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FACTORS AFFECTING LOW SEED : OVULE RATIOS IN A SPRING WOODLAND HERB,
TRILLIUM GRANDIFLORUM (MELANTHIACEAE)

Steven R. Griffin and Spencer C. H. Barrett1

Department of Botany, University of Toronto, 25 Willcocks Street, Toronto, Ontario M5S 3B2, Canada

Female fertility in flowering plants is commonly observed to be submaximal. The fraction of ovules in a
flower that produce seeds is commonly less than 1.00, particularly in outcrossing species. Here we investigate
through controlled pollinations factors that may contribute toward low seed : ovule ratios in Trillium gran-
diflorum, a self-incompatible woodland herb from eastern North America. Reduced fruit and seed set in open-
pollinated plants in comparison with hand cross-pollinated plants demonstrated that pollen limitation was a
contributing factor to low female fertility. However, seed : ovule ratios of hand cross-pollinated flowers av-
eraged only 0.66. Experimental pollinations involving the manipulation of pollen age, the number of pollen
donors, the timing of pollination, and the application of self-pollen before cross-pollen each had no effect on
fertility. This indicated that aspects of pollen delivery were not responsible for low seed : ovule ratios and that
resources might influence variation in seed : ovule ratios. An analysis of the relation between plant size and
seed set in hand cross-pollinated plants provided evidence that resources limited fertility when ovules of T.
grandiflorum were not pollen limited. We discuss these results in the context of the stochastic pollination
environment that characterizes the early spring flowering period of T. grandiflorum.

Keywords: seed : ovule ratios, pollen limitation, resource limitation, Trillium grandiflorum, female fertility.

Introduction

It is commonly observed that female fertility in flowering
plants rarely reaches its maximum of one fruit per flower and
one seed per ovule in outcrossing species. Diverse genetic and
environmental factors can contribute toward low fertility in
plant populations (Stephenson 1981; Sutherland and Delph
1984; Wiens 1984; Sutherland 1986; Lee 1988; Charlesworth
1989a, 1989b). Pollen limitation because of insufficient pol-
linator service has been most commonly investigated, partic-
ularly in animal-pollinated plants (reviewed in Burd 1994; Lar-
son and Barrett 2000). Pollen limitation of fertility can be
demonstrated experimentally when the addition of supple-
mental pollen to stigmas increases fruit and/or seed set. In a
survey of 258 angiosperm species, Burd (1994) found that fruit
and seed set were pollen limited in 60% and 45%, respectively,
of the species he examined. However, even when abundant
compatible pollen is applied to stigmas in experimental hand-
pollinations, not all flowers produce fruit or ovules in a flower
mature seeds. If so, the ratio of fruits per flower and/or seeds
per ovule (hereafter, S : O ratio) is less than 1. For example,
of 29 species that were pollen limited in Burd’s survey, none
had S : O ratios of 1.0 when manually cross-pollinated (Burd
1994). Clearly, factors other than pollen limitation must also
contribute to variation in female fertility in plants.

Resources influence many aspects of plant reproduction, in-
cluding flower and fruit production and the number of seeds
that are matured. Resource limitation of fertility can be dem-
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onstrated when the addition of physical resources (e.g., water,
nutrients) increases fruit and/or seed set compared with un-
manipulated conditions (Lee and Bazzaz 1982; McCall and
Primack 1987; Campbell and Halama 1993). However, in pe-
rennial species, reproductive success may be influenced by re-
source conditions in both the current and previous seasons;
hence, long-term experiments are often necessary to detect re-
source limitation. Another means of indirectly detecting re-
source limitation of fertility is through an examination of the
relation between seed production and plant size or status (fig.
1). If resources limit fertility, larger plants with more resources
for seed production might be expected to mature a greater
proportion of seeds per ovule than would smaller, resource-
limited plants. This should result in an accelerating relation
between plant size and female fertility (fig. 1a) and a positive
relationship between the rate of seed production (i.e., S : O
ratio) and plant size (fig. 1b). Together, resources and pollen
availability are likely to be the principal joint determinants of
variation in plant fertility (Bell 1985; Haig and Westoby 1988;
Campbell and Halama 1993; Burd 1994; Goodwillie 2001).

Other less well studied factors can also result in reduced
fertility in plant populations, including genetic load and fea-
tures of the pollination process beyond the total amount of
pollen delivered to stigmas. Genetic load influences fertility
through the abortion of developing embryos that are homo-
zygous for deleterious alleles (Charlesworth 1989a). Such an
effect is most likely to occur through inbreeding in normally
outcrossing species. Mechanisms that operate during polli-
nation include the quality of pollen available to fertilize ovules,
such as the number and/or relatedness of pollen donors (Mar-
shall and Ellstrand 1986; Waser and Price 1989) and the vi-
ability of pollen (Thomson and Thomson 1992). Self-pollen
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Fig. 1 Hypothetical relations between seed production and plant
size (a) and the rate of seed production and plant size (b). Note that
we use the seed : ovule ratio as a convenient measure of the rate of
seed production. When pollen is limiting (solid line), seed set (a) is a
linear function of plant size. When pollen is abundant (dashed line),
there is an overall increase in seed set for plants of all sizes. Small
plants that are resource limited set seed at a lower rate than larger
plants that are not resource limited. This leads to an accelerating re-
lation between seed set and plant size. A means of detecting such a
relation is to take the derivative of seed set with respect to plant size
(i.e., the rate of seed production; b). When pollen is limiting, the rate
of seed production will be the same for plants of all sizes. When pollen
is abundant, the accelerating relation between seed production and
size will result in a positive linear relation between the rate of seed
production and plant size.

on stigmas can also interfere with outcrossing, resulting in
reduced seed set (reviewed in Barrett 2002). Each of these
factors has been demonstrated to influence seed set in partic-
ular species of herbaceous flowering plants. However, few
studies have simultaneously examined how these pollination-
related factors may contribute to low S : O ratios in natural
populations.

Trillium grandiflorum (Melanthiaceae) provides a useful
model system to examine ecological factors limiting repro-
ductive success in flowering plants. The species is a bee-
pollinated, self-incompatible, spring woodland herb that is
widespread in deciduous forests in eastern North America
(Case and Case 1997; Sage et al. 2001). Trillium species, in-
cluding T. grandiflorum, often exhibit reduced fruit and seed
production (Kawano et al. 1986; Lubbers and Lechowicz

1989; Ohara et al. 1990; Lapointe 1998; Smith 1998; Kalisz
et al. 1999; Wright and Barrett 1999; Irwin 2000). Spring
ephemerals are notorious for unpredictable pollinator service
(Schemske et al. 1978; Baker et al. 2000), and low visitation
rates to T. grandiflorum may account for pollen limitation of
fertility in some populations (Smith 1998). However, previous
work has demonstrated that even when abundant cross-pollen
is manually applied to stigmas of T. grandiflorum, the S : O
ratio increases but does not reach a maximum of 1 (Smith
1998; Wright and Barrett 1999; Irwin 2000). This raises the
question of what other factors might limit female fertility in
T. grandiflorum. Extensive populations composed of
thousands of plants and a large, easily manipulated flower
make T. grandiflorum useful for experimental studies aimed
at investigating the proximate mechanisms influencing S : O
ratios in flowering plants.

The goals of this study were to examine factors that may
contribute to the low S : O ratios observed in T. grandiflorum
at a site in southern Ontario, Canada. First, as discussed above,
pollen limitation is a common cause of low fertility. Therefore,
we assessed the degree of pollen limitation of fruit and seed
set by comparisons of open- and hand cross-pollinated flowers.
Second, as pollinator visitation rates are unreliable in spring,
we examined the relation between the exposure time of flowers
to pollinators and fertility. Third, using experimental polli-
nations, we investigated four hypotheses concerned with the
control of seed set in T. grandiflorum. We briefly outline each
hypothesis and its predictions.

The number of pollen donors affects S : O ratios. Multiple
paternity increases seed set per fruit in Raphanus sativus (Mar-
shall and Ellstrand 1986). If a similar mechanism occurs in T.
grandiflorum, the S : O ratio should increase as the number
of pollen donors increases. Presumably, this effect arises be-
cause a higher pollen donor number increases the probability
of favorable mating combinations.

Even when abundant pollen is supplied, reduced viability
of pollen leads to low S : O ratios. Pollen of Erythronium
grandiflorum, another early spring–flowering herb, only ger-
minates on the day of anther dehiscence (Thomson and Thom-
son 1992). If pollen of T. grandiflorum becomes less potent
over time, then the S : O ratio should be high when fresh pollen
is used for cross-pollination and should decrease when older
pollen is applied.

Reduced S : O ratios occur if some ovules are not mature
when pollination occurs. Asynchronous ovule development
has been demonstrated in Narcissus triandrus (Sage et al.
1999). If ovules mature differentially in T. grandiflorum and
remain receptive for only a few days, pollination on a single
day may not fertilize all ovules since some are undeveloped or
unreceptive. Consequently, pollination on multiple days should
increase seed set in comparison with pollination on a single
day only. Alternatively, ovules might mature sequentially and
remain receptive until fertilized. Thus, there would be few ma-
ture ovules when the flower has just opened, but all ovules are
mature by the end of floral life. If so, pollination late in floral
life should lead to increased S : O ratios compared with pol-
linations soon after flower opening.

Self-pollination interferes with later cross-pollination, thus
resulting in reduced fertility. The inhibitory effects of prior
self-pollination on the seed set of hand cross-pollinated flowers
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have been demonstrated in several species (Waser and Price
1991; Broyles and Wyatt 1993). Prior self-pollination may
reduce seed set if self-pollen physically blocks the stigma or
style (Shore and Barrett 1984), causes flower senescence (Reid
1989; Visser 1986), or curtails ovule development (ovule dis-
counting sensu Barrett et al. 1996), thus preventing subsequent
fertilization by cross-pollen. If so, flowers of T. grandiflorum
without self-pollen (i.e., because they have been emasculated
before anthesis) should have higher S : O ratios following
cross-pollination than flowers that are self-pollinated before
cross-pollination.

Finally, in light of the results we obtained from these ex-
perimental pollination studies, we also examined the potential
for resource limitation of S : O ratios by investigating the re-
lation between plant size and seed production using the graph-
ical model presented above.

Material and Methods

Study Site

We performed this study at Joker’s Hill Research Station
near Newmarket, southern Ontario, Canada (44.02973�N,
79.52715�W) in May–July 1999. Here, Trillium grandiflorum
is an understory herb in mixed deciduous forest dominated by
sugar maple and beech. The study site is typical of the species’
habitats (Case and Case 1997), and populations at the site
contain thousands of T. grandiflorum plants. We performed
the work in an area of ca. 2 ha.

Fertility Studies

Pollen limitation. To investigate the extent of pollen lim-
itation in T. grandiflorum, we randomly assigned plants to one
of two treatments: open-pollinated (OP) and hand cross-
pollinated (CP; hereafter referred to as cross-pollinated). Pol-
linations were carried out on May 5, 10, and 15 at two sites
separated by ca. 500 m. However, as the results from the timing
of pollination experiment demonstrate (see “Results”), there
is no apparent effect of pollination date on the levels of fruit
or seed set. Thus, in the “Results” section, we pooled data
across days within treatments. Unless otherwise noted, cross-
pollination refers to flowers that we pollinated with one anther
from each of three donor plants (i.e., three anthers in total).
Donor plants were at least 1 m but not more than 10 m distant
from recipient plants. Irwin (2001) demonstrated no effect of
“outcrossing distance” on variation in seed set in T. grandi-
florum. All plants in these experiments were marked with a
metal tag and a 1-m-tall wire with a flag to enable relocation
of plants for fruit collection. Bridal veil was used to bag flowers
before and after pollination. Only single-flowered plants were
used, since this was the predominant condition in populations
at both sites. Fruits were placed in 70% ethanol in early July
when they were close to maturity. We counted the number of
seeds, shrunken seeds, and apparently unfertilized ovules
(“Discussion”) under a dissecting microscope. The total num-
ber of ovules was calculated as the sum of seeds, aborted seeds,
and unfertilized ovules. In this study, we define the S : O ratio
as the number of mature seeds divided by the total ovule num-
ber per flower.

To analyze the extent of pollen limitation of fruit set in T.

grandiflorum, we used logistic regression, with site, pollination
treatment, and the interaction of site and treatment as effects.
Site and its interaction were treated as random effects. As the
interaction was not significant, we removed it from the final
model. We used ANCOVA to explore variation in S : O ratios.
For this analysis, seed production per flower was the response
variable, and we included site, treatment, ovule number, and
their interactions as effects. Site and its interactions were
treated as random effects. However, none of the interactions
in this analysis was significant, and therefore they were re-
moved from the pollen limitation model. We performed these
and all subsequent analyses with JMP (SAS Institute 2000).

Manipulations of flower exposure to pollinators. Flowers
of T. grandiflorum are long-lived, remaining open with non-
senescent tepals for 17–20 d (Ashman and Schoen 1994; Sage
et al. 2001), depending on temperature and whether flowers
have been pollinated. Presumably, extended floral longevity
ensures pollination during a time when pollinator activity is
unpredictable. To test this hypothesis, we manipulated the pe-
riod during which T. grandiflorum flowers were exposed to
pollinators. We tagged ca. 170 plants with flowers that opened
on the same day. Two days later (May 7), and every 2 d there-
after for 12 d, we emasculated and bagged a random subset
of 15 plants, thus preventing any subsequent pollination. How-
ever, to meet the x2-test requirement of adequate sample sizes
per cell, we pooled treatments of 2 d and 4 d, 6 d and 8 d,
and 10 d and 12 d. Twenty-five plants were left unmanipulated
and unbagged to serve as an open-pollinated control. In ad-
dition, we cross-pollinated 20 plants with one anther from
each of three donors to serve as a cross-pollinated control. We
used a x2-test to analyze fruit set among treatments. We could
not analyze seed production for this experiment because low
fruit set per treatment gave insufficient data for an ANCOVA
of seed set.

Effect of number of pollen donors. To test the hypothesis
that the number of pollen donors may affect the S : O ratio,
we manipulated the number of pollen donors per pollination.
We bagged and emasculated flowers on 100 plants before an-
thesis. Plants were then randomly assigned to one of four pol-
lination treatments: one, two, three, or six pollen donors. For
each treatment, flowers were pollinated with a total of six
anthers divided among the donors: six anthers from one donor,
three anthers from each of two donors, two anthers from each
of three donors, and one anther from each of six donors. All
pollinations for this experiment were performed on May 14.
We used a x2-test to analyze fruit set per treatment and
ANCOVA to analyze S : O ratios. For the ANCOVA, seed
production per flower was the response variable, pollination
treatment was the main effect, and ovule number was the co-
variate. This ANCOVA model was used for all subsequent
experiments.

Effect of pollen age. To test the hypothesis that pollen
viability may decrease with age and affect S : O ratios, we
pollinated flowers with young and old pollen. We bagged and
emasculated flowers on 120 plants before anthesis. To control
for pollen age under field conditions, we used donor pollen
that came only from flowers that had opened on May 6. Start-
ing May 7 and every 2 d thereafter for 10 d, we cross-pollinated
a random subset of 20 plants.

Effect of the timing of pollination. If ovule development
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Fig. 2 Pollen limitation of fruit set (a) and seed set (b) of Trillium
grandiflorum at Joker’s Hill, Ontario, in 1999. The two treatments,
open-pollinated (OP) and hand cross-pollinated (CP), were performed
at two sites. OP fruit set was significantly lower than CP fruit set
( ; see table 1). Lowercase letters above box plots ofP p 0.006
seed : ovule ratios indicate significantly different contrasts using Tu-
key’s test ( ; see table 2 for analysis). Sample sizes for eachP ! 0.05
treatment: fruit set, , 73, 41, 36; seed set, , 66, 32, 32.n p 70 n p 48

Table 1

Logistic Regression Analysis of Pollen Limitation of
Fruit Set of Trillium grandiflorum at Two Sites at

Joker’s Hill, Ontario, in 1999

Source df x2 P

Site 2 0.2 0.69
Treatment 1 11.2 0.0006

Note. Whole model: ; . Site is a2r p 0.06 P p 0.003
random effect, and the nonsignificant interaction term
has been removed from the model. For details, refer to
text.

and receptivity are asynchronous in Trillium, a single polli-
nation may not result in the fertilization of all ovules. Polli-
nation on multiple days, however, should result in the fertil-
ization of a greater fraction of ovules. To test the hypothesis
that the timing of pollination influences fertility, we compared
seed set from multiple and single pollinations. We bagged and
emasculated flowers on 100 plants before anthesis. Plants were
randomly assigned to one of four pollination treatments. There
were three treatments in which flowers were pollinated once:
flowers in the early treatment were pollinated on May 9, the
middle treatment was pollinated on May 12, and the late treat-
ment was pollinated on May 15. We pollinated flowers in the
fourth treatment on three different days: May 9, 12, and 15.
To control for the amount of pollen and the number of donors,
we pollinated plants in the early, middle, and late treatments
with one anther from each of three donors, while we used one
anther from one donor on each day and used a different donor
each day to pollinate plants in the multiple pollination treat-

ment. Thus, all flowers in this experiment were pollinated with
three anthers from three different donors.

Effect of prior self-pollination on outcrossed seed set. To
test the hypothesis that prior self-pollination may inhibit seed
set of outcrossed flowers, we compared fertility of cross-
pollinated flowers with and without prior self-pollination. We
bagged 34 T. grandiflorum flowers before anthesis. We polli-
nated 34 plants with self-pollen and then emasculated the flow-
ers. Seventeen plants were cross-pollinated using three donors
1 d later, while another 17 plants were cross-pollinated with
three donors 2 d later. For the control group, we emasculated
and bagged an additional 20 plants before anthesis and cross-
pollinated these plants with pollen from three donors.

Resource limitation of seed : ovule ratios. We examined
the relation between plant size and seed production to assess
if resources might have been a factor limiting fertility in T.
grandiflorum. We compared high- and low-fertility plants un-
der conditions of both pollen limitation (i.e., open-pollinated)
and pollen abundance (i.e., hand cross-pollinated). We ranked
open-pollinated T. grandiflorum by S : O ratio ( ) as welln p 68
as cross-pollinated T. grandiflorum from the pollen limitation
study ( ). For each group, we designated the lowestn p 92
twenty-fifth percentile as the low S : O group and the highest
twenty-fifth percentile as the high S : O group. Total ovule
number is highly correlated to overall plant size in T. gran-
diflorum at Joker’s Hill and elsewhere (Wright and Barrett
1999; Irwin 2000). Therefore, ovule number is a convenient
proxy for plant size. We analyzed variation in ovule number
between S : O ranks for both open- and hand cross-pollinated
flowers in a factorial ANOVA, with pollination treatment,
S : O rank, and their interaction as effects. We square
root–transformed ovule number to meet parametric assumptions
of homoscedasticity and normal distributions within treatments
and used Tukey’s HSD test to perform pairwise contrasts of
ovule number among treatments.

Results

Factors Affecting Fertility in Trillium grandiflorum

Pollen limitation of fruit and seed set. Comparison of
open- and cross-pollinated fruit set (fig. 2a) and S : O ratios
(fig. 2b) indicated that Trillium grandiflorum was pollen lim-
ited in 1999 at Joker’s Hill (logistic regression of fruit set, table
1; ANCOVA of seed set, table 2). On average, open-pollinated
flowers exhibited a 47% reduction in seeds per flower (i.e.,
fruit per flower # seeds per fruit) in comparison with cross-



GRIFFIN & BARRETT—REPRODUCTIVE SUCCESS IN TRILLIUM 585

Table 2

Analyses of Covariation (ANCOVA) in Seed Set per Fruit of Trillium grandiflorum
at Joker’s Hill, Ontario, in 1999

Source df SS F P

Number of pollen donors ( , ):2r p 0.71 P ! 0.001
Treatment 3 0.6 0.7 0.54
Ovule number 1 45.0 155.2 !0.0001
Treatment # ovule number 3 1.8 2.0 0.12
Error 67 19.4

Age of pollen ( , ):2r p 0.68 P ! 0.0001
Treatment 5 1.57 0.8 0.52
Ovule number 1 50.1 135.1 !0.0001
Treatment # ovule number 5 1.5 0.8 0.54
Error 85 6.2

Timing of pollination ( , ):2r p 0.58 P ! 0.0001
Treatment 3 1.9 2.0 0.12
Ovule number 1 27.9 86.1 !0.0001
Treatment # ovule number 3 1.0 1.0 0.39
Error 67 21.7

Timing of cross-pollination after self-pollination
( , ):2r p 0.67 P ! 0.0001

Treatment 2 1.8 2.2 0.13
Ovule number 1 12.5 30.5 !0.0001
Treatment # ovule number 2 1.5 1.8 0.19
Error 32 13.1

Pollen limitation ( , ):a2r p 0.73 P ! 0.0001
Site (random) 2 1.2 3.4 0.06
Treatment 1 4.7 13.2 0.01
Ovule number 1 151.2 420.1 !0.0001
Treatment # ovule number 1 0.3 0.9 0.35
Error 160 57.5

Note. Ovule number was a covariate in all analyses. For details, refer to text.
a Site is a random effect, and nonsignificant interactions except “Treatment # ovule number” have been removed

from the model.

Fig. 3 Effect of experimental manipulation of floral life span on
fruit set of Trillium grandiflorum at Joker’s Hill, Ontario; 4 d, 8 d,
and 12 d indicate the number of days between anthesis and bagging;

-pollinated; cross-pollinated and bagged. FruitOP p open CP p hand
set was significantly different among treatments (x2-test, ).P ! 0.001
Sample sizes for each treatment: , 22, 26, 21, 16.n p 22

pollinated flowers; this indicates that pollen delivery limited
seed set at both sites. Hand cross-pollination significantly in-
creased the S : O ratio from 0.56 in open-pollinated flowers
to 0.66 in cross-pollinated flowers.

Exposure to pollinators. Flowers with experimentally
shortened exposure to pollinators were 33%–50% less likely
to produce fruit than were flowers with longer exposure pe-
riods (fig. 3; , , ). None of the open-2x p 29.0 df p 4 P ! 0.0001
pollinated treatments, regardless of exposure time, reached the
100% fruit set observed in cross-pollinated flowers.

Effect of number of pollen donors. Seed set from a single
pollen donor was not significantly different from seed set when
two, three, or six pollen donors were used in cross-pollinations
(fig. 4a; ANCOVA, table 2). Fruit set was greater than 95%
for all treatments and did not differ significantly among treat-
ments ( , , ).2x p 4.0 df p 3 P p 0.26

Effect of pollen age. There was no significant difference
in fruit set (195% for all treatments; , ,2x p 0.0 df p 5 P p

) or seed set (fig. 4b; ANCOVA, table 2) from pollinations1.00
that used pollen that ranged in age from 2 to 12 d.

Effect of timing of pollination. There was no significant
difference in fruit set (195% for all treatments; ,2x p 2.8

, ) or seed set (fig. 4c; ANCOVA, table 2) be-df p 3 P p 0.43
tween flowers that were pollinated once compared with those
that were pollinated on three separate occasions. Furthermore,
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Fig. 4 Comparison of seed set from four different pollination treatments of Trillium grandiflorum at Joker’s Hill, Ontario. a, Number of
pollen donors. b, Age of pollen. c, Timing of pollination. d, Prior self-pollination. Within each experiment, there was no difference in seed set
among treatments (ANCOVA, ; see table 2 for analyses). Sample sizes for each treatment: number of pollen donors, , 21, 16,P’s 1 0.12 n p 22
17; age of pollen, , 14, 15, 17, 12, 19; timing of pollination, , 19, 19, 20; timing of cross-pollination after self-pollination,n p 22 n p 23 n p

, 15, 21.17

there were no significant differences in seed set among single
pollinations performed on different days.

Effect of prior self-pollination. There was no significant
difference in fruit set (195% for all treatments; ,2x p 3.0

, ) or seed set (fig. 4d; ANCOVA, table 2)df p 2 P p 0.21
between flowers that were self-pollinated and then cross-
pollinated compared with flowers that were cross-pollinated
only.

Resource limitation of S : O ratios. The analysis of seed
production and plant size indicated that resources limit S : O
ratios when pollen supply does not constrain female fertility.
When T. grandiflorum plants were ranked by S : O ratio, open-
pollinated fruits with high S : O ratios did not differ signifi-
cantly in total ovule number from fruits with low S : O ratios
(fig. 5; ANOVA, table 3). Note that T. grandiflorum at Joker’s
Hill was pollen limited in 1999 (fig. 2b). Thus, when pollen
is limiting, resources do not appear to limit seed production;
there is no relation between the S : O ratio and plant size (i.e.,
solid line in fig. 1b). However, when cross-pollinated fruits are
ranked by S : O ratio, fruits with high S : O ratios had sig-
nificantly more ovules than those with low S : O ratios (fig. 5;
table 3). Therefore, it appears that when pollen is in excess,
larger plants benefit from greater seed production than do
smaller plants (i.e., dashed line in fig. 1b).

Discussion

Submaximal fertility is commonly observed in flowering
plants, especially among animal-pollinated, outcrossing pe-
rennials (Sutherland and Delph 1984; Wiens 1984; Sutherland
1986; Charlesworth 1989a, 1989b; Burd 1994; Larson and
Barrett 2000). Trillium grandiflorum is no exception, and pre-
vious studies have reported low seed : ovule ratios and/or ev-
idence for pollen limitation of seed set at other sites (Lubbers
and Lechowicz 1989; Smith 1998; Kalisz et al. 1999; Irwin
2000). The goal of this study was to examine some of the
potential causes of submaximal fertility in T. grandiflorum us-
ing experimental approaches. We found that fruit and seed set
were pollen limited in 1999, probably as a result of infrequent
pollinator visitation. However, as reported earlier in Trillium
spp., even when flowers were provided with abundant cross-
pollen, the mean S : O ratio was substantially less than 1, im-
plying that factors other than low pollinator service limit fer-
tility. To investigate this possibility, we manipulated aspects of
the timing of pollination and the quantity and quality of pollen
that flowers received. However, in no case were we able to
raise the average S : O ratio above 0.65; this implicates re-
sources as a factor limiting seed set. An analysis of the relation
between plant size and seed production provided support for
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Fig. 5 Differences in plant size (measured by ovule number) be-
tween high and low fertility (measured by S : O ratio) plants of Trillium
grandiflorum with different pollination treatments; -OP p open
pollinated; cross-pollinated. For open-pollinated plants,CP p hand
the lower twenty-fifth percentile of the S : O ratios ranged from 0.03
to 0.40 ( , ), and the upper twenty-fifth percentilemean p 0.18 n p 15
ranged from 0.76 to 1.00 ( , ); for cross-pollinatedmean p 0.84 n p 23
plants, the lower twenty-fifth percentile ranged from 0.21 to 0.55
( , ), and the upper twenty-fifth percentile rangedmean p 0.45 n p 23
from 0.81 to 1.00 ( , ). Lowercase letters abovemean p 0.90 n p 23
box plots indicate significantly different contrasts (Tukey’s HSD; see
table 3 for ANOVA).

Table 3

Analysis of Variation (ANOVA) in Plant Size (Measured by
Ovule Number) between Open- and Hand Cross-Pollinated

Trillium grandiflorum with High and Low Fertility
at Joker’s Hill, Ontario, in 1999

Source df SS F P

Pollination treatment 1 30.1 48.1 !0.0001
S : O rank 1 19.4 30.4 !0.0001
Pollination treatment # S : O rank 1 10.8 17.2 !0.0001
Error 72 45.0

Note. Within each pollination treatment, plants were ranked by
seed : ovule (S : O) ratio, and the top and bottom quartiles were des-
ignated as high and low fertility, respectively. Whole model: 2r p

; .0.61 P ! 0.0001

this, but only in the instance when pollen does not limit re-
production. We discuss these findings in light of the stochastic
pollination environment experienced by early spring–flowering
woodland herbs, such as T. grandiflorum.

Pollen Limitation of Fertility in Trillium grandiflorum

Our comparison of cross- and open-pollinated flowers from
two sites at Joker’s Hill in southern Ontario (fig. 2) confirms
other studies that have found pollen limitation of fertility in
T. grandiflorum (Lubbers and Lechowicz 1989; Smith 1998;
Wright and Barrett 1999; Irwin 2000). Unreliable pollinator
activity in early spring is the most likely cause of pollen lim-
itation. Indeed, T. grandiflorum and other spring wildflowers
commonly experience low pollinator visitation rates (Schemske
et al. 1978; Barrett and Helenurm 1987; Baker et al. 2000;
Irwin 2000). The extent of pollen limitation can vary in both
space and time (Baker et al. 2000), and, indeed, there is evi-
dence for this in T. grandiflorum. For example, Lubbers and
Lechowicz (1989) found year-to-year variation in pollen lim-
itation in T. grandiflorum in Quebec, and Smith (1998) found
spatial variation in pollen limitation in a survey of 18 southern
Ontario populations. Therefore, studies of numerous sites con-
ducted over several years are needed before general conclusions
can be reached regarding the extent of pollen limitation, es-
pecially for long-lived perennials such as T. grandiflorum.

Low S : O Ratios in Trillium grandiflorum

We investigated under field conditions whether pollen load
quality (pollen donor number or pollen age), the timing of
pollination, and interference by self-pollen affected patterns of
female fertility in populations of T. grandiflorum at Joker’s
Hill. However, despite the generally large sample sizes that we
used in these studies, we failed to find experimental evidence
that any of these factors significantly influenced S : O ratios.
We consider each experiment in turn and attempt to explain
some of the reasons why the factors we investigated may be
of less importance in T. grandiflorum than in other species
investigated.

First, if pollen donor number influenced fertility in T. gran-
diflorum, there should have been an increase in seed set with
the number of pollen donors in our experimental crosses.
Nonetheless, pollen from one donor resulted in seed set equal
to pollen from multiple donors (fig. 4a). Why might T. gran-
diflorum outcrossed seed set be insensitive to the number of
donors represented in outcrossed pollen loads? It is possible
that this result may be associated with the low pollinator ser-
vice that populations of T. grandiflorum commonly receive
(Broyles et al. 1997; Smith 1998; Wright and Barrett 1999;
Irwin 2000; S. R. Griffin and S. C. H. Barrett, unpublished
data). Using genetic markers, Broyles et al. (1997) and Kalisz
et al. (1999) estimated that the number of male sires per fruit
of T. grandiflorum averaged one, a result consistent with the
observation that because pollinator densities are very low,
flowers typically receive only a single pollination visit. If flow-
ers typically receive pollen from only a single donor, it is per-
haps not surprising that the fraction of ovules fertilized by the
single donor treatment was similar to that found using multiple
donors. Strong donor number effects on seed set may be more
commonly associated with species that usually experience high
pollinator visitation rates and the multiple paternity of fruits.

Second, fresh pollen should have increased S : O ratios in
comparison with older pollen if pollen age were an important
determinant of fertility in T. grandiflorum. However, 12-d-old
pollen showed no decline in potency under field conditions
compared with 2-d-old pollen (fig. 4b). Long pollen longevity
in T. grandiflorum may be functionally associated with the
reproductive biology of the species. Flowers of T. grandiflorum
are long-lived (Ashman and Schoen 1994; Sage et al. 2001),
and populations at Joker’s Hill bloom synchronously with the
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vast majority of flowers opening within 3–5 d of each other
(see fig. 1 in Sage et al. 2001). Under these conditions, the
pollen pool within a population of T. grandiflorum may be of
relatively uniform age, and long pollen viability would clearly
be adaptive where pollinators are scarce, as they frequently
are for T. grandiflorum. This is because if pollinators visited
populations only toward the middle or end of the synchronous
blooming period, reproductive success would be severely cur-
tailed if pollen viabilities lasted only a few days.

Third, if some ovules of T. grandiflorum were unavailable
for fertilization when pollination occurs because they were
either immature or unreceptive, then serial pollinations during
the life span of the flower might have been expected to result
in greater seed set compared with single pollinations. However,
one pollination event appears to be sufficient for female re-
productive success in T. grandiflorum. Serial pollinations did
not increase seed set over single pollinations in flowers of any
age; this suggests that ovule receptivity is both synchronous
and of extended receptivity (fig. 4c). Reduced fruit set in flow-
ers with experimentally shortened exposure to pollinators (fig.
3) and the limited number of pollinators observed at Joker’s
Hill throughout the blooming period (S. R. Griffin and S. C.
H. Barrett, unpublished data) indicate that pollinator visitation
to T. grandiflorum is extremely infrequent. When pollinator
visitation rates are low and highly stochastic, theoretical mod-
els predict that floral strategies will evolve to ensure maximum
female and male reproductive success from one visit (Harder
and Wilson 1994; Burd 1995). Synchronous ovule develop-
ment and extended ovule receptivity and pollen viability may
represent such strategies in T. grandiflorum.

Last, it had been demonstrated that prior self-pollination
can interfere with subsequent cross-pollination in some species
but not others (reviewed in Barrett 2002). We found no evi-
dence for the inhibitory effects of prior self-pollination on out-
crossed seed set in T. grandiflorum (fig. 4d). Unfortunately,
little is known about the specific mechanisms of pollen inter-
ference or why some species are more susceptible than others
to such effects. Trillium grandiflorum has a relatively strong
self-incompatibility system in which self-pollen is largely in-
hibited on the stigma surface (Sage et al. 2001). Stigmatic self-
incompatibility may preclude opportunities for physical or bio-
chemical interference in the style or ovary. Many of the clearest
examples of the inhibitory effects of prior self-pollination occur
in species with late-acting self-incompatibility systems (Waser
and Price 1991; Broyles and Wyatt 1993; Sage et al. 1999;
Barrett 2002). The absence of such effects in T. grandiflorum is
therefore probably not fortuitous. The large open flowers of this
species do not display strong herkogamy or dichogamy, and nat-
ural levels of autonomous and insect-mediated self-pollination are
high because of prolific pollen production (S. R. Griffin and S. C.
H. Barrett, unpublished data). With this type of floral biology,
there may be strong selection for postpollination physiological
mechanisms that limit the deleterious effects of self-
interference.

Together, these data from experimental crosses are best ex-
plained in light of the floral biology of T. grandiflorum. Floral
traits in this species have likely evolved to maximize repro-
ductive success under a highly stochastic pollinator environ-
ment in which many flowers receive only a single pollinator
visit. Nonetheless, when ample cross-pollen is applied, all

ovules do not produce seeds. Visual inspection of our data
revealed that the distribution of S : O ratios across the different
pollination treatments were remarkably similar (fig. 4). In all
instances, there were some individuals with high S : O ratios
approaching 1.0 and some individuals with low S : O ratios
of 0.25 and below. Nevertheless, each treatment averaged ca.
60% of the ovules producing mature seed, with a grand mean
S : O ratio of ( ). Thus, other mechanisms0.62 � 0.01 n p 418
must be limiting fertility in T. grandiflorum.

The Status of Ovules in Trillium grandiflorum

Two alternative explanations for the submaximal S : O ra-
tios in T. grandiflorum that we cannot address with our data
relate to the true status of unfertilized ovules that we counted
in fruits. First, it is possible that not all ovules produced within
a flower of T. grandiflorum are viable and therefore capable
of being cross-fertilized. A variety of genetic and developmen-
tal factors could result in defective ovules leading to sterility.
Such effects would be hard to detect accurately in the type of
large-scale visual assessments conducted in this study. Another
possibility is that the cryptic early abortion of ovules resulted
in some ovules being counted as unfertilized when in fact they
had been fertilized (Nakamura and Stanton 1987). The S : O
ratios could be much closer to 1 if a sizable fraction of ovules
produced by T. grandiflorum flowers either are inviable or were
aborted very early in development. Structural and functional
assays of ovules and early embryo development (Stelly et al.
1984; Scribailo and Barrett 1991; Sage et al. 1999) could be
used to determine whether these two possibilities are important
in T. grandiflorum and other species with low S : O ratios.

Resource Limitation of Seed Set in Trillium grandiflorum

Resource limitation of female fertility seems likely to con-
tribute to the low S : O ratios often found in outcrossing spe-
cies. Haig and Westoby (1988) predicted a trade-off between
pollen and resource limitation of seed production in plants.
Indeed, Campbell and Halama (1993) found that resources
and pollen limited whole-plant fertility in distinct ways in
Ipomopsis aggregata. The addition of a large amount of pollen
increased the number of seeds per fruit, whereas resource ad-
dition increased the number of flowers on a plant that pro-
duced fruit. In many Trillium spp., there is little room for
resource limitation of fruit set since the vast majority of plants
are solitary flowered. When ample pollen is applied to flowers
of T. grandiflorum, fruit set is generally close to 100%. Hence,
resources may primarily limit flowering capacity over the life-
time of a plant and the number of seeds produced per fruit
within each season. Earlier work on T. grandiflorum in Quebec
by Lubbers and Lechowicz (1989) provided evidence that re-
sources can indeed limit seed production. They demonstrated
that leaf defoliation, which presumably limits resource supply,
reduced seed set but not fruit set.

Our analysis of the relation between seed production and
plant size in T. grandiflorum provides indirect evidence that
resources limit S : O ratios when pollen is not limiting. Cross-
pollinated plants with high S : O ratios were significantly larger
than cross-pollinated plants with low S : O ratios (fig. 5). Thus,
among cross-pollinated plants, there is a relation between
S : O ratios and plant size (fig. 1); this implies that resource
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status directly influences fertility. Among open-pollinated flow-
ers that were pollen limited in 1999 (fig. 2), plants with high
or low fertility were not significantly different in size. Thus,
when pollen is in short supply in T. grandiflorum, resources
do not appear to limit S : O ratios, and there is no relation
between the S : O ratio and plant size (fig. 1b). A similar result
was recently reported in a population of T. grandiflorum in
Vermont in which Irwin (2000) found no relation between
S : O ratio and plant size for open-pollinated flowers in a year
in which seed set was pollen limited. An alternative expla-
nation to account for this pattern could be that smaller plants
may be genetically inferior to larger plants and, as a result,
produce more inviable ovules or early-aborting embryos. For
the population we examined at Joker’s Hill, we consider this
explanation unlikely since much of the variation in plant size
is age related (Wright and Barrett 1999).

Future studies on the factors governing female fertility in
Trillium should include both manipulation of resource levels

and the quantity and quality of pollen delivered to flowers.
Because T. grandiflorum is a long-lived perennial (Wright and
Barrett 1999), these studies would need to be conducted over
extended periods of several to many years. In addition, detailed
information on ovule biology, including information on via-
bility, receptivity periods, and the extent of cryptic early abor-
tion, may be required to fully understand the causes of sub-
maximal fertility in T. grandiflorum and other species with low
S : O ratios.

Acknowledgments

We thank Bill Cole, Amit Morris, and Dominik Halas for
assistance in the field; Angela Baker for technical advice;
Joker’s Hill Research Station for logistic support; and the Nat-
ural Sciences and Engineering Research Council of Canada
(NSERC) for a graduate scholarship to S. R. Griffin and a
research grant to S. C. H. Barrett that funded this work.

Literature Cited

Ashman TL, DJ Schoen 1994 How long should flowers live? Nature
371:788–791.

Baker AM, SCH Barrett, JD Thompson 2000 Variation of pollen lim-
itation in the early flowering Mediterranean geophyte Narcissus
assoanus (Amaryllidaceae). Oecologia 124:529–535.

Barrett SCH 2002 Sexual interference of the floral kind. Heredity 88:
154–159.

Barrett SCH, K Helenurm 1987 The reproductive biology of boreal
forest herbs. I. Breeding systems and pollination. Can J Bot 65:
2036–2046.

Barrett SCH, DG Lloyd, J Arroyo 1996 Stylar polymorphisms and
the evolution of heterostyly in Narcissus (Amaryllidaceae). Pages
339–376 in DG Lloyd, SCH Barrett, eds. Floral biology studies on
floral evolution in animal-pollinated plants. Chapman & Hall, New
York.

Bell G 1985 On the function of flowers. Proc R Soc Lond B Biol Sci
224:223–265.

Broyles SB, SL Sherman-Broyles, P Rogati 1997 Evidence of out-
crossing in Trillium erectum and Trillium grandiflorum (Liliaceae).
J Hered 88:325–329.

Broyles SB, R Wyatt 1993 The consequences of self-pollination in As-
clepias exaltata, a self-incompatible milkweed. Am J Bot 80:41–44.

Burd M 1994 Bateman’s principle and plant reproduction: the role
of pollen limitation in fruit and seed set. Bot Rev 60:83–139.

——— 1995 Ovule packaging in stochastic pollination and fertil-
ization environments. Evolution 49:100–109.

Campbell DR, KJ Halama 1993 Resource and pollen limitations to
lifetime seed production in a natural plant population. Ecology 74:
1043–1051.

Case FW, RB Case 1997 Trilliums. Timber Falls, Portland, Oreg.
Charlesworth D 1989a Evolution of low female fertility in plants:

pollen limitation, resource allocation, and genetic load. Trends Ecol
Evol 4:289–292.

——— 1989b Why do plants produce so many more ovules than
seeds? Nature 338:21–22.

Goodwillie C 2001 Pollen limitation and the evolution of self-
compatibility in Linanthus (Polemoniaceae). Int J Plant Sci 162:
1283–1292.

Haig D, M Westoby 1988 On limits to seed production. Am Nat 131:
757–759.

Harder LD, WG Wilson 1994 Floral evolution and male reproductive

success: optimal dispensing schedules for pollen dispersal by animal-
pollinated plants. Evol Ecol 8:542–559.

Irwin RE 2000 Morphological variation and female reproductive suc-
cess in two sympatric Trillium species: evidence for phenotypic se-
lection in Trillium erectum and Trillium grandiflorum (Liliaceae).
Am J Bot 87:205–214.

——— 2001 Field and allozyme studies investigating optimal mating
success in two sympatric spring-ephemeral plants Trilium erectum
and Trilium grandiflorum. Heredity 87:178–189.

Kalisz S, FM Hanzawa, SJ Tonsor, DA Thiede, S Voigt 1999 Ant-
mediated seed dispersal alters pattern of relatedness in a population
of Trillium grandiflorum. Ecology 80:2620–2634.

Kawano S, M Ohara, FH Utech 1986 Life history studies on the genus
Trillium (Liliaceae). II. Reproductive biology and survivorship of
four eastern North American species. Plant Species Biol 1:47–58.

Lapointe L 1998 Fruit development in Trillium: dependence on stem
carbohydrate reserves. Plant Physiol 117:183–188.

Larson BMH, SCH Barrett 2000 A comparative analysis of pollen
limitation in angiosperms. Biol J Linn Soc 69:503–520.

Lee TD 1988 Patterns of fruit and seed production. Pages 179–202
in J Lovett Doust, L Lovett Doust, eds. Plant reproductive ecology:
patterns and strategies. Oxford University Press, New York.

Lee TD, FA Bazzaz 1982 Regulation of fruit and seed production in
an annual legume. Ecology 63:1363–1373.

Lubbers EL, MJ Lechowicz 1989 Effects of leaf removal on repro-
duction vs. belowground storage in Trillium grandiflorum. Ecology
70:85–96.

Marshall DL, NC Ellstrand 1986 Sexual selection in Raphanus sativus:
experimental data on nonrandom fertilization, maternal choice, and
consequences of multiple paternity. Am Nat 127:446–461.

McCall C, RB Primack 1987 Resources limit the fecundity of three
woodland herbs. Oecologia 71:431–435.

Nakamura RN, ML Stanton 1987 Cryptic seed abortion and the es-
timation of ovule fertilization. Can J Bot 65:2463–2465.

Ohara M, S Kawano, FH Utech 1990 Differentiation patterns of re-
productive systems in the genus Trillium. Plant Species Biol 5:73–81.

Reid MS 1989 The role of ethylene in flower senescence. Acta Hortic
261:157–169.

Sage TL, SR Griffin, V Pontieri, P Drobac, WW Cole, SCH Barrett
2001 Stigmatic self-incompatibility and mating patterns in Trillium
grandiflorum and Trillium erectum (Melanthiaceae). Ann Bot 88:
829–841.



590 INTERNATIONAL JOURNAL OF PLANT SCIENCES

Sage TL, F Strumas, WW Cole, SCH Barrett 1999 Differential ovule
development following self- and cross-pollination: the basis of self-
sterility in Narcissus triandrus (Amaryllidaceae). Am J Bot 86:
855–870.

SAS Institute 2000 JMP, version 4.04. SAS Institute, Cary, N.C.
Schemske DW, MF Willson, MN Melampy, LJ Miller, L Verner, KM

Schemske, LB Best 1978 Flowering ecology of some spring wood-
land herbs. Ecology 59:351–366.

Scribailo R, SCH Barrett 1991 Pollen-pistil interactions in tristylous
Pontederia sagittata (Pontederiaceae). II. Patterns of pollen tube
growth. Am J Bot 78:1662–1668.

Shore JS, SCH Barrett 1984 The effect of pollination intensity and
incompatible pollen on seed set in Turnera ulmifolia (Turneraceae).
Can J Bot 62:1298–1303.

Smith D 1998 Habitat fragmentation and the reproductive success of
Trillium grandiflorum in southern Ontario. MS thesis. Trent Uni-
versity, Peterborough, Ontario, Canada.

Stelly DM, SJ Peloquin, RG Palmer, CF Crane 1984 Mayer’s hemalum-
methyl salicylate: a stain-clearing technique for observations within
whole ovules. Stain Technol 59:155–161.

Stephenson AG 1981 Flower and fruit abortion: proximate causes
and ultimate functions. Annu Rev Ecol Syst 12:253–279.

Sutherland S 1986 Patterns of fruit set: what controls fruit-flower
ratios in plants. Evolution 40:117–128.

Sutherland S, L Delph 1984 On the importance of male fitness in
plants: patterns of fruit set. Ecology 65:1093–1104

Thomson JD, BA Thomson 1992 Pollen presentation and viability
schedules in animal-pollinated plants: consequences for reproductive
success. Pages 1–24 in R Wyatt, ed. Ecology and evolution of plant
reproduction: new approaches. Chapman & Hall, New York.

Visser T 1986 The interaction between compatible and self-
incompatible pollen of apple and pear as influenced by pollination
interval and orchard temperature. Pages 167–172 in DL Mulcahy,
GB Mulcahy, E Ottaviano, eds. Biotechnology and ecology of pollen.
Springer, New York.

Waser NM, MV Price 1989 Optimal outcrossing in Ipomopsis ag-
gregata: seed set and offspring fitness. Evolution 43:1097–1109.

——— 1991 Reproductive costs of self-pollination in Ipomopsis ag-
gregata: are ovules usurped? Am J Bot 78:1036–1043.

Wiens D 1984 Ovule survivorship, brood size, life history, breeding
systems, and reproductive success in plants. Oecologia 64:47–53.

Wright SI, SCH Barrett 1999 Size-dependent gender modification in
a hermaphroditic perennial herb. Proc R Soc Lond B Biol Sci 266:
225–232.


