Effect of Male Pollen Donor and Female Seed Parent on Allocation of
Resources to Developing Seeds and Fruit in Chamaecrista fasciculata
(Leguminosae)

Charles B. Fenster

American Journal of Botany, Vol. 78, No. 1 (Jan., 1991), 13-23.

Stable URL:
http://links jstor.org/sici?sici=0002-9122%28199101%2978%3A1%3C13%3AEOMPDA%3E2.0.CO%3B2-V

American Journal of Botany is currently published by Botanical Society of America.

Your use of the JSTOR archive indicates your acceptance of JSTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR’s Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www jstor.org/journals/botsam.html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transmission.

For more information on JSTOR contact jstor-info@umich.edu.

©2003 JSTOR

http://www.jstor.org/
Fri Dec 5 16:45:11 2003



American Journal of Botany 78(1): 13-23. 1991.

EFFECT OF MALE POLLEN DONOR AND
FEMALE SEED PARENT ON ALLOCATION OF
RESOURCES TO DEVELOPING SEEDS AND FRUIT IN
CHAMAECRISTA FASCICULATA (LEGUMINOSAE)!

CHARLES B. FENSTER?

The University of Chicago, Department of Biology, Barnes Laboratory,
5630 S. Ingleside Ayenue, Chicago, Illinois 60647

In Chamaecrista fasciculata, fruit abortion levels are high and seed mass is highly variable,
necessary preconditions for differential resource allocation of the female to seed and fruit sired
by different males. This study investigated the relative role of pollen donor and seed parent on
the allocation of resouces to developing seed and fruit, and assessed the role of genetic relatedness
in contributing to any observed paternal effect in C. fasciculata. In addition, pollen donor effects
were contrasted to within-seed parent sources of variation in resource allocation due to polli-
nation date and ovule position in the pod. Plants collected from the field were brought to a
greenhouse where single-donor crosses were conducted controlling for pollen donor source and
interplant distance, a measure of genetic relatedness. Seed mass, number of seed/fruit, fruit
maturation time, and fruit abortion rate were measured as indicators of resource allocation to
developing seed and fruit. Variation in resource allocation was largely determined by the seed
parent. Pollen donor effects were limited to differences between self vs. non-self pollinations,
suggesting that inbreeding depression following mating events between related individuals is
the source of any variation among pollen donors on differential resource allocation to developing
seed and fruit. Once the effect of inbreeding was removed, however, pollination date and ovule
position played larger roles than pollen source. Since there was no detectable variation among
male pollen donors in their ability to accrue resources from the female seed parent apart from
inbreeding effects, it is concluded that the opportunity for postzygotic mate choice is limited

in C. fasciculata.

A common phenomenon in hermaphroditic
plants is the production of more flowers than
can be matured to fruit (Stephenson, 1981;
Sutherland and Delph, 1984). If fruit produc-
tion is limited by resources then there may be
an opportunity for mate choice, i.e., the dif-
ferential allocation of resources to developing
seed and fruit based on the expectation of high-
er progeny fitness in developing zygotes fa-
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thered by “superior” males (Janzen, 1977,
Charnov, 1979; Willson, 1979; Westoby and
Rice, 1982; Stephenson and Bertin, 1983; Will-
son and Burley, 1983; Lee, 1984, 1988). The
role of mate choice in the evolution of allo-
cation patterns to developing seed and fruit
depends on within-population variation in the
ability of offspring of different male pollen do-
nors to assimilate resources from the female
seed parent (Lyons et al., 1989).

Previous studies demonstrating evidence for
mate choice in natural plant populations have
not controlled for genetic relatedness between
pollen donor and recipient as a source of vari-
ation in seed and fruit maturation patterns
(Bertin, 1982; Bookman, 1984; Stephenson and
Winsor, 1986; Casper, 1988). Variation among
males in their ability to mature seed and fruit
on females may be attributable to the inter-
action between male and female genotypes
caused by genetic relatedness (Charlesworth,
Schemske, and Sork, 1987; Lyons et al., 1989).
Therefore, genetic relatedness between pollen
donor and recipient with the consequent ex-
pression of inbreeding depression may explain
the source of the male effect on seed and fruit
set. Because gene flow is often limited in plants
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(Ehrlich and Raven, 1969; Levin, 1981; but
see Ellstrand and Marshall, 1985), populations
are usually genetically subdivided so that in-
terparent distance reflects the genetic related-
ness between parents, i.e., there is a negative
correlation between interplant distance and re-
latedness (Wright, 1978; Levin, 1984; Epper-
son and Clegg, 1986; Fenster 1988, 1991b).
Although mate choice could include selection
by the female based on genetic relatedness,
mate choice is usually considered as an agent
for sexual selection on male characters inde-
pendent of selection to ensure outcrossing for
the following reason: If the outcome of male-
male competition is dependent on the genetic
relatedness between parents, then the male ge-
notype will be favored only in particular com-
binations of male and female genotypes. The
successful male in one bout of competition on
a female may be uncorrelated to the outcome
of competitive interactions in other maternal
environments. Thus, mating events across dif-
ferent levels of population subdivision may
have significant genetic consequences for the
offspring that are unrelated to mate choice in
the context of sexual selection. Instead, the
contribution of a male component to variation
in resource allocation patterns may be a man-
ifestation of different levels of inbreeding or
outbreeding depression associated with the ge-
netic relatedness of maternal and paternal par-
ents (Charlesworth, Schemske, and Sork, 1987,
Lyons et al., 1989; Waser and Price, 1989).

Differences in the ability of seeds and fruit
to assimilate resources, due to variation in the
male pollen donors that sired them, must be
heritable in order to have any evolutionary
significance. The amount of resources avail-
able to an individual plant for developing seed
and fruit may change dramatically through a
season (Lloyd, 1980). Fruits may be selectively
matured based on order of pollination (Ste-
phenson, 1981). In addition, there may be dif-
ferences among inflorescences (Janzen, 1971,
Thompson, 1984) or among ovule positions
within a fruit (Horovitz, Meiri, and Beiles,
1976; Schaal, 1980; Lee and Bazzaz, 1986) in
their ability to assimilate and distribute re-
sources to developing fruit and seed. Resource
competition among developing seeds and fruit
arising from environmental phenomena and
strong maternal effects will reduce the herita-
bility and diminish the rate of evolution of
male traits in response to selection (Naylor,
1964; Lande and Arnold, 1983; Arnold and
Wade, 1984).

Previously, no effect of pollen source on in
vivo pollen tube growth was observed in C.
fasciculata (Fenster and Sork, 1988), suggest-
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ing that the role of gametophytic competition
in prefertilization mate-choice is limited in this
species. In addition, genetic relatedness is neg-
atively correlated to interparent distance in this
population of C. fasciculata (Fenster, 1988,
19910). The goal of this study was to determine
the opportunity for postfertilization mate-
choice by examining the relative roles of pollen
donor source and female seed parent on the
allocation of resources to developing seed and
fruit in C. fasciculata. The specific objectives
were to 1) determine the role of inbreeding as
a source of variation among pollen donor
sources by varying interparent distance and 2)
compare the effect of pollen source to two en-
vironmental sources of variation commonly
influencing seed and fruit production in le-
gumes: pollination date and ovule position.
Seed mass, number of seed/fruit, fruit matu-
ration time, and fruit abortion rate were mea-
sured as indicators of resource allocation to
developing seed and fruit.

MATERIALS AND METHODS

Study organism and study site—Chamae-
crista fasciculata Michx., partridge pea, for-
merly known as Cassia fasciculata (Irwin and
Barneby, 1982), is a self-compatible, annual
legume of old field, disturbed prairie, and sa-
vanna. In northern Illinois, C. fasciculata is
exclusively bee-pollinated (Lee and Bazzaz,
1982a) and highly outcrossing (Fenster, 1988,
1991a). Seedlings emerge in late April and early
May. Flowering begins in mid- to late July and
continues until the first frost. From one to six
flowers per inflorescence are produced in ax-
illary racemes with each flower remaining open
for only 1 day. The fruit is a typical legume
pod, containing seven to 21 ovules arranged
longitudinally. No endosperm is present in the
mature seed.

The study population was located at Goose-
lake Prairie Nature Preserve (GLP), Grundy
Co., Illinois, a disturbed mesic prairie in the
floodplain of the Illinois river. The population
is naturally subdivided into subpopulations 50—
200 m apart containing 100 to >1,000 adult
flowering plants where the magnitude of gene
flow is much greater within subpopulations
compared to between subpopulations. Four-
teen subpopulations were chosen using strat-
ified random sampling.

Pollen donor source—Effect of interparent
distance—To determine the average effect of
interparent distance (a measure of genetic re-
latedness) on resource allocation to developing
seed and fruit, field-collected plants were grown
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in the greenhouse, and the fate of single male
pollen-donor crosses was determined. Crosses
were conducted between plants of known in-
terparent distance. In late June 1983, juvenile
plants were collected from 14 subpopulations
at GLP. A 1.5 x 1.5-m quadrate was chosen
randomly at one end of each subpopulation.
From this quadrate two plants were chosen
randomly to act as female parents (pollen re-
cipients). Plants were 1) selfed, and crossed to
pairs of male parents (pollen donors) chosen
from 2) within the same quadrate as the female
parents, 3) a 1.5-m quadrate, 2 m distant from
the first,and 4) a 1.5-m quadrate at the opposite
end of the subpopulations from the female par-
ents, corresponding to interparent distances of
=< 1.5 m, 3-5 m, and approximately 40 m,
respectively. Pairs of males from single quad-
rates served as pollen donors for crosses be-
tween adjacent subpopulations (50-200 m,
cross = 5), between intermediate distant sub-
populations (400-800 m, cross = 6), and be-
tween far subpopulations (1,000~2,900 m, cross
= 7). This sampling regime was replicated across
the 14 subpopulations. Based on pollen and
seed dispersal distances (Fenster, 1991a), the
seven crosses corresponded to distances in
terms of neighborhood units of self (cross 1),
within a genetic neighborhood (cross 2), be-
tween adjacent neighborhoods (cross 3), be-
tween far neighborhoods in the same subpop-
ulation (cross 4), and between neighborhoods
in different subpopulations of increasing dis-
tance (crosses 5, 6, and 7).

Plants were grown in the greenhouse, where
they were watered as needed and fertilized
weekly (Peter’s peat-lite 20-19-18). All seven
classes of single-donor hand-pollinations were
performed on 14 pairs of maternal plants (cor-
responding to the 14 chosen subpopulations).
Pollen was collected by tapping a single male
donor flower over a petri dish and was trans-
ferred to the recipient stigma with felt attached
to a toothpick. Plants began flowering 3 August
and continued through 14 September. All flow-
ers on a plant were pollinated each day, but
because of the time constraints of labeling each
flower, only a randomly chosen subset was fol-
lowed for each pollen donor source. If enough
flowers were open on the maternal and paternal
plants, all seven classes of pollinations were
conducted in a single day, on randomly chosen
flowers. If a particular cross was not possible
on one day, it was conducted as soon as flowers
on the pollen donor and recipient were avail-
able (usually the next day). Fruit were consid-
ered mature just prior to dehiscence when the
entire pericarp had turned brown and when the
seeds rattled when the fruit were touched. Fruit
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were harvested from late August through Oc-
tober. On average, 11 flowers/plant cross-type
and 5.5 flowers/plant/male were pollinated and
followed.

The fate of each flower was determined as
either nonaborted (fruit containing at least one
viable seed, mass >2 mg) or aborted. In non-
aborted fruit the number of seeds per fruit were
counted and mean individual seed mass/fruit
was measured to the nearest 0.1 mg using a
Mettler X80 scale. Maturation time was com-
puted as the number of days between polli-
nation and fruit harvest.

A mixed model partially hierarchical ANO-
VA (Brownlee, 1965) was used to examine the
effect of interparent distance on mean indi-
vidual seed mass/fruit, number of seeds pro-
duced/fruit and fruit maturation time with cross
(modelI), and subpopulation of maternal plant
(model II) as the main effects. Female seed
parent (model II) was nested within subpop-
ulation. The random statement option in Gen-
eral Linear Models (GLM) (SAS, 1985) was
used to determine the percentage of variation
explained by each factor. The CATMOD pro-
cedure (SAS, 1985) was used to examine the
effect of female seed parent and cross-type on
fruit abortion. Mean seed mass/fruit, number
of seed/fruit, and fruit maturation time were
reciprocal square root, square root, and log
transformed, respectively, to meet the as-
sumptions of ANOVA (and for analyses listed
below).

Variation among males—The effect of male
identity on the allocation of resources to de-
veloping seed and fruit was examined using a
nested ANOVA (NESTED, SAS, 1985) with
male nested within female to determine the ef-
fect of male on mean individual seed mass/fruit,
number of seed/fruit, and fruit maturation time.
To simplify the analyses, female was elevated
to a main effect by removing subpopulation
from the analysis. Eliminating subpopulation
from the analysis may inflate the amount of
variation attributable to female effects but did
not alter the interpretation of male effects
(Brownlee, 1965). Male pollen donors, exclud-
ing self, across all distance classes were used in
the analyses. Only males that were represented
with two or more mature fruit on a female could
be used for the ANOVA, resulting in an average
of nine males nested within each female. The
random statement option in GLM (SAS, 1985)
was used to determine the percentage of vari-
ation explained by female and male.

Variation within a seed parent— Pollination
date—In the ANOVA where cross-type was



16

TABLE 1.

AMERICAN JOURNAL OF BOTANY

[Vol. 78

Mixed model, partial hierarchical ANOVA of mean individual seed mass/fruit, number of seeds/fruit, and

fruit maturation time with cross (model I) and subpopulation (model II) as main effects®

Character

X individual seed

mass/fruit No. seeds/fruit Fruit maturation time

Source df ms F df ms F df ms F
Cross 6 0.0030 4.30* 6 1.0549 3.35% 6 0.00003 0.5
Subpopulation 13 0.0097 1.08 ' 13 3.6676 2.88* 13 0.00014 0.6
Female (subpopulation) 14 0.0090 15.91** 14 1.2735 4.17%+* 14 0.00023  3.8%**
Cross x subpopulation 78  0.0007 1.23 « 78 0.3148 1.03 78 0.00006 1.0
Cross x female 83> 0.0006 0.60 83> 0.3055 1.06 83> 0.00006 1.0

(subpopulation)

Error 373 0.0009 886 0.2817 1,013  0.00006

a* P < 0.05;* P < 0.01; ** P < 0.001.
® One plant was male sterile resulting in a loss of 1 df.

significant (Tables 1-3), the effect was due to
differences between the self- and non-self pol-
lination classes. Therefore, the self-pollination
class was eliminated in all analyses to remove
the effect of pollen source in the examination
of within-seed parent sources of variation on
seed and fruit development. Because of strong
maternal effects, determination of the effect of
date on seed and fruit yield, via regression anal-
ysis, would have necessitated separate regres-
sions for each female. Differences among plants
in phenology would have obscured any effect
of date on seed and fruit yield if all plants were
lumped into one regression analysis. There-
fore, to simplify the analysis, date was con-
verted from an ordinal to a class variable. The
mean pollination date was calculated for each
plant and then categorized into two classes, <X
or >Xx, on that plant. Grouping the data in
this way may have minimized the effect of the
independent variables, so that the results should
be regarded as conservative. Each plant was
considered a replicate in a Wilcoxon rank test
of association to measure the effect of polli-
nation date on fruit abortion. A two-way mixed
model ANOVA was conducted with female
(model II) and date (model I) as the main ef-
fects. The random statement option in GLM
(SAS, 1985) was used to determine the per-
centage of variation explained by female and
pollination date.

Ovule position—To determine if there was

TaBLE 2. Effect of female and cross on fruit abortion
rate determined by CATMOD?

Source df Chi-square

Female 27 149.522

Cross 6 9.29

Female X cross 161° 146.49
2P < 0.001.

® One plant was male sterile resulting in a loss of 1 df.

significant variation in the allocation of re-
sources to developing seed within fruit, a ran-
dom subsample of approximately one-third of
the fruit was opened, and the presence or ab-
sence of mature viable seed as well as seed mass
was determined for each ovule position. The
ovule distal to the style was assigned position
1, and the ovule proximal to the style was
assigned the last position. The mean and modal
class of ovules/fruit of C. fasciculata at GLP
was 13 with 1 SD = 3. The effect of ovule
position on seed mass was examined in the
modal ovule number class of fruit using Spear-
man rank correlation and a two-way mixed
model ANOVA with female (model II) and
ovule position (model I) as the main effects.
Of the original 28 females, only 13 had two or
more fruit with the modal number of ovules
and were used in the ANOVA. The random
statement option in GLM (SAS, 1985) was used
to determine the percentage of variation ex-
plained by female and ovule position. The ef-
fect of ovule position on the probability of an
ovule becoming a seed was examined for 13-
ovule fruit using a Spearman rank test. The
relationships between ovule position and 1)
ovule abortion and 2) seed mass were also ex-
amined in ten- and 16-ovule fruit. Thus, the
relationship between ovule position and the
allocation of resources to developing seed was
examined in the mean = 1 SD of the popu-
lation of fruit.

RESULTS

Pollen donor source— Effect of interparent
distance—Interparent distance had a signifi-
cant effect on mean individual seed mass/fruit
and number of seeds/fruit but not on fruit mat-
uration time or fruit abortion rate (Tables 1,
2). Multiple comparison of means indicates
that for those characters where cross-type was
significant, the effect was strictly a self vs. non-
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Mean individual seed mass/fruit (mg), mean number of seed/fruit, mean fruit maturation time (days), and

mean fruit abortion rate (%) of the seven pollination treatments, and the mean of 11 outcross classes combined.
Means followed by same letter are not significantly different (seed mass, seed/fruit, fruit maturation time, Tukey’s
contrast of means, P < 0.05; fruit abortion rate CATMOD, SAS, P < 0.05)

Cross type

Outcross Outcross All
Self (within subpopulation) (between subpopulation) outcross
Character 1 2 3 4 5 6 7 Mean
X individual seed mass/fruit (mg) 6.2 A 6.5B 6.9B 6.8B 6.6 B 6.6 B 6.6 B 6.7
X no. seeds/fruit 94A 109B 114B 109B 11.2B 11.3B 10.6B 11.1
X fruit maturation time (days) 434A 424A 409A 43.1A 432A 414A 418A 42.0
X fruit abortion rate (%) 545A 549A 508A 538A 456A 451A 509A 50.2

self phenomenon (Table 3). Selfing reduced
mean seed mass by 8%, mean number of seed/
fruit by 15%, and increased fruit maturation
time by 3% and fruit abortion rate 9% com-
pared to the mean of all outcross pollinations.
Female had a significant effect on all characters
in the models where cross-type was considered
and was the only significant factor explaining
variation in fruit maturation time (Table 1).

Variation among males —Since there was no
heterogeneity among the outcross classes of
pollen donors in their ability to mature seed
and fruit (Tables 1-3), an examination of the
effect of individual male donor was not con-
founded by the factor of genetic relatedness
between pollen donor and recipient. There were
no significant effects of individual male pollen
donor on mean seed mass/fruit, number of
seed/fruit, and fruit maturation time, although
female seed parent effects continued to be sig-
nificant and large (Table 4).

Variation within a seed parent— Pollination
date—The quality of the environment on the
seed parent for developing seed and fruit varied
temporally (Tables 5, 6). Mean individual seed
mass/fruit and the number of seed produced/
fruit were significantly lower in fruit derived
from flowers in the second half vs. the first half
of the flowering season (Table 6). Pollination
date had no significant effect on fruit matu-
ration time (Tables 5, 6).

Ovule position—Ovule position had a sig-

TABLE 4.
seeds/fruit, and fruit maturation time

nificant effect on both the probability of an
ovule becoming a mature seed (Fig. 1) and on
eventual individual seed mass (Table 7; Fig.
1). Ovules distal to the style had a lower prob-
ability of becoming seed compared to ovules
proximal to the style (Spearman rank corre-
lation = 0.92, P < 0.001), and if the ovule did
develop to a mature seed, the seed mass was
lower (Spearman rank correlation = 0.67, P <
0.02). The relationship between increasing seed
mass and ovule positions closer to the style
was not uniform. Seeds maturing in the ovule
position closest to the style had a significantly
lower seed mass when compared with their
nearest neighbors (Tukey’s contrast, Fig. 1).

DISCUSSION

Pollen donor source—Effect of interparent
distance—Interparent distance, an estimate of
genetic relatedness among individuals, does not
influence mean individual seed mass/fruit,
number of seed/fruit, fruit maturation time, or
fruit abortion rate beyond a self vs. non-self
phenomenon. Selfing reduces seed mass and
number of seeds/fruit, but there is no signifi-
cant effect of selfing on fruit abortion rate or
fruit maturation time. In some highly out-
crossing species, maternal investment into seed
and fruit resulting from self-pollinations is lim-
ited by early seed or fruit abortion (Squillace
and Kraus, 1962; Sorensen, 1969; Owino and
Zobel, 1977, Price and Waser, 1979; Schemske
and Pautler, 1984; Levin, 1984; Waser and
Price, 1989). The reduction in seed mass and

ANOVA of effect of female and male nested within female on mean individual seed mass/fruit, number of

Character

X individual seed mass/fruit No. seed/fruit Fruit maturation time
Source df ms F df ms F df ms F
Female 27 0.0121 17.22 27 1124 = 11.5° 27 0.00019 2,72
Male (female) 208 0.0007 0.7 229 9.8 1.0 248 0.00006 1.0
Error 530 0.0010 612 9.7 712 0.00006

2 P < 0.001.
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Two-way mixed model ANOVA'’s of effect of female (model II) and pollination date on mean individual

seed mass/fruit, number of seeds/fruit, and fruit maturation time*

% individual seed mass/fruit

No. seeds/fruit Fruit maturation time

Source df ms F df ms F df ms F
Female 27 0.0076 10.9%** 27 2.6120 10.0%** 27 0.2832 2.9%%*
Pollination date 1 0.0083 8.3%* 1 5.8810 10.4*** 1 0.3593 1.8
Interaction 27 0.0010 1.4 27 0.5679 2.2%* 27 0.1997 2.1
Error 791 0.0007 870 0.2609 977 0.0961

a*x P <0.01;** P <0.001.

number of seed/fruit following selfing probably
reflects the expression of lethal and semilethal
recessive genes in the developing zygotes
(Wright, 1977). However, in C. fasciculata the
reduction in resources allocated to selfed seed
and fruit is small compared to the reduction
in progeny fitness following selfing. In separate
studies on C. fasciculata (Fenster, 1991b; Sork
and Schemske, unpublished data), strong and
significant inbreeding depression (greater than
two-fold reduction in life time survivorship
and reproduction of progeny) was expressed
following selfing, and there was an association
of inbreeding depression with population sub-
division. Therefore, it appears that maternal
plants of C. fasciculata are “‘unable to allocate”
resources differentially to developing seed and
fruit predicated on the expectation of future
offspring quality.

It is important to emphasize that the vari-
ation in the allocation of resources to devel-
oping seed and fruit due to selfing vs. out-
crossing was small in comparison to the
variation dué to maternal effects (subpopula-
tion and female) and was comparable in some
instances to variation within a seed parent (Ta-
ble 8). The importance of female compared to
cross-type in explaining variation in seed and
fruit yield componentsisillustrated by the much
greater variation observed among females than
among cross-types. Fruit abortion rate varied
from 54.5% following self-pollination to 45.1%
(Table 3) for the “best” of the outcrossed pol-
lination classes and from 16.7% to 73.3%

TABLE 6.  Effect of pollination date on mean individual
seed mass/fruit, number of seeds/fruit, fruit matura-
tion time, and fruit abortion rate. Means with the same
letters are not significantly different, Tukey’s contrast
of means, P < 0.05, for mean individual seed mass/
fruit, mean number of seed/fruit, and mean fruit mat-
uration time; Wilcoxon Rank Test, P < 0.05, for fruit
abortion rate

X individual x fruit X fruit
Pollination seed mass/ X number of = maturation abortion
date fruit (mg) seed/fruit time (days) rate (%)
Early 6.5A 11.2A 414 A 43 A
Late 6.3B 99B 42.1 A 57B

among all females. Similarly, mean seed mass,
number of seeds/fruit, and fruit maturation
time showed greater variation among females
than among cross-types (Table 8).

Variation among males—When self pollen
was removed from the pollen source, the role
of male donor in determining variation of seed
and fruit yield was essentially zero (Table 8),
suggesting little opportunity for postzygotic
mate-choice on male performance in C. fas-
ciculata. The absence of a significant self vs.
outcross effect on fruit abortion implies that
the opportunity for a significant effect of male
pollen donor on fruit abortion is also limited.
If a female cannot differentiate between self
and non-self, in terms of allocating resources
to developing fruit, then it seems unlikely that
a female could differentiate among pollen do-
nors. No effect of male pollen donor was found,
even though males were sampled across a broad
level of population subdivision, from within
the neighborhood or breeding unit of the fe-
male to far outside of it. The genetic represen-
tation of pollen donors on the female pollen
recipients, and thus the opportunity for dif-
ferences among males, far exceeded the range
of pollen found in natural populations (Fenster,
1991a). Therefore, these results are a conser-
vative estimate of the opportunity for mate
choice to act on male performance in the ma-
ternal environment of C. fasciculata.

Competition among fruits and seeds sired
by different pollen donors should be most in-
tense when resources are limited. Flowers
opening in the second half of the flowering
season have a lower probability of maturing to

TABLE 7. Two-way mixed model ANOVA of effect of
female (model II) and ovule position (model I) on seed
mass
Source df ms F
Female 12 21.2107 8.32
Ovule position 12 5.6640  31.0°
Female X ovule position 144 0.5553 0.8
Error 602 0.6854

a P < 0.001.
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Fig. 1.
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Ovule Position

Effect of ovule position on seed maturation (A) and seed mass (B). The first ovule position corresponds to
the ovule closest to the peduncle, distal to the style. The modal class of 13 ovules/fruit (squares) is presented along
with 16-ovule fruit, X + 1 SD (triangles), and ten-ovule fruit, * — 1 SD (circles). Sample sizes for each ovule position
were 30, 87-94, and 30 fruit for the effect of ovule position on percent maturation on ten-, 13- and 16-ovule fruit,
respectively. Sample sizes for each ovule position were 8-23, 52-84, and 12-23 seeds for the effect of ovule position
on seed mass for ten-, 13- and 16-ovule fruit, respectively. Sample sizes varied among ovule positions for 13-ovule
fruit because the location of several of the seed were unknown. The vertical bar (B) represents the minimum significant

TABLE 8.  Percentage of variation of mean individual seed
mass/fruit, number of seed/fruit, and fruit maturation
time explained by female seed parent, pollen donor
(cross and male), pollination date, and ovule position

Character

Mean Fruit
individual Number matu-
seed of seeds/ ration
Model Source mass/fruit fruit time
1 Subpopulation . 1.0 9.8 0
Female 23.1 7.9 4.3
(subpopulation)
Cross 6.5 5.5 0
2 Female 29.6 25.4 5.2
Male (female) 0 0.3 1.4
3 Female 25.9 18.9 2.4
Pollination date 0.1 1.3 0
4 Female 35.0
Ovule position 0.9

fruit and produce fruit with lower seed mass,
indicating that resources are more limited. Lee
and Bazzaz (1982a) demonstrated that remov-
al of C. fasciculata fruit at advanced stages of
development allowed later-initiated fruit that
would normally have aborted to develop.
Therefore, competition for resources among
fruit pollinated by the different pollen donors
was more intense for fruit derived from flowers
opening during the second half of the flowering
season. However, in this study there was no
evidence of selective fruit abortion of self vs.
outcrossed fruit nor were there any differences
among the different distance classes or among
individual male donors in mean individual seed
mass/fruit, number of seed/fruit, and fruit mat-
uration fime when the analyses were confined
to pollinations conducted in the second half of
the phenology (Fenster, unpublished data).
The results of this study are in accord with
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Antonovics and Schmitt (1986), Mitchell-Olds
(1986), and Mazer (1987) who found strong
seed parent effects but no genetic variation
among male donors for seed yield components
in Anthoxanthum odoratum, Impatiens palli-
da, and Raphanus raphanistrum, respectively.
Lee and Bazzaz (1982a, b) also observed no
differential abortion between self and outcross
pollen donors, nor between single vs. mixed
outcrossed pollen loads in similar experiments
with C. fasciculata. Many studies have dem-
onstrated large variation among seed parents
in their ability to mature seed (Casper, 1984;
Guth and Weller, 1986).

Other studies documenting significant male
donor effects in natural populations on fruit
abortion and seed number/fruit were con-
ducted with males taken from outside the pop-
ulation, beyond the range of pollen dispersal
(Bookman, 1984; Vander Kloet and Tosh,
1984). In the latter study, plants were collected
as male pollen donors and female pollen re-
cipients along a transect from Florida to North
Carolina. Therefore, variation among pollen
donors in these instances may not reflect op-
portunities for female choice but may be man-
ifestations of heterosis between unrelated in-
dividuals. Much of the variation among pollen
donors of Campsis radicans in their ability to
produce fruit (Bertin, 1982) is attributable to
male-female interactions (Robbins and Travis,
1986). No one male is superior, but specific
pollen donor-recipient combinations suffered
from incompatibility or inbreeding depression.
Experimentally removing fruit or ovules and
observing offspring of lower quality compared
with naturally aborted fruit or ovules (Ste-
phenson and Winsor, 1986; Casper, 1988) may
be confounded with differential abortion of fruit
or seed following selfing or mating events be-
tween related individuals.

Marshall and Ellstrand (1986) observed sig-
nificant variation among male pollen donors
in seed production in a population of self-in-
compatible Raphanus sativus. However, it is
not clear to what extent genetic similarity may
have contributed to the variation among males
because they did not control for genetic relat-
edness, and the male effect was much smaller
than the female effect on seed mass and number
of seed/fruit. Their study differed from the
present study in that they pollinated flowers
with pollen from several males at once. Com-
petition among males may be more intense in
their study due to within-fruit competition. In
C. fasciculata there is considerable pollen car-
ry-over (Fenster, 1991a) so that multiply-sired
fruit are probably the rule rather than the ex-
ception. However, Sork and Schemske (un-

[Vol. 78

published data) demonstrate that fertilization
and the allocation of resources to developing
seed and fruitin C. fasciculata are random with
respect to pollen source in multiply-sired fruit.
Thus, the opportunity for mate choice was
probably not biased downward in this study
by confining comparisons among males in their
ability to accrue resources at the fruit level.

Variation within a seed parent— Pollination
date— Within-plant variation in seed mass,
number of seeds/fruit, fruit maturation time,
and fruit abortion rate strongly suggest that
resources are not evenly distributed within the
plant to developing seed and fruit in C. fas-
ciculata. A negative correlation between pol-
lination date and seed mass, number of seeds/
fruit, and fruit abortion rate has been observed
in a number of studies (Salisbury, 1942; Cavers
and Steel, 1984; Lee and Bazzaz, 1982a, b;
Thompson, 1984; Mazer, 1987). Fruit fertil-
ized later in the season are unable to compete
with more developed fruit as resource sinks
(Olufajo, Daniels, and Scarisbrick, 1982). Plants
consist of physiological subunits which may
function autonomously in their acquisition and
distribution of resources (Watson and Casper,
1984). The inflorescence and its subtending
leaf is an important level for resource com-
petition (Janzen, 1971; Harper, 1977; Willson
and Price, 1977; Stephenson, 1980; Wyatt,
1982). Garrish and Lee (1989) have demon-
strated by inflorescence and defoliation exper-
iments that competition for resources occurs
both at the inflorescence and whole plant level
in C. fasciculata. Resource competition due to
these position effects may determine the extent
of ovule abortion following selfing (Martin and
Lee, unpublished data).

Ovule position— Within the fruit, peduncu-
lar ovules had a lower probability of maturing
seeds and had a lower eventual mature seed
mass compared to ovules proximal to the style
(see also Lee and Bazzaz, 1986), and have been
observed in other legumes (Schaal, 1980). In
C. fasciculata the ovule position effect was ob-
served in the absence of selfing. In contrast,
Nakamura (1988) found that lower seed mass
associated with the peduncular position in
Phaseolus vulgaris only occurred following
selfing, implicating an inbreeding component
to the position effect.

The lower probability of ovules maturing to
seed in the peduncular end may reflect the ba-
sipetal growth of pollen tubes resulting in a
lower fertilization rate of the peduncular ovules
(Lee and Bazzaz, 1986). The peduncular ovules
that are fertilized may suffer delayed fertiliza-
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tion and thus may lag behind in their ability
to act as efficient resource sinks (Lee and Baz-
zaz, 1986). The lower seed mass of the most
extreme stylar ovule may reflect a tendency for
pollen tubes to miss this ovule (Hossaert and
Valero, 1988). Consequently, it suffers delayed
fertilization and may not assimilate resources
as well as its neighboring ovules. ,

The differential allocation of resources among
the ovule positions probably does not reflect
an opportunity for gametophytic competition
among male pollen donors. In another study
on C. fasciculata, Fenster and Sork (1988) found
no variation among pollen donor sources (self
vs. outcrossed and among individual male do-
nors) for in vivo pollen tube growth rate.
Therefore, there appears to be little opportu-
nity for selection to act on males via their abil-
ity to fertilize “preferred” ovules at the stylar
end of the fruit.

Morphological constraints (Watson and
Casper, 1984) may also play a role in the low-
ered success of the most peduncular ovule. In
C. fasciculata the valves of the fruit at the pe-
duncular end meet at an acute angle resulting
in a constrained environment for the pedun-
cular ovule. When the peduncular ovule does
mature to a seed it is often misshapen.

Evolutionary implications of seed parent ef-
Sfects —In this greenhouse study, there was ap-
proximately 50% fruit abortion and 25% seed
abortion. Although there was no effect of pollen
donor source beyond inbreeding, the effect of
seed parent on seed and fruit yield was always
significant and strong. In contrast to the role
of pollen donor source, pollination date and
ovule position in the pod played strong roles
in the allocation of resources to developing
fruit and ovules. These strong maternal and
within-plant environmental effects could re-
tard the evolutionary response to selection for
pollen donor-mediated allocation of resources
to developing ovules and fruit (Naylor, 1964).

In natural populations there are other en-
vironmental interactions, controlled in this
greenhouse study, that might further diminish
any pollen donor source effect (Garwood and
Horvitz, 1985; Weller, 1985; Winn and Wer-
ner, 1987). Variation in water availability has
a large effect on seed and fruit abortion (Lee
and Bazzaz, 1982a), and temporal and spatial
variation in seed predation on C. fasciculata
is also large (Lee and Bazzaz, 1982a). In natural
populations the opportunity for differential re-
source allocation to progeny of different pa-
ternity may be further limited by these envi-
ronmental constraints.

Since no variation among male pollen donor
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sources in their ability to obtain resources for
developing seed and fruit was observed, the
opportunity for mate choice to act on postfer-
tilization male performance on the seed parent
is limited. However, the overproduction of
flowers in C. fasciculata may still be associated
with male reproductive fitness through pollen
production and dispersal. In the highly selfing
autogamous congener, C. nictitans, flower
abortion rate is much lower (Lee, 1989;
Fenster, unpublished data), suggesting that
over-initiation of flowers in outcrossing C. fas-
ciculata may be due to a combination of bet-
hedging against an unpredictable environment
(Lee, 1988) and selection for increased male
fitness.
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