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ABSTRACT

For several plant species, brood size results from the abortion of ovules and seeds. However, these processes have
rarely been studied together in wild plants. In some of the leguminous species studied, seed abortion has been found
to depend on pollen quality and on the position of the ovule or fruit. The direct consequence for the mother plant is
that fruit costs increase as the seed:ovule ratio decreases. However, because ovule abortion occurs earlier than does
seed abortion, the former can reduce the biomass invested per seed (i.e., fruit costs) more efficiently than does the
latter. Here, the frequencies of aborted ovules and seeds were analyzed in relation to the type of pollination treatment
(open pollination vs. hand cross-pollination) and ovule/fruit position within pods of the leguminous shrub Caesalpinia
gilliesii. The influence of ovule and seed abortion on fruit costs was analyzed by comparing the pericarp mass per seed
between fruits with different frequencies of aborted ovules and seeds. The rate of ovule abortion was similar between
hand cross-pollinated and open-pollinated fruits but was higher than that of seed abortion in one- and two-seeded
fruits, as well as in those at stylar positions and in distal fruits. Hand cross-pollination reduced seed abortion but did
not increase the seed:ovule ratio. In addition, fruits that aborted ovules were found to be less costly than were those
that aborted seeds. From the mother plant perspective, these results indicate that ovule abortion is a more efficient
mechanism of reducing fruit costs than is seed abortion, because fertilization opportunities decrease with position,

and show that brood size is significantly influenced by the fate of the ovule at the pre-zygotic stage.
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Introduction

The final number of seeds within a fruit is the result of
a sequential process that starts with an initial number of
ovules in the ovary and ends with the successful develop-
ment of fertilized ovules. In plants in which predation is
nota critical factor for seed production, the upper limit for
seed number per fruit is set by the number of ovules in the
ovary, and the final seed:ovule ratio is mainly determined
by fertilization success and seed abortion. Pollen limitation
usually constrains the number of ovules that develop into
seeds, reducing fertilization success. However, even after
fertilization has been achieved, abortion of developing
embryos can substantially reduce the number of seeds.
Seed abortion, which occurs at different developmental
stages within the fruit, has been shown to be non-random
and based on the genotype of the embryo (Korbecka et al.
2002); however, lower seed:ovule ratios can also result from
the abortion of unfertilized ovules within the fruit (hereaf-
ter, ovule abortion). Causes of ovule abortion are diverse
and are well known in crop plants that frequently exhibit
abortion of older ovules. For instance, variability in ovule

longevity within the ovary reduces the period for successful
pollination, decreasing fruit and seed set in several Prunus
spp., kiwis and sweet cherries, among other species (Sanzol
& Herrero 2001; Alburquerque et al. 2002; Cuevas et al.
2009). Ovule longevity depends on several factors, such
as temperature during the flowering period and nitrogen
availability, and it has been shown to vary with culture
conditions (Goldwin 1992). In wild plants, variation in
the stage of ovule development at anthesis has mainly been
observed in orchids (O’Neill 1997) and has also been noted
for Narcissus (Sage et al. 1999) and even for gymnosperms
(Said et al. 1991). More recently, differential ovule receptiv-
ity at flower anthesis has been shown to reduce the number
of fertile ovules in several leguminous plants (Sengupta &
Tandon 2010). As in crop plants, unreceptive ovules have
been shown to abort before fertilization in leguminous spe-
cies, as studied by Sengupta and Tandon (2010).
Independently of whether seed:ovule ratios are in-
fluenced by ovule or seed abortion, differences in seed
number per fruit alter the cost of the fruit for the mother
plant. Hence, plants invest fewer resources per seed in
multi-seeded fruits than in few-seeded fruits (Obeso 2004).
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Accordingly, as a strategy to conserve resources, mother
plants avoid the development of fruits with few seeds (Obeso
2004). However, plants can still exhibit positively skewed
frequency distributions for seed number per fruit, so that
many fruits are usually few-seeded in several species (Uma
Shaanker et al. 1988). Because ovule abortion occurs at
an earlier developmental stage than does seed abortion
(i.e., before fertilization), the former is expected to reduce
fruit costs to a greater extent than does the latter, allowing
the plant to redirect the conserved resources at an earlier
stage. In a seminal paper, Lloyd (1980) indicated that abor-
tion of floral organs “should be made as early as possible
to minimize the wastage in unrewarded expenditure”. In
other words, the earlier the brood size is defined, the more
equitable will be the resource allocation per seed. This
assumption, which can be summarized as “the earlier the
better” hypothesis, makes the study of ovule abortion a key
factor in understanding brood size patterns and fruit costs in
plants. Nevertheless, the extent to which few-seeded fruits
result from ovule or seed abortion is unclear, because it is
difficult to distinguish between the two processes (O'Donnel
& Bawa 1993). Therefore, most conclusions about brood
size are based only on seed abortion patterns. The effects of
ovule and seed abortion on fruit costs have yet to be studied
simultaneously. Leguminous plants, in which usually many
ovules abort before fertilization (Wiens et al. 1989), provide
a suitable study system to test the effect of early abortion on
seed:ovule ratios and fruit costs.

Caesalpinia gilliesii (Wall. ex Hook.) D. Dietr. (Fabaceae)
is a leguminous shrub that grows in arid and semi-arid re-
gions of Argentina. Flowers are arranged in inflorescences
with a sequential blooming pattern. Fruit set in this species
rarely exceeds 12%, increasing with the addition of cross
pollen (Jausoro & Galetto 2001). In C. gilliesii, unfertilized
and fertilized ovules (hereafter, ovules and seeds) both abort
during fruit development, thus reducing the final seed set
(Calvifio 2006). As in other leguminous fruits, aborted seeds
can be easily quantified in C. gilliesii, because non-viable
seeds are clearly distinguishable from viable ones and seed
predation is negligible (Calvifio 2006). In addition, unfer-
tilized, aborted ovules remain attached to the fruit wall, so
that a typical mature pod of C. gilliesii has aborted ovules,
plus aborted and viable seeds. This allows us to count the
initial number of ovules within the ovary and the number
of aborted ovules, as well as the initial and final number of
fertilized seeds per fruit. Here, these features were used in
order to study the relative contribution of ovule and seed
abortion to brood size and fruit costs in pods of C. gilliesii.
In addition, because the ovules of leguminous plants are
arranged linearly, from the stylar end to the peduncular end
of the ovary, unequal resource distribution, coupled with an
unidirectional pollen tube entrance within the pod, might
contribute to the understanding of non-random abortion
patterns observed in these species, including the effects that
position has on seed abortion (Bawa & Buckley 1989) and

ovule abortion (Sengupta & Tandon 2010). Accordingly,
it is possible that the position of the ovule/seed within the
ovary and of the fruit within the inflorescence both influ-
ence abortion patterns in C. gilliesii fruits. Therefore, both
of those elements were considered here.

The specific aims of this work were to examine the
relative contribution of ovule and seed abortion to brood
size in fruits of Caesalpinia gilliesii; to determine whether
ovule and seed abortion depend on cross pollination; to
analyze the probability of ovule and seed abortion in fruits of
C. gilliesii in relation to ovule/seed position within fruits and
to fruit position within inflorescences; and to analyze the
influence of ovule and seed abortion levels on fruit costs.

Material and methods

Mature pods of Caesalpinia gilliesii were collected from
six sites, with 36 mother plants per site (24 fruits per plant;
N = 864 fruits), and the position of the fruit within the in-
florescence (basal, medium and distal) was recorded in the
field. Fruits were stored in individual paper bags at room
temperature until processed. Aborted ovules can be easily
distinguished from aborted seeds by their smaller size (0.5-1
vs. 3-6 mm in length; Fig. 1). The complete sample was used
in order to explore brood size patterns in C. gilliesii and to
record the frequency per fruit of aborted ovules, aborted
seeds and viable seeds.

The probability of aborted ovules, aborted seeds and
viable seeds in each fruit was assessed in a subsample of
540 fruits (15 fruits per plant). The subsample was used
in order to select fruits with only eight initial ovules in the
ovary and to avoid differences in seed number due to vari-
ability in ovule number. In those fruits, the status (aborted
ovule, aborted seed or viable seed) and the position of each
ovule/seed within the fruit were recorded considering the
stylar end of the ovary as position number one. However,
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Figure 1. A typical Caesalpinia gilliesii fruit showing viable seeds (a), aborted
seeds (b) and aborted ovules (c).
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the results of the analysis performed for the fruit sample as
awhole (results not shown) did not differ significantly from
those reported here.

To determine whether ovule and seed abortion depend
on pollination, we hand cross-pollinated eight perfect flow-
ers from 10 plants with a mix of fresh pollen from three
neighboring plants at one site. Receptive stigmas were
previously checked for the absence of a previous pollination
event. At the end of the reproductive season, 57 fruits from
cross-pollinated flowers were obtained (fruit set: 70%), and
the same number of open-pollinated fruits were collected
from the same plants. All of those fruits were processed as
described above.

To determine fruit cost, the mass of each fruit containing
atleast one seed and total seed mass per fruit were measured
in a Mettler Toledo PB153 balance (Ohaus Corporation,
Pine Brook, NJ, USA) at 0.0002 g (n = 470 fruits). Fruit
cost was then expressed as the pericarp mass invested per
seed (PMS):

PMS = (fruit mass — total seed mass) | seed number per fruit

Statistical analysis

Statistical analyses were performed using R environ-
ment (R Development Core Team 2011). To address the
relative contribution of ovule and seed abortion to brood
size in Caesalpinia gilliesii fruits, we analyzed whether seed
number per fruit and type of pollination treatment were
associated with the frequency of aborted ovules or aborted
seeds. Association patterns were explored with mosaic plots
obtained with the strucplot framework (Meyer et al. 2006)
and residual-based shading (Zeileis et al. 2007) of the ved
package (Meyer et al. 2011). Mosaic plots are useful for visu-
alizing association patterns of categorical data and consist of
an area composed of rectangles (i.e., tiles), which correspond
to the cell frequencies in a contingency table (Meyer et al.
2006). Each cell in the table is represented in the mosaic plot
by a tile with height proportional to the residuals and width
proportional to the square root of the expected frequen-
cies (Meyer et al. 2006). In the shading Friendly function
used here, tiles with dashed lines correspond to observed
frequencies that were lower than expected, whereas those
with solid lines correspond to observed frequencies that
were greater than expected, by tests of independence (Meyer
et al. 2006). Only filled tiles of the plot indicate a significant
association according to Pearson’s chi-square test. Mosaic
plots were also used in order to test the association between
seed number and pollination treatment (open pollination
vs. hand cross-pollination).

The probability of aborted ovules, aborted seeds and
seed viability in relation to ovule/seed position within fruits
and to fruit position within inflorescences was analyzed
with a generalized linear mixed effects models (Imer func-
tion of the Ime4 package, Bates et al. 2011) with aborted
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ovules and aborted seeds as binary variables. The spatial
structure of the data was as follows: site (n = 6) as random
effect, mother plant (n = 36) as random effect nested within
site, fruit position (n = 3; basal, medium and distal) as fixed
effect nested within plant and site, and ovule/seed position
(n = 8) as fixed effect nested within fruit position, mother
plant and site. We analyzed the probability of success of a
total of 4320 ovules and 2819 fertilized seeds of 540 fruits.

The influence that the rates of ovule and seed abortion
had on the PMS was analyzed with a linear mixed effects
model (Ime function of the nlme package, Pinheiro et al.
2011) in fruits that set at least one seed (n = 470 fruits from
16 mother plants and four sites). Aborted ovules and aborted
seeds per fruit were negatively correlated within a fruit
(results not shown). Therefore, a unique factor of relative
ovule/seed abortion per fruit was used. The relative ovule
abortion (ROA) rate was calculated as follows:

ROA = [aborted ovules | (aborted ovules + aborted seeds)] x 100

Four levels of ROA were defined: ROA = 0% (for fruits with
no aborted ovules but aborted seeds); 0% > ROA < 50%
(for fruits with more aborted seeds than aborted ovules or
an equal number of both); 50% < ROA < 100% (for fruits
with more aborted ovules than aborted seeds); and ROA =
100% (for fruits with aborted ovules only). Because lower-
-cost fruits might compensate for low PMS with a high seed
number or seed mass, the influence of ROA on seed number
and mean seed mass per fruit was also analyzed. If ovule
abortion allowed plants to conserve resources, fruits with
an ROA of 0% (i.e., those that aborted only seeds) would
be expected to present higher costs and higher PMS than
would fruits with an ROA > 0%, although seed number and
seed mass would be similar. In contrast, if fruits that aborted
more ovules invested less biomass per seed (i.e., had a lower
PMS) but also produced fewer seeds than fruits with lower
abortion rates, ovule abortion per se would be interpreted as
an inefficient mechanism of resource conservation, because
ovule abortion could occur at the expense of seed number
or seed mass per fruit. Therefore, to effectively address the
influence of ovule abortion on fruit costs, it is important to
consider variability in seed number and in seed mass. The
effect of ROA on mean seed mass was analyzed with Ime,
whereas its effect on seed number was analyzed with Imer
and Poisson distribution. In all cases, the level of ROA was
considered a fixed effect, and mother plant nested within
sites was considered a random effect. In Ime models, the
significance of fixed effects was determined with F-tests, and
model parameters were estimated with restricted maximum
likelihood, and in Imer models with Wald-z and Laplace
approximation for fixed effects and model parameters,
respectively. The effect of random terms was tested by
fitting two nested models with and without each random
term and comparing the two models with likelihood ratio
tests (Zuur et al. 2009).
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Results

Fruits of Caesalpinia gilliesii had a median of eight initial
ovules, of which a median of five remained fertile after ovule
abortion (Fig. 2a). Fertilization success of these ovules was
complete, 100% of the viable ovules becoming fertilized in
a fruit (Fig. 2b). From these initial seeds, a median of three
seeds per fruit reached maturity after seed abortion. Fifty
percent of the fruits had one, two or three seeds, which
yielded a positively skewed frequency distribution for seed
number (Fig. 2b). Of the fruit sample as a whole, 12.64%
of the fruits contained no viable seeds but did contain at
least one aborted seed per fruit. These “seedless” fruits had
a median of four aborted seeds per fruit, compared with a
median of two aborted seeds in one- and two-seeded fruits.
In the sequential process of seed development, 35% of the
initial ovules in the ovary aborted before fertilization, 25.4%
were fertilized but aborted later, and 39.56% succeeded in
becoming a viable seed. Only 68 seeds were predated from
the fruit sample as a whole (< 2%). Predated fruits and seeds
were excluded from further analyses.
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Figure 2. Relative frequency distributions for Caesalpinia gilliesii fruits (N =
864): in a, distributions for fruits with different numbers of ovules before (white
bars), and after (black bars) ovule abortion; and, in b, distributions for seeds per
fruit before (white bars), and after (black bars) seed abortion.

Abortion levels, brood size and pollination treatment

Abortion of ovules and seeds varied among fruits with
different seed numbers (Fig. 3). In seedless fruits, the num-
ber of aborted seeds was higher than was that of aborted
ovules, whereas that of aborted ovules was significantly
higher than was that of aborted seeds in one- and two-seed-
ed fruits (Fig. 3). Fruits with three or more seeds exhibited
similar frequencies of aborted ovules and aborted seeds.

Ovule abortion was independent of the type of pollina-
tion treatment (Fig. 4a), the rate of ovule abortion being
comparable between fruits obtained from hand cross-
pollination and those obtained from open-pollination
(n = 57 for each treatment). In contrast, the frequency of
aborted seeds per fruit was greater than expected in the
open-pollinated fruits, which was not the case for the hand
cross-pollinated fruits (Fig 4a). Nevertheless, the frequency
of fruits with different seed numbers was independent of
the type of pollination treatment (Fig. 4b).

Influence of ovule/seed and fruit positions on abortion

The position of the ovule within the ovary had a sig-
nificant effect on the probability of abortion, with ovules
at basal positions being more likely to abort than ovules at
stylar positions (z24.64, p<0.0001). The probability of ovule
abortion increased significantly from position number 4 to
position number 8 (Fig. 5). In contrast, seed abortion prob-
abilities decreased from positions 5 to 8 (z2-2.98, p<0.003),
with seeds proximate to the stylar end having the lowest
probabilities of aborting (Fig. 5). Viable seeds were also
located near the stylar end, and their probability of aborting
decreased from positions 4 to 8 (z2-2.861, p<0.004, Fig. 5).
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Figure 3. Mosaic plot for the frequency distribution of aborted ovules (aborted
ovules) and seeds (aborted seeds) within Caesalpinia gilliesii fruits with different
seed number. Dashed lines and solid lines indicate reductions and increases,
respectively, in relation to the expected frequencies. Only filled tiles represent
observed frequencies that were significantly different than expected according
to Pearson’s chi-square test (N = 864 fruits).
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Figure 4. Mosaic plots for the frequency of viable seeds, aborted seeds (AS) and aborted ovules (AO) within fruits of Caesalpinia gilliesii (a), and
the frequency of different seeded fruits in relation to the type of pollination treatment (b). Dashed lines and solid lines indicate reductions and
increases, respectively, in relation to the expected frequencies. Only filled tiles represent observed frequencies that were significantly different

than expected according to Pearson’s chi-square test (N = 864 fruits).

0.7
Il AO
0.6 AS
: [ ] viable seed
- 05
(&)
c
S
304
o
Y
203
®
°©
0.2
0.1

0.0

-
.

%%

7 8

6

S

Ovule/seed position

Figure 5. Relative frequency distribution for the number of aborted ovules (AO), aborted seeds (AS) and
viable seeds in relation to position within the fruit in Caesalpinia gilliesii. The stylar end corresponds

to position 1.

In addition, ovules of fruits at distal positions within the
inflorescence had a higher probability of aborting than did
those within fruits at basal or medium positions (2>2.50,
p<0.01). Fruit position in the inflorescence, however, had
no significant effect on the probability that a seed would
abort or become viable (z<—-1.11, p>0.265 and z<-1.14,
p=0.251, respectively).

The effect of the mother plant (random term) on prob-
ability of ovule abortion was significant (x> =106.55, df=2,
p<0.0001). Similarly, the mother plant had a significant
effect on seed abortion probabilities (x>, =131.81, df=3,
p<0.0001) and seed viability (x2,=62.48, df=3, p<0.0001).

Acta bot. bras. 28(1): 59-67. 2014.

The model variance attributable to the mother plant was
9.38%, 11.32% and 34.96% for viable seeds, aborted ovules
and aborted seeds, respectively. In contrast, the site effect
was not significant for any factor: ovule abortion (y*,=1.08,
df=2, p=0.582); seed abortion ()(21=4.54, df=3, p=0.209); or
seed viability (y* =6.625, df=3, p=0.084).

Ovule and seed abortion and fruit costs

The PMS was significantly lower in fruits with an ROA
of 100% than in fruits with lower ROAs (z>-2.88, df=452,
p<0.004; Fig. 6a). However, mean seed mass was similar
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among ROA levels (2<0.52, df=452, p=>0.598; Fig. 6b). In
addition, the seed number was similar between fruits with
an ROA of 0% and those with an ROA of 100% (z=—1.83,
df=452, p=0.140; Fig. 6¢) but was lower in those with inter-
mediate ROAs (z>—-4.89, p<0.0001; Fig. 6¢).

The effect of the mother plant on PMS and mean seed
mass was significant (y*>41.08, p<0.0001), 21.45% and
35.15% of the model variance in PMS and mean seed
mass being explained by differences in mother plants, re-
spectively. Nevertheless, the effect of the mother plant on
seed number per fruit was negligible (y* =3.08, p=0.079).
Although variability between sites did not have a significant
effect on PMS or on mean seed mass per fruit (y* =0.72,
p20.395), it did have a significant effect on seed number
per fruit (y*,=6.12, p=0.013), explaining 18.01% of the
model variance.

Discussion

Abortion and brood size

Both pre-zygotic and post-zygotic ovule abortion
(aborted ovules and aborted seeds, respectively) contrib-
uted to the brood size observed in Caesalpinia gilliesii, with
ovule abortion being more important than seed abortion
in one- and two-seeded fruits. The effect of pollination
treatment was not significant on the frequency of aborted
ovules within the fruit but was significant on aborted seeds,
with cross-pollinated fruits having a lower proportion of
aborted seeds than open-pollinated fruits. Seed abortion is
frequently associated with selection of superior genotypes
(Korbecka et al. 2002), which in self-incompatible species
depends on pollen quality. Given that C. gilliesii is partially
self-incompatible, the association between seed abortion
and pollination treatment underscores previous findings
about the preference for outcross pollen in this species
(Jausoro & Galetto 2001; Calvino 2006).

Ovule fate was non-random within fruits of Caesalpinia
gilliesii with stylar ovules less likely to abort, and with seeds
(both aborted and viable) frequently located at stylar po-
sitions. This pattern is consistent with that described by
Sengupta and Tandon (2010) for several leguminous plants,
in which receptive ovules are usually located near the stylar
end of the ovary. Although earlier studies in leguminous
plants did not usually distinguish between ovule and seed
abortion, some showed that stylar ovules set seeds more
frequently than do basal ovules in a number leguminous
species, a pattern that is related to the site of pollen tube
entrance into the ovary (Bawa & Buckley 1989; Tybrik 1993;
Herrera 1999). The prevalence of seeds at positions where
ovule abortion is less frequent suggests that seed fertiliza-
tion and development can take advantage from a pattern of
acropetal maturation of ovules (Sengupta & Tandon 2010).

In addition, the frequencies of aborted ovules were
higher in one- and two-seeded fruits of Caesalpinia gil-

liesii than in fruits with three or more seeds per fruit. The
frequency of aborted ovules in one- and two-seeded fruits
was even higher than that of aborted seeds. Thus, con-
sidering that one- and two-seeded fruits comprised 34%
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Figure 6. Abortion effects on pericarp mass per seed (PMS, in a), seed mass
(in b) and seed number per fruit (in c) in Caesalpinia gilliesii fruits. For each
fruit, the relative ovule abortion (ROA) rate was obtained as the proportion of
aborted ovules relative to the total number of aborted ovules and seeds. Boxes
delimit standard errors (in a and b) and 25-75% (in ¢); the white squares within
the box are means (in a and b) and medians (in c); whiskers indicate the +1
standard deviations (in a and b) and 90th and 10th percentiles (in ¢). Different
letters indicate statistically significant differences at p<0.05.
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of the fruit sample as a whole, the frequency distribution
of seed number per fruit would be under a strong influ-
ence of ovule abortion in this species. According to Uma
Shaanker et al. (1988), positively skewed frequency distri-
butions as the one observed in C. gilliesii may result from a
parent-offspring conflict resolved in favor of the offspring.
Because maternal cost per seed increases in fruits with low
seed number, brood reduction can favor offspring fitness
by lowering competition levels between seeds before and
after dispersal (Uma Shaanker et al. 1988), as well as, quite
probably, between seeds and ovules. Assuming asynchro-
nous ovule maturation, a proximate cause of brood size
reduction in C. gilliesii might be simply that seeds in early
development are better sinks than are immature ovules,
as has been observed in other species (O’'Donnel & Bawa
1993). This condition can lower the chances of plant fruits
of increasing seed number even if pollination is enhanced.
In fact, the frequency distribution of seed number per fruit
in cross- and open-pollinated fruits was similar, showing
that cross-pollination fails to increase the frequency of
fruits with higher seed number in C. gilliesii. An effect of
the quality of the pollen entering the style on seed number,
however, cannot be completely discarded. For instance,
studies in Narcissus triandrus have shown that pre-zygotic
ovule abortion is triggered by the presence of self-pollen
tubes (Sage et al. 1999). Accordingly, the higher frequencies
of aborted ovules in one- and two-seeded fruits of C. gilliesii
observed in the present study might have resulted from self-
incompatible pollinations. However, unlike in N. triandrus,
we observed post-zygotic ovule abortion in C. gilliesii. The
rate of post-zygotic ovule abortion was significantly lower
for hand cross-pollinated fruits than for open-pollinated
fruits, whereas ovule abortion was similar for both types
of pollination treatment. Therefore, in C. gilliesii, pollen
quality better accounts for post-zygotic ovule abortion than
for pre-zygotic ovule abortion.

Abortion and fruit costs

Our results show that, in general, higher rates of ovule
abortion resulted in lower costs in Caesalpinia gilliesii fruits;
fruits that aborted only seeds were more costly than were
fruits that aborted only ovules. In addition, the final number
of seeds per fruit was similar for all fruits that abort, regard-
less of whether they abort ovules or seeds. These findings
suggest that the difference in cost would lie in the structure
that aborts, because fruits that aborted ovules had a similar
seed number but lower PMS than did those that aborted
seeds. Evidence regarding fruit costs and ovule abortion
is scarce; however, studies in Arabidopsis have shown that
abortion of ovules prior to fertilization allows the plant to
redirect the conserved resources to other floral organs (Sun
et al. 2004; Carbonell-Bejerano et al. 2011). It has been
shown that seed mass can also significantly increase after
induced seed abortion in Cynoglossum officinale (Melser
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& Klinkhamer 2001). For C. gilliesii, however, the average
seed mass per fruit was similar regardless of the rate of
abortion within the fruit. Therefore, ovule abortion was a
more efficient mechanism of reducing fruit costs than was
seed abortion, because fruits that aborted ovules reached
a similar brood size of similar mass but with a lower PMS
than did fruits that aborted seeds. These results support
Lloyd’s hypothesis that an earlier regulation event (i.e.,
ovule abortion) is less wasteful for the mother plant (Lloyd
1980) than is a later regulation event (i.e., abortion of de-
veloping seeds) because an earlier regulation event incurs
in lower fruit costs. Alternatively, if cost of reproduction
were expressed in accessory structures other than seed
packaging structures, such as stems, peduncles and sterile
floral organs (Lord & Westoby 2006), fruit costs might be
underestimated in the present work. However, investment
in packaging structures, estimated here as PMS, usually
represents the largest contribution to total accessory costs
(Lord & Westoby 2006) and it is therefore unlikely that
biomass invested in additional structures would increase
accessory costs in C. gilliesii.

Costs associated with fruit production in Caesalpinia
gilliesii should also consider the production of aborted,
seedless fruits. Because the number of fertilized seeds in
seedless fruits was lower than in fruits with one or more
seeds per fruit (Calvifo, unpublished data), fertilization
success within the ovary might have influenced abortion
of these fruits. In addition, no seedless (aborted) fruit was
obtained in the cross-pollination treatment. However, fruit
abortion and brood reduction within the fruit are uncou-
pled processes (Herrera 1990) and fruit:flower ratios are
better explained by mechanisms operating at the whole
plant level, whereas seed:ovule ratios are best explained
by factors acting at the individual flower level (Holland &
Chamberlain 2007). The cost of producing seedless fruits
might therefore depend on the total investment in fruits
and seeds made by a plant, whereas for plants producing
many fruits, the cost of seedless fruits may dilute among
many developing sinks. Accordingly, as total fruit number
per plant decreases, the biomass of seedless fruits in C.
gilliesii increases from less than 1% to more than 20% of
the total fruit mass (Calvifio, unpublished data), suggest-
ing strong maternal control of the production of seedless
fruits, operating through whole fruit investment. In fact,
seed abortion, which was most common in seedless fruits,
was under a stronger maternal influence than was ovule
abortion, as evinced by random effects. An effect of the
maternal plant on seed abortion and a higher frequency of
aborted seeds in open-pollinated fruits suggests an influ-
ence of recessive load as the main cause of seed abortion
(Kéarkkainen et al. 1999). However, further studies are
needed in order to elucidate this effect, as well as to evalu-
ate the environmental (Roach & Wulff 1987) and genetic
(Karkkainen et al. 1999) components of the maternal
influence on seed fate in C. gilliesii.
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Abortion and fruit position

In Caesalpinia gilliesii inflorescences, fruit position had
a significant effect on ovule abortion but not on seed abor-
tion, reducing the number of fertile ovules available at distal
positions within the inflorescence. Because our study was
based on a fruit sample, the positional variability attributable
to plasticity in fruiting success or architecture alone cannot
be distinguished (Diggle 2003). However, ovule number per
ovary was similar when bud position was controlled for in
fruitless inflorescences (Calvifio & Carrizo Garcia 2005) in
favor of fruiting success as the main source of variability in
ovule number. In addition, some features indicate that the
influence of a predictable pollination environment would
be the main source of position-dependent variation in ovule
abortion in C. gilliesii. When unpredictability in repro-
duction or resources is coupled with a reduction in ovule
number, positional variability in ovule number can repre-
sent a selective advantage (Diggle 2003). Sphingid moths,
the specialized pollinators of C. gilliesii (Moré et al. 2006),
usually visit flowers of the same inflorescence sequentially
(Cocucci et al. 1992), promoting geitonogamous pollina-
tion; in agreement with this pollination behavior, fruiting
success is lower in the upper third of the inflorescence than
in the basal and intermediate positions (Jausoro & Galetto
2001). Consequently, in this pollination scenario, selecting
earlier, less wasteful abortions would seem more reason-
able than covering the costs of aborting developing seeds.
Reduced ovule numbers at distal positions might therefore
have evolved as a strategy to reduce the opportunities of
undesired, less successful pollinations.

Most theoretical studies on ovule fate are based on the
underlying assumption that aborted ovules were fertilized.
However, if pre-zygotic ovule abortion has a significant ef-
fect on seed:ovule ratios, as suggested in this and previous
works (Sengupta & Tandon 2010), the determination of
the ultimate cause of brood reduction due to pre-zygotic
ovule abortion should consider the selective advantage
of aborting at the gametophytic stage. The hypothesis
raised by Lloyd (1980) clearly indicates an advantage of
earlier ovule abortion over later, more wasteful abortion.
This advantage is consistent with positional effects on
variability in ovule number, provided that the potential
of a flower to set fruit becomes predictable at certain
positions (Lloyd 1980). However, regardless of positional
effects on ovule reduction, a question arises as to whether
aborted ovules in Caesalpinia gilliesii are a random sample
of the total number of ovules produced by a plant. If, as
was found for seed abortion (which is also influenced by
positional effects in several species), progeny quality can
be improved by a mechanism of pre-zygotic abortion, then
selection at the female gametophyte stage can take place.
Theoretical evidence supports selection in the female and
male gametophytes (Haldane 1924), although empiri-
cal evidence is only available for the male gametophyte
(Hormaza & Herrero 1992; but see Koval 2000). Future

studies should evaluate the possibility that abortion of the
female gametophyte (i.e., ovule abortion) might also be a
mechanism for improving sporophyte quality.
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