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HERMAPHRODITISM compromises outcrossing whenever the proximity
of male and female organs allows self-fertilization' and interfer-
ence between sexual functions®. Many floral traits of animal-pollin-
ated ang_l;osperms encourage cross-fertilization®, as recognized by
Darwin*®; however, these characteristics may also allow pollina-
tion between flowers on the same individual (geitonogamous self-
pollination)”®. Simultaneous display of many flowers exemplifies
this conflict. Although large floral displays promote outcrossing
through enhanced pollinator attraction’, they could be costly in
terms of lost mating opportunities'®'® if geitonogamy decreased
outcrossed siring success by reducing pollen transfer between
plants (polien discounting'?). We report here that, after manipulat-
ing the flower number of bee-pollinated Eichhornia paniculata
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plants, we observed the predicted higher selfing and lower
outcrossed siring success for larger inflorescences. Given the
reduced fitness resulting when pollen receipt by one flower inter-
feres with pollen export by another, we propose broadening tradi-
tional interpretations of floral design and display to recognize their
roles in reducing geitonogamous pollen discounting.

To assess the effect of daily inflorescence size (3, 6, 9 or 12
flowers) on male- and female-fertility variation, we estimated
the selfing frequency and outcrossed siring success in Eichhornia
paniculata (Pontederiaceae), using allozyme markers. This
species is annual, self-compatible, heterostylous and native to
aquatic habitats in the Neotropics'®. Each day, plants produce
up to 20 flowers per inflorescence which open synchronously
and last for about 6 h. Self and intramorph pollen have equiva-
lent pollen-tube growth and siring ability and flowers seldom
abort fertilized seeds’. As a result, fertility estimates are not
biased by post-pollination discrimination against selfed progeny.

The experiment was conducted in Etobicoke, Ontario, and
involved arrays of 35 or 36 long-styled plants (depending on
treatments) with one inflorescence each. During a trial, an array
included either plants of only one inflorescence size (pure
arrays), or plants of two sizes (pairwise arrays). The experiment
included all four pure arrays and all six possible pairwise arrays,
with four replicates per combination. For pairwise arrays, we
adjusted the number of plants for the two inflorescence-size
treatments so that both were represented by the same total num-
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ber of flowers (that is, equivalent pollen and ovule production
per treatment). During the weeks before the experiment, we
placed E. paniculata plants at the array locations so that resident
bees (primarily Bombus fervidus and B. vagans) were familiar
with this species.

For daily inflorescence size to affect reproductive success, the
number of flowers visited per inflorescence by individual pollina-
tors must increase with display size. Observations of bumblebee
foraging during the experiment indicated that individual bees
visited more flowers on larger inflorescences, although this
response was context-dependent as the number of flowers visited
on large inflorescences depended on the sizes of competing inflo-
rescences in an array (Fig. 1@). The increase in number of flowers
visited did not keep pace with increases in inflorescence size, so
that the proportion of flowers visited per pollinator declined
with inflorescence size. This decline was counter-balanced by the
preference by pollinators for large inflorescences (Fig. 15), so
that the cumulative number of visits received per flower did not
differ significantly among inflorescence size treatments (Fsa =
2.40, P>0.05).

Female fertility did not vary significantly with daily inflores-
cence size, as all inflorescence-size treatments produced equiva-
lent numbers of seeds (Fy,»=0.i1, P>0.9), regardless of the
size of competing inflorescences {flower number X competitor
size interaction, Fy;,=0.66, P>0.7). This uniform female suc-
cess probably reflects the equal cumulative visitation of indi-
vidual flowers within inflorescences of all sizes.

In contrast to female fertility, the incidence of self-fertilization
varied positively with inflorescence size, so that selfing occurred
twice as frequently in 12-flowered inflorescences as in 3-flowered
inflorescences (Fig. 2¢). The mechanism responsible for this
increase can be inferred from the increase in selfing from bottom
to top flowers within inflorescences (Fig. 25). Such a pattern is
consistent with geitonogamous movement of pollen by pollina-
tors that habitvally begin visiting inflorescences on bottom
flowers and then move upwards”®', as did the bumblebees visit-
ing E. paniculata’. In contrast, the alternative possibility that
pollinators alter intrafloral self-pollination as they move up
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inflorescences seems unlikely, because the duration of bee visits
to flowers did not differ between the top and bottom halves of
inflorescences (repeated-measures ANOVA, F, s=0.08, P>0.75:
based on video-taped records of a related experiment). Hence,
geitonogamous pollination is strongly implicated as the mecha-
nism responsible for the pattern of seifing within inflorescences.
This geitonogamy, coupled with the tendency for bees to visit
more flowers on large inflorescences (Fig. 1a), also provides the
most likely explanation for the observed positive relation of
selfing to inflorescence size.

The increased selfing by large inflorescences was accompanied
by reduced outcrossed siring success (Fig. 2¢), indicating that
pollen discounting varied directly with inflorescence size. Indeed,
the smaller inflorescences in pairwise arrays realized a significant
outcrossing advantage over larger inflorescences {paired #-test,
tyy=2.74, P<0.02: means.e. difference in outcrossed siring
success, 0.077+0.028). We interpret this negative relation
between selfing and outcrossed siring success as a direct outcome
of geitonogamous pollination: such a mating cost associated
with large floral displays has not previously been demonstrated
empirically.

The occurrence of pollen discounting and its significance for
the ecology and evolution of plants have been questioned'™'*
because “[plollen grains are much more numerous than ovules,
and . .. [clonsequently, an increase in self-fertilization can often
be achieved with minimal effect on the outcrossing pollen pool”
(ref. 11). Although pollen grains are plentiful and individually
inexpensive, the important consideration is the number of mat-
ing opportunities, rather than pollen production. Typically <1%
of a plant’s pollen reaches stigmas'®, so we should ask how much
of the pollen that might have reached other plants is used up in
selfing, rather than merely how much pollen is involved in
selfing. Unlike intrafloral selfing, geitonogamous self-pollination
may often limit opportunities for outcrossing because if prob-
ably removes pollen directly from the restricted pollen pool that
pollinators transport between flowers''. As a result, geitonogam-
ous pollen discounting should be a common consequence of
displaying flowers simultaneously.

FiG. 1 The number of flowers per inflorescence affects the behaviour
of pollinating bumblebees. In ali trials we observed pollinator behaviour
for 15 min during each of the first 3 h after flowering began, For each
inflorescence visited by focal bees we recorded the inflorescence posi-
tion in the array and number of fiowers visited. a, Relation of the number
of flowers visited per inflorescence to the size of visited and competing
inflorescences. The median number of flowers visited per bee served
as individual observations in a two-factor design with sizes of visited
and competing inflorescences as classification variables. ANOVA of
these data revealed a significant interaction in the effects of the sizes
of the two inflorescence classes in an array (Fg 137 =2.73, P<0.01): the
general positive relation between the number of flowers visited and
infiorescence size was most pronounced when competing inflores-
cences were small. Means and standard errors for 3 to 12 bees per
treatment combination are shown. Symbols indicate size of competing
inflorescences: solid circles, 3 flowers; solid squares, 6 flowers; open
circles, 9 flowers; open squares, 12 flowers. b, Relative preference by
bumblebees for large inflorescences in pairwise arrays. For focal bees
that visited >10 inflorescences we estimated preference as

(udds that the bee visited a large mﬂorescence), where the odds of

odds that any inflorescence was large
an event is the ratio of the probability of the event occurring to the
probability of the event not happening. The horizontal fine indicates
indifference, whereas positive preference values indicate preference for
large inflorescences. Trend analysis® indicates that increases in the
ratio of inflorescence sizes increased the preference by bees for large
inflorescences (linear contrast, Fy 2, =31.00, P<0.001), but reduced
the incremental advantage of larger inflorescences (quadratic compo-
nent of linear + quadratic contrast, Fi = 9.04, P<0.01). In this ana-
lysis each observation was weighted by the inverse of the expected
variance of the log. of the numerator of the preference index”’ (the
denominator is constant for trials involving the same combination of
inflorescence sizes).
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Our results provide insight into strategies for allocating flow-
ering effort during the blooming period. Both inflorescence treat-
ments in pairwise arrays had the same total number of flowers,
which were deployed differently on individual plants. Such a
situation occurs if plants produce the same numbers of flowers
during their entire flowering period, but differ in their daily
inflorescence sizes and thus flower for different periods. In our
experiment, ‘few-flowered’ plants sired more outcrossed seeds
than ‘many-flowered’ plants. Thus the strategy of presenting few
flowers each day and flowering for a protracted period can max-
imize the outcrossing component of male fertility.

The mating implications of polien discounting depend on the
relative susceptibility of self pollen to post-pollination losses®'".
If the plant is self-compatible and not subject to inbreeding
depression, then discounting lowers the average heterozygosity
of offspring by reducing the siring of outcrossed seeds. In con-
trast, if selfed seeds suffer inbreeding depression, geitonogamy
reduces both the parent plant’s female and male fertility. Self-
incompatibility protects plants from losses of female fertility
through selfing; however, it exacerbates male losses associated
with polien discounting because self pollen sires no seeds.

Pollen discounting bears two main consequences for the evolu-
tion of plant reproduction. First, discounting may influence the
evolution of self-fertilization. With no discounting, selfing indi-

FIG. 2 Daily infiorescence size influences the trade-off between selfing
and outcrossed siring success. Plants in all arrays contained known
electrophoretic markers, which allowed us to identify the inflorescence
size of the father of each seed and to quantify the fraction of seeds
that was self-fertilized for each inflorescence-size treatment (s; and s;,
respectively for the two treatments in an array). a, Relation of the pro-
portion of selfed seeds (mean +s.e.) to inflorescence size. The frequency
of selfing (s) increased linearly with increasing inflorescence size (test
for linear trend, F116=9.47, P<0.01): this result did not vary with the
size of competing inflorescences in the array (flower number x competi-
tor size interaction, Fg16=0.51, P>0.8). b, Relation of the proportion
of selfed seeds (mean £s.e.) to the position of a flower within an inflo-
rescence. Self-fertilization {s)) increases significantly from bottom to top
flowers (F,32=23.75, P<0.001), regardiess of inflorescence size
(flower position x inflorescence size interaction, Fg3,=0.99, P> 0.4),
presumably because of geitonogamous pollination resulting from the
vertical structure of E. paniculata inflorescences and the tendency of
bees to move upwards on inflorescences’. ¢, Dependence of relative
outcrossed siring success on the frequency of selfing (s;) in pairwise
arrays. Outcrossed siring success (0) is the fraction of all outcrossed
seeds per array that were sired by inflorescence treatment i, 0=
(1 —5)T,— B+ B/(1 — s)T, + (1 — s)T;, where: T, and T, are the total num-
bers of seeds produced by the two inflorescence-size treatments in an
array, B, is the number of seeds produced by treatment i that were
sired by treatment j, and B; is the number of seeds sired by treatment
i on treatment j plants. In the absence of polien discounting, both treat-
ments in an array should realize equivalent outcrossed siring success
{that is, 0,=0.5: dashed line). Instead, the negative relation between
outcrossed siring success and selfing (6,=0.573 — 0.254s;: solid line)
indicates significant pollen discounting (F12.=18.43, P<0.001, R’=
0.239). Pure arrays were excluded from this analysis because outcross-
ing is constrained to be the exact complement of selfing when only
one treatment is involved. Furthermore, we included data for only one
inflorescence treatment per array (randomly selected) to avoid the lack
of independence caused by the siring success of one treatment being
the complement of that for the competing treatment in an array. Sym-
bols indicate inflorescence sizes: solid circles, 3 flowers; solid squares,
6 flowers; open circle, 9 flowers; open squares, 12 flowers.

METHODS. In pairwise arrays, plants with one inflorescence size were
homozygous for the fast AAT-3 allele whereas piants in the competing
treatment were homozygous for the slow AAT-3 allele. Pure arrays con-
tained equal numbers of plants with one of these homozygous AAT-3
genotypes. Plants in all arrays were polymorphic for PGI-2. Once flowers
wilted after an experimental trial, one flower from each of the top,
middle and bottom thirds of the inflorescence was marked with paint.
Capsules produced by marked flowers were collected after the seeds
had ripened (11-12 days) and stored in separate envelopes until the
seeds could be counted and assayed electrophoretically. On the basis
of the genotypes of three randomly selected seeds per capsule (that is,

514

viduals realize a fitness advantage, as they contribute an average
of three gene copies to the next generation (two through each
selfed seed and one through paternal contributions to outcrossed
seed) for every two copies contributed by outcrossing
individuals'’. Discounting diminishes this advantage because
gametes involved in selfing reduce the number of gametes avail-
able for outcrossing'>'®. Recognition of pollen discounting as a
potential constraint on the evolution of selfing has prompted
recent attempts to measure discounting, with differing
results'>'*22. In contrast to earlier work, our study provides the
first demonstration of a potentially widespread mechanism for
discounting, namely geitonogamy. This mode of discounting
may explain the disparity between previous studies, as studies of
multifiowered plants demonstrated discounting'*?*?, whereas
those of single-flowered plants did not'**',

Lost outcrossing opportunities associated with large floral dis-
plays may also promote the evolution of fioral mechanisms that
decouple the benefits of large displays for pollinator attraction
from the costs of geitonogamous pollen discounting. Consider
two examples. First, when male and female functions are temp-
orally separated in individual flowers (dichogamy) and inflo-
rescence structure causes pollinators to visit female- before male-
phase flowers, inflorescences can display many flowers without
causing much geitonogamy”. This interpretation may explain
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nine seeds per plant) we estimated the fraction of seifed seed (s) and
the associated standard error (based on 100 bootstrap samples)
according to flower position and inflorescence size with Ritiand's®
multilocus selfing rate program. For a and b, the influences on s, were
assessed with a repeated-measures ANOVA in which individual esti-
mates of s, were weighted by the inverse of their squared standard
error?”. Supplemental hand pollination indicated that seed production

was not resource limited’.
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the paradox that although dichogamy is traditionally interpreted
as an anti-selfing mechanism®, many dichogamous species also
possess physiological self-incompatibility®’. The apparent
redundancy of two mechanisms that prevent selfing’ is resolved
by recognizing inter-floral dichogamy as a mechanism that pro-
motes outcrossed siring success by limiting pollen discounting,
a role that self-incompatibility cannot serve. The second example
involves heterostyly, a genetic polymorphism in which plants of
each morph have anthers and stigmas in dissimilar positions,
with the other morph(s) producing the reciprocal arrange-
ment(s). The pronounced separation of sex organs in heterostyl-
ous plants reduces pollen transfer within and between plants of
the same morph™ and, consequently, more pollen remains on
the pollinator until it visits the alternative morph(s). Like dicho-
gamy, heterostyly may function, in part, to reduce the mating
cost of large floral displays. However, whereas dichogamy typ-
ically functions within inflorescences, heterostyly limits pollen
dispersal between inflorescences of the same morph. These
examples imply that the negative relation between selfing and
outcrossed siring success demonstrated by our experiment may
be an important, though largely unexplored, influence on the
evolution of floral design and display. [}
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