in male fitness (Bell, 1985; Conner
et al., 1996; Barrett, 2002; Barrett and Harder, 2005; Jacquemyn
et al,, 2005; Carlson and Harms, 2006; Ruan et al., 2011; Temeles et al.,
2012; Barrett and Hough, 2013). Similar to many floral traits, style
length exhibits notable phenotypic variation within natural popu-
lations of many homomorphic plant species (i.e., excluding het-
erostylous species), as well as among taxa (Elmqvist et al., 1993;
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Ganeshaiah et al., 1999; Klinkhamer and van der Veen-van Wijk, 1999;
Sarkissian and Harder, 2001; Travers and Shea, 2001; Bernasconi
etal., 2007; Nattero and Cocucci, 2007; Kulbaba and Worley, 2008;
Nattero et al., 2010; Forrest et al., 2011; Medrano et al., 2012; Jia and
Tan, 2012; Wright et al., 2012). This variation has motivated a num-
ber of experimental, observational, and comparative approaches to
explain its ecological function and the evolutionary significance of
variation both within and among species.

Experimental work has identified reproductive and ecological
functions of style length in several species (Mulcahy and Mulcahy,
1975; Johnston, 1993; Forrest et al., 2011). Within-population sur-
veys have examined phenotypic correlations between style length
and other traits, such as functional gender, herkogamy, the number
of pollen tubes within the style, pollen deposition by different
pollinators, and corolla depth (Mulcahy, 1979; Campbell, 1989;
Klinkhamer and van der Veen-van Wijk, 1999; Bernasconi et al.,
2007; Nattero and Cocucci, 2007; Forrest et al., 2011; Medrano et al.,
2012). Comparisons between species that differ in style length have
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been conducted to detect associated differences in other traits that
may explain its function, such as pollen attrition rate, mating sys-
tem, flower size, pollen size, and pollen tube growth rate (Plitmann,
1993, 1994; Smith-Huerta, 1996; Bigazzi and Selvi, 2000; Johnson
etal., 2010; Ramesha et al., 2011; Taylor and Williams, 2012). Simu-
lations have been used to test hypotheses concerning the intensity
of gametophytic competition and selection as a function of style
length (Lankinen and Skogsmyr, 2001; Travers and Shea, 2001). In
addition, genetic correlations between style length and other traits
that influence individual fitness have been identified, which may
constrain its independent evolution (Sarkissian and Harder, 2001;
Kulbaba and Worley, 2008).

The ubiquity of style length variation within and among taxa has
generated a good deal of speculation concerning its adaptive sig-
nificance. The proposed functions of long relative to short styles
include (1) greater exsertion of the stigma from the corolla tube to
provide access to the pollen-bearing portions of pollen vectors’
bodies, facilitating pollen receipt by the stigma (Bernasconi et al.,
2007); (2) increased herkogamy, thereby reducing autogamous self-
pollination and increasing the diversity of pollen donors (Barrett,
2002); (3) the reduction or prevention of fungal spore receipt
(Elmqpvist et al., 1993); (4) increased pollen deposition, thereby in-
creasing gametophytic competition during the autotrophic stages
of pollen germination and pollen tube growth (sensu Stephenson
etal,, 2003; Erbar, 2003), and increasing the genetic quality of pollen
tubes that reach the style, the ovary, and receptive ovules; and (5)
increasing the distance across which pollen tubes must compete af-
ter they enter the style, allowing small differences among pollen
genotypes in pollen tube growth rate to result in significant differ-
ences in siring success (Mazer et al., 2010; Ramesha et al., 2011).
Both (4) and (5) propose that style length will influence the proba-
bility that relatively low-quality pollen will reach the ovary.

If long styles intensify prefertilization selection as pollen tubes
grow through them, then, within species, relatively long styles may
exhibit higher rates of pollen failure (or pollen attrition, sensu
Waser et al., 1987; Cruzan, 1989) than short styles. While selection

against inferior pollen genotypes can occur independent of varia-
tion in style length or the number of conspecific pollen grains that
have been deposited on a stigma, the opportunity for selection to
operate on variation among male gametophytes in lifespan or in
pollen tube growth rates may be stronger in relatively long styles for
at least three reasons. First, pollen genotypes with short lifespans
may be unable to reach the base of a long style before they die. Sec-
ond, in relatively long styles, slow-growing pollen genotypes may
fail to reach the ovary before the style itself senesces and stops pro-
visioning pollen tubes during the heterotrophic growth stage (i.e.,
while navigating the style). Third, any differences in pollen tube
growth rates between relatively fast- and slow-growing pollen gen-
otypes will be enhanced in longer relative to shorter styles, provid-
ing the opportunity for selection to distinguish more effectively
between relatively small differences in growth rate.

We tested the prediction that style length is positively correlated
with pollen attrition by collecting senescing styles from multiple
populations of two predominantly insect-pollinated and outcross-
ing Clarkia taxa: C. unguiculata and C. xantiana subsp. xantiana.
Stigmas and styles were assessed for the number of pollen grains
that adhered to the stigma and for three measures of pollen attri-
tion: the proportion of pollen grains per stigma that failed to reach
the base of the stigma (which was not a priori expected to be associ-
ated with style length); the proportion of pollen tubes that entered
the style but failed to reach the base of the style; and the proportion
of pollen grains that adhered to the stigma but failed to reach the
base of the style (i.e., total attrition rate). Given that the number of
pollen grains deposited and adhering to a stigma might influence
attrition rates due to positive or negative interactions among germi-
nating pollen grains or competing pollen tubes, we controlled sta-
tistically for variation in pollen grains per stigma and in the number
of pollen tubes entering the style when examining the direct effect
of style length on each measure of attrition.

Collectively, our observations were used to address the following
questions: (1) Does style length influence the number of pollen
grains that arrive and adhere to a stigma? (2) Does the number of

TABLE 1. Name, harvest date, sample size (n), location, and elevation of the populations of Clarkia unguiculata and C. xantiana subsp. xantiana sampled for the
current study. Harvest date categories were used in the ANCOVAs reported here.

Species Population Harvest date Harvest date category n GPS coordinates Elevation (m a.s.l.)
C. xantiana Camp 3 23 May 2009 2009 31 35°48.65'N, 118°27.24'W 865
1 June 2010 2010-Early 31
11 June 2010 2010-Late 37
C.xantiana Borel Road 21 May 2009 2009 38 35°35.04’N, 118°31.30'W 775
27 May 2009 2009 20
5June 2010 2010-Late 28
11 June 2010 2010-Late 31
C. xantiana Sawmill Road 3.3 22 May 2009 2009 38 35°40.48’N, 118°30.60'W 1221
8 June 2009 2009 34
11 June 2010 2010-Early 43
25 June 2010 2010-Late 33
C. xantiana Greenhorn Mountain Road 8 June 2009 2009 32 35°43.29'N, 118°30.04’'W 1205
C. unguiculata Stark Creek 20 May 2009 2009 22 35°28.46'N, 118°43.53'W 457
16 May 2010 2010-Early 38
22 May 2010 2010-Early 33
C. unguiculata Live Oak 15 May 2010 2010-Early 35 35°28.81’N, 118°44.89'W 475
3 June 2010 2010-Late 28
C.unguiculata Mill Creek 8 May 2009 2009 29 35°32.30°N, 118°36.80'W 732
19 May 2010 2010-Early 35
3 June 2010 2010-Late 43
C. unguiculata China Gardens 19 May 2010 2010-Early 38 35°31.96'N, 118°38.73'W 643
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pollen grains per stigma influence pollen attrition rates indepen-
dent of style length? (3) Is style length positively associated with
any of the focal measures of pollen attrition independent of the
number of pollen grains per stigma? (4) Is there evidence for re-
source- or space-limitation within the stigma that limits pollen tube
entry into the style when pollen receipt reaches a threshold level?

MATERIALS AND METHODS

Study species—Clarkia (Onagraceae) is a genus of winter annual
herbs that includes approximately 41 taxa that flower in late spring
(Dudley et al., 2007; Delesalle et al., 2008; Mazer et al., 2010). The
species observed in this study, Clarkia unguiculata and Clarkia
xantiana subsp. xantiana (hereafter “unguiculata” and “xantiana”,
respectively) are commonly found on steep slopes, trailsides, and
road embankments of the oak woodlands, juniper-pinyon pine
woodlands, and chaparral of the California Coastal Ranges and
southern Sierra Nevada. Their distribution was more extensively
described by Mazer et al. (2010). Both of these bee-pollinated taxa
produce protandrous and herkogamous flowers that generally
avoid autogamous self-pollination (Delesalle et al., 2008). Mating
system estimates obtained from natural populations indicate that
both taxa are primarily outcrossing, with xantiana exhibiting
slightly lower outcrossing rates near its eastern range limit (Vasek,
1965; Moeller et al., 2012). Stigmas remain receptive for 2-5 d, de-
pending on the timing and intensity of pollination.

Sample collection—During the flowering seasons of 2009 and
2010, we collected senescing flowers from haphazardly sampled in-
dividuals within four wild populations of each taxon. See Table 1
for population names, GPS coordinates, style harvest dates, and
sample sizes for each collection. In 2009, most populations were
sampled only once, and 22-38 styles were collected on each visit.
Two of six populations, however, were sampled twice in that year
(xantiana at Borel Road and at Sawmill Road), but the data were
pooled to create a single harvest date category (2009).

In 2010, six of seven sampled populations were visited twice dur-
ing flowering. When the length of time between visits exceeded 7 d,
the samples were designated as 2010-Early and 2010-Late. When the
length of time between visits was less than 7 d, the samples from the
2 d were pooled and included in the same harvest date category (e.g.,
xantiana styles collected at Borel Road in 2010 were all assigned to
the 2010-Late harvest date; n = 59. The number of styles collected
from each population per harvest date category ranged from 22 to 72.

On the day of sampling, from each population, one senescing
stigma and style per plant (along with the attached petals) was col-
lected by severing the ovary ~3 mm below the point where the style
entered its tip. Because Clarkia styles begin to desiccate and to droop
once stigmas are no longer receptive, spent flowers were easily dis-
tinguishable from receptive female-phase flowers. Each flower was
placed into a 1.5 mL microcentrifuge tube containing formalin-acetic
acid to arrest pollen tube growth. Microcentrifuge tubes from each
population were labeled and sealed in a plastic bag. These bags were
stored at room temperature before subsequent processing.

The results of a previous field study of unguiculata suggest that by
the time that we collected the fully senesced styles (>24 h after their
stigmas had become receptive), all pollen tube growth that would
lead to fertilization had already occurred. Németh and Smith-Huerta
(2003) recorded pollen deposition and the number of pollen tubes in
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field collected styles at 6, 24, and 48 h following exposure to open
pollination. They found that pollen deposition increased significantly
throughout this period. The number of pollen tubes in the upper style
and lower style, however, did not increase between the 24 and 48-h
treatments. By the time we collected the styles in this study, no addi-
tional entry of pollen tubes into the ovary would occur.

Sample processing—From each sampled flower, the intact style
was removed from the terminal end of the ovary by first opening
the tip of the ovary to expose the style base. All floral parts other
than the style were discarded, and the style and stigma were then
rinsed twice within the microcentrifuge tube with deionized (DI)
water. Pipette tips did not contact the style, and water was released
slowly to minimize pollen removal from the stigma. Water was re-
moved from each tube in the same manner. Rinsed styles were then
softened in 8 M NaOH within the microcentrifuge tubes for 30-40
h. After this period, styles were rinsed twice with DI water and then
submerged in a 0.1 N K,HPO, solution with 0.1% aniline blue fluo-
rescent stain for 2 h in the dark (Martin, 1959).

Following fluorescent staining, each style was placed onto a la-
beled microscope slide. Each style was straightened, and its length
was measured to the nearest 0.5 mm with digital calipers. The
stigma was severed from its style by slicing it with a razor blade
beneath the stigma lobes; the stigma and style were then gently
squashed with a coverslip. Completed slides were then viewed

C. unguiculata

Mean = 13.54
SD = 2.39
SE =10.13
CV=17.7%
n=316

Count

C xantiana subsp.
L xantiana

Mean = 12.33
SD = 1.25

SE = 0.06

CV =10.2%
n =403

Count

é | I1OI 1|5, '210'
Style length (mm)

FIGURE 1 Frequency distributions of style length for Clarkia unguiculata

and C. xantiana subsp. xantiana flowers, pooled across populations and
harvest dates.
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(within an hour) using a 4’,6’-diamidino-2-phenylindole (DAPI)
excitation filter on an epifluorescence microscope (Olympus BX61,
40x magnification) (Franklin-Tong, 1999).

Attrition rates—In Clarkia, pollen tubes produce callose plugs at
approximately 1-mm intervals along their entire length. We were
therefore able to estimate how many pollen tubes had entered each
style and how many had reached the ovary by counting the number
of callose plugs within the distal and proximal 1-mm ends of the
style, respectively.

We used Eq. (1) to estimate the attrition rate of pollen grains
between the stigma surface and the base of the stigma (the stigma-
style junction, or SSJ):

Attrition rate(stigma to SS])

(No. pollen grains on stigma - No. callose plugs at SS])

(1

No. pollen grains on stigma

Eq. (2) was used to estimate the attrition rate of pollen tubes as
they grew from the stigma-style junction to the style base:

Attrition rate(SS] to style base)

(No. callose plugs at SS] - No. callose plugs at style base)
B No. callose plugs at SSJ

2

To estimate the attrition rate from the stigma to the style base,
we used Eq. (3):

Attrition rate(stigma to style base)

(No. pollen grains on the stigma — No. callose plugs at style base)

No. pollen grains on stigma

Pollen deposition—After counting the callose plugs at the tip and
base of the style, microscope slides were refrigerated; within
2 weeks of slide preparation, slides were viewed with a dissecting
microscope to record the number of pollen grains visible on the
stigma. A hemocytometer was placed under the slide to facilitate
pollen counting. The pollen grains on each stigma were counted
two or three times until a consistent count was achieved; when
counts diverged slightly, the mean of three counts was calculated.
The number of pollen grains per stigma counted here may be an
underestimate of the total number deposited because fixation in
FAA and style processing in the laboratory may have dislodged
some pollen. Here, we infer that the number of pollen grains ob-
served per stigma represents the number that were well anchored
to the stigma, perhaps because they had germinated before style
collection.

Testing for interference among male gametophytes—In field pop-
ulations of unguiculata, Delesalle et al. (2008) found that plants
produce a mean of 86 ovules per flower among the first flowers they
produce and 68 ovules per flower among the last flowers produced;
xantiana flowers produce a mean of 96 and 68 ovules, respectively,
among the first and last flowers produced. Of the unguiculata flow-
ers sampled here, 34 stigmas received <100 pollen grains; in these
flowers, pollen grains and pollen tubes experienced relatively weak
competition for access to ovules. This result provided the opportu-
nity to assess whether the effects of style length on pollen attrition
in unguiculata were related to the potential for intense gameto-
phytic competition, which was estimated as the number of pollen
grains adhering to the stigma.

Statistical analyses—Pollen grains per stigma: Effects of harvest
date and style length—A two-way fixed effect ANCOVA was con-
ducted to evaluate the effects of harvest date, style length, and their
interaction on the number of pollen grains adhering to the stigmas
of unguiculata and xantiana. Each species was analyzed separately;
the number of pollen grains per stigma was log, -transformed to
approach a normal distribution. Harvest date
categories included 2009 (all populations
pooled because most were sampled only once),

Mean = 104.28

SD = 62.54 2010-Early, and 2010-Late.
SE =330-f0 Stigmas in each species were also classified
n=

by whether they contained <100 or >100 pol-
len grains, and then one-way ANOVAs were
performed to detect significant differences

Pollen tubes at SSJ

between these classes with respect to style
length.

200 300

Pollen attrition rates: Effects of harvest date,

(3)
Clarkia unguiculata
50 Mean = 282.05 5
SD = 169.29 504
= 401 SE = 9.60 = 40-
5 30 n=311 S 304
o o
O 204 o 204
104 10
0 200 400 600 800 0 100
Pollen grains/stigma
Clarkia xantiana subsp. xantiana
_ Mean = 333.46 4
o SD = 172.77 ‘558_
~ 40 SE = 8.63 o
S 30 n = 401 S 404
o o 304
U 204 Y 204
10+ 10

Vean = 13419  Style length, pollen grains per stigma, and the

SD = 67.64 number of pollen tubes entering the style—To
iE:;g'g' 0 detect the effects of style length on pollen at-

trition rates from the stigma surface to the
SSJ, a three-way fixed effect ANCOVA was
conducted that included harvest date, style

0 200 400 600 800 0 100

Pollen grains/stigma

FIGURE 2 Frequency distributions of the number of pollen grains per stigma and the number of
pollen tubes observed at the stigma-style junction (SSJ) among field-collected Clarkia unguicu-
lata and C. xantiana subsp. xantiana flowers, pooled across populations and harvest dates.

Pollen tubes at SSJ

200 300 length, pollen grains/stigma, and their inter-
actions. To detect the effects of style length
on pollen attrition rates from the SSJ to the
style base and from the stigma surface to the
style base, we used a four-way fixed effect

ANOVAs that included harvest date, style
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FIGURE 3 Frequency distributions for pollen attrition rates observed in Clarkia unguiculata and C. xantiana subsp. xantiana flowers, pooled across
populations and harvest dates. SSJ: stigma-style junction.

length, pollen grains/stigma, the number of pollen tubes at the SS]
and their interactions. Each species was analyzed separately. The
number of pollen grains per stigma was log, -transformed to ap-
proach a normal distribution.

To detect the effect of pollination intensity on pollen attrition
rates from the SSJ to the style base and from the stigma surface
to the style base, we used one-way ANOVAs to detect differences
in attrition rates between stigmas with <100 or >100 pollen
grains.

Clarkia unguiculata

C. xantiana subsp. xantiana

In field populations of unguiculata, we repeated the four-way
model described above after excluding the samples that received
>100 pollen grains. The number of stigmas of xantiana with <100
pollen grains (n = 26) was not sufficient to conduct this analysis.

Testing for interference among male gametophytes—Within each
taxon and pollination intensity class, we conducted linear regressions
of the number of pollen tubes at the SSJ on the number of pollen
grains per stigma. Differences between the two pollination intensity
classes (<100 vs. >100 pollen grains/stigma)
with respect to the slopes of these lines were
assessed to detect evidence of interference or

antagonistic interactions among germinating
pollen grains. If the slope of the relationship

is more positive among lightly pollinated

flowers than among heavily pollinated flow-
ers, this would indicate that, at high num-
. bers, interference among germinating pollen
grains reduces the per capita benefits of in-
creased pollen deposition.

Absolute number of pollen tubes entering the
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style and reaching its base: Effects of harvest

Style length (mm)

2009: A2 =0.02; P>0.33; n=50

2010-Early: y=0.02x + 2.07; A2 =0.03; P=0.0191; n =179

2010-Late: y=0.07x + 1.31; A2 =0.22; P<0.0001; n=70

Style length (mm)

2009: y=0.06x + 1.80; A2 = 0.08; P< 0.0001; n=192
2010-Early: y=0.04x + 2.09; R? =0.04; P<0.0397;n=74
2010-Late: y = 0.06x + 1.58; A% = 0.06; P<0.0001; n=128

FIGURE 4 Linear regressions of pollen grains/stigma on style length among field collected, se-
nesced flowers collected on each of three harvest date classes (2009; 2010-Early; 2010-Late). See
Table 1 for assignments of populations and sampling dates to these categories.

date, style length and pollen grains per stigma—
Three-way fixed effect ANCOVAs were con-
ducted to detect the independent effects of
harvest date, style length, pollen grains per
stigma and their interactions on the number of
tubes that reached the SSJ in each species. Four-
way fixed effect ANCOVAs were conducted
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to detect the independent effects of these variables and the number
of pollen tubes entering the SSJ on the number of pollen tubes
reaching the base of the style. In these four-way ANCOV As, none
of the interactions were significant in either species, so the interac-
tions were excluded from the model presented here.

All analyses were conducted using the program JMP Pro 11.0.0
(SAS Institute, Cary, North Carolina, USA).

RESULTS

Phenotypic variation in pollen deposition, style length, and attri-
tion rates—Style length showed a high degree of phenotypic varia-
tion in both species (Fig. 1), ranging from 6 to 20 mm in unguiculata
and from 8 to 16.5 mm in xantiana. The mean number of pollen
grains per stigma also varied greatly among individuals and ex-
ceeded the mean number of ovules per flower in field populations,
as reported by Delesalle et al. (2008). In unguiculata and xantiana,
stigmas received a mean of 282.05 (£9.60 SE) and 333.46 (£8.63 SE)
pollen grains, respectively (Fig. 2).

All three estimates of pollen attrition rates exhibited high phe-
notypic variation among flowers, spanning from 0 to 1 (Fig. 3). On
average, 53-55% of the pollen grains on the sampled stigmas failed
to reach the stigma-style junction (mean attrition rate for unguic-
ulata: 0.55 = 0.013 SE; xantiana: 0.53 = 0.012 SE), and 40-47% of
the pollen tubes that were visible at the SSJ failed to reach the base
of the style (mean attrition rate for unguiculata: 0.47 £ 0.012 SE;
xantiana: 0.40 = 0.011 SE). The mean total pollen attrition rate—
from the stigma surface to the base of the style—in unguiculata
was 0.78 (£0.007 SE, n = 300) and in xantiana was 0.74 (£0.007 SE,
n=395).

Pollen grains per stigma: Effects of harvest date and style length—
In both species, the bivariate relationship between the number of
pollen grains per stigma and style length was generally positive, al-
though pollen grains per stigma in unguiculata was influenced by a
significant style length X harvest date interaction (Fig. 4 and Table
2A). Among unguiculata samples collected in 2009, pollen grains
per stigma was not associated with style length, while among sam-
ples collected both Early and Late in 2010, style length was signifi-
cantly, positively correlated with pollen grains per stigma. As a
result of this interaction, independent of harvest date, style length
had a marginally nonsignificant effect on pollen grains per stigma
in unguiculata (P > 0.0785; Table 2A). By contrast, style length pos-
itively affected pollen grains per stigma in all three harvest date
classes in xantiana; we observed a highly significant effect of style
length on pollen grains per stigma and no significant style length x
harvest date interaction (Table 2B). In both species, stigmas with
>100 pollen grains were associated with significantly longer styles
than those with <100 pollen grains (Table 3).

Pollen attrition rates: Effects of harvest date, style length, pollen
grains/stigma, and the number of pollen tubes entering the style—
The number of pollen grains per stigma had a significant and posi-
tive effect on all three measures of attrition in both taxa (Tables 4
and 5; Fig. 5). By contrast, style length had no significant effect on
any estimate of pollen attrition independent of the effects of harvest
date and pollen deposition (Tables 4 and 5).

In unguiculata, consistent with the positive effects on attrition of
pollen grains per stigma detected by the ANCOVAs (Table 4;

TABLE2. Summary of multivariate model to detect the independent effects of
harvestdatecategoryandstylelengthonthenumberofpollengrainsperstigma
among flowers of (A) Clarkia unguiculata and (B) C. xantiana subsp. xantiana.

A) Clarkia unguiculata

Source df Sum of squares  Fratio Prob>F
Harvest date 2 0.98 433 0.0140
Style length 1 035 312 0.0785
Style length x Harvest date 2 1.35 593 0.0030
Model 5 3.39 595 0.0001
Error 309 35.16
Total 314
R?=0.09

Least squares means log, |

(No. pollen grains/Stigma) No. pollen grains/Stigma

Harvest date Least squares means SE (back-transformed)
2009 242 0.043 263.03
2010-Early 236 0.025 229.09
2010-Late 2.25 0.043 177.83

B) Clarkia xantiana

Source df Sum of squares  Fratio Prob > F
Harvest date 2 4.02 30.29 <0.0001
Style length 1 152 2287 <0.0001
Style length x Harvest date 2 0.02 0.15 0.8611
Model 5 6.55 19.76 <0.0001
Error 396 26.27
Total 401
R?=0.20

Least squares means log,
(No. pollen grains/Stigma) Bt T e

Harvest date Least squared mean SE (back-transformed)
2009 2.50 0.018 316.23
2010-Early 258 0.032 380.19
2010-Late 231 0.023 204.17

Fig. 5A and C), stigmas with >100 pollen grains exhibited signifi-
cantly higher rates of attrition from the stigma surface to the SSJ
and from the stigma surface to the style base than stigmas with
<100 pollen grains (Table 3). By contrast, stigmas with >100 pollen
grains exhibited a significantly lower rate of attrition from the SS]
to the style base than did stigmas with <100 pollen grains. In xan-
tiana, the one-way ANOVA detected no significant effect of pollen
grains per stigma on the attrition rate within the style (Table 3), in
contrast to the ANCOVA (Table 5; Fig. 5D).

In unguiculata, the relationships between attrition rates and pollen
deposition differed between the entire data set and the subset of
flowers expected to experience comparatively weak competition
among pollen donors (i.e., stigmas that received <100 pollen grains).
Among the latter, the ANCOVA detected significant effects of pollen
grains per stigma on only one attrition rate (from the SSJ to the style
base) (Appendix S1 in Supplemental Data with the online version of
this article), and the sign of the pollen deposition effect differed from
the complete data set. Within these flowers, in contrast to the complete
data set (Fig. 5C), increased pollen deposition had a negative effect on
the attrition rate from the SSJ to the style base (Fig. 6).

In xantiana, similar to unguiculata, stigmas with >100 pollen
grains exhibited significantly higher rates of attrition from the
stigma surface to the SSJ and from the stigma surface to the style
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TABLE 3. Mean pollen deposition (number of pollen grains/stigma), style length, pollen tubes, and attrition rates (SD) among flowers of (A) Clarkia unguiculata
and (B) C. xantiana subsp. xantiana receiving <100 vs. >100 pollen grains. For each trait within each species, means that differ significantly between stigmas
receiving <100 grains vs. >100 grains (as detected by one-way ANOVAs conducted on pooled stigmas in each species) are indicated by distinct superscripts.
The values for pollen grains/stigma were log, -transformed before analysis.

Stigmas with <100 pollen grains

Stigmas with >100 pollen grains

Variable Mean (SD) n Mean (SD) n

A) C.unguiculata
Style length (mm) 12.43%(2.07) 35 13.71°(2.41) 266
Number of pollen grains/stigma 55.56% (30.95) 35 303.52° (154.46) 266
Number of pollen tubes at stigma-style junction 35.80 (24.61) 35 113.29 (60.40) 266
Number of pollen tubes at style base 16.5° (13.58) 35 56.38"(29.42) 266
Attrition: Stigma to stigma-style junction 0.382(0.23) 34 0.58°(0.22) 266
Attrition: Stigma-style junction to style base 0.56° (0.25) 34 046°(0.21) 266
Attrition: Stigma to style base 0.74%(0.15) 34 0.79°(0.11) 266

B) C. xantiana spp. xantiana
Style length (mm) 11.78%(1.44) 28 12.37°(1 23) 367
Number of pollen grains/stigma 63.05° (26.77) 28 352 08b( 64) 368
Number of pollen tubes at stigma-style junction 39.25(23.74) 28 42 (64. 36) 368
Number of pollen tubes at style base 22.71%(15.54) 28 79 88b (37.36) 368
Attrition: Stigma to stigma-style junction O 38a (0.29) 27 0.54(0.23) 368
Attrition: Stigma-style junction to style base 41(0.22) 26 0.40 (0.21) 368
Attrition: Stigma to style base O 65a (0.20) 27 0.74(0.13) 368

base than did stigmas with <100 pollen grains (Table 3). There was
no difference, however, between pollination intensities in the attri-
tion rate from the SSJ to the style base.

Evidence for interference among germinating pollen grains—In
both species, the slope of the regression of the number of pollen

tubes that succeeded in reaching the SSJ on pollen grains per stigma
differed between lightly vs. heavily pollinated stigmas (Fig. 7). Al-
though in both groups of flowers, the number of pollen tubes en-
tering the style was positively correlated with pollen deposition,
among stigmas with <100 pollen grains, the slope of the regression
was twice that of the slope exhibited among stigmas with >100 pollen

TABLE 4. Summary of three-way (for the attrition rate from the stigma surface to the stigma-style junction [SSJ]) and four-way multivariate models (for other
attrition rates) to detect the independent effects of harvest date, style length, the number of pollen grains/stigma, the number of pollen tubes at the SSJ, and
their interactions on attrition rates in Clarkia unguiculata. The number of pollen tubes at the SSJ was not included in the model for the attrition rate from the
stigma to the SSJ, as it is not a useful predictor variable for this step in the attrition process. The number of pollen grains/stigma was log, -transformed prior to

analysis. SS = sum of squares.

Attrition rate:

Attrition rate: Attrition rate:

Stigma surface to SSJ SSJ to style base Stigma surface to style base
Source df SS F ratio P>F df SS F ratio P>F df SS F ratio P>F
Harvest date 2 035 4.59 0.0109 2 033 4.56 0.0113 2 000 049 06122
Style length 1 0.09 2.30 0.1307 1 0.05 1.38 0.2407 1 0.00 042 05157
Pollen grains/stigma 1 237 62.66 <0.0001 1 048 13.22 0.0003 1200 130951  <0.0001
Pollen tubes at SSJ 1 1.78 48.53 <0.0001 1 1.94 126897  <0.0001
Harvest date x Style length 2 0.12 1.63 0.1975 2 0.18 241 0.0918 2 001 2.89 0.0573
Harvest date x Pollen grains/stigma 2 043 5.69 0.0038 2 0.1 1.57 0.2098 2 003 846 0.0003
Harvest date x Pollen tubes at SSJ 2 0.06 0.78 04599 2 000 0.78 04615
Style length X Pollen grains/stigma 1 0.27 7.02 0.0085 1 0.04 1.03 0.3109 1 0.00 2.69 0.1023
Style length x Pollen tubes at SSJ 1 0.00 0.13 0.7218 1000 0.27 0.6062
Pollen grains/stigma x Pollen tubes at SSJ 1 1.06 28.87 <0.0001 T 094 611.89  <0.0001
Harvest date x Style length x Pollen 2 0.07 091 0.4040 2 0.11 1.52 0.2210 2 003 945  <0.0001
grains/stigma
Harvest date x Style length x Pollen 2 0.03 045 0.6397 2 000 0.77 04661
tubes at SSJ
Harvest date x Pollen grains/ 2 0.39 5.30 0.0055 2 002 6.34 0.0020
stigma x Pollen tubes at SSJ
Style length x Pollen grains/ 1 0.04 1.05 0.3076 1 0.01 5.81 0.0166
stigma x Pollen tubes at SSJ
Harvest date x Style length x Pollen 2 0.01 0.15 0.8633 2 003 9.03 0.0002
grains/stigma x Pollen tubes at SSJ
Model 1 452 10.87 <0.0001 23 3.83 4.54 <0.0001 23 3.59 101.95 <0.0001
Error 288 10.88 276 10.10 276 042
Corrected total 299 1540 299 1393 299 401
R?=0.29 R?=0.27 R2=0.89
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TABLE 5. Summary of three-way (for the attrition rate from the stigma surface to the stigma-style junction [SSJ]) and four-way multivariate models (for other
attrition rates) to detect the independent effects of harvest date, style length, the number of pollen grains/stigma, the number of pollen tubes at the SSJ, and
their interactions on attrition rates in Clarkia xantiana subsp. xantiana. The number of pollen tubes at the SSJ was not included in the model for the attrition
rate from the stigma to the SSJ, as it is not a useful predictor variable for this step in the attrition process. Pollen grains/stigma was log, -transformed prior to

analysis. SS = sum of squares.

Attrition rate:

Attrition rate: Attrition rate:

Stigma surface to SSJ SSJ to style base Stigma surface to style base
Source df SS F ratio P>F df SS F ratio P>F df SS F ratio P>F
Harvest date 2 0.25 2.95 0.0537 2 0.21 2.79 0.0628 2 000 1.35 0.2599
Style length 1 0.00 0.01 0.9392 1 0.01 032 0.5744 1 000 141 0.2360
Pollen grains/stigma 1 4.95 117.29 <0.0001 1 033 851 0.0037 1 3.84 2472.89 <0.0001
Pollen tubes at SSJ 1 117 30.59 <0.0001 1 2.24 1441.57 <0.0001
Harvest date x Style length 2 0.07 0.85 04300 2 0.02 027 0.7649 2 000 0.01 0.9915
Harvest date x Pollen grains/stigma 2 0.74 8.80 0.0002 2 0.07 0.86 04224 2 004 13.62  <0.0001
Harvest date x Pollen tubes at SSJ 2 0.13 1.71 0.1821 2 001 287 0.0577
Style length X Pollen grains/stigma 1 0.04 0.90 0.3432 1 0.01 0.19 0.6638 1 002 9.89 0.0018
Style length x Pollen tubes at SSJ 1 0.02 0.65 04196 1 000 217 0.1415
Pollen grains/stigma x Pollen tubes at SSJ 1 0.09 2.29 0.1314 1 065 420.77  <0.0001
Harvest date x Style length x Pollen 2 0.02 0.30 0.7443 2 0.03 0.39 0.6749 2 000 0.36 0.6968
grains/stigma
Harvest date x Style length x Pollen 2 0.03 0.35 0.7018 2 000 0.12 0.8859
tubes at SSJ
Harvest date x Pollen grains/ 2 0.05 0.70 04950 2 005 1595  <0.0001
stigma x Pollen tubes at SSJ
Style length X Pollen grains/ 1 0.02 044 0.5074 1 0.01 3.85 0.0504
stigma x Pollen tubes at SSJ
Harvest date x Style length x Pollen 2 0.01 0.11 0.8917 2 001 1.97 0.1408
grains/stigma x Pollen tubes at SSJ
Model 1 6.21 1337 <0.0001 23 3.63 4.13 <0.0001 23 6.95 194.68 <0.0001
Error 382 1612 369 1411 370 057
Corrected total 393 2233 392 1774 393 753
R?=0.28 R?=0.20 R?=092

grains (unguiculata slopes: 1.12 £ 0.10 SE vs. 0.51 + 0.07 SE; xanti-
ana slopes: 0.90 + 0.26 SE vs. 0.45 £ 0.06 SE).

Effect of pollen deposition and style length on absolute pollen suc-
cess: Number of pollen tubes entering the style and reaching its
base—In both taxa, style length had no effect on the absolute
number of tubes that reached the SSJ (Table 6) or the base of the
style (Table 7), but the number of pollen grains per stigma was sig-
nificantly and positively associated with the number of pollen tubes
reaching the SSJ and the style base (Fig. 8; Tables 6 and 7), indepen-
dent of harvest date, style length, and the number of pollen tubes
at the SSJ.

Effect of pollen entry into the style on subsequent attrition and on
the number of tubes reaching the style base—In both species, the
number of pollen tubes at the SSJ had a negative effect on attrition
from the SSJ to the style base, independent of variation in style length,
harvest date, and pollen grains per stigma (Fig. 9A and B; Tables 4
and 5). This negative effect contributed to the positive relationship
observed between the number of pollen tubes at the SSJ and the num-
ber of pollen tubes at the style base (Fig. 9C and D; Table 7).

DISCUSSION

The high phenotypic variation observed in style length, pollen
deposition, and the three measures of pollen and pollen tube attri-
tion in natural populations of both unguiculata and xantiana indi-
cate that these taxa are well suited to studies of the causes and

consequences of variation in these floral traits. Accordingly, Clarkia
has been the subject of several other studies investigating the fac-
tors influencing pollen deposition and pollen tube attrition. In a
survey of four wild unguiculata populations from which stigmas
and styles were collected 6, 24, and 48 h after receptive flowers were
exposed to pollinators, Németh and Smith-Huerta (2003) observed
that levels of pollen deposition at 24 and 48 h (215 + 11.2 SE and
322.8 +15.3 SE grains per stigma, respectively) were similar to the
mean levels reported here (282 +9.60 SE for unguiculata; 333 + 8.63
SE for xantiana), with pollen deposition increasing with the length
of time that flowers were available for visitation. They then exam-
ined each group of flowers (6-, 24- and 48-h collections) and found
that, across these three groups, mean pollen deposition was posi-
tively correlated with the mean number of pollen tubes reaching
the stigma-style junction and the base of the style, similar to our
observations (Fig. 8). They found no relationship among these
groups between mean pollen deposition and the mean pollen tube
attrition rate from the stigma-style junction to the base of the style,
contrasting with the positive relationships between the number of
pollen grains per stigma and the attrition rate that we observed in
both unguiculata and xantiana (Fig. 5). The difference between
their results and ours may have been due, in part, to the fact that
they reported associations among the means of the three groups
(6 vs. 24 vs. 48 h) rather than by conducting regressions among
individual flowers. Németh and Smith-Huerta (2003) did not in-
vestigate the influence of style length on pollen deposition or perfor-
mance, but they did examine seedling performance and detected no
relationship between pollen deposition and seedling vigor, which
they reasonably interpreted to mean that the intensity of pollination
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FIGURE5 Relationships between attrition rates and the number of pollen grains per stigma among field-collected senesced flowers of Clarkia unguicu-
lata and C. xantiana subsp. xantiana. In (A) and (B), the variables are adjusted for the effects of harvest date, style length, and the interaction between
them. In (C-F), the variables are adjusted for the effects of harvest date, style length, the number of pollen tubes at the stigma-style junction (SSJ),
and the interactions among them. Tables 4 and 5 report the independent effects of each variable on attrition rates. In each panel, the solid line repre-
sents the slope of the direct relationship between the attrition rate and pollen deposition; the dotted lines represent the 95% confidence interval.

experienced over 48 h did not affect the efficacy of gametophytic
selection.

In another study of the factors influencing pollen performance
in Clarkia, Smith-Huerta (1997) observed pollen tube attrition in
the stigmas and styles of a selfing and an outcrossing population of
C. tembloriensis; both populations exhibited high attrition rates
from the stigma to the stigma-style junction (59% and 83.5% attri-
tion in the selfing vs. outcrossing populations, respectively). Only
the outcrossing population, however, exhibited additional attrition
as pollen tubes grew from the style’s tip to its base (as reported here
for both unguiculata and xantiana).

The evolutionary significance of variation in style length—In the
Clarkia populations sampled here, long styles functioned to increase
pollen deposition, which could have been achieved in several ways.
First, long styles might place the stigmatic surface in a location that
increases contact between stigmas and the pollen-bearing parts of
insect visitors  bodies. Second, style length may be positively correlated

with other floral traits that promote insect visitation and pollen de-
position, such as petal size. Third, style length could be positively
correlated with the duration of stigma receptivity and/or with the
number of pollinator visits received before style senescence, both of
which may increase pollen receipt. Given the positive relationship in
both taxa between the number of pollen grains per stigma and the
number of pollen tubes reaching the style base (Fig. 8C and D), in-
creases in pollen deposition in these taxa may in turn increase fertil-
ization rates (especially since the mean number of tubes reaching
the style base did not exceed the mean number of ovules per ovary).

Although, based on attrition rates, we found no evidence that
style length directly influenced the intensity of competition or se-
lection among male gametophytes in unguiculata or xantiana, style
length was positively associated with pollen deposition which, in
turn, was positively associated with all three attrition rates observed
in both taxa (Fig. 5). The positive correlation between style length
and the number of pollen grains adhering to the stigma may result
in a greater opportunity for selection among male gametophytes in
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FIGURE6 Relationship between the attrition rate within the style and the
number of pollen grains deposited per stigma among Clarkia unguicu-
lata flowers receiving <100 pollen grains, controlling for the effects of
harvest date, style length, the number of pollen tubes at the SSJ, and the
interactions among them. The solid line represents the slope of the di-
rect relationship between pollen deposition and the attrition rate, inde-
pendent of the other variables in the model; the dotted lines represent
the 95% confidence interval.

flowers with relatively long styles. Large pollen loads may result in
higher rates of pollen germination success than small ones (e.g.,
Brewbaker and Majumder, 1961), and subsequent selection among
male gametophytes may be particularly strong as pollen tubes grow
from the stigma to the upper style (Erbar, 2003; Lubliner et al.,
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FIGURE 7 Linear regressions of the number of pollen tubes reaching the
stigma-style junction (SSJ) on the number of pollen grains per stigma, for
stigmas receiving <100 pollen grains (blue points) and >100 pollen grains
(red points). Solid lines represent the least square regression slopes;
shaded areas represent the 95% confidence intervals of each regression line.

2003; Stephenson et al., 2003). Consequently, plants with relatively
long styles could benefit if receiving more pollen increases seed
quality by increasing selection against poor quality male gameto-
phytes during pollen germination and penetration of the stigma.
Even in the absence of such selection, in both species we detected a
concrete advantage to receiving more pollen; the number of pollen
grains adhering to the stigma is positively correlated with the num-
ber of pollen tubes reaching the style entrance and the style base
(Fig. 8). Moreover, as the number of tubes reaching the style en-
trance increased, the attrition rate within the style significantly de-
clined independent of variation in style length (Fig. 9A and B);
either the genetic quality of the pollen tubes entering the style or
maternal resources for pollen tube growth may be elevated with
increasing numbers of pollen tubes entering the style.

In both taxa, flowers that received >100 pollen grains had longer
styles and higher attrition rates from the stigma to the SSJ and from
the stigma to the style base than those receiving <100 grains (Table
3). This pattern is consistent with the inference that the opportunity
for gametophytic selection is a function of style length. Interest-
ingly, in unguiculata, the attrition rate within the style—from the
SSJ to the style base—was higher in flowers that received <100 pol-
len grains than in flowers that received >100 pollen grains, in spite
of the fact that the styles were shorter in the former (Table 3). There
are two nonmutually exclusive explanations for this relationship.
First, in stigmas with >100 pollen grains, selection may have been
sufficiently strong before the pollen tubes entered the style that
their genetic quality at the stigma-style junction was higher than
those entering the style of lightly pollinated stigmas, resulting in
lower attrition rates. Second, the provisioning of pollen tubes by
the maternal tissue may have been of higher quality when more
pollen tubes entered the style. In xantiana, however, there was no
difference between the two classes of pollination intensity in the
attrition rate from the SSJ to the style base (Table 3).

The independence between style length and attrition rates ob-
served here could also have been a result of where in the style most
attrition occurs. If most attrition occurs before the pollen tubes
reach 10 mm in length, for example, then the remaining length of
the styles would not play a direct role in gametophytic selection,
and longer styles could not be supposed to provide this function.
Nevertheless, while attrition rates were not directly affected by style
length in this study, we cannot rule out the possibility that the ge-
netic quality of the pollen tubes that reached the style base was re-
lated to style length. Examining the quality of seeds produced as a
function of style length would be necessary to explore this possibility.

Evidence for competition among male gametophytes for access to
the style—In the current study, in both species, the mean number
of pollen grains per stigma and the mean number of pollen tubes
observed in the SSJ exceeded the mean number of ovules per flower
reported by Delesalle et al. (2008) (Fig. 2). Moreover, in 2010, flow-
ers produced fewer than 100 ovules on average (mean = 74.13 *
0.80 SE, n = 456; and 81.06 + 0.89 SE, n = 406 in unguiculata and
xantiana populations, respectively; A. A. Hove et al., unpublished
manuscript), indicating that competition among male gameto-
phytes for access to ovules may regularly occur in these field popu-
lations. The numbers of pollen grains per stigma reported here may
underestimate the number of pollen grains deposited, as some may
have washed off during the style preparation process. Any grains
that did wash off, however, probably either had not germinated or
had not produced pollen tubes that were well anchored in the
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TABLE 6. Summary of 3-way multivariate model to detect the independent effects of harvest time, style length,
pollen grains per stigma, and their interactions on the number of tubes that reach the stigma-style junction
(SSJ) among flowers of (A) Clarkia unguiculata and (B) C. xantiana subsp. xantiana. Pollen grains/stigma was
log, -transformed prior to analysis. SS = sum of squares.
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much less competition than im-
plied by the ratio of the mean num-
ber of pollen grains per stigma to
the mean number of ovules per

Source df SS F ratio P>F  ovary. In short, the number of pol-
A) C unguiculata len grains observed per stigma
Harvest date 2 75,950 17.03 <0.0001 may not be a good measure of the
Style length 1 1082 049 04866 realized intensity of gametophytic
EoHen ??i?S/ stis%rrlwa‘ " ; 31 912;2 143?; <g'?§7011 competition (Mulcahy and Mulcahy,
arvest date x Style len ) )
Harvest date x Poﬁlen gr?ains/stigma 2 33,442 7.50 0.0007 1987). The numbe.r of pollen t}lbes
Style length x Pollen grains/stigma 1 2705 1.21 02717 that reach the SSJ is a more reliable
Harvest date x Style length x Pollen grains/stigma 2 11,001 247 00867  indicator of the potential strength
Model 11 520,075 21.20 <0.0001 of pollen competition (Herrera,
Error 288 642,251 2002, 2004), and in both taxa this
Total 299 1,162,326 exceeded the number of ovules
B) C xantiana subsp. xantiana =045 available for fertilization reported by
Harvest date 2 21,787 336 00357 Delesalleetal. (2008) and A. A. Hove
Style length 1 1240 0.38 05367  etal. (unpublished data) (Fig. 2).
Pollen grains/stigma 1 238,781 73.68 <0.0001
Harvest date x Style length 2 3867 0.60 05512 Pollen attrition rates vs. pollen
Harvest date x Pollen grains/stigma 2 4395 0.68 05082 grains per stigma—We consistently
Style length x Pollen grains/stigma . _ 1 1193 0.37 0.5444 found that the number of pollen
Harvest date X Style length X Pollen grains/stigma 2 3214 0.50 0.6095 . . . .
Model > 541708 1520 <0.0001 gralns adhering to the stigma pos%—
Error 380 1,238,006 tively affects all three rates of attri-
Total 303 17,797 tion (Fig. 5), independent of variation
R=030 in style length and the number

stigma and therefore would not have contributed significantly to
competitive interactions involving access to the style. Conversely, if
groups of pollen grains were deposited in successive events as a re-
sult of multiple pollinator visits, with the first ~100 pollen grains
arriving an hour or more before the remaining pollen, then the pol-
len tubes that reached the base of the style would have experienced

TABLE 7. Summary of multivariate model to detect the independent effects
of harvest date, style length, the number of pollen grains per stigma, and the
number of pollen tubes at the stigma-style junction (SSJ) on the number of
tubes that reach the base of the style among flowers of (A) Clarkia unguiculata
and (B) C. xantiana subsp. xantiana. Only main effects were included because
none of the interactions were significant. Number of pollen grains per stigma
was log, -transformed before analysis. SS = sum of squares.

Source df SS F ratio P>F
A) C. unguiculata
Harvest date 2 1044 1.38 0.2536
Style length 1 548 145 0.2299
Pollen grains/stigma 1 12,986 34.30 <0.0001
Pollen tubes at SSJ 1 56,679 149.71 <0.0001
Model 5 170,796 90.23 <0.0001
Error 294 111,306
Total 299 282,102
R*=061
B) C. xantiana subsp. xantiana
Harvest date 2 5045 3.68 0.0263
Style length 1 30 0.04 0.8341
Pollen grains/stigma 1 13,800 20.11 <0.0001
Pollen tubes at SSJ 1 142,075 207.09 <0.0001
Model 5 331,678 96.69 <0.0001
Error 388 266,193
Total 393 597,871
R*=0.55

of pollen tubes entering the style
(Tables 4 and 5). The timing of pol-
len deposition, however, may have played a role in generating these
relationships. If stigmas with relatively high pollen loads received
pollen over a longer time period than lightly pollinated stigmas,
then some portion of their pollen may have arrived after the stigma
began to wilt or the stylar resources had been depleted. This pattern
of pollen receipt would generate a positive association between pol-
len grains per stigma and subsequent attrition rates. In this study,
however, the number of pollen grains per stigma was also positively
associated with the number of pollen tubes entering the SSJ and the
number arriving at the style base. So, the higher attrition rates ob-
served in heavily pollinated flowers could not have been due en-
tirely to the late arrival of “extra” but ineffective pollen to unreceptive
stigmas or styles. Moreover, the positive relationship between pol-
len grains per stigma and attrition in the style was independent of
the number of pollen tubes entering the style (Tables 4 and 5); the
quality of the male gametophytes entering the style and/or the qual-
ity of the transmitting tissue in the style appeared to be influenced
by the number of pollen grains deposited.

Interference among male gametophytes and the importance of
the stigma-style junction—We observed that the positive effect of
the number of pollen grains per stigma on the number of pollen
tubes entering the style was weaker among flowers with high pollen
loads (>100 grains) than among those with <100 pollen grains. As
the number of pollen grains adhering to the stigma exceeded 100,
the per capita success rate in entering the style diminished (Fig. 7).
This pattern suggests that crowding and/or antagonistic interactions
among pollen grains or tubes limit the benefits of increased pollen
deposition among the more heavily pollinated flowers. Antagonistic
interactions among mixtures of unguiculata pollen from different
donors were detected by Németh and Smith-Huerta (2002), cor-
roborating this possibility. Alternatively, the composition of the
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FIGURE 8 Effects of pollen grains per stigma on pollen tube success among flowers of Clarkia unguiculata (A, C) and C. xantiana subsp. xantiana (B, D).
(A, B) The relationship between the number of pollen tubes reaching the stigma-style junction (SSJ) and the number of pollen grains per stigma.
(C, D) The relationship between the number of pollen tubes reaching the base of the style and the number of pollen grains per stigma. In each panel,
the solid line represents the slope of the direct relationship between the number of pollen tubes and pollen grains/stigma, independent of the
other variables in the model (Tables 6 and 7); the dotted lines represent the 95% confidence interval.

pollen load, with respect to the proportions of self pollen and/or pol-
len from donors at different distances from the recipient plant, may
have varied with the size of the pollen load, which could have influ-
enced attrition rates (Cruzan, 1990). In either case, successful penetra-
tion of the stigma-style junction is clearly an important barrier to
overcome for pollen that has arrived on a stigma, and this achievement
appeared to become less likely per pollen grain as pollen deposition
exceeded 100 grains. A caveat, however, is that this pattern could
simply be a result of heavily pollinated stigmas receiving a higher
proportion of their pollen relatively late, when the stigma was no
longer maximally receptive.

Style length and pollen receipt in other taxa—Positive effects of
style length on pollen receipt or on the number of pollen tubes
found in the style have been reported in other species. In a study of
natural populations of Prunella grandiflora, Bernasconi et al. (2007)
found that style length and the number of pollen tubes in the style
were positively correlated; moreover, in one of the eight popula-
tions surveyed, the number of pollen tubes was positively corre-
lated with seed set, demonstrating an indirect positive effect of style
length on fertility per fruit. In a manipulative experiment, Cresswell
(2000) investigated the relationship between stigma height and pol-
len receipt in Brassica napus; he increased phenotypic variation in
stigma height by replacing a portion of the pistil with fine wire, and
then measured pollen receipt across the enhanced range of stigma
heights that he created. This method enabled him to detect stabilizing

selection on stigma height (using pollen deposition as a fitness esti-
mate), a pattern of selection that can maintain phenotypic variation in
stigma height, whether it is controlled by pistil length or by style length.

The observation that relatively long styles receive more pollen
than comparatively short ones does not necessarily mean that seed
production or offspring quality will be higher as well, although nu-
merous manipulative studies have found that high pollen deposi-
tion can have this effect (see Baskin and Baskin, 2015 for a recent
review and for counter-examples). For example, Bjorkman (1995)
found that high pollination intensity in Fagopyrum esculentum re-
sulted in more successful pollen tube development, in higher seed
set, and in larger, more vigorous seedlings (but not larger seeds).
Johannsson and Stephenson (1997) found that higher pollen loads
improved progeny vigor in Cucurbita texana. Mitchell (1997) re-
ported that, in Lesquerella fendleri, high pollen loads resulted in
higher seedling emergence and survival than low pollen loads did.
In Pyrus pyrifolia, higher pollen density on the stigma surface gave
rise to higher rates of pollen germination and faster pollen tube
growth and also resulted in higher proportions of viable seed,
higher fruit growth rates, higher fruit set, and larger fruit size
(Zhang et al., 2010). Marshall et al. (2007) reported that, following
hand pollinations of Raphanus sativus with mixed-donor pollen
loads (all of which greatly exceeded the number of ovules per
pistil), the smallest pollen loads resulted in lower seed production
per fruit than did larger loads, but pollen load size did not influence
the relative success of different pollen donors.
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FIGURE 9 Effects of the number of pollen tubes entering the style on attrition rates within the style and on the number of pollen tubes reaching the
style base among flowers of Clarkia unguiculata (A, C) and C. xantiana subsp. xantiana (B, D). (A, B) The relationship between the attrition rate within
the style and the number of pollen tubes at the style base. (C, D) The relationship between the number of pollen tubes at the style base and the num-
ber of pollen tubes at the stigma-style junction (SSJ). Variables are adjusted for the effects of harvest date, style length, the number of pollen grains
per stigma, and the interactions between them. In each panel, the solid line represents the slope of the direct relationship between the number of
pollen tubes at the SSJ and the dependent variable, independent of the other variables in the model; the dotted lines represent the 95% confidence
interval. Tables 4 and 5 report the independent effects of the number of pollen tubes at the SSJ on attrition rates and Table 7 reports the independent

effects of the number of pollen tubes at the SSJ on the number of tubes at

While larger pollen loads may allow fertilization by only the
fastest pollen tubes and result in higher quality seeds than
smaller pollen loads, this does not inevitably mean that the fast-
est-growing pollen tubes express genes that directly affect seed
quality. An alternative explanation is that maternal provisioning
favors ovules and seeds that are fertilized first (Delph et al.,
1998). If heavily pollinated stigmas include a higher number of
fast-growing tubes than lightly pollinated ones, then the resulting
ovaries may, on average, contain more ovules that are fertilized
relatively early and receive the benefits of preferential maternal
provisioning.

Limitations of the current study—Three aspects of the current
study constrain our ability to interpret the direct effect of style
length on pollen attrition and on the intensity of male gameto-
phytic competition. First, while longer styles generally received
more pollen than shorter ones in the Clarkia populations surveyed
here, we do not know the schedule of pollen arrival or germination.
Late-arriving or late-germinating pollen grains that initiate pollen
tube growth much later than early-arriving ones may not, in a prac-
tical sense, directly compete with the latter for access to ovules
(Thomson, 1989). When, on a given stigma, variation in the time of

the style base.

pollen arrival or germination is sufficiently high, the number of
pollen grains observed on the stigma provides an inaccurate esti-
mate of the intensity of pollen competition and of the strength of
selection on germination speed or pollen tube growth rate (Mulcahy
and Mulcahy, 1987). Second, we did not measure seed production
or seed quality among the fruits that developed from the flowers
sampled here; this is an essential step for making unambiguous in-
ferences regarding the putative fitness benefits of both high pollen
receipt and strong competition among pollen tubes before or after
entry into the style.

Even in the absence of an effect of style length on attrition rates,
style length may affect the strength of selection. That is, the quality of
the pollen genotypes that reached the ovary or fertilized the ovules—
neither of which were measured here—could have been a function
of style length. Other studies have detected positive relationships
between pollen loads and offspring quality (e.g., Bjorkman, 1995;
Johannson and Stephenson, 1997; Mitchell, 1997; Kalla and Ashman,
2002; Baskin and Baskin, 2015), as well as positive associations
between the distance traveled by pollen tubes and progeny vigor
(Mulcahy and Mulcahy, 1975; McKenna and Mulcahy, 1983).

A third limitation is that we did not measure other floral traits
that may be correlated with style length and have direct effects on
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pollen deposition. For example, petal area and the total number of
open flowers are both likely to positively influence pollinator visita-
tion rates, thereby affecting pollen deposition (e.g., Johnson et al.,
1995). In addition, stigma surface area and the duration of stigma
receptivity are likely to be positively correlated with the number of
pollen grains observed on senescent stigmas. If these traits are posi-
tively correlated with style length, then the putative effects of style
length on pollen deposition presented here may actually be caused
by these correlated traits.

CONCLUSIONS

Longer styles received more pollen than shorter ones in natural
populations of the two Clarkia taxa examined here, yet the longer
distance traveled by pollen tubes in the former did not directly
cause higher rates of pollen attrition. Nevertheless, style length
could affect offspring quality if the strength of selection among pol-
len genotypes is stronger in long styles, even in the absence of direct
effects on attrition rates. Furthermore, given that style length may
influence other processes such as the timing of pollen deposition
relative to the loss of stigma receptivity or the availability of re-
sources within the style, observations of the timing of pollen receipt
in wild populations can shed further light on the functional signifi-
cance of style length. Finally, experimental work should be de-
signed to detect both the direct and the antagonistic or synergistic
effects of petal area (and other traits that may affect pollinator visi-
tation rate or efficacy), style length and pollen deposition on the
quality of the resulting offspring. While stronger gametophytic se-
lection has been predicted to result in higher quality offspring, the
adaptive significance of variation in style length under field condi-
tions can only be detected when its influence is isolated from the
direct and indirect effects of correlated traits.
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