Ol THE ROYAL
®]&G SOCIETY

Received 13 May 2004
Accepred 27 May 2004
Published online 17 August 2004

Soil moisture and sex ratio in a plant with
nuclear-cytoplasmic sex inheritance

Camille M. Barr”®

Department of Ecology and Evolutionary Biology, University of California, 321 Steinhaus, Irvine, CA 92697, USA

I investigated whether soil moisture affects relative fitness of females and hermaphrodites and sex ratio in a
gynodioecious plant with nuclear—cytoplasmic sex inheritance. I contrast these results with those from spe-
cies with strictly nuclear sex inheritance. I performed a manipulative watering experiment on seed fitness
of the two sexes, and field studies measuring seed fitness and sex ratio as a function of soil moisture. In the
dry site, watered hermaphrodites produced approximately twice as many seeds as unwatered hermaphro-
dites, with little treatment effect on female seed production. Over a natural soil moisture gradient, the ratio
of female to hermaphrodite seed production was higher in dry than in wet sites. These data show that the
seed fitness advantage of females is a function of soil moisture. Despite this, regression of soil moisture on
the sex ratio of 23 populations was not significant. These results indicate a sex-dependent effect of soil
moisture on resource allocation to seeds that does not translate into a strong effect on sex ratio. This is
consistent with theory based on genomic conflict in which sex ratios are predicted to be only partly

determined by fitness differences of the sexes.
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1. INTRODUCTION

In hermaphroditic plants, environmental factors can affect
plant resource status and sex allocation. In many plants,
increasing resource status leads to greater relative allo-
cation to female than to male function (Klinkhamer & de
Jong (1997) and references therein).

In species with both female and hermaphroditic individ-
uals, a breeding system called gynodioecy, the relatively
greater reduction in seeds versus pollen by hermaphrodites
in low-resource environments should result in a higher
ratio of female to hermaphrodite seed production in these
environments. If the frequency of females is largely a
function of the relative seed fitness of females versus herm-
aphrodites, there should also be a negative relationship
between resource quality and female frequency (Delph
1990).

This relationship between relative seed fitness and sex
ratio may depend on the genetics of sex inheritance. In
some gynodioecious species, sex is determined by nuclear
genes (see references below). In species with nuclear sex
inheritance, sex ratios are expected to be relatively stable
(Charlesworth & Charlesworth 1978), and a relationship
between seed fitness and sex ratio is expected.

In many gynodioecious species, however, sex is deter-
mined by an interaction between nuclear and cytoplasmic
genes (Lewis 1941; Kaul 1988). Cytoplasmic genes cause
pollen abortion and male sterility (called cytoplasmic male
sterility (CMS)). CMS generally reduces the transmission
of nuclear genes, which creates strong selection for nuclear
loci that restore male fertility (Frank 1989). Restored
populations are then susceptible to invasion by new CMS
mutants that are counteracted by different restorer alleles.
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The repeated conflict of CMS genes and nuclear restorers
has been predicted to result in unstable sex ratios, depen-
dent upon mutation or gene flow events of novel CMS and
nuclear restorer genes (Frank 1989; Gouyon ez al. 1991). If
this is the case, the relationship between environmental
factors and sex ratio at any given time may not be strong.

In a few gynodioecious species, habitat quality has been
shown to affect the relative fitness of females and herm-
aphrodites (Delph 1990; Delph & Lloyd 1991; Barrett 1992;
Wolfe & Shmida 1997; Ashman 1999; Delph & Carroll
2001; Asikainen & Mutikainen 2003; though see Krohne ez
al. 1979). In all of these studies (and also in Alonso &
Herrera 2001), environmental factors have also been corre-
lated with sex ratio, with higher frequencies of females found
in poorer-quality sites, as predicted by Delph & Lloyd
(1991). One exception is that of Siene acaulis (Delph &
Carroll 2001), in which there was no direct correlation
between habitat quality and female frequency.

All of these species with a correlation between environ-
mental factors and sex ratio have either unknown genetics of
sex inheritance, or appear to have nuclear sex inheritance
(Maletskii er al. 1994 (and references therein); Ramsey &
Vaughton 2002; L. Wolfe, personal communication),
except S. acaulis, which appears to have CMS (S. Keller,
personal communication).

In the present study, I use a comprehensive approach to
test the effect of one environmental factor, soil moisture,
on sex-dependent seed allocation and on sex ratio in a plant
species with CMS, Nemophila menziesii. Because N. men-
ziesti is an annual plant, lifetime seed fitness can be mea-
sured. I first ran a manipulative experiment to test the
effect of water on the relative seed fitness of the two sexes. I
then tested whether natural variation in soil moisture of
nine populations is correlated with relative seed fitness.
Finally, I examined whether soil moisture is a good predic-
tor of sex ratio in 23 populations. The present study
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therefore directly tests the effect of an environmental factor
on both female and hermaphrodite lifetime maternal repro-
ductive success.

2. METHODS
(a) Study species and site

Nemophila menziesii (Hydrophyllaceae) is an annual plant with
at least two different male-sterility cytotypes and at least two
nuclear restorers (Ganders 1978; C. M. Barr, unpublished data).
Sex ratios on the Point Reyes peninsula and surrounding coastline
vary substantially over very short distances, from 0 to 53% of
females (C. M. Barr, unpublished data).

Nemophila menziesii is a spring ephemeral, and is insect-polli-
nated, protandrous and self-compatible (Cruden 1972; C. M.
Barr, personal observation). In contrast to many gynodioecious
species, hermaphrodites of N. menziesii produce substantial num-
bers of seeds.

Study populations were located on the Point Reyes peninsula,
ca. 60 km north of San Francisco, and at Bodega Bay, ca. 30 km
north of Point Reyes. Nemophila menziesii grows in two types of
habitat along the coast, sand dunes and bluffs. Sand dunes have
soils with low moisture and organic content, and bluffs have soils
with higher moisture and organic content. Dune and bluff sites
can be in close proximity.

(b) Manipulative water experiment

In February 2001, 120 plants of each sex at each of two sites,
one dune (NB) and one bluff (LH), were used to test the effects of
supplemental water on the relative allocation to seed of females
and hermaphrodites. Female frequencies in 2001 were 34% and
20% for NB and LH, respectively. Soil moisture was measured (as
described below) every week at each site to document site differ-
ences. Plants of each sex were selected haphazardly, and the water
treatment was assigned randomly to 60 plants of each sex, with 60
unwatered controls. All plants were spaced at least 0.5 m apart
(most plants were more than 0.5 m apart), which is enough to pre-
vent overlap of visible roots in test plants, and the diameter of the
soil that got wet with treatment was ca. 0.25 m. Watered plants
were given 100 ml water every 4-7 days for a total of nine water-
ings. When plants died, their lifetime total branches, leaves, flow-
ers, capsules and seeds were counted. In a previous greenhouse
study, total seed production explained 91% of female and 95% of
hermaphrodite variance in total plant seed fitness (measured as
seed number X fraction germinating x fraction surviving) (C. M.
Barr, unpublished data); therefore total seed production is used as
an estimator of total plant fitness.

The effect of watering on the relative seed production of each
sex was analysed by assigning plants into categories based on the
numbers of seeds produced. A standard parametric analysis could
not be performed because there were many plants with zero seeds,
and this non-normality could not be corrected with transforma-
tions. Plants were put into five categories at NB (0, 1-5, 6-10,
11-15, and more than 16 seeds per plant) and seven categories at
LH (0, 1-5, 6-10, 11-15, 16-20, 21-25, and more than 26 seeds
per plant). The effect of watering treatment and sex were analysed
with a y*-test of homogeneity. Because sex-dependent allocation
may be a function of plant size, I performed a logistic regression of
seeds per plant as a function of plant size measured by branch
number and tested for an interaction between the two sexes. Bran-
ches were categorized as 1, 2, 3, 4, 5, 6, or more than 7 branches.

To test whether watering might affect seed production by influ-
encing flower number, I tested for the effects of sex and treatment
on In-transformed flower number per plant with an ANOVA.
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(c¢) Field correlations
1) Study populations and soil moisture

I measured the soil moisture of 23 populations. Twenty-one
populations were measured between 18 and 22 March 2001 at
Point Reyes, and two on 19 April at Bodega Bay. Populations at
Point Reyes spanned an approximately linear 17 km distance,
whereas the Bodega Bay populations were ca. 2 km apart. Soil
moisture data were collected either with a 2 cm x 20 cm soil corer
or by digging a 20 cm hole and collecting equal amounts of soil
from the bottom to the top of the hole from three locations that
spanned each site. Samples were weighed, dried at 110°C for
48 h, then weighed again, and values at each site were averaged.
The percentage of soil moisture was calculated by weight.

(ii) Soil moisture and relative fitnesses

Seeds from both sexes were collected in 2001 from four dune
(all Point Reyes) and five bluff (three Point Reyes and two Bodega
Bay) populations. The relative seed production of females and
hermaphrodites (F/H seed) was compared between the two types
of site. Outliers were tested using Grubbs’ test (Sokal & Rohlf
1995) and were removed (0-2 plants per population) from the cal-
culation of population means. I performed a one-tailed z-test of
F/H seed between dune and bluff populations.

(d) Soil moisture and sex ratios

I collected sex ratio data from 23 populations at Point Reyes
and Bodega Bay between 1999 and 2001. In large populations
(generally more than 500 individuals), I ran a 1 m wide transect
through the longest dimension of the population and scored all
flowering plants for sex within the transect. For smaller popula-
tions, all flowering plants in the population were scored. Sample
sizes for sex ratios ranged from 92 to 845 individuals with a mean
of 363 individuals.

The effect of soil moisture on population female frequency was
analysed using a generalized linear model on logit-transformed
odds ratio data in S-prLus (Mathsoft Inc. 1999). This analysis
assumes binomially distributed errors and weights the logits from
each population by the sample size (Wilson & Hardy 2002).

3. RESULTS
(a) Manipulative water experiment

LH soil moisture was ca. 10 times that of NB at the
beginning of the flowering season, and dropped to two
times at the end of the season. Average soil moisture for LH
and NB over the 2001 season was 11.5% and 2.8%,
respectively.

At the dune site (NB), there was a significant sex x
treatment interaction: watering doubled hermaphrodite
seed production but slightly decreased female seed pro-
duction (table 1). At the wetter bluff site (LH), there was
no significant treatment effect or interaction.

For both sites, there were no significant effects of sex or
treatment or their interaction on total flower number per
plant (results from ANOVA, NB: model F;309 = 1.30,
p = 0.27; sex Fj 200 = 2.58, p = 0.11; treatment Fi 00 =
1.18, p = 0.28; sex X treatment Fj 90 = 0.00, p = 0.99;
LH: model F3,208 = 0.39, p = 0.76; sex F1,208 =027, p=
0.60; treatment Fj 03 = 0.03, p = 0.86; sex X treatment
Fi 508 = 0.75, p = 0.39). However, at NB, the two sexes
differed, in that watered hermaphrodites converted many
more flowers to seeds than control hermaphrodites,
whereas female seed production did not respond as strongly
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Table 1. y>-test of heterogeneity results of the effect of watering on females and hermaphrodites of NB and LH. *p < 0.05.
7 P d.f. 7 P
sex X seed category 4 0.63 0.96 6 11.34 0.08
treatment X seed category 4 3.87 0.42 6 3.94 0.68
sex X treatment X seed category 4 10.61 0.031" 6 4.68 0.59
total 4 15.11 0.004" 6 18.33 0.003"
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Figure 1. Boxplot of seeds per plant for populations (a) NB
and (b) LH. F, female; H, hermaphrodite; C, control; W,
watered plants. Shown are the median with tenth, twenty-
fifth, seventy-fifth and ninetieth percentiles as horizontal bars.
Points show fifth and ninety-fifth percentiles.
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Figure 2. Average flower numbers per plant + s.e. (back-
transformed log values) for populations (@) NB and (b) LH. F,
female; H, hermaphrodite; C, control; W, watered plants.

to watering conditions (figures 1 and 2). This difference in
response to water results in a higher ratio of female to her-
maphrodite seeds in the dry control conditions than in wet-
ter conditions. Both control and watered LH (bluff)
females and hermaphrodites made approximately the same
number of flowers and seeds (figures 1 and 2).

At NB, there was no significant effect of the watering
treatment on branch number, nor a significantly different
response between the sexes (ANOVA results of In-trans-
formed data: model F55031.28, p = 0.28). There was a
significant effect of branch number on seeds per plant, but
this effect did not differ significantly between the sexes
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Figure 3. Percentage of females per population as a function
of percentage of soil moisture.

for either population (results from logistic regression,
NB: model y%=25.75, p=0.003; branch ;?=22.86,
p=0.0001; sex ﬁ = 0.85, p = 0.36; branch x sex X% =
1.69, p = 0.19; LH: model 1%5 =29.73, p = 0.01; branch
xf = 87.73, p = 0.0001; sex Z% = 3.31, p = 0.07; branch x
sex ;{f = 3.76, p = 0.053). Results using flowers and leaves
per plant as measures of plant size were qualitatively the
same as those for branch number.

(b) Field correlations

(1) Soil moisture and relative seed fitness

Average soil moisture for the four dune and five bluff
populations was 4.06% and 10.68%, respectively. Average
F/H seed was significantly higher for the dune than
for the bluff populations (F/H seed mean * s.e., dune:
2.03+ 0.34, bluff: 1.31+0.20) (7 = 2.21, p < 0.05).

(ii) Soil moisture and sex ratio

The effect of soil moisture on logit-transformed female
frequencies was not significant (Fj,; = 0.78, p = 0.39).
Both maximum female frequencies and variance in female
frequency decreased with increasing soil moisture (figure 3).

4. DISCUSSION
(a) Manipulative water experiment

There was a significant effect of watering on the relative
seed fitness of females and hermaphrodites at the dry site
NB, but not at the wet site LH (table 1). Control NB
hermaphrodites made fewer than half the seeds of control
females, while there was little difference between watered
females and hermaphrodites (figure 1). Hermaphrodites
and females allocated similarly to flowers, but in control
conditions hermaphrodites converted relatively fewer
flowers to capsules and seeds (see figures 1 and 2).

This sex-dependent effect of an environmental factor on
fitness has not been directly shown in other gynodioecious
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(or subdioecious) species, although five studies showed
that fruit production of hermaphrodites decreased with
qualitative decreases in soil moisture (Delph & Lloyd 1991;
Sakai & Weller 1991; Barrett 1992; Wolfe & Shmida 1997;
Asikainen & Mutikainen 2003), and Delph & Carroll
(2001) showed a borderline significant sex-dependent
correlation between fitness measures and site quality for
S. acaulis. Greater relative allocation to female function on
more fertile or wet soils has also been shown for dioecious,
monoecious (Costich 1995) and hermaphroditic (Klink-
hamer & de Jong 1993) species.

There are two possible mechanisms for this sex-depen-
dent allocation effect as a result of resources: plant size
effects or greater hermaphrodite seed plasticity. As plant
size and flower number increase, allocation to maternal
relative to paternal function has been shown to increase
(e.g. Delph 1990; Klinkhamer ez al. 1997; Ashman 1999)
because of local mate competition (de Jong er al. 1999)
and/or the effects of inbreeding depression with pollen
discounting because of geitonogamy (Lloyd 1987). If soil
moisture is correlated with plant size, then larger herm-
aphrodites in wetter sites should allocate relatively more
to seeds than to pollen.

Plant size is not the cause of the sex-dependent allo-
cation found in this study. There was no effect of the water-
ing treatment on plant size for either sex, and the effect of
size on seeds per plant does not differ significantly between
the sexes for either population. Outcrossing rates have been
shown to be high in N. menziesii (72-99%; Schick 1999),
and the number of open flowers on a plant on any given day
is generally small (one to three flowers; C. M. Barr, unpub-
lished data); thus there is little opportunity for geiton-
ogamy.

A second mechanism for the sex-dependent effect of
resources is greater plasticity in hermaphrodite than female
seed production (Delph 1990, 2003; Delph & Lloyd
1991). Hermaphrodites in populations with females gain
more fitness through pollen than through seeds (e.g.
Ramula & Mutikainen 2003), therefore selection may
favour the maintenance of pollen production in all environ-
ments with seed allocation dependent on resources. I did
not measure pollen production in this study; however, if
there is a trade-off between pollen and seed production,
this mechanism could explain the present results.

(b) Field correlations

In addition to the manipulative experiment, I tested
whether a natural gradient in soil moisture affects sex-
dependent seed fitness, and thus whether natural environ-
mental effects may be contributing to sex ratio variation
seen in the field. F/H seed was significantly higher in dry
dune than in wetter bluff sites. This indicates that the seed
advantage of females over hermaphrodites is greater in
drier sites, consistent with the results from the manipula-
tive experiment.

There was no significant effect of soil moisture on female
frequency (figure 3). This result is in contrast to other pub-
lished reports of gynodioecious (or subdioecious) species
(Barrett 1992; Wolfe & Shmida 1997; Ashman 1999; Asi-
kainen & Mutikainen 2003), all of which appear to have
nuclear sex inheritance (Geranmium sylvaticum studied by
Asikainen & Mutikainen (2003) may have nuclear—cyto-
plasmic sex inheritance (P. Mutikainen and E. Asikainen,
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personal communication), but sex ratios appear to be fairly
stable over time in this species), but similar to that of Delph
& Carroll (2001) with S. acaulis, with apparent nuclear—
cytoplasmic sex inheritance. This difference may be
explained by the relative stability of the sex ratio predicted
for species with nuclear sex inheritance versus the unstable
dynamics predicted for those with nuclear—cytoplasmic sex
inheritance.

If sex ratios are unstable and in part determined by gene
flow, then environmental effects on the female seed fitness
advantage (F/H seed) will affect the rate at which the cyto-
plasmic equilibrium is reached and thus the maximum
female frequency, but will not be a predictor of the female
frequency at any given time. The present results with N.
mengziesii are consistent with this idea, suggesting that the
maximum female frequency decreases with soil moisture,
but that individual population sex ratios can be anywhere
below this maximum (figure 3). Alternative explanations to
these data, however, include a positive association between
gene flow (and introduction of nuclear restorers) and soil
moisture (e.g. through pollinator movements), and thus a
negative association between female frequency and soil
moisture; or, a shift from resource to pollinator limitation
as soil moisture increases, resulting in a large resource-
induced difference in female and hermaphrodite seeds at
low soil moistures, but a limited difference between the
sexes at higher soil moisture as a result of equal pollen limi-
tation. While large-scale differences in soil moisture among
sites are likely to be fairly constant, one caveat to an
interpretation of an observed correlation between soil
moisture and sex ratio is that soil moisture and selection for
changes in the sex ratio may change at different rates;
therefore any one-year measure of soil moisture may not be
predictive of current sex ratios.

In conclusion, it appears that soil moisture can affect the
relative fitness of females and hermaphrodites in N. menzie-
s11; however, environmental effects are not the sole determi-
nant of the sex ratio. A plausible explanation of natural sex
ratio variation is the combination of environmentally con-
trolled fitness effects and gene flow dynamics driven by
conflict.

I am very thankful to Point Reyes National Seashore and the
University of California Natural Reserve System for providing
housing and access to my field sites. I thank my advisors S.
Weller and S. Frank for support and help through all steps of
this project. I thank J. McLister for much help with discussion
of ideas, editing, and field and greenhouse work. B. Newcomb
and D.H. assisted with the use of S-rLus analysis. I thank
G. Barr for additional field housing. I thank D. Campbell,
A. Sakai, J. Reithel, A. Ellis, C. Dominguez, A. Weis,
L. Delph, and one anonymous reviewer for much helpful edit-
ing of this manuscript. Funding was provided with a grant
from the Explorer’s Club and a Dissertation Improvement
Grant from the National Science Foundation DEB-0073550.

REFERENCES

Alonso, C. & Herrera, C. M. 2001 Neither vegetative nor
reproductive advantages account for high frequency of
male-steriles in southern Spanish gynodioecious Daphne
laureola (Thymeleaceae). Am. J. Bot. 88, 1016-1024.

Ashman, T.-L. 1999 Determinants of sex allocation in a gyno-
dioecious wild strawberry: implications for the evolution of
dioecy and sexual dimorphism. ¥. Evol. Biol. 12, 648—661.



C.M.Barr 1939

Soil moisture and the sex ratio

Asikainen, E. & Mutikainen, P. 2003 Female frequency and
relative fitness of females and hermaphrodites in gyno-
dioecious Geranium sylvaricum (Geraniaceae). Am. ¥. Bot.
90, 226-234.

Barrett, S. C. H. 1992 Gender variation and the evolution of
dioecy in Wurmbea dioica (Liliaceae). ¥. Evol. Biol. 5,423-444.

Charlesworth, B. & Charlesworth, D. 1978 A model for the
evolution of dioecy and gynodioecy. Am. Nat. 112, 975-997.

Costich, D. E. 1995 Gender specialization across a climactic
gradient: experimental comparisons of monoecious and
dioecious Ecballium. Ecology 76, 1036—1050.

Cruden, R. W. 1972 Pollination biology of Nemophila menziesit
(Hydrophyllaceae) with comments on the evolution of
oligolectic bees. Evolution 26, 373-389.

de Jong, T. J., Klinkhamer, P. G. L. & Rademaker, M. C. J.
1999 How geitonogamous selfing affects sex allocation in
hermaphrodite plants. J. Evol. Biol. 12, 166-176.

Delph, L. F. 1990 Sex-ratio variation in the gynodioecious
shrub Hebe strictissima (Scrophulariaceae). Evolution 44,
134-142.

Delph, L. F. 2003 Sexual dimorphism in gender plasticity and
its consequences for breeding system evolution. Evol. Dev.
5,34-39.

Delph, L. F. & Carroll, S. B. 2001 Factors affecting relative
seed fitness and female frequency in a gynodioecious spe-
cies, Silene acaulis. Evol. Ecol. Res. 3,487-505.

Delph, L. F. & Lloyd, D. G. 1991 Environmental and genetic
control of gender in the dimorphic shrub Hebe subalpina.
Evolution 45, 1957-1964.

Frank, S. A. 1989 The evolutionary dynamics of cytoplasmic
male sterility. Am. Naz. 133, 345-376.

Ganders, F. R. 1978 The genetics and evolution of gynodioecy
in Nemophila menziesii (Hydrophyllaceae). Can. ¥. Bot. 56,
1400-1408.

Gouyon, P.-H., Vichot, F. & Van Damme, J. M. M. 1991
Nuclear—cytoplasmic male sterility: single-point equilibria
versus limit cycles. Am. Nat. 137,498-514.

Kaul, M. L. H. 1988 Male steriliry in higher plants. Berlin:
Springer.

Klinkhamer, P. G. L. & de Jong, T. J. 1993 Phenotypic gender
in plants: effects of plant size and environment on allocation
to seeds and flowers in Cynoglossum officinale. Oikos 67, 81-86.

Proc. R. Soc. Lond. B (2004)

Klinkhamer, P. G. L. & de Jong, T. J. 1997 Size-dependent
sex allocation to male and female reproduction. In Plant
resource allocation (ed. F. A. Bazzaz & J. Grace), pp. 211-
229. London: Academic.

Klinkhamer, P. G. L., de Jong, T. J. & Metz, H. 1997 Sex and
size in cosexual plants. Trends Ecol. Evol. 12,260-265.

Krohne, D. T., Baker, I. & Baker, H. G. 1979 The mainte-
nance of the gynodioecious breeding system in Plantago lan-
ceolata L. Am. Mid. Nat. 103, 269-279.

Lewis, D. 1941 Male sterility in natural populations of
hermaphrodite plants. New Phytol. 40, 56—63.

Lloyd, D. G. 1987 Allocations to pollen, seeds and pollination
mechanisms in self-fertilizing plants. Funct. Ecol. 1, 83—89.
Maletskii, S. I., Sukhareva, N. B. & Baturin, S. O. 1994 Sex
inheritance in apomictic seedlings of garden strawberry

(Fragaria ananassa Duch.). Genetika 30, 237-243.

Mathsoft Inc. 1999 S-rLUs guide to statistics, vol. 1. Seattle,
WA: Mathsoft Inc.

Ramsey, M. & Vaughton, G. 2002 Maintenance of gyno-
dioecy in Wurmbea biglandulosa (Colchicaceae): gender dif-
ferences in seed production and progeny success. L Syst.
Evol. 232, 189-200.

Ramula, S. & Mutikainen, P. 2003 Sex allocation of females
and hermaphrodites in the gynodioecious Geranium
sylvaticum. Ann. Bot. 92,207-213.

Sakai, A. K. & Weller, S. G. 1991 Ecological aspects of
sex expression in subdioecious Schiedea globosa (Cary-
ophyllaceae). Am. §. Bot. 78, 1280-1288.

Schick, C. T. 1999 The evolution of geographic variation in
flower size in Nemophila menziesii (Hydrophyllaceae): tests
of random and deterministic causes. PhD thesis, University
of California, Santa Barbara.

Sokal, R. R. & Rohlf, F. J. 1995 Biometry: the principles and
practice of statistics in biological research, 2nd edn. New York:
Freeman.

Wilson, K. & Hardy, I. C. 2002 Statistical analysis of sex
ratios: an introduction. In Sex ratios, concepts and research
methods (ed. 1. C. W. Hardy), pp. 48-92. Cambridge
University Press.

Wolfe, L. M. & Shmida, A. 1997 The ecology of sex
expression in a gynodioecious Israeli desert shrub
(Ochradenus baccatus). Ecology 78, 101-110.



	Soil moisture and sex ratio in a plant with nuclear-cytoplasmic sex inheritance
	INTRODUCTION
	METHODS
	Study species and site
	Manipulative water experiment
	Field correlations
	Soil moisture and sex ratios

	RESULTS
	Manipulative water experiment
	Field correlations

	DISCUSSION
	Manipulative water experiment
	Field correlations

	REFERENCES


