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Plant species with separate genders often exhibit gender differences in traits related to reproductive allocation.
In gynodioecious species, females often produce more seeds than do hermaphrodites, leading to a higher
reproductive cost. The mechanisms that allow females to meet the high costs of reproduction are currently under
debate. In this study, we test the hypothesis that there are genetically based gender differences in physiological
traits that enable females to finance these costs through higher photosynthetic carbon gain in the gynodioecious
perennial Geranium maculatum. Females and hermaphrodites were compared in a greenhouse study that
minimized environmental and selfing rate differences between the genders. We found that females produced
smaller flowers but more of them and more fruits than did hermaphrodites. However, genders did not differ in
their seed number, seed mass, fruit set, and reproductive allocation. In addition, genders did not differ in
photosynthetic rate (A), leaf N, and water use efficiency inferred from leaf carbon isotope ratio (d13C). Overall,
G. maculatum shows no genetically based gender differences for most of the reproductive traits or any of the
physiological traits measured. Our results suggest that for G. maculatum, the gender fitness differences previously
identified in natural populations may be caused by gender differences in microhabitat and/or selfing rate.

Keywords: carbon isotope ratio, female fitness compensation, gynodioecy, hermaphrodite, photosynthesis, leaf N,
water use efficiency.

Introduction

Gynodioecy is a breeding system that contains both female
and hermaphroditic individuals in a population and is often
considered to be an intermediate evolutionary stage between
hermaphroditism and dioecy (Charlesworth and Charlesworth
1978). Theoretical studies suggest that because females cannot
gain fitness through pollen, they must increase their investment
in seed quantity and/or quality in order to coexist with her-
maphrodites (Darwin 1877; Lewis 1941; Lloyd 1975; Charles-
worth and Charlesworth 1978; Charlesworth and Ganders
1979). This increase in female fitness has been observed in
most gynodioecious species, with an extreme case of females
producing 600% more seeds than hermaphrodites did (Mani-
cacci et al. 1998). Such increases in seed investment are likely
to lead to a higher total reproductive cost for females than her-
maphrodites because fruit production is generally more expen-
sive than pollen production in terms of energy requirement
(Dawson and Geber 1999; but see Eckhart and Chapin 1997;
Eckhart and Seger 1999). The mechanism that allows females
to meet such high-budget costs has been a major question in
the evolution of gynodioecy.

At least three non–mutually exclusive hypotheses may
explain how females are able to produce more seeds than
hermaphrodites can. First, females and hermaphrodites of
gynodioecious plants can be patchily distributed (Graff 1999;

Olson et al. 2006). In some dioecious plants, genders are also
spatially segregated and have been shown to associate with
different environmental qualities (Dawson and Bliss 1989;
Dawson and Ehleringer 1993). If the female- and hermaphrodite-
biased patches in gynodioecious plants also differ in quality,
the difference in average seed production between these gen-
ders found in natural populations may simply reflect the
differences in their microhabitat qualities. Second, because
females can only outcross, while hermaphrodites often pro-
duce a portion of their seeds through self-fertilization, the
higher seed production in females might reflect the higher
quality of the outcrossed progeny (Darwin 1877; Schultz and
Ganders 1996; Glaettli and Goudet 2006; Chang 2007) be-
cause of differences in the selfing rates of the two genders in
natural populations. Finally, it has also been suggested that
females, which generally produce smaller petals and no pol-
len (reviewed in Eckhart 1999; Shykoff et al. 2003), are able
to use resources saved from these structures to increase seed
production (Darwin 1877; Eckhart 1992; Ashman 1994).

There is another plausible hypothesis regarding physiologi-
cal differences between genders that has received much less
attention and has rarely been tested in gynodioecious species.
This hypothesis predicts that the higher seed production ob-
served in natural populations could result from higher physiolog-
ical capacity that allows females to increase their investment
in reproduction compared with hermaphrodites (Poot et al.
1996, 1997; Eckhart and Chapin 1997; Case and Barrett 2001;
Caruso et al. 2003; Schultz 2003; reviewed in Case and Ashman
2005). The few empirical studies that investigate physiologi-
cal differences between genders in gynodioecious species have
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produced inconsistent results. For example, for Lobelia siphilitica
grown in a controlled greenhouse environment, females had
higher photosynthetic rates than did hermaphrodites, which
may contribute to financing their higher seed production
(Caruso et al. 2003). In contrast, in a natural population of Si-
dalcea hirtipes, females had lower photosynthetic rates, lower
photosynthetic water use efficiency (measured from gas ex-
change), and higher predawn water potentials than hermaph-
rodites (Schultz 2003). Finally, for Plantago lanceolata grown
in a controlled greenhouse environment, there were no gender
differences in photosynthetic rates, leaf nutrient content, or chlo-
rophyll content (Poot et al. 1996). Contrasting results in phys-
iological differences between genders have also been found for
dioecious species, where females often have significantly higher
reproductive investment (e.g., Dawson et al. 1990; Dawson
and Ehleringer 1993; Marshall et al. 1993).

Many of the previous studies that investigated gender
differences may not have directly tested the physiological dif-
ferences because they were performed in natural populations
where females and hermaphrodites may experience different con-
ditions for other factors, such as microhabitat conditions and
selfing rates (e.g., Molina-Freaner and Jain 1992; Klinkhamer
et al. 1994; Schultz 2003). In order to isolate the effect of
genetically based physiological differences between genders,
comparisons that control for the environmental conditions
and the selfing rate are needed. To do this, individuals must
be grown in similar environments, a condition difficult to
achieve when using plants grown in the field because genders
may be patchily distributed in natural populations (Graff
1999; Olson et al. 2006). Additionally, differences in the self-
ing rates in natural populations should be eliminated by pro-
viding only non-self-pollen to avoid the effect of inbreeding
depression because selfing hermaphrodites may incur more in-
breeding depression and, as a result, produce fewer seeds than
females.

The goal of our study was to determine whether genders
differed in reproductive and physiological traits in a gynodioe-
cious species, Geranium maculatum. Previous studies in natural
populations have shown that females of this species produce
14%–63% more seeds (Ågren and Willson 1991; Chang 2006)
and 6%–18% heavier seeds (Chang 2006) than do hermaph-
rodites. To isolate the physiological differences, we designed
our experiment to reduce the contribution of the environmental
variation and to eliminate the differences in the selfing rate on
our measurements; hence, we focused our study on genetically
based gender differences. We tested two hypotheses: (1) that
females produce more seeds or better-quality seeds in order to
compensate for the loss of fitness through pollen and (2) that
females have a physiological mechanism to increase resource
availability for seed production. In addition, we incorporated
two light levels to encompass the range of light environments
in which this species occurs in the natural populations.

Material and Methods

Study Species

Geranium maculatum is a herbaceous perennial species with
a distribution ranging from the southeastern United States to
Canada (USDA, NRCS 2007). Populations grow predomi-

nantly under a deciduous hardwood tree canopy, though they
are sometimes found in habitats such as the forest edge or
gaps that receive more light (S.-M. Chang, personal commu-
nication). Natural populations generally contain five to several
thousand flowering individuals. Individuals start flowering in
early spring (late March–early April) before canopy closure
and continue flowering for several weeks, producing, on aver-
age, six flowers per inflorescence in natural populations around
Athens, Georgia (Chang 2006). Pollination is performed by gen-
eralist pollinators, including bumblebees, honeybees, halictid bees,
and butterflies. Although hermaphrodites are self-compatible,
the temporal separation of male and female functions, that is,
protandry, limits self-pollination within a flower. Ca. 4 wk af-
ter fertilization, mature seeds are released by the elastic dehis-
cence of the schizocarp. This mechanism disperses seeds to, on
average, 3 m from the maternal plant (Stamp and Lucas 1983).
Seedlings spend their first year as vegetative ramets and may
flower in their second year in the greenhouse, although the av-
erage time to flowering in natural populations has not been
determined.

Geranium maculatum is gynodioecious, with genetically
female or hermaphroditic individuals coexisting within a
population. The type of genetic determination for gender has
not been described for this species, but studies are under way
to determine whether genders are controlled by nuclear genes
or by interactions between nuclear and cytoplasmic (most
likely mitochondrial) genes. Female individuals are easily
identified by their small aborted anthers and smaller petal
sizes (Chang 2006). In natural populations, females produce
more seeds and better-quality seeds that are more likely to
germinate and survive until flowering (Chang 2006). Popula-
tions range in female frequency from 0% to 50% (Chang
2006).

Experimental Individuals and Growing Conditions

Rhizomes used in this study were initially collected from
natural populations in the State Botanical Garden of Georgia,
Athens, with a sex ratio of ca. 50%. These rhizomes were sub-
sequently grown in greenhouse conditions at the University of
Georgia, Athens, for more than two growing seasons to ho-
mogenize environmental effects. Dormant rhizomes of both
genders were randomly selected from plants that had flowered
the previous spring. Each rhizome was cut to ca. 8 cm in length.
Because it was not possible to obtain rhizomes of exactly the
same size, we measured the initial rhizome size (length, width,
largest diameter, and mass) as a potential source of variation for
traits examined in this study. Thirty-two rhizomes were individ-
ually planted in 15-cm-diameter pots filled with fresh pine
bark medium (2500 fine-grade pine bark : 1024 coarse-grade
vermiculite : 8.6 dolomitic limestone : 2 superphosphate : 1
calcium nitrate : 1 potassium nitrate : 1 gypsum : 1 micromax
micronutrients). Throughout the experiment, plants were fertil-
ized once a week with 300 ppm N (Peters Peatlite Special,
20 : 10 : 20) and watered as necessary.

Two levels of light intensity were created in the greenhouse
in a split plot design. Plants were randomly assigned to one
of two light levels: shade or light (35% and 100% of full
sun, respectively) and one of two replications. These light lev-
els were chosen because they are within the range of light
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levels observed in the natural populations (S.-M. Chang, per-
sonal communication). Shade treatments were constructed as
1 3 1 3 1-m PVC pipe frames with shade cloths attached to
the tops and sides. Two greenhouse benches were used as two
replications in this experiment. Each replication contained
one shade and one light treatment, each randomly placed on
half of the bench. Within each shade and light treatment,
four randomly selected individuals per gender were placed in
random locations, for a total of 32 plants in the study. In this
design, gender is the subplot, and light level is the whole
plot.

Reproductive and Biomass Traits

We measured both pre- and postpollination traits in order
to evaluate whether genders differ in their reproductive traits
and to determine the potential to set seeds when the growing
conditions and selfing rates were controlled. For each individ-
ual, the number of flowers per inflorescence and the number
of inflorescences were recorded before hand pollination was
carried out. Additionally, in order to examine differences in
petal size, we removed and scanned petals from two to three
flowers per individual. The length and width of the petals
were measured using imaging software ImageJ (Abramoff
et al. 2004). The product of the petal length and width was
used to estimate the petal area (mm2), using an equation ob-
tained from a preliminary study that used 80 flowers in a
regression analysis: area ¼ 0:0039 3 petalð length 3 widthÞþ
7:1691 (r2 ¼ 0:967; M. L. Van Etten, unpublished data). To
examine differences in the capacity of seed production, we
hand pollinated each flower using pollen collected from non-
experimental plants of the same population. Sufficient pollen
(one to two anthers) was used to fully saturate the stigmatic
surface, allowing the potential for full fruit and seed set. The
number of pollinated flowers that developed into fruits con-
taining at least one seed was recorded for each individual. All
fruits containing at least one seed were collected just before
dehiscence, and the number of seeds within each of these fruits
(seed set) was counted. Average seed mass was determined for
each individual by dividing the total seed mass by the total
number of seeds it produced.

Several biomass measurements were also taken from all
individuals, for two reasons. First, we wanted to determine
whether genders differ in their investment in aboveground
and belowground biomass; a greater investment in above-
ground biomass could allow females to produce more seeds.
Aboveground biomass included inflorescences and leaves that
were harvested, dried, and weighed after all individuals had
completed fruit development. Belowground biomass included
rhizomes and the attached roots that were cleaned of soil,
dried, and weighed. Second, we also wanted to determine
whether genders differ in their reproductive allocation. To
do so, we first constructed two composite biomass measure-
ments: the reproductive biomass (the sum of the dry mass of
fruits, seeds, and inflorescences) and vegetative biomass (the
sum of the mass of the rhizomes and dried leaves). An index
of reproductive allocation for each individual was then calcu-
lated by dividing its reproductive biomass by its vegetative
biomass.

The aboveground and belowground biomass was analyzed
with an ANOVA, and the reproductive traits were analyzed

with either an ANOVA or an ANCOVA. To satisfy the assump-
tions of ANOVA and ANCOVA, data were normalized using
appropriate transformations, and outliers were removed if they
were greater than 2 SD from the mean. Total flower number
per plant, flowers per inflorescence, fruit number, and repro-
ductive allocation were log transformed, inflorescence number
was square root transformed, and seed number was natural log
transformed. Fruit set (number of fruits per number of flowers)
could not be normalized, and this was tested for gender dif-
ferences using a Wilcoxon rank sum test separately for each
light level. The remaining traits were not transformed. Two
outliers were removed for their respective analysis; one her-
maphrodite had exceptionally high reproductive allocation (0.1),
and another hermaphrodite had very high seed mass (1.8 mg).
The outliers were removed in order to satisfy the normality as-
sumption of ANOVA and ANCOVA. However, results of the
analyses remained qualitatively the same when outliers were
retained in the analyses.

The ANOVA and ANCOVA models for reproductive traits
had gender and light level and their interaction as indepen-
dent variables. Several plant size measurements were consid-
ered as possible covariates for these analyses. First, because
we did not find gender difference for the biomass traits (see
details in ‘‘Results’’ and in table 1), we considered the varia-
tion in final vegetative biomass to be a potential source of
variation for reproductive traits that is not related to gender.
In addition, the length, width, diameter, and mass of the ini-
tial rhizomes may also account for a portion of the variation
found in the reproductive traits. To determine whether to
include these plant size measurements as covariates in the
ANOVA for a particular trait, we first tested their necessity
individually, following steps outlined by Littell et al. (1996).
These tests involved including each size trait individually in a
regression analysis for each reproductive trait and then deter-
mining the slope for their relationship. A regression slope that
significantly differs from 0 suggests that the size trait can ex-
plain a significant amount of variation in the reproductive
trait, and it was included in the final analysis of that repro-
ductive trait. Among the five size traits tested, only final veg-
etative biomass consistently covaried with the reproductive
trait data. After including the covariate, the analysis was fur-
ther tested to determine whether there was an interaction be-
tween the covariate and the main effects: gender and light
treatment. If there was no interaction, then a common slopes
model was used. In one case (inflorescence number), vegeta-
tive biomass showed a significant interaction with gender,
suggesting that the relationship (or the slopes) between inflo-
rescence number and gender varied depending on the value
of the covariate. In this case, trait means were compared at
the twenty-fifth, fiftieth, and seventy-fifth percentiles of the
covariate values (Littell et al. 1996).

In summary, four traits—total flower number, number of
inflorescences, total fruit number, and seed set—were ana-
lyzed using ANCOVA with gender, light level, and their inter-
action as main fixed effects, final vegetative biomass as the
covariate, and the block as a random effect (Littell et al.
1996). Results for these analyses were qualitatively the same
when the covariate was not included. The remaining repro-
ductive and biomass traits (see table 1) were analyzed using
ANOVA with the same independent variables as the analysis
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above but without the covariate. All of these analyses were
done using PROC MIXED in SAS (SAS 1999).

Physiological Traits

Three physiological traits—leaf photosynthetic rate at a
controlled light level and CO2 levels (A), leaf N, and leaf car-
bon isotope ratio (d13C)—were measured on recently ma-
tured leaves. These traits were sampled both before flowering
(preflowering) and after fruiting began (postfruiting). Mea-
surements of A were made with a Li-Cor 6400 with a 6400-
02B LED light source (Li-Cor, Lincoln, NE). The chamber
conditions were reference CO2 400 ppm, ambient humidity,
and leaf temperature. For preflowering measurements, the
light levels were 1000 mmol m�2 s�1 (light saturated) for
both shade and light treatments. Preflowering measurements
were taken over two consecutive days; the light treatment for
the first block was measured on the first day, and both the
light and shade treatment for the second block were mea-
sured on the second day. For postfruiting measurements, the
light levels were set to reflect maximum light levels received
during growth in each treatment and to minimize any poten-
tial for photoinhibition (300 and 900 mmol m�2 s�1 for the
shade and light treatments, respectively). Postfruiting mea-
surements were taken in a single day with the two light treat-
ments measured first, followed by the two shade treatments.
Leaf area was determined by scanning the portion of the leaf
that was inside the Li-Cor chamber and then using WinFOLIA
(Regent Instruments, Quebec) to determine the area. Because
plants in the light and shade treatments were measured se-
quentially at different light levels, comparisons between gen-
ders for A can be made only within each light treatment and
time period (preflowering or postflowering). Gender differ-

ences in A were tested using a t-test for each light treatment
and time (preflowering and postfruiting) separately.

After A measurements, each leaf was harvested, dried at
60�C, ground into a fine powder, and analyzed for leaf N
and leaf d13C (Carlo Erba NA 1500, CHN combustion ana-
lyzer coupled to a Finnigan Delta Plus mass spectrometer) at
the Analytical Chemistry Laboratory, University of Georgia.
Leaf d13C provides an integrated measure of leaf intercellular
CO2 concentration (ci) over the lifetime of the leaf. Inte-
grated ci is, in turn, a relative measure of seasonally inte-
grated photosynthetic water use efficiency, provided that leaf
temperatures and photosynthetic characteristics are similar
(Farquhar et al. 1989; Ehleringer et al. 1992). Greater (i.e.,
less negative) leaf d13C reflects greater water use efficiency.
Leaf N and leaf d13C were analyzed using a repeated-measures
ANOVA with time (preflowering and postfruiting), gender,
light treatment, and their interactions as main effects.

Results

Reproductive and Biomass Traits

Female and hermaphroditic plants did not differ for most
of the reproductive and biomass traits measured, with only
three exceptions: petal size, total number of flowers, and to-
tal number of fruits. Females produced flowers that were
26% smaller in area than did hermaphrodites (table 1; fig.
1a). Females produced, on average, a similar number of flow-
ers per inflorescence as the hermaphroditic plants but a higher
total number of flowers (table 1; fig. 1b, 1d). Females also
produced a higher total number of fruits than did hermaph-
rodites, but fruit set and seed set did not differ by gender

Table 1

F Values from the Analysis of Reproductive and Biomass Traits

df 1, df 2 Gender Treatment Gender 3 treatment

Reproductive traits:

Petal size 1, 9 21.99*** .55 .30

Total flower numbera 1, 16 5.25* .03 .35

Inflorescence numbera 1, 24 1.05 2.77 .57
Flowers per inflorescence 1, 17 3.73 .74 .71

Total fruit numbera 1, 16 2.98þ .65 .03

Fruit set (fruit no./flower no.) 1, 7;
1, 10

4.54 shade;
.09 light

Total seed number 1, 17 2.78 .35 .78

Seed set (seeds/fruit)a 1, 16 2.36 .06 3.64

Average seed mass 1, 16 .39 2.28 .02
Biomass traits:

Belowground biomass 1, 25 .06 2.64 1.29

Aboveground biomass 1, 25 .04 4.59* 2.86

Reproductive allocation 1, 24 .10 .00 1.28

Note. Numbers in the degrees of freedom column are the numerators (df ¼ 1) and denominators

(df ¼ 2) for the corresponding F values. Only petal size and flower number were significantly different be-

tween hermaphrodites and females (gender). Aboveground biomass was significantly different between the
light and shade treatments (treatment). Values were obtained using either an ANOVA or an ANCOVA.

a ANCOVA result with vegetative biomass as covariate.
þ P ¼ 0:055.
� P < 0:05.
��� P < 0:001.
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(table 1; fig. 1e, 1f, 1h). Although females produced more
flowers and more fruits, they did not produce more seeds or
heavier seeds (table 1; fig. 1g, 1i). For biomass measurements,
genders did not differ for belowground biomass, aboveground
biomass, or reproductive allocation (table 1; fig. 1j–1l).

Analysis of the inflorescence number revealed a significant
interaction between gender and the covariate, vegetative bio-
mass, suggesting that the gender differences in inflorescence
number changed over the range of plant sizes. More specifi-
cally, females had fewer inflorescences than hermaphrodites
did when at smaller plant size (at twenty-fifth percentile, 47.6 g:
t22 ¼ 2:91, P ¼ 0:008), but at larger plant sizes, there were no
gender differences (fiftieth percentile, 60.9 g: t22 ¼ 1:72, P ¼

0:099; seventy-fifth percentile, 83.0 g: t22 ¼ �0:93, P ¼ 0:363).
As a result, the slope of the relationship between rhizome size
and number of inflorescence was positive for females (P ¼ 0:002)
but indistinguishable from 0 for hermaphrodites (P ¼ 0:255).

The aboveground biomass was the only trait that was
influenced by the light treatment (table 1; fig. 1k). It was sig-
nificantly lower in the shade treatment than in the light treat-
ment.

Physiological Traits

The physiological traits did not differ significantly be-
tween genders. Genders did not differ for A in any light level
and time combination (tshade; preflowering; df¼4 ¼ 1:88, P ¼ 0:242;

Fig. 1 Reproductive and biomass traits (back-transformed least squares means 6 1 SE) for each gender (H ¼ hermaphrodite and F ¼ female)
and treatment (shade or light). Genders differed significantly in petal size (a), total flower number (b), and total fruit number (e). Plants grown in

shade had less aboveground biomass (k). The remaining eight traits did not differ between genders or between light treatments. Statistics for these

analyses are provided in the text and in table 1.
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tlight; preflowering; df¼13 ¼ 0:18, P ¼ 0:675; tshade; postfruiting; df¼12 ¼
4:18, P ¼ 0:064; tlight; postfruiting; df¼13 ¼ 0:39, P ¼ 0:544; fig. 2a).
Leaf N and leaf d13C compared across light treatments and time
periods revealed that leaf N increased from preflowering to
postfruiting in both light treatments, but this pattern did not
differ by gender; this is indicated by the absence of an inter-
active effect between time and gender (table 2; fig. 2b). Leaf
d13C became less negative from preflowering to postfruiting
in the shade treatment and did not differ through time in the
light treatment, but these patterns did not differ by gender (ta-
ble 2; fig. 2c).

Discussion

The goal of this study was to determine whether there
were genetically based differences in reproductive or physio-
logical traits between hermaphrodites and females that could
explain the higher female seed fitness found in previous field
studies (Ågren and Willson 1991; Chang 2006). We found
few gender differences in reproductive and biomass traits,
with three exceptions: petal size, total flower number, and to-
tal fruit number. Additionally, females and hermaphrodites
did not differ in their photosynthetic rates, photosynthetic
capacity inferred from leaf N and A, and seasonally inte-
grated photosynthetic water use efficiency inferred from leaf
d13C. Combined, our results provide little support that the
gender difference for seed production found in natural popu-

lations was from genetically based differences in these physi-
ological traits.

The absence of differences in seed production and seed
mass were unexpected given that Geranium maculatum fe-
males have been shown to have higher seed production (Ågren
and Willson 1991; Chang 2006) and higher average seed
mass (Chang 2006), a pattern also found in many other gyno-
dioecious species (e.g., Kohn 1989; Olson 2001; Ramsey and
Vaughton 2002; Schultz 2003; Shykoff et al. 2003). Though it
is statistically nonsignificant, females produced approximately
three times and 1.4 times, on average, as many seeds as hermaph-
rodites did in shade and sun treatments, respectively. The small
sample size in this study may have contributed to the nonsig-
nificant conclusion for this trait and can help explain the dif-
ference in the results of this and earlier studies. However, the
minimal difference in the mean seed set and seed mass be-
tween genders and the higher fruit set in hermaphrodites, an
opposite trend from the field results, would need additional
explanations.

There are several possible reasons for the differences be-
tween results found here and those of previous studies. As
mentioned earlier, field studies that measure reproductive
traits in natural populations may confound the effects result-
ing from differences in the environment and selfing rates with
effects resulting from genetically based gender differences. By
growing plants in the greenhouse, we minimized the possibil-
ity of differences in gender microhabitat potentially experi-
enced by field-grown plants, and this allowed us to focus on

Fig. 2 Physiological measurements (least squares means 6 1 SE) for each gender, treatment (light or shade), and time (preflowering or post-

fruiting). Genders did not differ in A (photosynthetic rate; a), leaf N (b), or leaf d13C (c). For light treatment and time results for leaf N and leaf

d13C, see table 2 and text.
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the intrinsic gender differences. Additionally, by using only
non-self-pollen to saturate the stigma, we controlled for the
pollen source to keep the selfing rate at 0, and, therefore, we
specifically examined differences between the genders that
are not results of pollen limitation, inbreeding, or inbreeding
depression. An absence of gender differences in seed number
or seed mass following cross-pollination was also found by
another greenhouse study with this species (Chang 2007).
Combined, these results suggest that the gender differences
in seed number and seed size found in natural populations
(Ågren and Willson 1991; Chang 2006) might not be related
to gender per se but are more likely to be related to other
causes. One possible cause is the difference in selfing rate be-
tween genders. Preliminary results (A. C. Deen and S.-M.
Chang, unpublished data) showed that the selfing rate of her-
maphrodites in the source population of the rhizomes used in
this study was as high as 40%, leading to a large difference
between the selfing rates of females (effectively 0) and her-
maphrodites. The combination of a high selfing rate and se-
vere early inbreeding depression (Chang 2007) is a possible
cause for the lower seed fitness of hermaphrodites found in
natural populations.

Despite the lack of gender differences in seed production
and seed mass, we found that females produced smaller petals
than did hermaphrodites, a pattern consistent with what was
found in natural populations. This suggests that the petal size
difference found in natural populations (Ågren and Willson
1991; Chang 2006) was a result not only of environmental
conditions in the plants’ microhabitat but, rather, was a re-
sult also of intrinsic differences between genders. This suggests
that females spend fewer resources than do hermaphrodites
in producing petals, pollen, and anthers; however, they do
not produce a higher number of seeds or heavier seeds, as the
resource reallocation hypothesis predicts. Combined, these
findings lead us to conclude that there is no evidence that the
energetic surplus in females had been reallocated to seed pro-
duction, or at least not to a detectable degree. These results
are in contrast to many other gynodioecy studies that found

resource reallocation (Ashman 1992, 1994, 1999; Eckhart
1992; Wolfe and Shmida 1997; but see Delph et al. 1999;
Alonso and Herrera 2001). However, because G. maculatum
typically produces a smaller number of flowers (five to 10;
fig. 1a) than do most other gynodioecious species, it is possi-
ble that the amount of resources saved in females is too small
to be detectable even if reallocated to seeds. In any case, it is
unlikely that resource reallocation is the main mechanism for
the increase in seed production and seed quality in G. macu-
latum females.

Comparisons of physiological traits between genders are
scarce for gynodioecious species, and the results are generally
inconsistent, with some suggesting that females have higher
photosynthetic rates (Caruso et al. 2003) and others suggest-
ing the opposite (Poot et al. 1996; Schultz 2003). When we
grew G. maculatum in controlled environmental conditions,
we found neither an increase in photosynthetic rate nor a de-
crease in allocation to photosynthetic tissues. These results
are not surprising, considering that we did not find a gender
difference in fruit set and seed set in this experiment. Never-
theless, the absence of gender difference in physiological
traits found here does suggest that genders do not exhibit
any genetically based differences in the traits measured. This
conclusion is consistent with other physiological data col-
lected on this species. Specifically, in a separate preliminary
study, photosynthetic measurements taken in natural popula-
tions showed no differences in maximum A under standard-
ized light-saturated conditions (S.-M. Chang, unpublished
data). Additionally, leaf d13C and leaf N from plants previ-
ously grown in the greenhouse did not show any gender dif-
ferences (M. L. Van Etten, unpublished data). Combined,
these results suggest that it is likely that female G. macula-
tum plants in natural populations increased their seed pro-
duction (Ågren and Willson 1991; Chang 2006) not by the
physiological mechanisms such as an increase in photosyn-
thetic carbon gain but by other mechanisms such as habitat
selection or less inbreeding depression. Additional studies
that compare the microhabitat conditions and the selfing rate
between genders will help to determine the causes of seed fit-
ness differences between genders of this species.

Though we found no evidence to support physiological
differences contributing to female fitness compensation in
G. maculatum, results from this study do provide additional
implications for the maintenance of gynodioecy in this spe-
cies in a larger context. Our results speak to two of the other
potential hypotheses for how females can increase their seed
fitness: resource reallocation and inbreeding depression. First,
even though females still produced no pollen and produced
smaller petals than did hermaphrodites in our study, the lack
of gender differences in seed number or seed mass found here
provided no evidence for the hypothesis that females may use
resources usually allocated to pollen production to increase the
number or size of seeds. Second, our results show that genders
differ in neither seed number nor seed mass following cross-
pollination, while Chang (2007) found that self-pollination
in hermaphrodites significantly reduced both seed production
and seed mass. This suggests that the reduced seed number
and seed size found in hermaphrodites in natural populations
(Chang 2007) is likely to be a result of early-acting inbreed-
ing depression following self-fertilization.

Table 2

F Values from the Analysis of Leaf N and Leaf Carbon Isotope Ratio
(d13C) Obtained Using a Repeated-Measures Analysis

Source df 1, df 2 Leaf N Leaf d13C

Gender 1, 11 .05 .21

Treatment 1, 11 19.03** 3.74

Gender 3 treatment 1, 11 .70 .09
Time 1, 8 297.87*** 14.71**

Gender 3 time 1, 8 .05 .41

Treatment 3 time 1, 8 7.35* 11.33**

Gender 3 treatment 3 time 1, 8 .60 1.29

Note. Numbers in the degrees of freedom column are the numer-

ators (df ¼ 1) and denominators (df ¼ 2) for the corresponding F
values. There were no differences between hermaphrodites and fe-

males (gender) in either trait. Leaf N was different in the light and

shade treatments (treatment). Both leaf N and leaf d13C differed be-

tween preflowering and postfruiting (time).
� P < 0:05.
�� P < 0:01.
��� P < 0:001.
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