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ABSTRACT

Questions: A population’s sex ratio is a trait that can have profound effects on fitness and is
thus under strong selection. Despite the presence of predicted population-level sex ratios that
optimize individual fitness, many plant population sex ratios have been theorized to be driven
by gene-level processes that are expected to result in both spatially and temporally unstable
sex ratios. Do sex ratios in Nemophila menziesii vary spatially and temporally, and does the
temporal variation follow predictions based on theoretical models?

Study system: The annual plant Nemophila menziesii Hook. & Arn. in 16 California
populations at various spatial scales over a period of 5 years.

Methods: I measured spatial and temporal variation in sex ratio for a gynodioecious plant
with cytoplasmic male sterility over a period of 5 years. I used Moran’s I to estimate the spatial
scale at which the sex ratio varied the most. I used Mantel tests and regression analyses to detect
sex-ratio variation among years.

Results: Spatial autocorrelation in sex ratio was highest at small (0.25 m2) spatial scales.
Temporal variation in sex ratio was most apparent at the within-population scale, and did not
follow expectations based on simple models of cytoplasmic male sterility. These results provide
rare small-scale spatial and long-term temporal evidence of sex-ratio variation and indicate that
some recent information on the complicated inheritance and expression of cytoplasmic male
sterility may be important in determining sex-ratio dynamics in natural populations.

Keywords: cytoplasmic male sterility, genomic conflict, gynodioecy, nuclear–cytoplasmic sex
inheritance, sex ratio.

INTRODUCTION

Most plants are hermaphrodites, but approximately 6% of plant species have populations
with individuals that are male sterile (= female), a breeding system called gynodioecy
(Yampolsky and Yampolsky, 1922; Sakai and Weller, 1999). The origins of male sterility, the conditions that
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allow its maintenance in populations, and the mechanisms underlying sex-ratio variation in
natural populations have been topics of considerable study since Darwin (1877). A major
advance in the field came with the understanding that many gynodioecious species currently
have or have had a history of genetic sex determination that involves selfish elements
and interactions between nuclear and cytoplasmic genes (Correns, 1906; Cosmides and Tooby, 1981;

Kheyr-Pour, 1981; Kaul, 1988). With this understanding came several novel expectations of sex-ratio
dynamics, most prominent that frequencies of both the cytoplasmic and nuclear sex-
determining genes, and therefore sex ratios, should be variable through space and time
(Gouyon and Couvet, 1987; Frank, 1989; Gouyon et al., 1991). This expectation was in contrast to earlier
predictions based on individual-level selection in which populations were expected to reach
an optimal equilibrium sex ratio depending on the relative fitnesses of the two sex morphs
(e.g. Charlesworth and Charlesworth, 1978).

Gynodioecy in many species is traced to mitochondrial genes that cause male sterility, a
genetic system known as cytoplasmic male sterility (CMS) (Correns, 1906; Cosmides and Tooby, 1981;

Kaul, 1988; McCauley and Olson, 2008). Nuclear genes, called nuclear restorers, suppress the
male-sterile phenotype and restore hermaphroditism. Nuclear and mitochondrial genes
are transmitted differentially, with nuclear genes being transmitted biparentally and
mitochondrial genes transmitted maternally through the matrilineal transmission of
cytoplasm. Because of these differences in transmission, nuclear and cytoplasmic genes
optimize fitness by different strategies (nuclear genes through equal allocation to male and
female gametes, and cytoplasmic genes through allocation purely to female gametes), and
an arms race between CMS genes and nuclear restorers is expected (Gouyon and Couvet, 1987;

Frank, 1989; Gouyon et al., 1991; Burt and Trivers, 2006).
Under simple CMS models, sex ratios are expected to oscillate over time (Gouyon and Couvet,

1987; Frank, 1989; Delph et al., 2007). If a novel CMS cytotype with a fitness advantage over fertile
cytotypes enters a population, either through migration or mutation, it is expected to
increase in frequency until the fitness advantage disappears (for example, because of pollen
limitation), or until the restorer allele arrives. The restorer will then increase in frequency,
and drive the female frequency back down. This cycle is expected to repeat itself with the
introduction of a new unrestored cytotype, or loss of the restorer as a consequence of drift
or negative pleiotropic costs (Frank, 1989; Bailey, 2002). Some anecdotal evidence supports these
straightforward predictions (van Damme, 1986).

Over the past decade, however, many details about CMS systems have come to light
that may complicate expected sex-ratio dynamics. For example, there is evidence that the
inheritance of CMS genes may be complex, with some CMS genes being carried on small,
low-frequency genomic molecules called ‘sublimons’ whose genes become expressed only
with a trigger that increases these molecules to high frequency (Bellaoui et al., 1998; Janska et al., 1998;

Arrieta-Montiel et al., 2001). These types of details of the inheritance and expression of
cytoplasmic male sterility and restorers have the potential to dramatically affect sex-ratio
dynamics, but it is unclear how much they actually contribute to sex-ratio variation in
natural populations.

The types of spatial and temporal patterns that exist are also dependent on other
parameters such as gene flow within and among populations, rate of generation of novel
sex-determining genes, and the genetic details of sex determination. In addition, there has
been relatively little testing of sex-ratio models through documentation of sex-ratio patterns
in natural populations. In particular, few studies have experimentally measured temporal
sex-ratio variation in species with known cytoplasmic male sterility (Krohne et al., 1980; Belhassen
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et al., 1989). Of the few studies that have measured spatial sex-ratio variation, most have been
restricted to relatively large spatial scales (van Damme, 1986; Belhassen et al., 1989; de Haan et al., 1997;

Asikainen and Mutikainen, 2003; Murayama et al., 2004; Olson et al., 2005; but see van Damme, 1986; de Haan, 1996; Klaas

and Olson, 2006), which may miss expected small-scale variation (Frank, 2000). Patchiness in the sex
ratio is a function of gene flow and selective effects and can be an important contributor to
population-level sex ratios (Graff, 1999; McCauley et al., 2000).

Taken together, the many factors contributing to sex-ratio variation across space
and time in gynodioecious species, and the paucity of data from natural populations,
means that we still have only a superficial understanding of how and why sex ratios vary.
This also means that parameterizing null models defining stochastic sex-ratio variation
is difficult.

In the present study, I measure temporal and spatial sex-ratio variation at both large
and small spatial scales in an annual gynodioecious plant with cytoplasmic male sterility,
Nemophila menziesii. I test whether temporal sex-ratio variation follows simple expectations
of either increasing or decreasing female frequency over time, and do this at the spatial
scale at which the sex ratio varies most. A violation of simple models may indicate that
recent insights into the genetics and inheritance of cytoplasmic male sterility may be
important in determining natural population sex ratios. This study has the advantage of
testing for temporal and spatial variation at spatial scales at which gene flow is likely
to occur, over a period of up to 5 years, and of working with an annual plant in which
short-term sex-ratio variation can be measured. The present study is also a first step in
establishing parameters for spatial and temporal variation that could be used to develop
theory for the null expectations of sex ratios in CMS systems.

MATERIALS AND METHODS

Study species

Nemophila menziesii (Hydrophyllaceae) is an annual plant endemic to California and
Oregon. Crosses show that male sterility is encoded by at least two different cytoplasmic
types and that at least two nuclear restorer genes exist (Ganders, 1978; Barr, 2004a and unpublished data).

Nemophila menziesii flowers in early spring and is insect-pollinated (Cruden, 1972; C.M. Barr,

personal observation) and self-compatible. In six mostly hermaphroditic populations, outcrossing
rates have been shown to be high, between 70 and 90% (Schick, 1999). Frequencies of females in
populations vary between 0 and 50% (Barr, 2004a, 2004b). While seeds can remain dormant for
more than a year, germination studies of field-collected soil indicate that the seed bank does
not contribute substantially to standing populations (Cruden, 1974; C.M. Barr, unpublished data). In
the present study, I sampled 16 populations, most of which were located on the Point Reyes
Peninsula of California (Fig. 1).

The seeds and pollen of N. menziesii are primarily dispersed by ants and solitary bees.
Both taxa are known to have small foraging ranges (sometimes smaller than 1 m) (Cruden, 1972;

Hughes et al., 1994; Kalisz et al., 1999; Gathmann and Tscharntke, 2002), and are likely important determinants
of the patchy distribution of N. menziesii populations, which are usually separated from
others by more than 50 m. Moreover, most pollen dispersed by bees is deposited on the first
few flowers visited (Richards, 1997). This means that sex ratios may vary on very small spatial
scales that are potentially less than 1 m.
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Fig. 1. Map of California showing all populations used in the present study. The Point Reyes
Peninsula is shown in the inset.
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Spatial sex-ratio variation

I ran tests for spatial and temporal sex-ratio variation on 2–5 years of sex-ratio data
collected in 0.25 m2 (0.5 × 0.5 m) quadrats for three populations (NBsm, NBlg, and BB-MP)
(Table 1). These populations were selected because they encompass two different habitat
types – sandy dune (NBsm and NBlg) and coastal bluff (BB-MP) – and should provide
a good range to draw general conclusions about N. menziesii. For two of these populations
(BB-MP and NBlg), I measured sex ratios within 0.25 m2 quadrats along a 1-m wide
transect that traversed the entirety of the populations, approximately 2000 m2. For the third
population (NBsm), I sampled the entire population in 0.25 m2 quadrats. The number of
quadrats that contained plants varied from 158 to 540 for NBsm, 114 to 119 for NBlg, and
72 to 75 for BB-MP, depending on the year. Plant densities averaged 4.2–5.4 flowering
plants per m2 for NBlg, 0.6–2.8 per m2 for NBsm, and 14–29 per m2 for BB-MP.

To examine the spatial scale at which female frequencies vary, I used Moran’s I to
compare spatial autocorrelation of female frequency at distances ranging from 0.5 m to
15 m for two populations, NBsm and BB-MP. These two populations represent two distinct
habitat types: NBsm is a sand dune population with small plants and low plant densities,
while BB-MP is a coastal bluff population in which plants are larger and more densely
distributed. If populations differed in spatial clustering, it is likely that this would be most
apparent from a comparison between these two populations. Analyses were performed in
ArcGIS 9.0 on female frequency data in 0.25 m2 (0.5 × 0.5 m) quadrats. Significance was
assessed using a randomization procedure.

Temporal sex-ratio variation

I performed two tests to measure temporal variability in sex ratio. First, I used the program
Arlequin (Schneider et al., 2000) to run Mantel tests comparing matrices of the differences in
female frequency among all quadrats, with each quadrat compared to itself across years,
between pairs of years. This was done at the spatial scale with the maximum clustering of
female frequency determined by Moran’s I (0.25 m2). Cells that had missing data in either
year were removed from the analysis. Sample sizes varied depending on the year-pair:
BB-MP, n = 62; NBlg, n = 54–62; NBsm, n = 46–196. I tested year-pairs at intervals ranging
from 1 to 4 years (one year equals one generation). A significant Mantel test indicates that
the female-frequency variation among cells is different from year to year, and thus is a
measure of temporal sex-ratio variation. Second, I regressed the sex ratio of each 0.25 m2

Table 1. Populations, years sampled, and sampling method for sex-ratio
scoring

1-m transect Entire population

Year sex ratios scored BB-MP NBlg NBsm

1999 X X X
2000 X X
2001 X X
2002 X
2003 X X
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quadrat in one year against that from the previous year. The Mantel test may provide a
more robust indicator of temporal variation in sex ratios for cases in which individual cells
vary but the spatial distribution of sex ratios is generally preserved across the matrix.

I also analysed yearly change in whole-population sex ratios from 13 populations. I ran
two analyses using non-overlapping sets of year pairs: 1998–1999 and 2000–2001 for the
first analysis (populations NBlg, NBsm, SBlg, BB-MP, BB-HC, LH1, LH2, LH4, LH5),
and 1999–2000 and 2001–2002 for the second analysis (populations LH1, LH2, LH4, LH5,
BB-MP, BB-HC, HastBH, HastNH, FM, NBsm, SBsm). I regressed population-level female
frequency for one year against that of the previous year (not all populations could be
analysed with each set of year-pairs because of missing data). This analysis allows a
comparison of results from the small within-population spatial scales with those from
the more traditionally measured whole-population scale. All frequency data were
arcsine-square root transformed.

RESULTS

Spatial sex-ratio variation

In both sites, the highest spatial autocorrelation for sex ratio usually occurred at the smallest
distance class (0.5 m) and generally decreased with increasing distance (Fig. 2). Values of
the Moran’s I test statistic greater than 0.01 and 0.02 were generally significant for NBsm at
P < 0.05 and P < 0.01, respectively; no values were significant for BB-MP (Fig. 2). This is
likely a consequence of the higher sample sizes for NBsm relative to BB-MP. For the
analyses of temporal sex-ratio variation I used the smallest block size, identified as 0.25 m2

by spatial autocorrelation.

Temporal sex-ratio variation

At the spatial scale for which clustering was most pronounced within populations (0.25 m2),
the Mantel tests suggest that the correlation between female frequency in successive years
is at most weak (Table 2). Following Bonferroni-correction for multiple tests (α ≤ 0.004),
only a single correlation (NBsm 2002–2003) was significant. In all cases, the correlation
between years was less than 4%, and none of the within-population regression models were
significant (data not shown).

At the whole-population scale, there was a significant positive relationship between sex
ratios across years, and this was much stronger than at the 0.25 m2 spatial scale (r2 = 0.84
and 0.93 for the 1998–1999/2000–2001 and 1999–2000/2001–2002 year-pairs, respectively).
However, it is clear that there is substantial yearly variation in the sex ratio at the population
scale (Fig. 3).

DISCUSSION

The data presented show clear evidence for spatial and temporal sex-ratio variation, as
predicted. I found some evidence with the whole-population regressions suggesting that
sex ratios are correlated in time; nonetheless, female frequency was observed to be highly
variable over intervals of one or two generations, and did not follow the primarily
increasing or decreasing pattern expected under simple CMS sex-ratio models (Gouyon and
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Couvet, 1987; Frank, 1989) (Table 2, Fig. 3). Both with metapopulation-driven (Frank, 1989) and
limit-cycle-driven sex-ratio dynamics (Gouyon and Couvet, 1987; Bailey et al., 2003), continuously
increasing or decreasing female frequencies are expected at least over several generations.

The much lower correlation at the within-population 0.25 m2 scale compared with the
whole-population scale, as well as the drop-off in any correlation after one generation at the
0.25 m2 scale, suggests that, as would be expected, average sex ratios in a population do
not change dramatically from year to year, but that sex ratios of local patches do. In
N. menziesii, sex is highly heritable [at NBsm, seeds from females grown in the greenhouse
segregated 68–84% females, whereas seeds from hermaphrodites segregated only 14–31%

Fig. 2. Plots (correlograms) of Moran’s I between the sex ratios of 0.25 m2 blocks at increasing
distances from each other. Data shown for two populations: (a) NBsm and (b) BB-MP. Open symbols
indicate significance at the 0.01 level (there was no significance for any of the points in 2001 at
P < 0.01).
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females; at BB, these numbers were 68% and 14%, respectively (C.M. Barr, unpublished data)], thus
if there were no gene flow, temporal correlation of the sex ratio might be expected; the lack
of yearly correlation at the patch level suggests that seed movement is occurring in this
annual plant.

These results support what many researchers have anecdotally observed – that sex-ratio
dynamics in species with cytoplasmic male sterility are complicated and do not fit simple
models. This may be due to a number of factors (McCauley and Olson, 2008), such as complex
genetics of inheritance and nuclear restoration (Charlesworth and Laporte, 1998; Taylor et al., 2001;

Emery and McCauley, 2002; van Damme et al., 2004; Wang et al., 2006; Bailey and Delph, 2007). This complexity
includes recent evidence that mitochondria may be inherited paternally, which affects
the expectations for the fitness and spread of CMS-carrying cytotypes (McCauley et al., 2005;

Welch et al., 2006).
The spatial scale at which sex ratio is autocorrelated is smaller (0.5 m to approxim-

ately 4.0 m) than is typically considered, and supports the hypothesis that low seed and
pollen dispersal along with the biased sex ratios expected in species with cytoplasmic male
sterility may be important determinants of spatial pattern (van Damme, 1986; Manicacci et al., 1996;

Fig. 3. Plot of population female frequencies for 16 populations over 5 years. Dashed lines indicate
one year of missing data.
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Graff, 1999). Positive values of Moran’s I indicate positive correlation among adjacent blocks;
the highest autocorrelation occurs at the smallest spatial scale measured (0.5 m) and drops
to zero at different spatial scales in different years, but generally around 5 m. This patchiness
also suggests that selective effects of sex ratio may occur at small scales (Graff, 1999). Patch
size is likely a product of genotypic composition of the population and the distances of
seed and pollen movement, and can substantially affect sex-ratio dynamics (Graff, 1999;

McCauley et al., 2000).
Patch sizes for Plantago lanceolata appear to be larger than for N. menziesii, on the scale

of 10 m or more, although the methods used to measure patch size were different for the two
species (van Damme, 1986; de Haan, 1996). Both seed and pollen dispersal distances for P. lanceolata
are low [seed: 0.1 m per generation (Bos et al., 1986); pollen: 1.5 m per generation (Bos et al., 1986),
1.3 m per generation (Tonsor, 1990)] despite wind pollination. The smaller patch size in
N. menziesii may reflect even lower pollen movement from solitary insect pollination.

It is also important to consider that sex ratios are expected to vary both spatially
and temporally because of stochastic variation. Determining the null model against
which to test whether observed sex-ratio patterns are caused by the selective effects of
selfish cytoplasmic and nuclear elements, however, is not a simple matter. Two factors
contribute, in part, to this difficulty: the unknown time scale of CMS-driven sex-ratio
dynamics, and assumptions of how stochastically determined sex ratios in these systems are
distributed. The present study is a first step in establishing parameters for spatial and
temporal variation that could be used to develop theory for the null expectations of sex
ratios in CMS systems.

One potential result of temporally and spatially unstable sex ratios is reduced evolution
of increased maleness in hermaphrodites, as predicted by sex-ratio theory (Dusing, 1884; Fisher,

1930; Shaw and Mohler, 1953; Charlesworth and Charlesworth, 1978). In addition to the genetic impediments
to the evolution of increasing maleness in CMS populations, dioecy may also not evolve
in CMS systems because of the cyclical nature of female frequencies. Depending on
the magnitude and duration of these cycles, species with cytoplasmic male sterility
may experience average low female frequencies, insufficient for the evolution of dioecy,
despite periods of very high female frequencies [up to 95% in some species (Frank and Barr,

2002)]. Preliminary data with N. menziesii show no correlation between sex ratio and
hermaphrodite allocation to pollen or to seeds at either small or whole-population scales,
potentially indicating that dioecy is unlikely to evolve in this system (C.M. Barr, unpublished data).
However, other researchers have found a negative correlation between female frequency and
hermaphrodite male allocation (Webb, 1979; Delph, 1990; Barrett, 1992; Wolfe and Shmida, 1997; Ashman, 1999),
and the results of Manicacci et al. (1998) with Thymus vulgaris, a species with well-known
cytoplasmic male sterility, show a correlation between sex allocation and sex ratio across
species, suggesting that hermaphrodite sex allocation in species with cytoplasmic male
sterility can respond to female frequency. Long-term selection experiments in populations
of fixed sex ratio may help to determine whether hermaphrodite sex allocation can evolve
in the presence of females in species with cytoplasmic male sterility, and comparative
approaches that measure the effect of long-term sex-ratio averages may be fruitful.

In conclusion, sex ratio in populations of Nemophila menziesii is marked by both
spatial and temporal variation. Temporal sex-ratio variation is one of the hallmarks of
expected sex-ratio dynamics under a system of selfish evolution, but the nature of this
variation will be dependent upon many factors. The present data indicate that simple
dynamics based on sex-morph based fitness differences, straightforward sex inheritance, and
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simple models of gene flow are not sufficient to explain sex-ratio dynamics in N. menziesii.
The presence of both temporal and spatial sex-ratio variation also suggests that seed and
pollen dispersal is sufficient to erase patch-level spatial variation from year to year, but low
enough to generate relatively small patch sizes. Patch size can be an important determinant
of parameters influencing long-term sex-ratio dynamics, and may be smaller than often
considered.
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