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Abstract

The efficiency of pollination of Melampyrum roseum var. japonicum by three bumblebee
species, Bombus consobrinus, B. diversus and B. honshuensis was examined under
experimental conditions where visitation frequencies in the field were controlled. First, we
found that B. honshuensis with the shortest proboscis showed the highest pollination
intensity in single visit experiments. Among the three bumblebee species, B. honshuensis
deposited the most pollen per stigma, resulting in the highest seed set, though B. diversus
removed the most pollen from the anthers. The pollination behavior of the bumblebees and
the morphological match between pollinators and flowers were found to be important
factors affecting the per-visit pollination intensity. Second, we detected that seed set and
pollen removal increased and the difference in pollination intensity among the three
bumblebee species disappeared when flowers were visited twice by any of the three
bumblebee species. When flowers were visited three or four times, seed set and pollen
removal did not increase anymore. These findings indicate that only when any bumblebee
species visits scarcely, i.e., under conditions of pollinator limitatioh, pollination

effectiveness differs among the bumblebee species.

Introduction

Flowers of animal-pollinated plants have become adapted in terms of shape, structure,
color, and odor to particular pollinators (Grant 1971; Levin 1978; Robertson and Wyatt
1990; Wilson and Thomson 1996; Johnson and Steiner, 2000). Such floral features,
therefore, may have evolved to fit traits of the most effective pollinators (Stebbins 1970;
Grant 1971; Waser 1983a; Wilson and Thomson 1991). For example, the length of spurs
or corolla tubes in various groups of plants is known to be closely related to the length of
the proboscis of their pollinators (Grant and Grant 1965; Kwak 1979; Miller 1981,
Nilsson 1988; Robertson and Wyatt 1990; Herrera 1996; Johnson and Steiner 1997).

However, more than a few plants have a generalized pollination system (Herrera 1988,
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1996; Waser et al. 1996). These flowers are pollinated by animals of various orders. We
questioned whether these pollinators are evenly effective. Also, we questioned whether
the flowers morphologically specialized for one specific pollinator can be pollinated
effectively by other minor visitors. In the case of Japanese Isodon, it was known that each
species has a specific bumblebee pollinator (Suzuki 1992) and the length of the corolla
tube is related to the length of the proboscis of the dominant bumblebee visitors. Recently,
Suzuki and Akazome (2000) showed that a minor bumblebee pollinator was also effective
in the case of Isodon umbrosus. The pollination system in I. umbrosus is generalized for
two bumblebee species. This suggests .that some mechanism could make the pollination
system generalized for dominant and minor pollinators (Wyatt 1983; Hulbert et al. 1996;
Suzuki et al 2001). Therefore, the pollination efficiency of minor pollinators should be
examined to clarify the pollination system of this plant which appears to be specialized.
The question of most concern is what mechanisms make the pollination system
generalized for plural bumblebee pollinators.

Flowers of M. roseum examined in this study have long corolla tubes and are
visited mainly by three bumblebee species which differ significantly in probdscis length
(Kudo 1993). The questions we asked were as follows. (1) Which bumblebee species is the
most effective in terms of pollen removal, pollen deposition, and seed set upon a single
visit? Are there differences in pollination efficiency among these three pollinators? (2) To
what degree is a morphological match between pollinators and flowers related to the
differences in pollination efficiency? In the case of the flowers of M. roseum, how
important is a morphological match between pollinators and flowers for pollination
success? (3) To what degree does seed set increase when each of three bumblebee species
visits more than once? Or, to what degree is the visitation frequency related to pollination
efficiency? In the present study, to answer these questions we examined the per-visit and
multiple-visit pollination efficiencies of three bumblebee species in visitation of the
flowers of M. roseum and the relationship between the pollination efficiency and a
morphological match between pollinators and flowers. We also examined what mechanisms

of the flower are related to the bumblebee-generalized pollination system of M. roseum.



Materials and Methods

Plants

Melampyrum roseum Maximowicz var. japonicum Franchet et Savatier (Scrophulariaceae)
is an annual hemiparasitic herb which is distributed thoughout the southern part of Korea,
and thoughout Kyushu, Shikoku, Honshu and the southern part of Hokkaido, Japan
(Yamazaki 1954). The plants commonly grow in sunny meadows in montane areas. The
corolla is pinkish purple with two lips, having one pistil and four stamens in its upper lip
and two white gibbous swellings on its lower lip. Anthers dehisce simultaneously with
flowering, however, the stigma becomes receptive a few hours later. Each flower contains
four ovules. Flowering begins in July and continues until early September. In each
inflorescence, the lowest two flowers open first, and then the others sequentially open

towards the top.

Study site
The field study was carried out at the Pass of Inukiri, about 1500 m above sea level, in
Yamanashi prefecture of central Japan, during the summers of 1995 through 1998. The

study site was located at the source of the Tama River. At this site, the dominant plant

species was M. roseum. All of the herbaceous plants are mowed in October every year, as

this grassland is a firebreak.

Flower visitors
At the study site, M. roseum was visited by five bumblebee species: B. consobrinus
wittenburgi Vogt, B. diversus diversus Smith, B. honshuensis Tkalcu, B. hypocrita
hypocrita Peréz and B. beaticola beaticola Tkalcu. These bumblebee species differ in size
and foraging behavior.

The population of bumblebees around the study site differed depending on the
year and the season. The bumblebees around and in the study site were counted through

1995-1998. The visitation frequency of the bumblebees per flower per day was calculated



based on video camera recordings made 20 times (the duration in each instance ranged from
30 to 100 minutes). As only a few B. beaticola were seen in 1995, we were unable to
accumulate data on this species, and therefore we excluded it from this study. Also, as B.
hypocrita visited the flowers irradically and its foraging behavior was quite different from
that of each of the other three species, we eliminated it from some analyses. M. roseum
was also visited by other insects, such as syrphid flies (ﬂowef flies), ants and butterflies.
However, in this study, we did not take them into account as pollinators, as their visiting
frequency was much lower than that of bumblebees, and their bodies did not touch the

anthers or stigmas of the flowers (Kojima and Hori 1994).

M. roseum breeding system

To examine the possibility of autonomous self-pollination and self-compatibility, a hand-
pollination experiment was carried out. Flower buds were randomly selected and some
flower buds in each individual were bagged before opening using cellophane paper to
exclude pollinators. After flowering, the following treatments were applied. (1) Bagging:
flowers were left untouched. (2) Self-pollination: flowers were unbagged and were
pollinated with their own pollen and geitonogamous pollen. (3) Cross-pollination: flowers
were unbagged, anthers were removed carefully in order not to touch a stigma of the same
flower, and then pollen from three different individuals was applied to the stigma to
outcross. After these treatments, the flowers were bagged again for three or four weeks
until the seeds matured. Then the seeds in each capsule were counted. (4) Emasculation
and open-pollination: anthers were removed and flowers were left unbagged, i.e., only
xenogamous pollen could be deposited on the stigmas. (5) Open-pollination: intact flowers
were pollinated freely by bumblebees. Three or four weeks later, open-pollinated flowers
were collected and the seeds in each capsule were counted. These experiments were carried

out in 1995 and 1996.

Amount of pollen deposition and pollen removal, and their relation to visitation frequencies

Flower buds of M. roseum were bagged with cellophane paper to exclude pollinators.



After flowering, each flower was pollinated by each bumblebee species. We controlled the
visitation ensuring that only one species of bumblebees could visit a flower by brushing-
off other species approaching the flower. After bumblebee visited once, stigmas were
collected and stored in sampling tubes. These treatments were repeated to obtain more
than 40 samples per one bumblebee species. The number of pollen grains deposited on a.
stigma was determined by counting them under a microscope. This experiment was carried
out in 1997.

Flower buds were bagged until flowering. After bumblebee visited a flower once,
twice, three times or four times, anthers of the plants were collected and stored in
sampling tubes. 12 samples per visit condition per bumblebee species were collected in
1995. In the laboratory, pollen was removed from sampled anthers in 70% ethanol using
an ultrasonic cleaner and the number of grains was determined by means of a particle
counter (Model Z Coulter Counter). The total number of pollen grains produced by a
flower was estimated from analysis of anthers of other flowers at bud.

To clarify the effects of bumblebee species and their visitation frequency to a
flower on seed set, other randomly selected 332 flowers were used. After bumblebee
visited a flower once, twice, three times or four times, bumblebee species and visitation
frequency were recorded, and then the flower was bagged again in order to avoid additional
visits. These treatments were repeated more than 25 times per each condition. Capsules
were collected after 3 weeks in September. Seed set (%) was evaluated from seeds in a

capsule divided by the number of ovules (=4). This experiment was carried out in 1995.

Measurement of flower size and bumblebee size, and size match
White gibbous flowers at the matured stage were randomly selected and the (1) length of
the corolla, (2) length of the stamen, and (3) length of the pistil were measured with
calipers (precision 0.05 mm).

Bumblebees that visited M. roseum flowers were captured, anesthetized using CO2
gas and the (1) glossa length, (2) prementum length, (3) head length and (4) thorax length

were measured. Each bumblebee was marked with an oil-based paint before being released,



in order to ensure that the same one was not measured again.

Fluorescent powdered dyes were applied to some dehiscing anthers with
toothpicks, in order to examine which parts of the bumblebee touched the anthers.
Bumblebees were captured immediately after visiting the flower and the position where

pollen grains were deposited was defined.

Results

M. roseum breeding system

Hand-pollination verified that M. roseum was self-compatible, but this plant could not
produce seeds when the pollinator was excluded by bagging (Table 1). This shows that
there was not automonous selfing. Homogamy forces self-pollination by pollinators. Seed
set fertilized through self-pollination was lower than that in the case of cross-pollination,
10 % and 17 %, respectively in 1996. M. roseum is self-compatible and therefore is able to
produce seeds not only by cross-pollination but also by self-pollination, though it needs
pollinators for seed production. Two flowers on opposite sides of a node bloom a day and
the four anthers of each flower dehisce at the same time. Therefore, these flowers always

have the potential for geitonogamy.

Pollination efficiency at single visits

The number of pollen grains deposited on a stigma at a single visit by each bumblebee is
shown in Fig. 1. B. honshuensis deposited 6326 (mean+SE, n=43) pollen grains on a
stigma of a flower. In the case of B. consobrinus, a stigma received 48+4 (n=76) grains,
whereas in the case of B. diversus, a stigma received 35+4 (n=53) grains. Moreover, in the
case of B. hypocrita, a stigma received only 14+6 (n=6) grains. Since B. hypocrita was
scarce in 1997 and we couldn’t collect enough samples, we excluded them from analysis.
The amount of pollen was significantly different among the species (ANOVA: F
(2,169)=8.872, p=0.0002). As to the pollen deposition, B. honshuensis was the most

effective.

_52 —_



In order to estimate the number of pollen grains removed by bumblebees, the
pollen grains remaining in anthers of a flower were counted. The amount of pollen grains
remaining in anthers was significantly different among the species (ANOVA: F
(2,33)=5.916, p=0.006). The single visit experiment showed that B. diversus removed the
largest amount of pollen from the anther (cf. Fig. 3).

The seed set as a result of a single visit by B. honshuensis, B. diversus and B.
consobrinus was 37%, 31% and 15%, respectively (cf. Fig. 4). On a single visit,
production of seeds was affected by bumblebee species (ANOVA: F (2,74)=4.317,
p=0.0169). The number of seeds fertilized through pollination by B. honshuensis was
significantly higher than that in the case of B. consobrinus (Fisher’s Protected LSD:
F=7.929, p=0.0062).

Morphological match between flower and bumblebees

The average length of the cofolla, stamen and pistil was 17.7£0.1 mm, 14.2+0.1 mm and
16.9+0.1 mm (mean+SE, n=277), respectively. There were not significant fluctuations in
flower size among these four years. The mean values of (1) glossa length, (2) prementum
length, (3) head length and (4) thorax length (dorsal part) are shown in Table 2. The
average glossa length in the case of B. consobrinus, B. diversus and B. honshuensis was
12.0+0.3 mm (n=60), 9.8+0.2 mm (n=46) and 6.32+0.19 mm (n=25), respectively.

B. consobrinus, B. diversus and B. honshuensis visited flowers mainly to collect
nectar and pollinated them nototribically (head-thorax pollination). Fluorescent-dye
powder was deposited on the frons of B. consobrinus, on the head between the eyes of B.
diversus and on the dorsal part of the thorax of B. honshuensis. Comparing the lengths
from the tip of the glossa to these spots, where fluorescent-dye powder was deposited,
with the length of the stamen of M. roseum, it became clear how each bumblebee
approached the nectary (Fig.2). In the case of B. honshuensis with a short proboscis, the
total length of the glossa plus the prementum plus the head was equal to the mean length
of the stamen, and it matched the length from the tip of the glossa to the spot (pronotum).

This means that B. honshuensis had to extend its glossa and prementum to suck nectar.



However, B. consobrinus and B. diversus which have glossa long enough to suck nectar,
did not need to extend their prementa. Therefore, such morphological matching was
important for determining the position where a larger amount of pollen was deposited. B.
hypocrita with the shortest proboscis did not reach the nectary. This species of bumblebee
visited flowers to collect pollen and received pollen on the side of its thorax

sternotribically.

Effect of visitation frequency
The relationship between visitation frequency and pollen removal by bumblebee species is
shown in Fig. 3. The total number of pollen grains in four anthers was estimated to be
about 120000, The number of pollen grains remaining in the anthers decreased markédly
with an increase in visitation frequency (ANOVA: F (3,132)=9.532, p=0.0001). Most of
the pollen was removed by the time of the second visit of any of the bumblebees,
therefore, the difference in pollination intensity among bumblebee species disappeared
after more than one visit.

The relationship between the visitation frequency of the three bumblebee species
and the seed set of the visited flowers is shown in Fig. 4. The seed set as a result of a
single visit by any bumblebee was significantly lower than that in the case of multiple
visits (ANOVA: F (3,320)=9.171, p=0.0001). When the flowers were visited more than
once, the seed set increased up to 45-55%, irrespective of the species of bumblebees.
However, the seed set of the flowers visited by any bumblebee species more than once

was not significantly different.

Bumblebee fauna and visitation frequency

The number of bumblebee species visiting the flowering plants at the study site varied
through the years (Fig.5). In 1996, there were fewer B. diversus. In 1997, the number of B.
diversus increased but the number of B. honshuensis decreased significantly. In August, at
the peak of flowering, all four bumblebee species appeared to forage for nectar and pollen

every year. The most predominant species was B. consobrinus at this site.



At the study site, a flower of M. roseum was pollinated 0.5-4 times per hour. As
bumblebees visited the site from around 6:00 in the morning until 4:00 in the afternoon, we
can assume from our observations that they worked about 10 hours a day. Then, a flower
of M. roseum might be pollinated by bumblebees at least five times a day, and 40 times a

day at the highest visitation frequency.

Discussion

Importance of a morphological match for pollination efficiency

Bombusu honshuensis is the best matched pollinator for M. roseum since it accounts for
the largest amount of pollen deposition and the highest seed set at single visits, although
the most predominant visitor was B. consobrinus, and the pollinator which removed the
largest amount of pollen was B. diversus. The first reason for this is that the best match
between proboscis length and corolla tube length and also between proboscis length and
the relative position of the stigma was seen in the case of B. honshuensis. To suck nectar,
B. honshuensis needs to expand both the glossa and the prementum. It is said that

bumblebees seldom use the prementum because its expansion required extra energy

(Harder 1982). Indeed, both B. diversus and B. consobrinus with a longer proboscis
sucked nectar from the flowers of M. roseum without expanding their prementa. These
species could obtain food from other flowers with longer tubes, e. g., Hosta sieboldiana,
whereas B. honshuensis could not reach their nectaries. Therefore, the reproductive organs
of flowers, especially the length of the stamens and the length of the pistil were the best
match to the proboscis length of B. honshuensis, although they needed much energy to
collect nectar. The second reason is that the body part of bumblebees used for carrying
pollen is important in terms of the availability of pollen for pollen deposition. In the case
of B. honshuensis, the body part used for this purpose is the dorsal part of the thorax, i.e,
“a safe site” of the body. (Harder and Barrett 1996). Pollen scarcely falls from this site as a
result of grooming. This may be closely related to the finding that B. honsuensis deposits

the largest amount of pollen on the stigma, and is related to the higher seed set. On the



other hand, B. diversus deposits a smaller amount of pollen though it removes the largest
amount of pollen, among the three bumblebee species. When a bumblebee inserts its head
into a flower of Melampyrum arvense, stamens in two inward-facing pairs which are
normally pressed together are released allowing pollen to fall from them onto its head
(Kwak 1988). The width of the head of B. diversus was the best fit for pollen removal.
Consequently, the largest amount of pollen was removed by B. diversus, but the position

was not “a safe site” to carry much pollen to another flower.

Pollinator limitation and the bumblebee-generalized pollination system

In spite of B. honshuensis showing the highest pollination intensity among the three
bumblebee species, it is predicted that this bumblebee species could not be a specific
pollinator readily. In multiple-visit experiments, it appeared that there was no difference in
the pollination intensity of the three bumblebee species, upon more than one visit.

Under natural circumstances, plants may suffer reduced seed set because co-
occurring plant species share pollinators (Waser 1983b). It includes two mechanisms that
may act simultaneously: pollinators may be attracted away from one plant to another
more rewarding species resulting in reduced visitation, thereby lowering pollen deposition
and seed set in the abandoned plant, or pollinators may switch between the two species
resulting in interspecific pollen transfer. However, Kwak and Jennersten (1991) showed
that Melampyrum pratense was not significantly affected by the presence of heterospecific
pollen grains on their stigmas.

At the study site, although there were a few co-occurring plants, every randomly
collected stigma (n=25) have received 50 conspecific pollen grains on average (Hiei,
unpublished data). And every flower of M. roseum was pollinated at least five times a
day. Results of multiple-visit experiments also showed that the seed set from open
pollinated flowers was almost the same as that from the flowers visited more than once,
thus multiple visits occurred under natural circumstances.

To confirm pollen limitation, many researchers have proposed extra hand

pollination on stigmas in general (e.g., Kwak 1988; Murphy and Vasseur 1995; Juenger



and Bergelson 1997; Johnson and Bond 1997; Totland 1997; Corbet 1998). If pollen is
limited, extra hand pollination raises the seed set. However, in the case of M. roseum, the
seed set produced through hand pollination was always lower than that through open
pollination. We; therefore, conclude that there was no pollen limitation at this site. This
means that the contribution to pollination success (here, female success=seed set) is not
based on the pollination intensity of a single visit but on the visitation frequency of each
bumblebee species. B. consobrinus may be the most effective pollinator, since this
bumblebee species was the most frequent pollinator of M. roseum at this site.

Without pollinator limitation, the pollination system of M. roseum is generalized
for three bumblebee species. This is one of the cases of generalization for plural bumblebee
pollinators. Morphological features of the flowers of M. roseum respond to the three
bumblebee species differently, but the difference in these responses is small. This may be
closely related to a change in abundance of certain bumblebee species among years and

within a given year.
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Table 1. Melampyrum roseum var. japonicum breeding system. Seed set (%) was
evaluated from number of seeds in a capsule divided by number of ovules (=4) in 1995
and 1996. Values shown are means+ SE. Sample sizes are shown in parentheses.

no-pollination hand-pollination open-pollination

Year (1) bagged (2) selfed (3)outcrossed (4)emasculated (5)intact

1995  0.5+0.4(50) 19+4(35) 1627 (14) - 42472 (100)

1996 03404 (80) 10+2(56) 1724(37) 22+3(86) 46712 (95)
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Fig. 1. Deposition of pollen grains per stigma of Melampyrum
roseum by each of four bumblebee species.
Bar shows mean+SE.
Sample size: B. honshuensis (n=43)
B. consobrinus (n=76)
B. diversus (n=53)
B. hypocrita (n=6)
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Fig. 2. Morphelogical match between flower and three bumblebee species.
(a) Floral sizes of M. roseum.
(b) Sizes of bumblebee species. GL: glossa length.
PL: prementum length.
HL: head length.

Solid cireles indicate means,

Bars indicate 3 SE. Arrows show where florescent powder deposited.



Table 2. Comparison of bumblebee species. Mean values (x*SE) for glossa length,
prementum length and head length (mm) of each bumblebee species. Sample sizes are
shown in parentheses. ANOVA results are presented with F test denominations adjusted
to account for significant effects as indicated: **** p<0.0001. As post hoc test, Fisher's
PLSD was used to compare each effect.

Species B.consobrinus  B.diversus B.honshuensis  B.hypocrita F (ANOVA)
1} Sizes
glossa length 120403 (60) 98+02(46) 632£0.19(25) 4.611.0(2) 7173g%***

prementum length 4294011 (60) 3.72:£0.00 (46) 2.71£0.08 (25) 3.010.4 (2) 62.767%***

head length 52340.06 (60) 4.79+0.07 (46) 4.0510.08 (25) 4.9+05(2) 48.883++#*
2) Pollinating style noiotribic nototribic nototribic sternotribic
3) Pollen deposition frons vertex pronotum side part
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Fig. 3. Relationship between pollen removal and visitation frequency
of three bumblebee species. Vertical axis indicates amount of pollen
remaining in the anthers of a flower. Symbols indicate means = SE.

Sample size: n=12 for each condition.
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Fig. 4. Relationship between seed set and visitation frequency of
three bumblebee species. Seed set (%) was evaluated from seeds
in a capsule divided by the number of ovules (=4). Each treatment

was repeated over 25 times and means + SE were shown in the
figure. Broken line shows the mean seed set of this study sites.
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Abstract

The fruit set and seed set of between-inflorescences and within- inflorescence of
Melampyrum roseum var. japonicum were evaluated under experimental conditions in
central Japan. The plant is an annual herb with an inflorescence per each inflorescence in
which the bottom two flowers open first. It was sufficiently pollinated by four bumblebee
species in July and August every year. Under natural condition, mean fruit set and seed set
of each inflorescence were not significantly different from each other. Within an
inflorescence, fruit set significantly decreased as the flower position shifted toward the
top, however, seed sets of flowers at different position were more or less simular of 30%
on average. If the number of flowers was reduced by clipping, fruit set and seed set
gradually increased. Seed set increased from 35% for ones without removing to 52% for
the condition that two flowers remained in each inflorescence. However, half of ovules
were still not used under the condition. In addition, posistion effect of flowers in an
inflorescence on seed set was investigated. Flowers of any position have ability to produce
seed equally. Therefore we consider that the variation of reproductive success according to
position is due to the order of flowering. Early blooming flowers were allocated more

resource than later ones.

Introduction

Most of plant species are sessile, they can not move to find their foods, change living
places nor mate like other animals do. They are autotrophs which carry out
photosynthesis. They uvse limited resources for vegetation, reproduction and maintnance.
In spite of their limited condition, most of the plants produce more flowers than fruits.
Hermaphroditic plants produce more flowers than fruits in general (Willson and

Price,1977; Lloyd, 1980; Stephenson, 1981; Sutherland and Delph, 1984; Sutherland,

1986 a, b; Guitian, 1993). Excess flowers, that is, more ovules and ovaries are commonly



produced than fruits and seeds.

Seed production is mostly limited by environmental factors, such as pollen
limitation (Zimmerman and Aide, 1989; Burd, 1994; Stantandreu and Lloret, 1999), resource
limitation (Lloyd, 1980; Herrera, 1991; Medrano, Guitian and Guitian, 2000), herbivory or
predation (Coley, Bryant and Chapin, 1985; Goémez, 1993) and physical conditions
(Juenger and Bergelson, 1997). Since plants are sessile, they always exposed to the risk of
being damaged. Therefore, compensation has been considered as an alternative or
supplement to plant defenses, and regrowth capacity has been considered as a responses
after damage (Lehtild and Syrjanen, 1995). In this aspect, excess flowers were considered
to lessen the effects of damage. However, in the absence of damage, it is often assumed
that the availability of resources limits fruits and seeds production (Lloyd, 1980;
Stephenson, 1981).

Flowers often have different reproductive values among individual. Early bloomed
flowers produce more fruits and seeds (Lee, 1988; Diggle, 1989). This phenomenon was
interpreted as “resource conflict between early and late blooming flowers” or “resource
competition” within individual (Stephenson,1981; Bawa and Webb,1984; Nakamura 1986;
Lee, 1988; Thomson, 1989; Guitian, 1994). The early fertlhzed fruits and seeds take more
resources than later ones. In another case, fruits located close to the source of nutrients
deprive more resource (Solomon,1988).

The “architectual limitations” have some effect on reproductive success of flowers
in different position within the inflorescence (Wyatt, 1982; Lee, 1988; Thomson, 1989,
Wolfe, 1992; Diggle, 1992, 1995, 1997). This is based on studies in which the fruit set of .
late-opening flowers is not affected by the removal of early-opening flowers or the
preventation of their fruiting (Sutherland,1987).

In some cases, unevenness of pollinator visitations through out flowering
phenology was considered as the reason of variation of reproductive success (Thomson,
1985, 1989; Lee, 1988; Berry and Calvo, 1991; Goldingay and Whelan, 1993; Brunet and
Charlesworth,1995). In these cases, extra hand pollination may increase fruit set or seed

set. Even though there is no pollen limitation, not all of the ovules would mature to seeds.



In the present study, female reproductive success of an annual insect- pollinated
plant, Melampyrum roseum, among inflorescences and within inflorescence were
investigated. Since the plant is annual, all of its life history (germination, vegetation,
flowering, fructification and death) is completed in one year and doesn’t carry over any
resource for next year’s germination. Therefore, this species is appropriate to investigate
the allocation system of resource within an individual. Qur aims are to clarify the female
reproductive patterns of M. roseum and to identify the factors concerned with the
variation of reproduction within an individual.

In this study, investigation was carried out from the point of view of the plant.
The plant forms several raceme-like inflorescences with more than ten flowers. Flowers
bloom sequentially. Although the plant has four ovules in a flower, it is seldom that all the
ovules mature into seeds. Therefore we assumed the factors which may affect on
reproduction are the number of flowers and the position of flowering within an
infloresence. In order to adjust the number of flowers, we removed flower buds from its
inflorescence. This technique was reported by many researchers (Wyatt, 1980; Guitian,
1993; Lehtild and Syrjianen, 1995; Corbet, 1998; Nishikawa, 1998; Medrano, Guitian and
Guitian, 2000), but few studies deal with annual plants.

Then, the questions we asked were as follows. At first, how is the reproductive
success of M. roseum ? Do fruit set and seed set differ among flowers in an individual?
Secondly, does the number of flowers affect reproductive success? Thirdly, does the
female reproduction potentially differ according to the position of flowers within an

inflorescence?

Materials and Methods

The study plant and the studly site
Melampyrum roseum Maximowicz var. japonicum Franchet et Savatier (Scrophulariaceae)

is an annual hemiparasitic herb which is distributed thoughout the southern part of Korea,



and thoughout Kyushu, Shikoku, Honshu and the southern part of Hokkaido, Japan
(Yamazaki 1954). The plants commonly grow in sunny meadows in montane areas.

The structure of the plant is illustrated in Fig.1. The plant consists of a main stem
and several branches. A main stem usually has four of five nodes and each node carries two
lateral branches (Fig.1(b)). A main stem and each branch are terminated by an
inflorescence, consisting of 8 to 24 flowers. In this study, each inflorescence was
numbered from the top, an inflorescence on main stem, to downward. Furthermore, as
shown in Fig.1(c), the position of flowers within each inflorescence was sequentially
numbered from the bottom toward the top, which is consistent with flowering order. The
corolla of M. roseum is pinkish purple with two lips. Each flower unexclusively contains
four ovules.

The plants are mainly visited by bumblebee species (Hiei, 1998). M. roseum is
potentially self-compatibile but no seed could be produced when flower visitors were
excluded, suggesting that this plant needs flower visitors for seed production and these
bumblebee species are major pollinators (Hiei, 1998).

The field study was carried out at the Pass of Inukiri, about 1350 m above sea
level, in Yamanashi Prefecture in central Japan, during the summers of 1999 through 2000.
It is located at the source of the Tama River. The study site is south facing open grassland.
At this site, M. roseum is dominated and flowering begins in July and continues until early

September.

Flowering phenology

In order to understand the variation in flowering phenology among inflorescences, 11
individuals with seven inflorescences were selected in July, before flowering season. After
plant started to flower (24 July), the number of flowers bloomed and the position within
inflorescence were recorded every day until the end of flowering season (1 September) in

1999.



Reproductive success of M. roseum

In order to estimate seed production of the plant, 20 individuals were collected in
September 1999, after this species has fructified. For each of them fruit set and seed set
for every inflorescences and for every flowers were carefully obtained, respectively. Fruit
set was calculated from the number of capsules per the total number of flowers produced.
The total number of flowers was estimated from sum of capsules and scars of flowers,
which did not develop to mature capsules. Seed set was calculated for every matured
capsule. The value was calculated from the number of seeds divided by the number of

ovules, that is four.

Foraging behaviours of bumblebees

A quadrat of 2 m X 2.5 m (Q1) was established in the study site in order to investigate the
foraging preference of bumblebees. 105 individuals were recognized in the quadrat. The
study was carried out on 8, 9, 11, 12 August 2000, middle of flowering season of M.
roseum at this site. In each individual, we marked plants in flower in the quadrat, and the
position of inflorescences (c.f. Fig.1(b)) with flowers bloomed was recorded. Observations
of flower visitors, bumblebees, within the quadrat were conduced from 8:00 a.m. to 16:00
p.m. When a bumblebee visited flowering plant in the quadrat, we recorded carefully the

position of inflorescence which were visited by bumblebee.

Effects of the number of flowers on reproductive success

In order to examine effects of the number of flowers on fruit set and seed set, clipping
experiment was performed where M. roseum is exclusively dominated (80-100 individuals
per m2) in 1999, Fifty individuals with seven inflorescences including a main stem were
marked. In order to accord flowering phenology between inflorescences, the main stems
were cut when the flowers of third position from the bottom opened and the number of
flowers in each inflorescence was artificially manipulated. In each inflorescence, the
bottom two, four, eight, twelve flower buds were remained by removing other flowers,

respectively. Each treatment was applied to ten individuals. A treatment was maintained



without any reduction. These plants were just left under open-pollination. Since flowering
phenology varies among individuals to some extent, clipping treatments mentioned above
were performed when the flower of third position in main stem inflorescence opened. In
addition, it is known that main stem clipping enhanced the performance of lateral branches

in M. sylvaticum, main stem inflorescence was removed in this clipping treatment.

Effects of position of flowers within an inflorescence

In order to clarify effects of flower position within an inflorescence on fruit set and seed
set, we also performed clipping experiment to the flowers within inflorescence. In this
experiment, we firstly cut all lateral inflorescences and clipped the flowers on a main stem
inflorescence. Since we would like to examin the effect of different flowering position,
clipping treatment were performed to main stem inflorescence which has twice as much
flowers as others. By clipping other flower buds, two flowers at each position, from one
to ten from the bottom of inflorescence were remained, respectively. Leaves were not
removed at all. All the flowers were hand-pollinated using three distant individuals. Each

treatment was applied to ten individuals each.

Data analysis

For the statical analysis of fruit set and seed set, arcsine transformation was adapted. We
used ANOVA to test the effects of inflorescence, position of flowers within an
inflorescence, the number of flowers and position of two flowers left in a main stem.
Fisher’s PLSD Test was used to test the differences of mean of fruit set and seed set
between inflorescences, positions of flowers within an inflorescence, the number of
flowers and positions of two flowers left in émain stem. Chi-square testing for goodness
of fit was used to analyze the foraging preference of bumblebees. In all cases P < 0.05 was

taken to indicate statistical significance.



Results

The number of flowers in each inflorescence

The mean number of flowers per individual of M. roseum was 100, ranging from 50 to 300.
With regard to the number of flowers in each inflorescence, inflorescence on main stem had
22 flowers on average, about twice as many as flowers of other inflorescences (Fig.2).
Among inflorescence on lateral branches, no.4 and no.5 had slightly more flowers than the

others (Fig.2).

Flowering phenology
In this study site, M. roseum usually starts to bloom in late July and their flowering
period continues until early-September every year. Figure 3 represents flowering
phenology of each inflorescence. The flowers on main stem, inflorescence no.1, began to
flower on 24 July, exclusively earlier than the flower of other inflorescence which bloomed
about 10-14 days later. The flowers at inflorescence no.2-no.7 opened almost
simultaneously except for no.5. Regardless of the differences in the timing of blooming,
flowering period of each inflorescences mostly ceased at the end of August.

Within an inflorescence, two flowers located at the bottom started to bloom first,
and after a few days the second two flowers from the bottom flowered. It continues
sequentially towards the top of each inflorescence. A flower remains in flower for about

five days.

Foraging behaviours of bumblebees

Melapyrum roseum received the visitations of four bumblebee species (Bombus
consobrinus, B. diversus, B. honshuensis and B. hypocrita) in August every year at this
site (Hiei,1998). Four days observation conducted in the middle of flowering period
revealed that the bumbl‘ebees visited the quadrat 18 times per hour on average, and once
any bumblebee visited an inflorescence, they foraged all the flowers within an

inflorescence. The numter of inflorescence with flowers in bloom on the day of



observation, a total number of bumblebee visitations to each flowering inflorescence and
expected value for visitation were summerized in Table 1. The null hypothesis for this
visitation-preference experiment is that bumblebee species visits any inflorescence equally
as far as the inflorescence has blooming flowers. Total of chi-squares are much smaller than
X2 0.05,9 =16.919, therefore, null hypothesis is not rejected. Accordingly, the bumblebees

do not have any particular visitation preference to the inflorescences on different position

in M. roseum.

Fruit set and seed set among inflorescences

Mean fruit set and seed set of M. roseum flower were 57+2 % and 30+1 %, respectively.
Mean fruit set and seed set for each inflorescence were shown in Fig.4. Although mean
fruit set varried from 47% (no.2) to 67% (no.1), and mean seed set from 24% (no.7) to
35% (no.4), no significant difference among inflorescences was detected (ANOVA: F
(8,150)=1.248, p=0.2749 for fruit set and F (8,143)=1.785, p=0.0846 for seed set).

Fruit set and seed set within an inflorescence

Fruit set within an inflorescence decreased significantly as the flower position shifted
toward the top within an inflorescence (Fig.5; ANOVA: F (11,1285)=6.743, p<0.0001).
That is, the bottom two flowers that bloomed the earliest within an inflorescence showed
the highest fruit set of 76%, and the fruit set gently decreased to 46% in ninth position.
However, seed sets of flowers at different position were more or less simular of 30% on
average (ANOVA: F (11,943)=1.278, p=0.2318). Hence, no significant difference in seed

set was found according to the position of flowers in an inflorescence.

Effects of the number of flowers on fruit and seed set

Reducing flowers in inflorescence resulted in increase of both fruit set and seed set (Fig.6).
When the number of flowers reduced by clipbing flower-buds, fruit set increased
significantly, from 45% for no removing flower to 89% for the condiﬁon that two flowers

left in each inflorescence (Fig.6(a)). Fruit set showed significant difference according to the



number of flowers (ANOVA: F (5,63)=20.482, p<0.0001). On the other hand,
inflorescences in which only two flowers were left showed 1.5 times higher seed set (52%)
than ones without removing flowers (35%) (Fig.6(b); ANOVA: F (5,63)=16.943,
p<0.0001). However, there were no significant differences in seed sets between other
clipping treatments, 4-12 flowers were left in inflorescence, and control inflorescence.
Mean seed weight of control, no removing flower, was 5.4mg (Fig.6(b)). Mean seed
weights for the conditions that two, four, eight and twelve flowers were left in each
inflorescence were 7.5mg, 6.0 mg, 6.4 mg and 6.2 mg, respectively. Inflorescence with two
flowers showed significantly higher seed weight than control. (ANOVA: F (4,106)=4.000,
p<0.005, Fisher’s Protested LSD). Accordingly, reduction of flower number inflorescence

also resulted in increase of seed weight.

Effect of position of flowers in an inflorescence

From the result of flower removing experiment, fruit and seed set were significantly
affected by the number of flowers. In addition, position effect of flowers in an
inflorescence on seed set was investigated. When only two ﬂoWers were left in an
inflorescence of main stem, high mean fruit set (88%) and seed set (55%) were obtained,
regardless of the flower position. That is, there is no position effect on fruit set (ANOVA.
F (9,111)=0.759, p=0.6543) nor seed set (ANOVA: F (9,104)=0.229, p=0.9896; Fig.7),

suggesting that there was no functional difference in flower position in an inflorescence.

Discussion

Female reproductive success of M. Roseum

Under natural condition, mean fruit set and seed set of M. roseum are 57% and 30%,
respectively. Though the number of flowers on main stem is as twice as flowers on the
other inflorescences, mean fruit set and seed set of each inflorescence were not

significantly different from each other. However, within an inflorescence, fruit set



decreased significantly according to flowering position. The earliest opened flowers which
located at the bottom of each inflorescence have the highest fruit set 76% and gently
decreased to 46% at the ninth position. On the other hand, seed set did not decrease
according to flowering position. It is shown that seeds per ovules ratio in a matured

- capsule was not significantly different from each other. Therefore, variation of female
reproduction of M. roseum was caused by availability of production of fruits. Why the
fruit set of M. roseum varied according to flowering position?

Pollen limitation is thought to be one of the reasons to explain the variation of
reproduction (Schemske, 1980; Thomson,1985, 1989; Brunet and Charlesworth, 1995). In
case of M. roseum, seeds can not be produéed when pollinators were excluded.
Reproduction of the plants was directly affected by visitation frequency of pollinators. At
the study site, the plant has received visitations of 3.6 times per hour per m2 by four
bumblebee species during the period of flowering phenology. A flower of M. roseum was
pollinated at least five times a day (Hiei, 1998). And from the observation of stigma by
optical microscope, mean pollen grains deposited on a stigma per day was 50 grains on
average (n=25; Hiei, 1998). In general, in order to confirm pollen limitation, many
researchers proposed extra hand pollination on stigmas. In case of M. roseum, extra hand
pollination does not raise seed set (Hiei, 1998). Therefore we consider that there is no
pollen limitation in this site and M. roseum can receive sufficient and constant intensity of

visitation by bumblebees to produce seeds.

Effect of the number of flowers _

The reproductive success of the plant was affected by the number of flowers in an
inflorescence. Although fruit set increased gradually, seed set and seed weight increased
drastically on the condition that two flowers were left in an inflorescence, the most severe
condition for M. roseum to produce offsprings. Results indicate that if there were enough
resource, female reproductive success would increase and there is a threshold of
increasement of seed production. However, even if the plant has enough resource, it can

mature 52% of ovules, that is, half of ovules were still not used.



Position effect of the flowers in an individual

1) Comparison of flowers between inflorescences

In this study, fruit set and seed set of M. roseum were not significantly different between
inflorescences. And we also comfirmed that if we adjust the number of flowers of each
inflorescence, fruit set and seed set shows no significant difference between inflorescences.

Therefore we believe that there are no considerable difference due to structure of the plant.

2) Comparison of flowers within an inflorescence

Under natural condition, the early blooming flowers in each inflorescence produce more
numerous fruits than later ones. Is this due to the position of flower or the order of
flowering? Results of experiment indicate that there is no functional difference between
each position .of flower. Flowers of any position have ability to produce seed equally.
Therefore we consider that the variation of reproductive success according to position is
due to the order of flowering. Early blooming flowers were allocated more resource than
later ones. This phenomenon was interpreted as resource conflict between early and late

blooming flowers(Lee, 1988; Diggle, 1995; ), and due to resource limitation of the plant.

Excess ovules, excess flowers
Even though the plant has sufficient resourse to fertilize seeds, not all of ovules could
mature into seeds. About half of them were aborted in any way. If there are much more
nutrient, seeds will be larger. The reason why M. roseum has twice more flowers than its
resource limitation is sti!l not explained in this study, however, the upper limit of female
reproductive success is obtained.

Several hypotheses have been formulated to explain this apparent overproduction
of flowers in animal-pollinated, outcrossed, hermaphroditic plants (Sutherland, 1987).
1) Pollen limitation: Lack of pollen or pollinators limits fruit and seed production. (Willson
and Schemske, 1980 ).
2) Pollinator attraction: Large inflorescences provide a larger signal to attract pollinators.

Therefore an overproduction of flowers ensures the pollinator visitation (Willson and



Price, 1977; Schaffer and Schaffer, 1979; Stephenson, 1980; Bell,1985) and results in
sufficient for adequate pollination.

3) Bet hedging: Production of excess flowers allows the plant to compensate for variations
in resources available for fruit maturation or variations in pollination (Stephenson, 1980;
Bawa and Webb, 1984).

4) Selective abortion: The plant can selectively abort some fruits and mature only those
fruits which are of a high quality, if pollinaton success is high and more fruits are initiated
than matured (Stephenson, 1981; Bawa and Webb, 1984; Lee, 1984).

5) Pollen donation: Hermaphroditic plants achieve fitness through fruit matuation (female
function) and through pollen donation (male function). Flowers that result in the
production of matured fruits contribute to female fitness and potentiaily contribute to
male fitness. Flowers that do not develop into fruits can contribute only to male fitness
(Willson and Price, 1977; Bawa and Webb, 1984; Sutherland and Delph,1984)

From the observation of pollinator’s behaviors indicates that fruits and seed
production of M. roseum is not pollinator-limited. And larger inflorescences are not result
in the larger amount of reproduction. The pollen-limitation and pollinator attraction
hypotheses do not account for low fruit and seed production of M. roseum. Results of the
reducing-flowers experiment indicate that if the plants have sufficient resources, fruit (
production of M. roseum increased significantly. Bed-hedging hypothesis can account for
fruit and seed production of M. roseum. Although selective abortion hypothesis is not
comfirmed in this study, difference of pollen tube elongation between selfing and
outcrossing will provide some resluts. Results of this study may indicates that half of
flowers contribute to female fitness. Therefore pollen donation hypothesis can account for

fruit and seed production of M. roseum.
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Fig.1 Structure of Melampyrum roseum.
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Fig.2 Variation of the number of flowers between branches.

Table 1. Preference to visits of branch by bumblebee species

No. of branch 1 2 3 4 5 6 7 8~10 Total

the total number of flowering branches 47 4 23 48 29 21 15 9 226

the total number of branches 29 19 7 36 11 12 4 2 120
visited by bumblebees

expected value 2496 18.05 1221 2549 1540 1L15 796 478 120

Chi-square value 0.655 0.050 2225 4337 1.256 0.065 1973 1616 12.177

x’.,u (n =14.067



The number of blooming flowers
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Fig.3 Flowering phenology of Melampyrum roseum.
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Fig.4 Reproduction of M. roseum between inflorescences.
(a)fruit set, (b)seed set of the plant. Mean values were
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