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ABSTRACT

The position effects on the abortion of flowers, fruits, and ovules were examined in relation to
the resource limitation hypothesis using a temperate legume species, Vicia cracca. Fifty plants
were randomly sampled from a natural population located at the Belmont Conservation Site in
Belmont, MA, USA. Due to indeterminant growth and acropetal flowering of this species, the
position of flower or fruit on the plant was able to be coded by the combination of architectural
levels such as plant half (lower and upper half) and inflorescence half (lower and upper half)
within each plant half. Overall, only 17.3% of the flowers on an inflorescence began to develop
into fruits, while overall 36.0% of the fruits initiated failed to mature, Consequently, 11.5% of the
flowers successfully matured into fruits. The mean flower number per inflorescence differed sig-
nificantly among plants as well as between plant halves, Although the probability of fruit in-
itiation was higher in the lower halves of both plant and inflorescence than in the upper halves of
the latter, fruit abortion rate differed significantly only between plant halves. The overall mean
seed set was 33.6%, implying that about two out of six ovules in a fruit matured into seeds, The
seed set was independent of both plant identity and architectural level unlike other reproductive
characters examined. When the ovule developmental stage was examined on data pooled over all
fruits, the proportion of ovules in varying developmental stages decreased in order of early
abortion, seed maturation, late abortion, and seed predation (48.4, 34.9, 12.2, and 4.5%, respect-
ively). A within-fruit ovule position was also used as a class variable for the analysis of position
effects on ovule development. All architectural levels considered exerted singificant influence
over the ovule development. In particular, ovule development was strongly affected by the
within-fruit ovule position. Ovules in both extreme ends within a fruit tended to abort early, while
those in the middle position were more likely to mature into seeds. The strong position effects
detected from the flowering to seed maturation stage were interpreted as an indication of com-
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petitive interaction among reproductive characters which are largely constrained by plant archi-

tecture,
Key words : Abortion, Competition, Position effect, Resource limitation, Vicia cracca

INTRODUCTION

Although pollination appears to play a major role in determining a successful seed set,
many flowers fail to mature fruits and many ovules fail to develop into seeds in spite of ef-
fective pollination (Stephenson 1981, Garwood and Horvitz 1985, Surtherland 1986). These
abortions are interpreted as a means to accomplish maximum fitness of plants through the
shunting of resources to other more competitive flowers, fruits, and ovules. In many
species, abortion of fruits or seeds is more frequent in a particular position within plants
or within ovaries (Bawa and Webb 1984, Hossaert and Valero 1988, Marshall and Ellstrand
1988, Nakamura 1988). However, most of these studies focus on the seed abortion pattern.
Considering that abortions occur throughout the reproductive stage of plants, a more re-
fined examination of the abortions of reproductive structures, from flowering to seed
maturation, is necessary to fully understand the reproductive strategy of plants,

The non-random pattern of abortions has been explained by ecological proximate
mechanisms or evolutionary ultimate causes (Stephenson 1981, Wyatt 1982). The three
proximate mechanisms often considered are the pollinator limitation hypothesis, the re-
source limitation hypothesis, and the sexual selection hypothesis. The pollinator limitation
hypothesis is not thought to be involved in Vicia cracca because insufficient pollinator ac-
tivity and the insufficient deposition of compatible pollen are not likely to occur for this
species. The sexual selection hypothesis, where reproductive success is dependent upon
the parentage of pollen and ovules, suggests that the genetic vigor of the seed is funda-
mentally responsible for the abortions (Willson and Burley 1983, Bawa and Webb 1984}, In
a self-incompatible plant such as V. cracca, genetic quality could be crucial in the abortion
pattern, However, if flower, fruit, seed or ovule abortions occur largely in particular parts
within plants, it is difficult to entirely ascribe these abortions to sexual selection. The re-
source limitation hypothesis pertains to the selective pressure on the plant to conserve
and maximize the allocation efficiency of its limited maternal resources (Harper 1977,
Lloyd 1980). For the most efficient utilization of these resources, a percentage of fruits,
flowers, or ovules /seeds must be expendable, due to competition for resources within the
plant (Wyatt 1982, Devlin 1988). In general, flowers, fruits, or ovules in close proximity to
maternal resources or vascular system are believed to gain a nutritional advantage, be-
coming a stronger sink than those distal to resources such as photosynthate, mineral, or
water,

In this study, the position effects on the abortions of flowers, fruits, and ovules, which

are tightly involved with resource limitation hypothesis, are examined using a temperate
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legume species, Vicia cracca. If the demand for resources could be spread over a long
period of a growing season regardless of the architecture of plants or if the photosynthetic
resources for developing fruits are provided mostly from the nearest leaves, the abortion
pattern of flowers, fruits, and ovules should not differ based upon the position of flowers,
fruits, and ovules within plants; for example, the pattern should not differ between lower
and upper plant halves, between lower and upper inflorescence halves, and among
within-fruit ovule positions., However, the V. cracca, which produces flowers acropetally
during a growing season, thus exhibits simultaneous flowering and fruiting in several
inflorescences, and it is likely that resource competition among fruits and ovules becomes
severer for flowers and fruits borne on the distal side of inflorescences and plants; the
same reasoning applies to ovule development, Ovules in a particular position within
ovaries distal to maternal resource are more likely to abort, Thus, abortions of flowers,
fruits, and ovules are likely to increase in magnitude as the season progresses or as the re-
productive characters are produced on the farther side from the plant axis,

I address three, interrelated questions in this study: (1) Are flower and fruit abortions
greater in a particular position within plants, e.g., between plant or inflorescence halves?
(2) Is ovule abortion more frequent in a particular position within plants, e.g., between
plant or inflorescence halves or among ovule positions? (3) Are flower, fruit, and ovule
abortions affected by plant identity? By simutaneously examining the effects of architec-
tural levels, we are able to find the reproductive stage that might undergo strong selec-
tion pressure in V. cracca, a plant of which little is known about its reproductive biology.

MATERIALS AND METHODS

Study species

Vicia cracca L. (Leguminosae), commonly called tufted vetch, is a perennial with climb-
ing or trailing stems up to 2 m in length (Fernald 1950). The plant thrives in fields and
thickets. Its compound leaves are divided into 8~12 pairs of narrow, bristle-tipped
leaflets. This papilionaceous species flowers from June through August. The one-sided ra-
ceme with numerous bluish-purple, pea-like flowers is directed downward on a long stalk,
The flower with ten anthers and a single ovary blooms for about 1~5 days. The major pol-
linating vector of V. cracca are bees, which typically move from one flower to another
within an inflorescence before moving between inflorescences (personal observation). The
glaborous, short-stalked fruits with 1~8 seeds mature about 4 wk after flowering. The

seeds disperse explosively from the fruits.

Data collection

This study was conducted in a natural population of V. cracca located at the Belmont
Conservation Site in Belmont, Massachusetts, USA. The population was in a 180 m? area
of grassy fields containing a large number of V. cracca at the time of sampling in 1989. In
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June, the field was transected. Only those plants with at least four inflorescences, at least
1 m apart, were randomly chosen. These plants were chosen in groups of five, after which
they were systematically labeled. Fifty plants were sampled, but one plant was excluded
from the data set because it was an outlier regarding fruit set, Plant height and the total
number of inflorescences were measured. The lower half of the plant was designated as
the first three basal inflorescences, and any subsequent terminal inflorescences
constituted the upper half of plants. A total of four inflorescences were marked on each
plant: two from the lower plant half and two from the upper plant half. The number of
flowers on an inflorescence was counted according to their position within plant halves.
This was repeated every two or three days in order to allow sufficient time for acropetal
flowering and fruiting of all the inflorescences. Finally, the inital number of fruits on the
lower and upper halves of the four inflorescences were tallied. In July, the population was
visited every other day to prevent the loss of seed data through explosive, ballistic disper-
sal, The final total number of matured fruits were tallied in July according to their pos-
ition within plants and inflorescences when the fruits were a sufficiently ripe color of
brown. Concordantly, each of the four inflorescences was carefully removed and collected.
The initially recorded flower number per inflorescence was verified by counting the num-
ber of the peduncle scars on the inflorescence axis. In this study, a fruit set indicates the
ratio of the number of fruits initiated in June in comparison to that of flowers, while a
fruit abortion rate represents the ratio of the number of fruits aborted between June and
July .in comparison to that of fruits initiated in June, Both ratios were obtained for each
inflorescence half within plant halves.

The fruits were opened, and the number and developmental stage of ovules were
recorded according to their position within fruits. The ovule position was ordered from a
scale of 1 to 9, numbered in ascending order from the basal (proximal) to the stylar (dis-
tal) end. For example, the first ovule position was that closest to the inflorescence axis.
Since the ovule numbers per fruit were variable, the ovule position was standardized fol-
lowing Hossaert and Valero (1988). For example, for fruits with three ovules, ovule pos-
ition 1, 2, and 3 corresponded to ovule position 2, 4, and 6 after standardization, Sub-
sequent analyses on ovule position effect were based on this standardized position, if not

mentioned otherwise:
Standardized ovule position = (ovule position X 6) /ovule number per fruit

The developmental stage of ovules was categorized into four levels: (1) unfertilized
ovules or ovules aborted early in the season, (2) ovules aborted late in the season, (3)
ovules that developed into mature seeds, and (4) seeds damaged by insect predation.
Typically early abortion was defined as those ovules that developed into an ovule of a few
milligrams and were barely visible, Late aborted ovules were small and yellow, or light
brown in color, weighing up to 40 mg. Seeds damaged by insects were hollowed out and
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usually still inhabited by a live or dead predator. Throughout this paper, ovules which did
not successfully mature into seeds are consistently called aborted ovules instead of
aborted seeds. The seed set was calculated as the ratio of the number of matured seed to

the number of ovules in a fruit.

Data analysis

The position effects on flower, fruit and seed production were examined basically with
two architectural levels: plant half (HPL: lower and upper halves) and inflorescence half
(HINFL: lower and upper halves). Since inflorescence half was not independent of plant
half, and both halves of plant and inflorescence were not independent of individual plants
(PL), the position effects on flower, fruit, and seed production were examined using two-
or three-level Nested ANOV As, For example, the position effect on flower production was
tested using a two-level Nested ANOVA with PL and HPL(PL) as class variables, while
the position effect on a fruit set was analyzed using a three-level Nested ANOVA with
such class variables as PL, HPL(PL), and HINFL(PL, HPL). The position effects of
plant half, inflorescence half, and within-fruit ovule position on ovule development was
examined by using a four-way contingency table analysis. Procedures in SAS (1985) were
employed for these Nested ANOV As and contingency table analyses.

RESULTS

Pattern of flower and fruit production

Plants of Vicia cracca occurring in Belmont, MA, USA, varied widely in plant height, in-
florescence numbers per plant, and mean flower and fruit numbers per inflorescence
(Table 1). For example, the plants ranged from 74 to 122 c¢m in height and they bore 5 to
13 inflorescences among 49 plants. The two-level Nested ANOVA on the variation of
flower number per inflorescence showed that the flower number differed significantly
among individual plants as well as between plant halves (Table 2), For example, the mean
flower number per inflorescence varied 2.6 times among plants (ranges = 21.3 — 56.3);
the lower plant half bore a larger number of flowers per inflorescence in comparison to the
upper plant half (X = 36.0 + 9.7 and 33.7 + 7.9, respectively). Means are provided with
SD in this paper. Among the four inflorescences examined, the flower number per inflor-
escence decreased towards the distal side of the plant, but the mean flower number per in-
florescence differed only marginally (Fsiee = 2.28, P = 0.0804; first raceme at the root
side X = 36.7 + 10.1: second raceme X = 35.4 + 9.2; third raceme X = 35.3 + 7.7:
fourth raceme X = 32.2 + 7.9, N = 49 for all). This result indicates that the mean flower
number per inflorescence does not differ significantly between the two inflorescences
within plant halves.

In June, there was an average of six fruits on an inflorescence, while only four of those,

on average, were able to sustain and mature in July (Table 1). However, fruits were not
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Table 1. Means and standard deviations of the vegetative and reproductive characters of Vicia cracca
occurring in Belmont, MA, USA. N = 49 plants for all measurements

X SD Range
Plant height (cm) 92.0 12.6 74.0 ~ 122.0
No of inflorescence /plant 8.06 1.82 5~13
No of flowers /inflorescence 34.89 8.91 12 ~ 66
No of fruits /inflorescence
In June 6.17 4.43 0~ 23
In July 4.12 3.67 0~ 23

Table 2. Means (standard deviations) of fruit numbers on the plant and inflorescence halves in June
and July. Sample size is 98 for each of the combination cells

June July
Plant half Plant half
Lower Upper Lower Upper
Inflorescence half
Lower 4,94 (2.78) 2.35 (2.09) 3.57 (2.39) 1.41 (1.55)
Upper 3.43 (2.45) 1.64 (1.59) 2.37 (2.05) 0.90 (1.24)

Table 3. Nested ANOVA of the effects of the plant and plant half on the variation in flower number
per inflorescence of Vicia cracca

Source of variance MS df F P
PL 212.51 48 3.87 0.0001
HPL (PL) 54.86 49 2.11 0.0009
Error 26.01 98
Model 132.87 97 5.11 0.0001

PL = plant; HPL = plant half.

evenly distributed over plant and inflorescence halves (Table 3). For example, lower
halves of both plant and inflorescence bore three and four times as many fruits as the up-

per halves of those in June and July, respectively.

Position effect on flower and fruit abortion

The proportion of flowers that developed into fruits, both initiated and matured,
decreased in order of lower halves of both plant and inflorescence > lower plant and up-
per inflorescence half > upper plant and lower inflorescence half > upper halves of both
plant and inflorescence (Fig. 1). The overall model showed that the mean fruit set dif-
fered significantly between plant halves and between inflorescence halves (Table 4).
Thus, 89.0% of the flowers on the upper plant half were aborted compared to 76.8% of
those on the lower plant half; 85.7% of the flowers on the upper inflorescence half failed
to become fruits compared to 79.7% of those on the lower inflorescence half, On the other
hand, the mean fruit abortion rate differed significantly only between plant halves, About
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1.5 times greater proportion of

30 une Lo fruits, initiated in the upper plant
i half, were aborted compared to

those in the lower plant half (44.4
20 and 29.5%, respectively), and the

fruit abortion rate was only slightly
higher in the upper inflorescence
half than the lower half (38.0 and
34.2%, respectively). The total num-
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ber of inflorescences per plant was

0 = =
Lower/Lower Lower/Upper Upper/Lower Upper/Upper

significantly positively correlated

Plant halt/inflorescence half with the mean number of fruits

initiated per plant and the mean

Fig. 1. Initiated (June) and matured (July) fruit set fruit set (r = 0.34 and 0.40, N = 49
of Vicia cracca, according to the combination for both, P < 0.05 and P < 0,01, re-

levels of plant architecture. The X axis labels

before and after slash indicate the plant half
and the inflorescence half, respectively, the total number of inflorescence

spectively). The correlation between

per plant and the mean number of
matured fruits was positive but not significant (r = 0.25, P > 0.05).
In summary, although the probability of fruit initiation was higher in the lower halves
of both plant and inflorescence, the lower inflorescence half was not a better position to
retain fruits unti] maturation compared to the upper inflorescence half.

Pattern of ovule and seed production
The number of ovules per fruit varied from 4 ~ 9 with a mean of 6.42 (SD = 0,99, N =

Table 4. Nested ANOVA of the effects of the plant, plant half and inflorescence half on the variation
of fruit set (A) and fruit abortion rate (B). MS was multiplied by 10*

Source of variance MS df F P
A, Fruit set

PL 265.40 48 0.46 0.9964
HPL (PL) 582.33 49 3.23 0.0001
HINFL (PL, HPL) 180.44 98 1.61 0.0026
Error 111.99 195

Model 295.19 195 2.64 0.0001

B. Fruit abortion rate

PL 1853.67 48 0.85 0.7094
HPL (PL) 2161.10 47 1.95 0.0026
HINFL (PL, HPL) 1085.19 87 0.76 0.9188
Error 1431.81 138

Model 1547.81 182 1.08 0.3160

PL = plant; HPL == plant half; HINFL = inflorescence half.
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557). In other words, the fruits with six ovules were the most common, followed by those
with seven ovules (40.4 and 31.6%, respectively). The mean ovule number per fruit dif-
fered significantly among plants, but did not differ between any architectural levels of the
analyses (Table 5). For example, among 47 plants from which fruits with matured seeds
were collected, the mean plant ovule number per fruit varied 1.5 times (5.00 ~ 7.68). The
mean seed number per fruit was 2.14 (SD = 0.90), ranging from 0 to 5. Only the plant half
had a marginally significant effect on the mean seed number per fruit (Table 5). How-
ever, overall mean seed numbers per fruit did not differ as much between the lower and
upper plant halves (X = 2.13 + 0.92 and 2.15 + (.87, respectively),

Overall mean seed set was 33.6%, implying that only about one third of ovules in a fruit
matured into seeds. Variation in the mean seed set was marginally significant at the level
of inflorescence halves (Table 5), although the difference in the mean seed set between
the lower and upper inflorescence halves appeared not to have a biological meaning (33.6
and 33.5%, respectively). Indeed, the mean seed set was almost constant across the com-
bination levels of architecture (lower halves of both plant and inflorescence 33.5%: lower
plant and upper inflorescence halves 33.6%: upper plant and lower inflorescence halves
33.9%: upper halves of both plant and inflorescence 33.4%). These results show that the
seed set was affected neither by the position of fruits within the plant nor by the plant
identity., Therefore, although there was an overall positive correlation between ovule and

Table 5. Nested ANOVA of the effects of the plant, plant half and inflorescence half on the ovule
number (A), seed number (B), and seed set (C) per fruit

Source of variance MS df F P
A, Ovule number per fruit

PL 3.1418 46 4.90 0.0001
HPL (PL) 0.6458 33 1.02 0.4516
HINFL (PL, HPL) 0.6058 62 0.86 0.7555
Error 0.7004 415

Model 1.7921 141 2.56 0.0001

B. Seed number per fruit

PL 1.4220 46 1.21 0.2968
HPL (PL) 1.1109 33 1.50 0.0609
HINFL (PL, HPL) 0.7756 62 1.18 0.1789
Error 0.6577 415

Model 1.2814 141 1.95 0.0001

C. Seed set per fruit

PL 0.0440 45 1.46 0.1451
HPL (PL) 0.0282 33 1.47 0.0722
HINFL (PL, HPL) 0.0207 62 1.33 0.0552
Error 0.0155 414

Model 0.0331 140 2.13 0.0001

PL = plant; HPL = plant half; HINFL = inflorescence half,
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seed numbers per fruit (r = 0.1640, P < 0.01, N = 557), a significant effect of plant iden-
tity on the mean ovule number per fruit did not continue until seed maturation,

Position effect on ovule development

The proportions of various ovule development appeared to be strongly affected by the
architectural levels within plants (Table 6). For example, ovules that were aborted late
accounted for 9.3% of the total ovules in the lower halves of both plant and inflorescence,
while late aborted ovules occupied 3.4% of those in the upper halves of both plant and in-
florescence. On the other hand, the proportion of early aborted ovules, which consititute
the largest proportion among four levels of ovule development, appeared to only slightly
increase from the proximal side toward the distal side of plant and inflorescence, e.g.,
60.9% in the lower halves of both plant and inflorescence and 66.2% in the upper halves of
both plant and inflorescence.

The multiple contingency table analysis showed that all three main position factors such
as plant half, inflorescence half, and ovule position had significant effects on ovule devel-
opment (Table 7). Since there were no two- or three-way interactions, the variation in
ovule development was examined separately for each main factor. In the two-way contin-
gency table of plant half x ovule development, plant halves differed in regard to the pro-
portion of late aborted ovules, There were four times as many late aborted ovules in the
lower plant half as those in the upper plant half. Inflorescence halves differed in the pro-
portion of late aborted ovules and damaged seeds. Like the lower plant half, 2.6 times |
more ovules were aborted late in the lower inflorescence half in comparison to the upper
inflorescence half. In addition, three times more seed predation occurred in the lower in-
florescence half compared to the upper one,

The magnitude of chi-squares in the two-way contingency table analyses was the largest
for the two-way contingency table of ovule position X ovule development, In particular,
the proportions of early aborted ovules, matured and damaged seeds appeared to vary
based upon the within-fruit ovule position. For example, more than 70% of ovules in the
extreme ends (positions 1 and 6) aborted early in their development in relation to 54 ~
56% of those in the middle (positions 3 and 4). Conversely, more than one third of the
ovules in the middle position matured into seeds (34 ~ 37%) compared to the former for
which less than 20% of the ovules matured into seeds in the two extreme ends of
within-fruit ovule position. As many as three times more seeds in position 3 were subject
to predation in comparison to those in position 1 (3.0 vs. 0.9%, respectively). However,
the proportions of late aborted ovules, which differed between plant and inflorescence
halves, did not differ among the six ovule positions within fruits. Fig. 2 explicitly
demonstrated the within-fruit ovule position effects on ovule development. Therefore,
although the seed set per fruit was not variable based upon architectural level of plants,
the probability of seed maturation and, consequently, that of early and late ovule
abortions, differed depending upon the position of the fruit on the plant and depending
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Table 6. Frequency of ovules at each developmental stage, according to the plant half, inflorescence
half, and within-fruit ovule position

Lower plant half Upper plant half

Ovule Lower Upper Lower Upper
position  inflorescence half inflorescence half inflorescence half inflorescence half

EA LA SM SP EA LA SM SP EA LA SM SP EA LA SM SP

1 217 23 40 4 141 11 22 1 88 6 24 1 61 4 8 0
2 180 37 97 7 120 14 57 3 79 6 41 5 49 3 31 1
3 150 36 104 19 117 8 75 2 76 8 62 3 51 4 21 2
4 151 21 98 7 94 8 70 4 64 5 40 5 39 1 37 2
5 191 31 101 5 117 12 63 1 81 13 38 3 52 3 21 3
6 183 23 60 8 125 13 1 4 93 4 16 3 57 1 6 0

EA = early abortion; LA = late abortion: SM = seed maturation: SP = seed predation.

Table 7. Multiple contingency table analysis for the proportion of ovules in each developmental stage,
according to the plant half, inflorescence half, and within-fruit ovule position

Source of variance df Chi-square P

Intercept 2 990.23 0.0000
HPL 2 11.86 0.0027
HINFL 2 8.25 0.0162
HPL xHINFL 2 0.21 0.8995
OVPO 10 112.05 0.0000
HPL xOVPO 10 7.48 0.6793
HINFL xOVPO 10 9.37 0.4973
HPLXHINFLxOVPO 10 11.98 0.2864

HPL = plant half; HINFL = inflorescence half; OVPO = ovule position.
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tured into fruits with a seed set of about 33%. These results suggest that selection for
ovule survivorship consistently occurs from flowering to seed maturation, but it is
stronger in the flowering stage in relation to the fruiting or seed maturation stage,

Not only do ovules abort in a particular position within fruits or ovaries, as shown in
many other legume species (Bawa and Webb 1984, Hossaert and Valero 1988, Nakamura
1988, Rocha and Stephenson 1990), but also flowers and fruits abort in a particular position
within plants and inflorescences. In a cultivar of Phaseolus vulgaris, the probability of
flowers and fruits that aborted varied based upon the position of a bud within reproductive
modules, with an overall increasing trend toward the distal side of the plant (Sage and
Webster 1987). In V. cracca, the larger proportion of flowers fail to develop into fruits in
the upper halves of both the plant and the inflorescence. Such failure of many distal
flowers may be explained by both resource limitation and sexual selection hypotheses. In
an acropetally flowering species like V. cracca, the proximal flower on an inflorescence as
well as on a plant has a spatial and temporal advantage in regard to the resource garnering
as suggested by Lee (1988). Since the proximal flower is formed earlier and located closer
to the vascular system in comparison to the distal flower on the upper inflorescence and
plant, the former is likely to achieve a headstart in development., Such temporal and
spatial advantages may enable the plant to selectively allocate resources to proximal
flowers which act as a stronger sink. The larger difference in fruit set between the plant
halves rather than between the inflorescence halves is interpreted as that of the proximal
plant half having a more secure site for resource garnering than the proximal inflorescence
half,

Distal flowers are also inhibited from setting fruits via hormonal interference secreted
from other already pollinated flowers and juvenile fruits developing (Stephenson 1981).
ABA or auxin is responsible for the abortion of distal flowers in Lupinus luteus (Van
Steveninck 1959) and Glycine max (Huff and Dybing 1980). However, since this hormonal
effect on flower abortion is likely to be mediated via resource shortage (Lee 1988), the in-
dependent effect of hormones and resource limitation is not clear,

On the other hand, extra production of flowers may be relevant to sexual selection. In
V. cracca, the small flowers are grouped into dense inflorescences that mimic large flowers
to better attract pollinators. According to sexual selection theory, the number of flowers
needed to disperse pollen is greater than that required for the adequate receipt of pollen
(Bawa and Webb 1984, Surtherland 1986). In such a case, once an optimal number of
fruits has been set, more and more flowers are destined to fulfill only a male function, do-
nating pollen and then abscising after their male reproductive function is achieved. Then,
the large abortion of distal flowers and ovules may reflect the temporal disparity between
male and female sexual functions. In other words, early flowers in the season, when the
resource level is relatively high, function as a female by producing fruits, whereas late
flowers in the season, when the resources for producing and maturing fruits are further
limited, act as a male by dispersing pollen which is less costly than producing the fruit or
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seed (Charnov 1982, Bierzychudek 1984, Devlin 1988). Indeed, elaborate plants with nu-
merous inflorescences produce more fruits in June as well as in July, However, even in the
lower halves of both the plant and the inflorescence, the fruit set initiated amounted to
only 27.3%. These results suggest that the differential sexual function in time, if it exists,

is also affected by the resource level within plants,

Fruit abortion

Once the flowers have begun to develop into fruits, the resource demands on the inflor-
escence change (Wyatt 1982). For example, a developing fruit requires a large amount of
resources while a fruit which is almost ripe needs very little resources at that point. Simi-
lar to flower abortion, once fruits formed from proximal flowers preempt the resources,
other fruits located on the distal side may be starved and aborted. However, the position
effect differed between flower and fruit abortion. Since the cost of fruit production is
higher than flower production (Lee 1988, Bertin and Peters 1992), the temporal or spatial
advantage for fruits borne on the proximal side of an inflorescence may not be sufficiently
large relative to those borne on the distal side. In sum, the advantage of an extended
flowering in indeterminately growing plants is counterbalanced by the disadvantage of a
reduced fruit set on the distal side of the plant,

Each inflorescence and its adjacent leaves are believed to function as an independent
unit (Stephenson 1981). If so, a single subtending leaf under each inflorescence in V.
cracca may act as a major source of photosynthate for developing fruits, However,
photosynthetic capacity of the subtending leaves may vary depending upon architectural
levels. For example, with limited supply of water and nutrients in the upper plant half, the
rate of photosynthesis in the subtending leaf in the upper plant half could be rather slow.
The extent to which architectural levels affect photosynthetic capacity of reproductive
modules, and consequently, the abortion of fruits in a particular position within plants has
not been well examined.

There are some other explanations for the differential fruit abortion depending on archi-
tectural levels of plant, Fruits damaged by harsh environmental conditions or by insect
predation by aphids are selectively abscissed, and redirect the allocation of their
resources, However, in V. cracca, if fruits contain damaged seeds, usually a single seed is
predated by beetles, and those fruits are attached to the plant until maturation. The qual-
ity relative to other fruits on the plant may also be an important factor determining fruit
abortion (Willson and Burley 1983, Becerra and Lloyd 1992). Any further investment in
fruits that contain offspring unlikely to contribute to future generations is terminated
often in spite of further supply of resources (Stephenson 1981, Bertin and Peters 1992). In
addition, in species with multi-seeded fruits such as V. cracca, those with fewer than aver-
age number of seeds may be preferentially aborted. This is because fruits with more num-
ber of seeds are more active sinks for limiting resources, being less likely to result in em-
bryo starvation (Haig and Westoby 1988, Obeso 1993). I do not have data on the nature of
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aborted fruits, for example, the genetic quality of seeds or seed number within fruits.
However, since only two seeds are contained in a fruit on average and the seed set is con-
stant across the architectural levels of plant, the seed number per fruit itself is not likely
to be a major factor affecting the differential abortion pattern of fruit.

Ovule abortion

In contrast to other reproductive characters examined, a seed set is independent of both
plant identity and the architectural level within plants. Unlike Bauhinia ungulata (Bawa
and Webb 1984), where early formed fruits contain more number of seeds per fruit, V.
cracca shows quite a consistent seed set, as in Lupinus luteus (Van Steveninck 1957),
Phaseolus vulgaris (Lovett Doust and Eaton 1982), and Asphodelus albus (Obeso 1993). The
constant ovule abortion rate within a fruit i1s expected to occur if the cost of flower and
fruit abortion is higher than ovule abortion. Indeed, the energy investment in an ovule is
only about one-hundredth of that of a seed and the energy investment in a developing
ovule is lower than that of a fruit containing seeds (Wyatt 1982). In V. cracca, selective
abortion of fruits would result in weaker competition among fruits and ovules in the distal
side of plant than in the proximal side. Therefore, the selective abortion of fruits in a par-
ticular position within plants appears to contribute to a constant seed set across the archi-
tectural levels.

On the other hand, the seed set of 33% is lower than that in other herbaceous
perennials. In a study on ovule survivorship among more than 100 species, Wiens (1984)
reports that the seed set of herbaceous perennials is 57.2% with a mean of 3.5 ovules per
fruit. However, Vicia americana examined by Wiens (1984) also exhibits a seed set of
37.0%, quite simliar to V. cracca.

The pattern of ovule abortion changes during a growing season. Early ovule abortion
and seed maturation are not affected by the architectural levels of the plant except for
within-fruit ovule position, whereas the proportion of late abortion rate is relatively higher
in the proximal side of the plant and the inflorescence. This result suggests that resources
are supplied until quite late to the ovules located in positions where resources are rather
easily accessible. Among the three position factors such as the plant half, inflorescence
half, and ovule position, ovule development is most strongly affected by within-fruit ovule
position. Since all ovules are contained within fruits or ovaries and intimately connected to
pericarp, competition for resources would be most severe among ovules within a fruit
rather than among ovules in different parts of the plant and inflorescence.

There are several possible explanations for why the stylar (distal) and basal (proximal)
ovules in V. cracca are often aborted, and why the ovules in the middle position are more
likely to mature into seeds. First, both the temporal advantage in fertilization and the
spatial advantage in distance from the vascular system could contribute to the ovule pos-
ition effect on ovule development. In many species, ovules are usually sequentially
fertilized from the stylar end toward the basal end (Kambal 1969, Hill and Lord 1986) and
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pollen competition via pollen tube growth rate has a great potential to result in selective
fertilization (Hossaert and Valero 1988). If the speed of fertilization confers an advantage
in resource garnering, it is expected that the first ovule fertilized preempts the resources;
yet this ovule is distant from the vascular system or the vascular system in the distal end
of fruit valves is not well developed (Watson and Casper 1984). The basal ovule is the last
one to be fertilized, while this is closest to the vascular system. Thus, the relatively
higher probability of seed maturation in the middle ovule position is interpreted as a
‘compromise of conflicting temporal and spatial advantages in resource garnering
(Marshall and Ellstrand 1988). Middle ovules within fruits also show a relatively high
probability of seed maturation in Raphanus sativus (Marshall and Ellstrand 1988), Vigna
unguiculata (Kang et al. 1993), and Lathyrus latifolius (Hossaert and Valero 1988). Some
other legume species such as Phaseolus coccinens (Rocha and Stephenson 1990), P. vulgaris
(Nakamura 1988), and Caesalpinia erostachys (Bawa and Webb 1984) demonstrate a distinct
pattern: stylar ovules are more likely to mature into seeds. The higher frequency of pre-
dation of middle seeds within fruits of V. cracca is directly related to the relatively higher
probability of seed maturation in this position. Perhaps maternal plants also control the
pattern of resource allocation to developing ovules within fruits. The physiological
interactions between ovules in a fruit or between the embryo /endosperm and maternal
tissue such as integument or pericarp are not well known (Haig and Westoby 1988).

Ovule abortion is also affected by genetic factors such as the lethal gene or sublethal
gene expression during pollen tube growth (Meinke 1982), or in the embryo or endosperm
(Wiens 1984). Paternal parentage of the matured seed varied in a fruit (Marshall and
Ellstrand 1988) and has been related to ovule /seed abortion in many species (e.g., Kang et
al. 1993). Self-incompatibility leads to more intense competition among compatible pollen
grains, which in turn leads to a lower proportion of fertilized ovules being matured
(Hossaert and Valero 1988). Thus, in outcrossing Cryptantha species ovules within fruits
develop in a random pattern, while in autogamous Cryptantha species the position of ovule
development is consistant (Watson and Casper 1984). However, the pattern of ovule de-
velopment is not random within fruits, inflorescences, and plants in obligately outcrossing
V. cracca. Since a huge number of plants of V. cracca grow in the Belmont Conservation
Site, it is not likely that the paternal diversity decreases during a season., Consequently,
the differential pattern of ovule development within fruits, inflorescences and plants
might indicate that the paternal identity, even if it is an important genetic factor affect-
ing the abortion of ovules, interacts with the resource level, Marshall (1988) shows that
paternal identity becomes important in seed maturation only in a stressed environment.

In obligately outcrossing V. cracca, the potential of sexual selection in the non-random
pattern of abortions of reproductive characters exists. However, this study emphasizes
the importance of architectural constraints in governing the pattern of resource allocation
to reproductive characters. The architecture of the plant is intrinsically related to the
temporal and /or spatial advantage of resource garnering. If a quantitative measurement



April 1996 Kang : Position Effects in Vicia cracca 121

of the temporal advantage of flowering and fruiting along an inflorescence /plant axis is
available, or if we conduct an experimental study that remove flowers or fruits in a
specific position on the inflorescence /plant, it becomes possible to identify the relative
importance of the temporal and spatial factors in relation to the abortion of surplus flowers
and fruits which ultimately causes change in seed yield or seed quality. The effect of
selective abortion of flowers and fruits on seed quality is currently being examined.
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