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THE EFFECT OF PROTANDRY ON SIRING SUCCESS IN CHAMERION ANGUSTIFOLIUM
(ONAGRACEAE) WITH DIFFERENT INFLORESCENCE SIZES
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Abstract. Protandry, a form of temporal separation of gender within hermaphroditic flowers, may reduce the magnitude
of pollen lost to selfing (pollen discounting) and also serve to enhance pollen export and outcross siring success.
Because pollen discounting is strongest when selfing occurs between flowers on the same plant, the advantage of
protandry may be greatest in plants with large floral displays. We tested this hypothesis with enclosed, artificial
populations of Chamerion angustifolium (Onagraceae) by experimentally manipulating protandry (producing uniformly
adichogamous or mixed protandrous and adichogamous populations) and inflorescence size (two-, six-, or 10-flowered
inflorescences) and measuring pollinator visitation, seed set, female outcrossing rate, and outcross siring success. Bees
spent more time foraging on and visited more flowers of larger inflorescences than small. Female outcrossing rates
did not vary among inflorescence size treatments. However, seed set per fruit decreased with increasing inflorescence
size, likely as a result of increased abortion of selfed embryos, perhaps obscuring the magnitude of geitonogamous
selfing. Protandrous plants had a marginally higher female outcrossing rate than adichogamous plants, but similar
seed set. More importantly, protandrous plants had, on average, a twofold siring advantage relative to adichogamous
plants. However, this siring advantage did not increase linearly with inflorescence size, suggesting that protandry acts
to enhance siring success, but not exclusively by reducing between-flower interference.
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Dichogamy, the temporal separation of male and female
function within hermaphroditic flowers, occurs in two forms
(Lloyd and Webb 1986; Bertin and Newman 1993): protan-
dry, when male function precedes female function, and the
converse, protogyny. Historically, dichogamy has been in-
terpreted as a mechanism for reducing self-fertilization (e.g.,
Darwin 1862). Recently, dichogamy has been reinterpreted
as a more general mechanism for reducing the impact of
pollen-pistil interference on pollen import and export (re-
viewed in Lloyd and Webb 1986; Bertin and Newman 1993;
Barrett 2002).

In many hermaphroditic species, the close physical prox-
imity of anthers and stigmas makes interference unavoidable,
either within a flower or between flowers on an inflorescence.
Within-flower interference, which occurs when either the pis-
til interrupts pollen removal or the anthers prevent pollen
deposition, often results in autonomous or facilitated self-
pollination (Lloyd and Webb 1986; Lloyd and Schoen 1992).
Between-flower interference results from similar mecha-
nisms, except that the interfering structures exist on different
flowers within the same inflorescence. This results in gei-
tonogamous pollination, the transfer of pollen between flow-
ers of the same individual (Lloyd and Schoen 1992; de Jong
et al. 1993). In contrast to within-flower interference, gei-
tonogamy necessarily involves the same processes as out-
crossing: pollinator attraction, reward provisioning, and pol-
len removal. Therefore, between-flower interference not only
carries the cost of self-fertilization (inbreeding depression;
Charlesworth and Charlesworth 1987; Husband and Schem-
ske 1996), but also reduces the amount of pollen available
for export (pollen discounting; Harder and Wilson 1998).
Because pollen discounting diminishes outcross siring suc-
cess, interference avoidance may be a potent force in floral

evolution (Harder and Barrett 1995, 1996; Harder and Wilson
1998).

Dichogamy may reduce between-flower interference by
minimizing the temporal overlap between stigmas and anthers
within an inflorescence. Harder et al. (2000) demonstrated
experimentally that dichogamy both reduced rates of self-
fertilization and enhanced outcross siring success through
reductions in geitonogamy and pollen discounting, respec-
tively. However, to implicate between-flower interference
convincingly in the evolution of dichogamy, the advantage
conferred by dichogamy should depend on daily inflorescence
size. Large inflorescences attract more pollinators, potentially
enhancing reproductive success by increasing pollen import
and export (Schemske 1980; Queller 1983; Bell 1985; Geber
1985; Schmid-Hempel and Speiser 1988; Klinkhamer and de
Jong 1990). However, large inflorescences also increase the
opportunities for both geitonogamy and pollen discounting
(Harder and Barrett 1996). Consequently, the evolution of
floral display size may represent a compromise between max-
imizing pollinator visitation and minimizing geitonogamy
and pollen discounting (Klinkhamer and de Jong 1993; Bar-
rett et al. 1994; Holsinger 1996; Snow et al. 1996).

Protandry may be particularly relevant to this compromise,
because it often structures inflorescences such that female
flowers are positioned below male-phase flowers (Bertin and
Newman 1993). Given the tendency of many pollinators to
forage upwards through inflorescences (Galen and Plowright
1988), protandry may enhance pollen export by reducing be-
tween-flower interference (Darwin 1862; Harder et al. 2000).
Furthermore, this impact on outcross siring success should
increase as inflorescence size increases, because between-
flower interference should increase with daily inflorescence
size. These effects of protandry on between-flower interfer-
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ence may decouple the benefits of large inflorescences from
the consequences of geitonogamy and pollen discounting.

Here we experimentally test whether inflorescence size af-
fects the benefits of protandry for Chamerion angustifolium
(Onagraceae). Artificial populations were constructed con-
taining manipulated protandrous and adichogamous plants
for each of three different inflorescence-size classes. Sub-
sequent tracking of allozyme markers, associated with the
dichogamy treatments, allowed us to infer the rate of self-
fertilization and siring success of the two dichogamy treat-
ments for each inflorescence size. Specifically, we tested
three predictions: (1) geitonogamy (estimated from female
outcrossing rates) increases with inflorescence size, (2) pro-
tandry enhances outcross siring success, and (3) the enhanced
siring success provided by protandry increases with inflo-
rescence size.

MATERIALS AND METHODS

Study Species

Chamerion (5Epilobium) angustifolium (L.) Holub (fire-
weed) is a herbaceous, perennial member of the Onagraceae
(Evening Primrose family), distributed widely in the northern
temperate region. Individual plants are approximately 2 m
tall, with indeterminate inflorescences bearing from 10 to 15
open flowers at a time, each with four, 10–15-mm-long, pink
petals (Husband and Schemske 2000). A flower has eight
anthers that shed blue-green or yellow pollen held together
with viscine threads (Myerscough 1980). Initially the style
is strongly deflexed away from the anthers and the four stigma
lobes are closed. This male phase lasts for two to three days.
The style then straightens, moving the stigma upward to the
center of the flower, the stigma lobes spread apart, and female
phase begins (Galen and Plowright 1988). This protandry and
the acropetalous (maturing from base to tip) development of
the inflorescence, produces an inflorescence with female-
phase flowers at the base and male-phase flowers toward the
apex (Galen and Plowright 1988). However, in the absence
of pollinators, pollen remains viable within the anthers, re-
sulting in hermaphrodite-phase flowers.

Chamerion angustifolium is self-compatible (Mosquin
1967), but pollinators (primarily Bombus spp.) are required
for full seed set (Benham 1969). Allozyme electrophoresis
has revealed that in natural populations approximately 45%
of the available ovules were self-fertilized (primary female
outcrossing rate; measured female outcrossing rate 5 0.06),
presumably through geitonogamy (Husband and Schemske
1995). Furthermore, inbreeding depression was estimated at
0.95, so that selfed progeny experience a 95% reduction in
fitness. This combination of protandry, potential for geiton-
ogamy, and high inbreeding depression makes C. angusti-
folium an ideal species for studying the functional signifi-
cance of dichogamy.

Experimental Design

Our experiments involved arrays of 16 potted plants, ar-
ranged in a 4 3 4 grid with 0.5 m between each pot. Each
array was assigned one of two dichogamy treatments (adi-
chogamous plants only, or eight protandrous and eight adi-

chogamous plants) and one of three inflorescence-size treat-
ments (two, six, or 10 open flowers) as described below. The
uniform arrays (adichogamous plants only) were used to ver-
ify that the transmission of marker genotypes was not biased
in any way in the absence of the floral manipulation and to
investigate the influence of inflorescence size on the response
variables in the absence of protandry differences. Each treat-
ment combination was replicated four times resulting in a
total of 24 arrays (3 inflorescence-size treatments 3 2 di-
chogamy treatments 3 4 replicates).

During the summer of 1999 we germinated seeds collected
from two populations in northern Wyoming (populations D2
and D6; Husband and Schemske 1997). We chose these pop-
ulations because resident plants are predominantly diploid
and genetically variable with respect to phosphoglucose
isomerase (PGI EC 5.3.1.9) and malate dehydrogenase (MDH
EC 1.1.1.37), which we used as markers to quantify male
siring success (PGI) and female outcrossing rates (MDH).
Young leaves from these plants were used to assay PGI ge-
notypic frequencies with horizontal, starch-gel electropho-
resis (following Husband and Schemske 1995). We grew the
plants to flowering and performed crosses to generate 150
families homozygous for alternate alleles of PGI. All exper-
imental treatments were applied independently of a plant’s
MDH genotype for the purpose of estimating female out-
crossing rates. We germinated the seeds from these crosses,
re-assayed them to confirm their genotypes, and transferred
the seedlings to 4-l pots.

When constructing an experimental array, we randomly
chose eight plants from each of the two pools of plants ho-
mozygous for alternate PGI genotypes. To limit variation in
nectar properties, pollen production, and size among flowers
within an inflorescence, we removed all secondary shoots
and nonhermaphrodite flowers from each plant. We placed
the plants within a large nylon-mesh tent (4 m 3 4 m 3 2.1
m, Basic Screen House, Canadian Tire Corp., Toronto, On-
tario, Canada) in an alternating checkerboard pattern ac-
cording to their PGI genotype. We then applied experimental
treatments to the plants. For the inflorescence size treatments,
we removed flowers randomly to produce a uniform array of
either two-, six-, or 10-flowered inflorescences. In mixed ar-
rays, we randomly assigned one genotypic class within an
array to be protandrous and the other to be adichogamous.
For the protandrous class, we removed the styles from flowers
in the upper half of the inflorescence with forceps. The ad-
ichogamous class was left unmanipulated. Therefore, each
array contained plants of the same inflorescence size class,
with eight protandrous plants (all homozygous for the same
PGI allele) alternating with eight adichogamous plants (ho-
mozygous for the other PGI allele). Dichogamy classes were
randomly assigned to the PGI genotypes. For uniform arrays,
we chose plants as in the mixed arrays, but left all stigmas
intact.

Our choice of experimental manipulations of inflorescence
size was bounded by 10 flowers, the largest we could reliably
produce, and two flowers, the minimum number required to
produce any between-flower interference. Our dichogamy
treatment has the benefit of maintaining both equal flower
number and pollen production between protandrous and ad-
ichogamous plants. However, it does double the ratio of pol-
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len to stigmas and halves the number of fruits available on
protandrous plants. This could have important consequences
for female reproductive success if we considered total seed
production as a measure of female fitness. Alternatively, com-
pletely dichogamous plants could have been produced with
only staminate and pistillate flowers and twice the floral dis-
play size (Harder et al. 2000). However, given our focus on
outcross siring success, it was more important to maintain
display size and pollen production. Considered together, our
experimental manipulations do mimic the natural protandry
in C. angustifolium and represent a range of inflorescence
sizes that an individual plant would experience throughout a
season.

After constructing the arrays, we introduced a hive of bum-
blebees (Bombus impatiens, Natupol-Plus Class A Hive, Kop-
pert Biological Systems, Scarborough, Ontario, Canada) ex-
perienced with C. angustifolium into the tent and allowed one
bee to forage freely within the array at one time. We mon-
itored individual bees while they foraged, noting the number
of flowers visited per inflorescence, the vertical direction of
movement within an inflorescence, the time spent foraging
per inflorescence, and the number of plants visited during a
foraging bout. For this study, we defined a foraging bout as
a minimum of three plant visits with less than 1 min of
nonforaging between flower visits. After a foraging bout, we
recaptured the bee and released a new bee into the array.
Each experimental run was concluded after 25 separate for-
aging bouts had occurred within the array (approximately 6
h elapsed time). To ensure that pollen was not transferred
into the hive and between arrays, we isolated all bees after
each experimental run.

At the end of an experimental run we removed all but two
adichogamous flowers randomly from each plant. This re-
moval of flowers minimized differences in resource allocation
across the treatments, because all treatment plants required
the same level of investment. Otherwise, 10-flowered inflo-
rescences might have set fewer seeds than two-flowered in-
florescences because of greater resource demands rather than
because of pollination differences resulting from interference
between sexual organs. The only exception involved two-
flowered protandrous plants, as only one flower per inflores-
cence could produce a fruit because the style had been re-
moved from the other flower.

Seed Set

Once fruits matured, we harvested them and counted the
seeds within each fruit. The contents of each fruit were
scanned digitally with a flatbed scanner and the image was
analyzed with Northern Eclipse software (ver. 5.0; Empix
Imaging 1996). Based on area and perimeter, we categorized
each object in the scanned image as one of three objects: full
seed (f, area . 0.019 cm2, 0.6 cm , perimeter , 1.05 cm),
aborted seed (b, 0.005 cm2 , area , 0.019 cm2), and debris
that was excluded from the analysis (area . 0.044 cm2, pe-
rimeter . 1.06 cm). To ensure that these categories were
characterized accurately, we compared the digitally analyzed
counts to visual counts under a dissecting microscope for the
first 83 fruits. The correlation between the two was close to
one with a significant paired t-test (y 5 1.09x, R2 5 0.98, t

5 57.3, P , 0.0001; t 5 3.34, df 5 82, P , 0.01); conse-
quently we used digital analysis for all subsequent seed
counts.

Relative seed set was calculated for each fruit as:

fO
. (1)

f 1 bO O
These values were averaged for each treatment and fruit

position within an array, and arrays were used as the unit of
replication in the statistical tests. Although most aborted
seeds are larger than unfertilized ovules, slight overlap may
occur. Therefore, we may have overestimated relative seed
set slightly. However, this upward bias should apply equally
to all treatments.

Female Outcrossing Rates

We estimated the proportion of a treatment group’s seeds
that were sired by outcrossed pollen (t) within the mixed
arrays from the segregation of MDH allozymes among seeds
from each fruit collected. We assayed the MDH genotype of
six seeds from each fruit with cellulose-acetate-gel electro-
phoresis (Hebert and Beaton 1989) during the winter of 2001.
We homogenized seeds in 12 ml of Decodon extraction buffer
(Eckert and Barrett 1993), centrifuged the homogenate for 5
min at 15,000 rpm, and applied the supernatant to 76 x 76
mm gel plates (Titan III, Helena Laboratories, Beaumont,
TX). A tris-citrate, pH 8 buffer system was used with running
conditions of 250 V, 25 mA for 35 min.

To estimate female outcrossing, we used Ritland’s (1986)
maximum likelihood program, MLTR (ver. 0.9), with New-
ton-Raphson iteration using the most likely parent as the
maternal genotype. We ran two analyses, one for the di-
chogamy treatment and one for the inflorescence size treat-
ment. In these analyses, we used the grouping function of
the computer program to estimate female outcrossing rates
for the different classes within a given treatment (i.e., pro-
tandrous and adichogamous or two-, six-, and 10-flowered
inflorescence estimates) with the arrays pooled to increase
the number of progeny arrays in the estimate. We calculated
standard errors of the female outcrossing estimates from the
standard deviations of 1000 bootstrap estimates of the mean,
using the progeny array (seeds from an individual fruit) as
the unit of resampling.

We inferred levels of geitonogamy from the female out-
crossing rate. However, Husband and Schemske (1995) found
that for C. angustifolium, inbreeding depression was largest
during seed maturation (inbreeding depression at this stage
estimated as 0.87). Consequently, inbreeding depression
probably eliminated some fraction of the progeny produced
through selfing from the progeny arrays used to estimate
female outcrossing. In particular, homozygous progeny may
occur less frequently than in the absence of inbreeding de-
pression. Considering this caveat, our female outcrossing es-
timates should be interpreted with caution, as they may be
overestimates. To supplement this measure of geitonogamy,
we also analyzed whether the frequency of aborted seeds
increased across inflorescence sizes.
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Outcross Siring Success

We estimated siring success for the protandrous and adi-
chogamous plants of all inflorescence size treatments using
the PGI locus. Because the two dichogamy classes were fixed
for different PGI alleles in each array, we estimated siring
of seeds on the competing class directly as the frequency of
heterozygotes («) relative to the number of within-class out-
crosses. By including within-class transfers in the calculation
we were also controlling for individual variation in seed pro-
duction. Homozygous offspring (g) result from within-class
pollen transfer; however, within-plant (selfing) cannot be dis-
tinguished from between-plant mating using the PGI locus.
To estimate the frequency of within-class outcrosses, we cor-
rected the number of homozygotes with the female outcross-
ing rate estimate of each dichogamy treatment. For example,
the relative siring success of protandrous plants would be
calculated as the number of progeny on adichogamous plants
sired by protandrous plants («) relative to the number of ad-
ichogamous-sired progeny (g 3 t) on adichogamous plants,

eadichogamous . (2)
g 3 tadichogamous adichogamous

We then averaged these siring-success estimates within
arrays to obtain two estimates for each array, one each for
the dichogamous and adichogamous plants. These array es-
timates were used as the unit of replication in the statistical
analyses, giving four replicate estimates for each dichoga-
mous class at each inflorescence size treatment.

It is important to point out that the outcross siring success
of a particular dichogamy class is calculated from the progeny
genotypes of the alternate class. In the absence of differences
in pollen export, homozygotes and heterozygotes should be
equally frequent, giving an outcross siring success estimate
of one. However, the female outcrossing rate correction re-
moves self-fertilized seeds from the siring-success estimate.
This biases the siring-success estimate toward between-class
pollen transfers. An unbiased estimator of the null model of
no pollen export differences then becomes 1.14 heterozy-
gotes/homozygotes (eight between-class plants/seven within-
class plants). Because we predict that protandrous plants will
export more pollen, there should be an excess of heterozygous
progeny among the offspring of adichogamous plants and a
deficiency among the offspring of protandrous plants (i.e., a
siring-success estimate greater than 1.14 for protandrous
plants and less than 1.14 for adichogamous plants).

Statistical Analysis

We performed all statistical tests with SuperANOVA (ver.
1.11, Abacus Concepts 1991) with the array as the experi-
mental unit. Because protandrous and adichogamous plants
were not statistically independent within mixed arrays, we
used split-plot ANOVAs (Neter et al. 1996) to compare their
pollinator visit frequencies, seed set estimates, and siring-
success estimates. We designated arrays as plots, with inflo-
rescence size as the whole-plot factor and dichogamy class
(protandrous or adichogamous) as the split-plot factor. To
test the inflorescence effect, we used array nested within in-
florescence size as the error term. We used two-way ANO-
VAs to compare uniform and mixed arrays for pollinator visit

duration and frequency and seed set. Siring-success estimates
were square-root transformed and both aborted and relative
seed set measures log transformed to meet the assumption of
normality. We used Tukey-Kramer post-hoc comparisons to
test for significant differences between means. The direction
of pollinator movement within inflorescences (i.e., up or
down) could not be transformed adequately, so we used the
nonparametric Wilcoxon rank test.

We tested differences between female outcrossing esti-
mates by inspecting the distributions of bootstrap estimates
and calculating 95% confidence intervals of the t estimate as
the interval from the 2.5 percentile to the 97.5 percentile of
the bootstrap distribution. For a two-tailed test with a 5 0.05,
we considered the estimates significantly different if the con-
fidence intervals did not overlap.

RESULTS

Pollinator Observations

The duration of bee visits and the number of flowers visited
by a bee differed significantly with inflorescence size (Table
1; Fig. 1). The duration of visits to individual plants increased
linearly with the number of open flowers and all treatment
means differed significantly from each other. Based on the
between-array analysis, bees visited significantly fewer flow-
ers on two-flowered inflorescences than on either the six- or
10-flowered inflorescences, which did not differ (Table 1c;
Fig. 1). Furthermore, bees visited proportionally fewer flow-
ers on either the six- or 10-flowered inflorescences relative
to the two-flowered (i.e., 10-flowered inflorescences did not
receive five times as many visits as two-flowered).

Bees moved up during 72% (95% CI 5 3%) of all vertical
movements within inflorescences. Neither dichogamy treat-
ment (nonparametric Wilcoxon rank test, x2 5 0.147, df 5
1, P . 0.50) nor inflorescence size (x2 5 1.058, df 5 2, P
. 0.50) affected this preference.

Bee behavior did not differ between dichogamy treatments.
The array type by inflorescence size interactions were not
significant for either the duration of inflorescence visits or
the number of flowers visited per inflorescence in the be-
tween-array comparison. Also, neither the dichogamy effect
nor dichogamy-by-inflorescence-size interaction was signif-
icant in the within-array comparison.

Seed Set

Relative seed set (Table 2; Fig. 2) estimated from 713 fruits
(71 seeds per fruit on average) decreased significantly with
increasing inflorescence size, based on the two-factor AN-
OVA of both mixed and uniform arrays. However, the split-
plot ANOVA showed no decrease in seed set for the mixed
arrays alone. Dichogamy treatment did not affect seed set
either between or within arrays (Table 2). Similar results were
obtained with the absolute number of full seeds as the re-
sponse variable (between arrays: F1,18 5 0.11, P . 0.70;
within arrays: F1,9 5 0.89, P . 0.30. The vertical position
of the fruit within the inflorescence did not affect seed set
(F46,1 5 0.104, P , 0.70).

The number of aborted seeds per fruit differed significantly
among inflorescence sizes (F2,18 5 5.9, P , 0.01). Tukey-
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TABLE 1. Analysis of variation (ANOVA) in Bombus impatiens visits in experimental arrays of Chamerion angustifolium. (a) Two-factor
ANOVA between mixed and uniform arrays of foraging duration per inflorescence visit. (b) Split-plot analysis within mixed arrays of flower
visits/inflorescence visit. Inflorescence size is tested against array (Inflorescence size) error. (c) Two-factor ANOVA between mixed and uniform
arrays of flower visits/inflorescence visit. Treatment means are presented in Figure 1.

Source of variation df
Sum of
squares F P

a. Duration of inflorescence visits
Array type
Inflorescence size
Array type 3 inflorescence size
Residual

1
2
2

18

0.03
0.69
0.01
0.35

1.63
17.90

0.04

.0.20
,0.01
.0.95

b. Flowers visited per inflorescence—mixed arrays
Inflorescence size
Array (inflorescence size)
Dichogamy
Dichogamy 3 inflorescence size
Residual

2
9
1
2
9

10.31
2.61
0.01
0.01
0.14

17.74
0.29
0.04
0.34

,0.01
,0.01
.0.85
.0.70

c. Flowers visited per inflorescence—both array types
Array type
Inflorescence size
Array type 3 inflorescence size
Residual

1
2
2

18

0.20
11.42

0.11
2.64

1.34
38.86

0.39

.0.25
,0.01
.0.65

FIG. 1. Mean (6 SE) frequency (open circles) and duration (filled
circles) of visits by Bombus impatiens to inflorescences of three
sizes. Values are calculated from the averages of the eight replicate
size-class arrays, irrespective of dichogamy treatments. Means shar-
ing letters within a response variable do not differ significantly (a
5 0.05). Statistical analyses are presented in Table 1 and the text.

TABLE 2. Analysis of variation (ANOVA) in relative seed set between
experimental manipulations of dichogamy and inflorescence size. (a)
Split-plot analysis of mixed arrays with inflorescence size tested
against array (inflorescence size) error. (b) Two-factor ANOVA be-
tween mixed and uniform arrays. Treatment means are presented in
Figure 2.

Source of variation df
Sum of
squares F P

a. Mixed arrays only
Inflorescence size
Array (inflorescence size)
Dichogamy
Dichogamy 3 inflorescence size
Residual

2
9
1
2
9

0.51
0.13
0.01
0.01
0.02

2.04
4.89
0.18
0.23

.0.15
,0.05
.0.85
.0.75

b. Both array types
Array type
Inflorescence size
Array type 3 inflorescence size
Residual

1
2
2

18

0.01
0.11
0.01
0.12

0.33
8.14
0.84

.0.55
,0.01
.0.40

Kramer post-hoc tests showed that six-flowered inflores-
cences aborted significantly more seeds (mean 6 SE; 178 6
8) than two-flowered (116 6 11) but not 10-flowered (142
6 9) inflorescences. Two- and 10-flowered treatments did not
differ significantly.

Female Outcrossing Rate

Estimated female outcrossing rates (Table 3) assayed from
767 progeny for the dichogamy and inflorescence size treat-
ments were generally high (mean t 5 0.94 6 0.11). Protan-
drous plants outcrossed marginally more than adichogamous
plants (two-tailed P , 0.10). Based on the 95% CI of the
female outcrossing estimates, neither inflorescence size nor
flower position had a significant effect on outcrossed seed

production (except for the extremely high value for six-flow-
ered inflorescences).

Mean 6 SE parental inbreeding (F) for the inflorescence
treatment was estimated as 0.08 6 0.26 and for the dichog-
amy treatment as 0.22 6 0.16. Neither F estimate differed
significantly from zero (P . 0.50 and 0.10, respectively).

Outcross Siring Success

Protandrous plants had an average (6 SE) siring success
of 1.38 6 0.15 on adichogamous plants, whereas adichoga-
mous plants had an average siring success of 0.66 6 0.13
on protandrous plants. Although the female outcrossing rate
did not differ significantly between dichogamy treatments,
these estimates were used to correct the siring-success esti-
mates. Since the outcrossing-rate correction has the effect of
increasing the siring success of hermaphroditic plants, it
makes our test of siring-success differences between dichog-
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FIG. 2. Mean (6 SE) proportion of ovules setting seed for three
inflorescence-size classes and two array types (open circles are
uniform arrays, closed circles are mixed arrays). Statistical analyses
are presented in Table 2 and the text.

TABLE 4. Split-plot analysis of outcross siring success in mixed arrays
with inflorescence size tested against array (inflorescence size) error.
Siring success estimates were square-root transformed to meet the
assumption of normality. Treatment means are presented in Figure 3.

Source of variation df
Sum of
squares F P

Siring success
Inflorescence size
Array (inflorescence size)
Dichogamy
Dichogamy 3 inflorescence

size
Residual

2
9
1

2
9

0.01
0.49
0.87

0.34
0.43

0.01
1.15

18.38

3.61

.0.95

.0.90
,0.05

.0.05

TABLE 3. Estimated female outcrossing rates (t 6 SE) for dichogamy,
inflorescence size, and position categories.

Treatment t

Dichogamy
Protandrous
Adichogamous

Inflorescence size
Two-flowered
Six-flowered
10-flowered

1.14 6 0.40
0.92 6 0.13

0.84 6 0.39
1.99 6 0.07
0.90 6 0.25

Position
Bottom
Top

0.95 6 0.10
0.84 6 0.13

FIG. 3. Outcross siring success (1 SE) for protandrous and adi-
chogamous plants at three different inflorescence sizes. Open bars
represent the success of protandrous plants at siring seeds of adi-
chogamous plants (i.e., protandrous siring success). Closed bars
represent the success of adichogamous plants at siring seeds of
protandrous plants. The line represents the null model of equivalent
siring success after the outcrossing-rate correction. Statistical de-
tails are presented in Table 4. Values are back transformed for ease
of interpretation.

amy treatments a conservative one. In the absence of this
correction, the results obtained are statistically identical to
the corrected values. In a split-plot ANOVA, we found a
significant effect of dichogamy treatment and a marginally
significant (P , 0.10) dichogamy-by-inflorescence-size in-
teraction on siring success within mixed arrays (Table 4; Fig.
3). Inflorescence size had no significant effect on siring suc-
cess. In pure arrays, the mean siring success of the two PGI
genotypes did not differ significantly (F22,1 5 0.054, P .
0.80). Consequently, no biases were detected in the move-
ment of PGI alleles.

DISCUSSION

Despite a long-standing interest in dichogamy, very few
studies have experimentally evaluated the functional signif-
icance of the temporal separation of gender in flowering
plants (Griffin et al. 2000; Harder et al. 2000). Our study
represents the first experimental test of the influence of in-
florescence size on the significance of protandry for outcross
siring success. We found that protandry conferred, on av-
erage, a twofold siring advantage relative to adichogamous
plants. However, in contrast to our prediction, this benefit
did not increase with inflorescence size. Furthermore, al-
though the selfing rate did not change, seed set did decrease

with increasing inflorescence size, which, as we discuss be-
low, suggests that geitonogamy increased in large inflores-
cences. These results have important consequences for our
understanding of the functional significance of protandry and
for the role of interference avoidance in the evolution of floral
form.

Pollen Discounting and the Functional Significance
of Protandry

Lloyd and Webb (1986) suggested that dichogamy might
have evolved to reduce interference between male and female
function within a flower. Harder and Barrett (1995, 1996)
further proposed that dichogamy may play a more important
role in reducing between-flower interference and pollen dis-
counting. A few correlative studies have detected an influence
of dichogamy on self-fertilization (a specific type of inter-
ference; Schoen 1982; Holtsford and Ellstrand 1992; Brunet
and Eckert 1998). However, only one other study (Harder et
al. 2000) has experimentally tested the more general hy-
pothesis that dichogamy reduces between-flower interference
and pollen discounting. In one year of their study, Harder et
al. (2000) found that protandrous Eichhornia paniculata
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plants sired 56% of the outcrossed seeds relative to adicho-
gamous plants. Our study of a species with more intense
inbreeding depression also detected a significant siring-suc-
cess advantage for protandrous plants.

A critical prediction of the between-flower interference
hypothesis is that the advantage conferred by dichogamy
should increase with inflorescence size. Although our study
revealed a strong outcross siring advantage of protandry, the
siring advantage was surprisingly high in the two-flowered
treatment and inflorescence size had no significant effect on
this advantage. This could be due to a lack of statistical power
in detecting an inflorescence-size-by-dichogamy interaction,
but the trend is not in the predicted direction. Alternatively,
the siring advantage in the two-flowered treatment could re-
sult if the magnitude of pollen carryover differed between
the dichogamy treatments due to the extra stigma in adicho-
gamous plants. If this was the case, pollen exported from an
adichogamous plant to a neighboring protandrous plant may
have remained on the pollinator to be exported to another
adichogamous plant (the next nearest neighbor). This would
have the effect of increasing within-class pollen transfer for
adichogamous plants and thus reducing the apparent siring
success of protandrous plants. Conversely, this effect would
increase pollen export from protandrous to adichogamous
plants, enhancing the apparent siring success of protandrous
plants. Although these two effects may not cancel each other
out entirely, we do not consider the difference large enough
to explain the very large siring-success difference between
two-flowered protandrous and adichogamous plants. This
complication is a consequence of our experimental design
decision to hold floral display size constant between dichog-
amy treatments. However, avoiding this complication by
maintaining stigma to anther ratios would have caused more
significant differences in pollinator attraction and, conse-
quently, pollen export.

We consider two potential explanations for the unexpected
lack of influence of inflorescence size that are related to in-
terference effects. The first is that protandry may provide a
siring advantage solely by reducing within-flower interfer-
ence, rather than between-flower interference. This may occur
when the absence of a stigma enhances pollen removal from
individual flowers (Lloyd 1984; Harder and Thomson 1989),
rather than pollen carryover (Robertson 1992). Stigmas can
restrict a pollinator’s access to pollen, remove pollen from
a pollinator’s body as it leaves the flower, or a combination
of the two. In this scenario, the enhanced pollen removal
provided by protandry would be independent of inflorescence
size and consequently we would not detect an inflorescence
size influence on siring success.

A second interpretation of these results requires a liberal
interpretation of the marginally significant interacting effects
of inflorescence size and dichogamy. The apparent bimodal
distribution of the siring advantage of protandry (Fig. 3) may
be biologically significant. For this to occur, within-flower
interference may decrease with inflorescence size, whereas
between-flower interference increases. The sensitivity of
within-flower interference to inflorescence size may be due
to changes in pollinator behavior. If bees visit flowers longer
on small inflorescences (e.g., figure 1 in Harder and Thomson
1989), within-flower interference may increase, perhaps in-

creasing facilitated selfing. Indeed, bees in our study spent
more time per flower on small inflorescences. In this scenario,
protandry enhances pollen removal in two-flowered inflores-
cences and pollen carryover in 10-flowered inflorescences.
Six flowers may be a transition between the determinants of
siring success from pollen removal to pollen carryover; con-
sequently, on average, protandry provides no benefit at this
inflorescence size. Unfortunately, because we did not com-
pare different inflorescence sizes directly in the same array,
our experiment cannot assess these two possibilities. A com-
petition of plants with differing proportions of female- and
male-phase flowers, rather than the equal proportion of ad-
ichogamous and dichogamous inflorescences used in our
study, might also provide insights into these issues. Addi-
tionally, an investigation of the actual pollen dynamics (e.g.,
Rademaker et al. 1997) in protandrous relative to adicho-
gamous flowers would be very useful.

Inflorescence Size and Geitonogamy

An increase in the size of Chamerion angustifolium inflo-
rescences increased bee visitation and foraging time within
the inflorescence (Fig. 1). However, 10-flowered plants re-
ceived fewer than five times the visits to two-flowered plants.
This effect may be more exaggerated in natural conditions
where the number of foraging bouts is not constrained and
inflorescence-size classes compete directly. Similar dimin-
ishing gains in per-flower visitation with increasing inflo-
rescence size have been found in numerous other studies (e.g.,
Schemske 1980; Queller 1983; Bell 1985; Geber 1985;
Schmid-Hempel and Speiser 1988; Klinkhamer and de Jong
1990; Barrett et al. 1994; Emms et al. 1997; see Iwasa et al.
1995 for theoretical considerations).

Despite the increased visitation rates and durations in large
inflorescences, we detected no differences between the female
outcrossing rates of the inflorescence size treatments for C.
angustifolium. We had expected geitonogamy to increase with
inflorescence size and be reflected in a decreasing female
outcrossing rate. However, studies of the relationship be-
tween geitonogamy and inflorescence size have been equiv-
ocal. As examples, Barrett et al. (1994) found a gradual in-
crease in self-fertilization as inflorescence size increased
(three, six, nine, and 12 flowers) in Eichhornia paniculata
(Pontederiaceae), and Galloway et al. (2002) found an in-
crease in geitonogamous visits with increased display size in
the protandrous Campanula americana (Campanulaceae).
Conversely, no such correlation was found in Aquilegia ca-
erulea (Ranunculaceae; Brunet and Eckert 1998) or Mertensia
ciliata (Boraginaceae; Geber 1985).

Inbreeding depression may have obscured the effects of
geitonogamy on our estimate of female outcrossing (Husband
and Schemske 1996). In C. angustifolium, inbreeding de-
presses performance by 95%, among the highest documented
for any plant or animal (Husband and Schemske 1995). Such
a severe reduction in fitness from selfing makes geitonogamy
particularly detrimental in this species. As discussed earlier,
this may have influenced our female outcrossing estimates
and our ability to detect changes associated with inflorescence
size. In fact, as reflected in the aborted-seed measure, six-
flowered inflorescences produced more aborted seeds in their
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fruits than two-flowered inflorescences. This suggests that
geitonogamy is more frequent in these six-flowered inflores-
cences, but that its measurement is obscured by strong in-
breeding depression. Regardless, there does not appear to be
a strong influence of inflorescence size on geitonogamy in
C. angustifolium.

The substantial siring advantage of protandrous plants
seems inconsistent with the moderate differences between
treatments in geitonogamy, inferred from the female out-
crossing rates. One possible resolution of this apparent in-
consistency is that much of the nonexported pollen is not
deposited on the stigma (e.g., Rademaker et al. 1997). Rather,
interference from the stigma and style may result in pollen
being dropped to the ground, deposited on petals or the style,
or otherwise wasted, in addition to geitonogamy and self-
fertilization. Although the specific mechanism(s) that cause
interference are unclear, any of these potential consequences
of interference can reduce pollen export. Considered together,
as they likely occur in nature, these mechanisms of interfer-
ence represent potent impediments to pollen export.

Evolutionary Implications

In a survey of the angiosperms, Bertin and Newman (1993)
found that dichogamy was a common floral trait in a wide
variety of families. Although the phylogenetic history of the
trait is currently unresolved, this widespread occurrence of
dichogamy in disparate families suggests that it serves an
important role in the biology of many flowering plants. Given
our current evidence for the role of protandry in enhancing
siring success, perhaps the avoidance of pollen discounting
has played a central role in the evolution of floral form and
development.
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