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e Background and Aims Self-fertilizing taxa are often found at the range margins of their progenitors, where sub-
optimal habitats may select for alternative physiological strategies. The extent to which self-fertilization is
favoured directly vs. arising indirectly through correlations with other adaptive life history traits is unclear.
Trait responses to selection depend on genetic variation and covariation, as well as phenotypic and genetic
responses to altered environmental conditions. We tested predictions of the hypothesis that self-fertilization in
Mimulus arises through direct selection on physiological and developmental traits that allow seasonal drought
escape.

e Methods Phenotypic selection on mating system and drought escape traits was estimated in field populations of
M. guttatus. In addition, trait phenotype and phenotypic selection were compared between experimental wet and
dry soil in two greenhouse populations each of M. guttatus and M. nasutus. Finally, genetic variation and covar-
iation for traits were compared between wet and dry soil treatments in a greenhouse population of M. guttatus.
e Key Results Consistent with predictions, selection for early flowering was generally stronger than for mating
system traits, and selection for early flowering was stronger in dry soil. Inconsistent with predictions, selection
for water-use efficiency was largely absent; selection for large flowers was stronger than for drought escape in
the field; and most drought escape and mating system traits were not genetically correlated. A positive genetic
correlation between flowering time and flower size, which opposed the adaptive contour, emerged only in wet
soil, suggesting that variation in water availability may maintain variation in these traits. Plastic responses to
soil moisture treatments supported the idea that taxonomic divergence could have been facilitated by plasticity
in flowering time and selfing.

e Conclusions The hypothesis that plant mating systems may evolve indirectly via selection on correlated life
history characteristics is plausible and warrants increased attention.
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INTRODUCTION

The evolution of self-fertilization from predominant cross-
fertilization is the most common reproductive transition in
flowering plants (Stebbins, 1974). Characteristic morphologi-
cal, life history and physiological changes accompany the tran-
sition to predominant self-fertilization. For example, the
evolution of selfing is often associated with reductions in
flower size and herkogamy (Wyatt, 1988), more rapid floral
development (Armbruster et al., 2002; Mazer et al., 2004;
Dudley et al., 2007), earlier onset of flowering (Mazer et al.,
2004; Martin and Willis, 2007) and, in some plants, a shift
toward a ‘drought escape’ physiological strategy in which
rapid development, high photosynthetic rate and low water-use
efficiency (WUE) minimize exposure to water stress (Kiang
and Hamrick, 1978; Mazer et al., 2010; Wu et al., 2010). It
is unclear whether these trait changes facilitate the transition
to selfing or occur as a consequence of mating system
evolution.

Self-fertilization may evolve, for example, because of its
direct selective advantage, such as the ability to reproduce
when pollinators or mates are scarce, that outweighs any

disadvantages, such as inbreeding depression (Lloyd, 1992;
Uyenoyama et al, 1993; Goodwillie et al, 2005;
Charlesworth, 2006). The advantage of selfing may be more pro-
nounced at range margins where environmental conditions may
be sub-optimal, population sizes small and pollinator recruit-
ment difficult (Pujol er al., 2009). Indeed, biogeographical
studies have found that selfing species are often found at the per-
iphery of the ranges of their outcrossing progenitors (Solbrig and
Rollins, 1977; Kiang and Hamrick, 1978; Schoen, 1982; Wyatt,
1988; Macnair et al., 1989; Moeller, 2006).

Environmental conditions at range margins may also impose
selection on physiological or developmental traits that are not
directly associated with mating system, but that confer higher
fitness in sub-optimal habitats (Kiang and Hamrick, 1978;
Macnair et al., 1989; Arntz and Delph, 2001; Angert, 2006).
In seasonally dry climates, for example, seeds dispersing
into areas that dry earlier in the season will experience
strong selection for faster or earlier development (Stanton
et al., 2000; McKay et al., 2003; Hall and Willis, 2006;
Levin, 2006; Franks et al., 2007). Rapid plant or floral devel-
opment may permit shorter life spans, which could allow
plants to reduce drought exposure. Similarly, plants with
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more rapidly developing flowers may enjoy reduced evapotran-
spiration costs associated with maintenance of fresh corolla
tissue (e.g. Galen, 1999). Furthermore, rapid floral develop-
ment may indirectly lead to higher rates of self-fertilization,
as faster development can reduce herkogamy or dichogamy
(Arroyo, 1973; Fenster et al., 1995; Armbruster et al., 2002;
Mazer et al., 2004; Dudley et al., 2007). In this case, selfing
may evolve in rapidly drying habitats as an indirect conse-
quence of selection for drought escape because of the advan-
tages of compressed within-flower developmental rates
(Mazer et al., 2010).

Spatial or temporal variation in environmental conditions
may alter genetic variation and covariation for life history
and mating system traits, although the extent to which this con-
strains or drives trait evolution has received little empirical
consideration. Sufficient additive genetic variation is required
for mating system and drought adaptation traits to respond to
natural selection. On the other hand, traits may evolve
indirectly through natural selection if they are correlated
with other traits under direct selection (Lande and Arnold,
1983). Environmental fluctuations such as variance in rainfall
patterns, however, can alter the strength of selection, the mag-
nitude of additive genetic variation and even the sign of phe-
notypic correlations among traits. This can lead to shifts in the
expectations for evolutionary change over time. For example,
Murren et al. (2009) found significant genetic variation for
flowering time only under experimentally wet soil conditions.
Similarly, Juenger and Bergelson (2000) found that selection
on architecture and flowering time of Ipomopsis aggregata
plants were significantly correlated, but only when plants
experienced herbivore damage. Environmental variation may
similarly lead to shifts in genetic correlations, which could
mean that constraints on adaptive evolution vary with environ-
mental conditions (Sgro and Hoffmann, 2004).

Field and greenhouse experiments were conducted to evalu-
ate the hypothesis that mating system divergence between
Mimulus guttatus and M. nasutus has been driven by selection
on physiological and developmental traits that allow plants to
avoid seasonal drought characteristic of their native California
habitat. Specifically, the following predictions associated with
this hypothesis were tested: (1) if the mating system evolves
indirectly through its correlations with drought escape, then
physiological or developmental traits should experience stron-
ger direct selection than mating system traits; (2) selection
favouring drought escape traits should be stronger in exper-
imentally dry environments; and (3) drought escape traits
and mating system traits should be genetically correlated. In
addition, the magnitude and direction of phenotypic plasticity
in mating system, developmental and physiological traits were
examined by comparing plants grown in experimental wet and
dry soil treatments. We also tested for the effect of these
environments on the expression of genetic variation and
genetic correlations among these traits.

MATERIALS AND METHODS
Mimulus

Mimulus guttatus DC (formerly Scrophulariaceae now
Phrymaceae, Beardsley et al., 2002) is a herbaceous plant
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native to western North America that occurs in open, moist
environments, such as seeps and springs. Throughout much
of its range, it is common in temporary ponds or roadside
ditches. In such environments, it grows as a winter annual, ger-
minating with the autumnal rains characteristic of its
Mediterranean climate, persisting as a small rosette through
the winter, flowering during the spring, and finishing its life
with the summer drought. In some environments that remain
wet year-round, however, it can spread rhizomatously as a per-
ennial (Dole, 1992). Population sizes fluctuate dramatically
(Vickery, 1999) and, as a consequence, founder effects, extinc-
tion, recolonization and inbreeding have shaped its history.
This is mirrored in its variable mating system, which ranges
from about 75 % selfing to complete outcrossing (Ritland
and Ritland, 1989; Dudash and Ritland, 1991; Willis, 1993;
Ivey and Carr, 2005).

Mimulus guttatus or a similar taxon is considered to be the
progenitor of a closely related group of species that vary
remarkably in life history, morphology, mating system, physi-
ology and edaphic preference (Vickery, 1978; Ritland and
Ritland, 1989; Macnair and Gardner, 1998; Sweigert and
Willis, 2003; Beardsley et al., 2004; Wu et al., 2008). Many
of these features vary characteristically with mating system.
For example, another member of this group, M. nasutus, is
highly selfing and, in comparison with M. guttatus, begins
flowering earlier, produces smaller flowers with reduced her-
kogamy, occurs in sites that dry sooner in the summer, com-
pletes its life cycle more quickly and is better adapted to
drought conditions (Kiang and Hamrick, 1978; Ritland and
Ritland, 1989; Martin and Willis, 2007; Wu et al., 2010).

Field study

Phenotypic selection for mating system, developmental and
physiological traits was estimated in two annual populations of
M. guttatus in Lassen National Forest, Butte County,
California, USA. One population (Colby Creek, ‘COL’;
40°7'N, 121°29'W, 1500 m elevation) occurred along the
margin of a stream, and the other (Scott’s John Meadow,
‘SIM’; 40°06'N, 121°25'W, 1762 m elevation) was in a sea-
sonally wet meadow. Vouchers from each population are
housed in the Chico State herbarium (CHSC). On 19 June
2007, when most plants had two pairs of leaves, 100 (COL)
and 200 (SIM) seedlings were labelled at regular intervals
along transects. Plants were monitored every other day
throughout the season, and traits measured as described
below. Fruits were collected throughout the season as they
matured, and above-ground biomass was collected as plants
entered senescence. On 20 August, after the end of the flower-
ing season, above-ground biomass of any remaining plants was
collected.

Greenhouse experiments

Two experiments were conducted in the greenhouse. The
first examined the effect of water availability on plasticity
and selection for mating system, developmental and physio-
logical traits. This study involved two populations each of
M. guttatus (Coal Canyon Road, ‘CCR’; 39°36'N, 121°36'W,
155m elevation; and Dry Creek, ‘DRC’; 39°37'N,
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121°37"W, 79 m elevation) and M. nasutus (Cohasset Road,
‘COH’; 39°49'N, 121°50'W, 107 m elevation; and Honeyrun
Road, ‘HON’; 39°42'N, 121°46'W, 84 m elevation), all of
which occurred in roadside ditches. We did not measure
water availability in these populations, but seasonal rainfall
totals varied from 512 to 1240 mm in the decade preceding
this study (http:/www.wrcc.dri.edu/), and soil conditions in
which plants occurred varied from inundated pools to appar-
ently quite dry. Based on this apparent variation in access to
water, we assumed that phenotypic plasticity in response to
water might be observed in these populations. Vouchers
from each population are housed in the CHSC. From each
population 110 open-pollinated seed families were collected,
and approx. 25 seeds from each family were sown onto wet
soil in each of two 5 x 5 cm pots. The potting soil was com-
posed of equal parts of peat, sand, pumice and redwood
compost. Each set of pots was arranged randomly within
trays. Trays were randomly assigned to one of three green-
house benches, placed under 400 W sodium-vapour lights
for a 16 h daylength, and maintained in standing water. After
2 weeks, pots were thinned to leave one randomly chosen
seedling in each pot. After thinning, each tray was fertilized
once with 800 mL of Peter’s 20-20-20 (Scotts, Marysville,
Ohio, USA) at 1.5g L™ "

Twenty-five days after sowing, plants had established
rosettes. One set of pots was randomly assigned to receive a
wet treatment, in which plants continued to be maintained in
standing water for the duration of the experiment. The remaining
pots (dry treatment) were provided with 18-3 mL of water every
3—4 d. This amount is equivalent to what would be a seasonal
total of 38 cm, which is near the sixth percentile of seasonal rain-
fall totals at the Chico, California Experiment Station between
1906 and 2006 (http:/www.wrcc.dri.edu/). This treatment
resembled a consistently dry growing season, and the severity
of drought experienced by plants increased later in the exper-
iment because their water requirements increased as plants
grew larger, whereas water supplied remained constant follow-
ing establishment. Water stress was sufficiently great that
some plants were wilting between water additions toward the
end of the experiment. Volumetric water content (VWC) was
monitored throughout the experiment by systematically
sampling pots using time domain reflectometry (Hydrosense
CD620, Campbell Scientific Inc., Edmonton, Alberta,
Canada). Dry treatment plants experienced a mean reduction
in VWC of 17 % (4 d after initiation of treatments) to 77 %
(after 7 weeks of growth), relative to wet plants. Plants were har-
vested after 8 weeks, at which point many plants were showing
signs of senescence. Thus, plants experienced a form of trunca-
tion selection, which their source populations also endure
annually at the onset of seasonal drought. With the exception
of population DRC, germination and establishment were lower
than expected (final sample sizes: CCR, ngry = 30, nye = 24;
DRC, ngy =104, nye = 107; COH, ngy =24, nye = 17;
HON, ngry = 29, nye = 14).

The second greenhouse experiment examined the effect of
water availability on genetic variation and covariation for
mating system, developmental and physiological traits in a
population of M. guttatus (‘M13W’; 38°33'N, 122°22'W,
305 m elevation). A voucher specimen from this population is
housed in the Illinois Natural History Survey herbarium
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(ILLS). Seeds from 140 open-pollinated plants were collected
in the field, and a single plant from each was grown to maturity
in the greenhouse. Three plants were randomly assigned without
replacement to serve as dams (pollen recipients) to each of 35
randomly chosen sires (pollen donors) in a nested half-sib breed-
ing design. All crosses were performed by hand in a pollinator-
free greenhouse. Flowers receiving pollen were emasculated in
bud to prevent self-pollination. When performing hand pollina-
tions, the surface of one dehiscing anther from flowers serving as
pollen donors was gently pressed into the surface of a receptive
stigma on flowers serving as pollen recipients. Seven fruits failed
to mature, resulting in a total of 98 available for the experiment.
Each matured fruit held several hundred seeds from which
approx. 50 were sown onto wet soil in 10 x 10 cm pots. Six
emerging seedlings were randomly chosen to be included in
the experiment. Due to incomplete germination or failure to
establish, 14 seedlings were lost, resulting in a total of 575
plants included in the experiment. Seedlings were transplanted
into individual 5 x 5 cm pots, fertilized and otherwise cultured
as described above. Each set of seedlings was randomly arranged
in trays, and two sets were placed into each of three blocks
(greenhouse benches). One of each set was assigned to the wet
treatment, and the other to the dry treatment, as described above.

Traits

Traits that are associated with variation in mating system,
development rate and physiology were measured. To evaluate
potential variation in mating system, variation in flower size
and herkogamy was measured. Within Mimulus (Ritland and
Ritland, 1989) and other genera (Wyatt, 1988), taxa with
larger flowers and increased herkogamy have higher outcross-
ing rates. Within our study populations, we have not estimated
the relationship between herkogamy or flower size and out-
crossing rate. Previous work with Mimulus, however, found
that herkogamy is correlated with individual plant outcrossing
rates (Karron et al., 1997; van Kleunen and Ritland, 2004), and
that smaller flowers receive fewer insect visits (Ivey and Carr,
2005), suggesting that small-flowered individuals may rely
more on autogamy to maintain fitness (but see van Kleunen
and Ritland, 2004). Flower size (FS) was measured as the geo-
metric mean of corolla width measured at the widest point and
the length of the corolla tube. Corolla width and length were
positively correlated (r > 0-67 in all populations), thus these
traits primarily indicated variation in overall flower size.
Using the geometric mean reduced dimensionality in our ana-
lyses without any meaningful loss of information. Herkogamy
was measured as the shortest distance between anthers and
stigma (AS). All morphological traits were measured on the
first flower to open on the plant.

To characterize variation in developmental rates, we
recorded the date the first flower opened on each plant,
which represents a consistent and unambiguous stage in the
life history of these annual plants. In the field, we recorded
the Julian date on which the first flower opened, truncated to the
last three integers (JDFF). In the greenhouse, we measured the
developmental rate as the number of days between sowing and
first flower opening (DFF).

To characterize physiological traits of plants, the first fully
expanded peduncular leaf was collected from each plant for
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elemental analyses. Leaves were analysed for the '°C isotope
ratio (8'3C), which can be considered a measure of WUE, inte-
grated over the life of the leaf (Dawson et al., 2002). WUE
reflects the ratio of photosynthesis (A) and stomatal conduc-
tance (g), and thus could increase by either reducing g (stoma-
tal closure) or increasing A (upregulated photosynthesis).
Much of the biochemical machinery necessary for photosyn-
thesis, such as Rubisco, demands nitrogen (N), and positive
relationships between A and leaf %N within species are
common (Sinclair and Horie, 1989; Reich et al., 1991).
Thus, to distinguish the potential roles of A vs. g in WUE vari-
ation, leaves were also analysed for %N, which can be inter-
preted as an indication of potential photosynthetic rate
(Wright et al., 2003; Donovan et al., 2007). We were able to
collect these measurements only for M. guttatus plants.
Leaves for these analyses were collected as each plant began
to bolt, but before flowers opened to control for variation in
physiological status or allocation associated with developmen-
tal stage (Dawson et al., 2002). Leaves were held in an ice
chest until returning from the field or greenhouse, when they
were dried in a 60 °C oven to a constant mass. Dried leaves
were ground to a fine powder by shaking in 2 mL screwtop
vials with 3-1 mm diameter methacrylate ball pestles.
Sub-samples of the powdered leaf tissue were weighed
to the nearest microgram using a Mettler M3 balance
(Mettler-Toledo, Inc., Columbus, Ohio, USA), loaded into
tin capsules, and analysed by combustion for %N and 8'°C
on a PDZ Europa ANCA-GSL elemental analyser (Sercon
Ltd, Cheshire, UK) at the University of California, Davis
Stable Isotope Facility. The data for 8'°C are expressed relative
to the standard Vienna Pee Dee belemnite (Rppg), where s
(%0) = (Rs/Rppg — 1) x 1000.

Plant fitness in the field was estimated by counting all seeds
matured by plants, which can be considered a measure of life-
time female fitness. Seeds were counted by spreading seeds
evenly on white paper, photographing with a digital camera
and using imaging software (Imagel: http:/rsbweb.nih.gov/ij/)
to count the number of particles. A preliminary experiment
found no bias in this method, relative to counting seeds by eye
with a click counter, and precision was improved. Plant fitness
in the greenhouse was estimated by flower number, which is
strongly correlated with seed number in our field sites (0-95 >
r>0-63, C. T. Ivey, unpubl. res.). Finally, all above-ground
plant biomass was weighed to the nearest mg, after it was
dried to a constant mass at 60 °C.

Analyses

All statistical analyses were performed using SAS (SAS
Institute, 2003). For the first greenhouse experiment, trait
means between treatments were compared using a mixed-
model analysis of variance (ANOVA), in which treatment
(wet or dry) was considered a fixed effect while greenhouse
bench was included as a random effect. For the second green-
house experiment, trait means were compared with a mixed-
model ANOVA that included treatment as a fixed effect, and
greenhouse bench, sire and dam nested within sire as
random effects. If residual variances were significantly hetero-
geneous across treatments, traits were log-transformed for
analysis. Means and standard errors in the Results, however,
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are reported on the back-transformed scale. A significant treat-
ment effect was interpreted as evidence for phenotypic plas-
ticity in response to soil moisture for that trait.

In all experiments, Pearson’s product—moment correlations
(r) were computed between pairs of traits to examine phenoty-
pic associations among traits.

In the field and first greenhouse study, standardized direc-
tional selection differentials (§) for each trait were estimated
as the slope of a univariate linear regression of relative
fitness on standardized trait values (Lande and Arnold,
1983). Relative fitness was calculated by dividing individual
plant fitness by the population mean, and traits were standar-
dized to a mean of 0 and standard deviation of 1. Analyses
were performed on individual plants, not family means.
Selection differentials provide estimates of total selection on
a trait, including both direct and indirect selection (Lande
and Arnold, 1983). We also estimated selection gradients
(B), which indicate direct selection on a trait after controlling
for the effects of other measured traits on fitness. Selection
gradients were estimated as the partial regression coefficients
from a multiple regression of relative fitness on all measured
traits. Model residuals were tested for deviation from a
normal distribution using a Shapiro—Wilk (Shapiro and
Wilk, 1965) test. In addition, homogeneity of residual variance
was tested for by calculating the Spearman’s rank correlation
between model residuals and relative fitness. If either test indi-
cated a violation of model assumptions, relative fitness was
log-transformed. Estimates of selection differentials or gradi-
ents from transformed models, however, may be biased
(Lande and Arnold, 1983). As a consequence, where it was
necessary to transform the data, we present regression coeffi-
cients (S and B) from untransformed models, but P-values
from transformed models (Mitchell-Olds and Shaw, 1987,
Caruso, 2000).

The strength of selection differentials was compared
between wet and dry treatments in the greenhouse using a
mixed-model analysis of covariance. For these models,
plants from both environments for a given population were
combined, and relative fitness (flower number) was used as
the response. Fixed effects included the standardized trait
value (the covariate), treatment (wet or dry) and a treatment X
trait interaction term. Greenhouse bench (block) was included
as a random effect. A significant interaction term was inter-
preted as an indication that total selection on the trait differed
between environments (Conner, 1989). Model assumptions
were tested as described above. Because plants in this exper-
iment were grown in a greenhouse, these estimates of selection
may not reflect what plants experience in natural populations,
as fitness and other traits routinely differ between greenhouse
and field environments. Our primary aim with this analysis
was rather to investigate the extent to which variation in
water availability might alter patterns of selection when
other sources of environmental variation are controlled. In so
doing, we follow similar studies (e.g. Dorn er al, 2000;
Stanton et al., 2000; Sherrard and Maherali, 2006). As a con-
sequence, although throughout this paper we will refer to the
coefficients from these analyses as ‘selection differentials’ or
‘selection gradients’, the full interpretation of these for selec-
tion and evolution in natural populations will require further
field experimentation.
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To estimate genetic variance components and genetic corre-
lations among traits in the second greenhouse experiment,
mixed-model restricted maximum likelihood (REML)
models as described by Fry (2004; see also Shaw, 1987)
were used. Our design permitted estimates of two causal com-
ponents of genetic variance: additive (V) and maternal-effect
variance (Vy;); our interpretation of these estimates assumes
that variation due to other genetic sources is negligible
(Falconer, 1981; Lynch and Walsh, 1998). This analysis also
assumes that parents used in the crossing design are fully
outbred. Although we do not know whether the parents in
this experiment were outbred, a previous study of allozyme
frequencies in plants from this population estimated that the
population fixation index did not differ significantly from
zero (Ivey and Carr, 2005). The magnitude of V, and Vi
was estimated in univariate REML mixed-models that
included sire and dam nested within sire as random effects.
We tested the hypotheses that V, =0 and Vy; =0 by con-
straining in turn each component to 0, re-analysing the
model and comparing the difference between the models in
the restricted log-likelihood values with a x* distribution
with d.f.=1 (Self and Liang, 1987). Because variance
cannot be <0, these tests were one-tailed, and the associated
P-value was halved, which restricts the range of possible
P-values (see Self and Liang, 1987). We estimated the additive
genetic correlation (75) between pairs of traits within each soil
moisture environment using the covariance matrix from a
similar REML mixed-model that included both traits. We
tested the two-tailed hypothesis that additive genetic covari-
ance COV, = 0 using a likelihood ratio test of the full model
against one in which the sire covariance between traits was
constrained to zero. If this hypothesis was rejected, we tested
the one-tailed hypothesis that 74 = 1 (or ro = —1, depending
on the estimate of the correlation) in which the correlation
of sire effects under an ‘unstructured correlations’ (TYPE =
UNR) covariance structure was constrained to unity (or —1).
If both hypotheses were rejected, genetic correlation estimates
are considered 0 < rp <1 (or 0 > rp > —1, depending on the
estimate). More information about this approach is described
by Fry (2004). Some of our estimates of r, were >1, which
is biologically unreasonable. This was often associated with
low, non-significant estimates of V,. In these circumstances,
ra estimates were truncated at 1-0. Additive genetic corre-
lations were also estimated across wet and dry environments
for each trait. For this analysis, we considered a trait measured
on plants growing in different environments to be a distinct
trait, and we estimated additive genetic correlations between
environments for the trait as described above. The significance
of estimates of r, was tested using likelihood ratio tests as
described above. Estimates of r, <1 can be interpreted as evi-
dence for significant additive genetic variation in phenotypic
plasticity across environments for that trait (Lynch and
Walsh, 1998).

RESULTS
Field study

Most (98 % in COL; 92 % in SIM) of the M. guttatus rosettes
marked at the beginning of the season were recovered, but few
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(18 % in COL; 39 % in SIM) of these produced any flowers.
As a consequence of the small number of plants available in
COL, phenotypic correlations and phenotypic selection were
estimated only for SIM plants. The traits measured did not
differ substantially between populations, although the variance
in seed number and biomass was considerably higher in
COL (Fig. 1). Flower size was positively correlated with leaf
%N, but otherwise we found no examples of correlations
between putative drought escape and mating system traits
(Table 1).

Selection differentials and selection gradients were signifi-
cant for several traits in the M. guttatus field population,
suggesting evidence for natural selection. Selection differen-
tials through female fitness favoured larger flowers, early flow-
ering and high leaf %N content (Table 2). In addition,
selection gradients suggested direct selection favouring
larger flowers and early flowering; this model, however, did
not include %N and 8'°C due to small sample sizes
(Table 2). Although the selection gradient for flowering time
was statistically significant, it was much weaker than its corre-
sponding selection differential (Table 2), suggesting that much
of the strong selection observed for early flowering in the uni-
variate model may have occurred indirectly.

First greenhouse experiment — plasticity and selection

The M. nasutus populations (COH and HON) were overall
more phenotypically plastic in response to experimental soil
moisture treatment than the M. guttatus populations (Fig. 2;
Supplementary Data Table S1, available online). Flower size,
for example, was 44 % larger in dry soil than in the wet soil
treatment for COH plants, whereas anther—stigma separation
was almost half as long in dry soil than in wet soil among
HON plants. In the dry soil treatment, plants of both
M. nasutus populations flowered about 3 d earlier and surpris-
ingly produced larger (higher biomass) plants (Fig. 2). In con-
trast, the only trait in the M. guttatus populations (CCR and
DRC) that consistently responded plastically to soil moisture
was '°C, which was less negative in dry soil, indicating
greater WUE under experimental drought conditions.

Some of the phenotypic correlations among traits for green-
house plants resembled patterns observed in the field popu-
lation (Table 3). Leaf %N in M. guttatus plants, for example,
was negatively correlated with flowering time and positively
correlated with flower number (Table 3), which was similar
to what we observed in the field. These relationships, more-
over, were maintained in both soil environments (Table 3).
Many of the other phenotypic correlations, however, varied
between soil moisture treatments. In both M. guttatus popu-
lations studied in the greenhouse, for example, biomass and
8'°C were positively correlated only in the dry treatment.
Similarly, biomass and flower size were strongly positively
correlated among M. guttatus plants, but only in the wet treat-
ment. In both M. nasutus populations, on the other hand,
flower size and biomass were positively correlated only in
the dry treatment (Table 4). Flowering time was negatively
correlated with flower number in both environments for both
taxa (Table 4).

Selection differentials in greenhouse populations of
M. guttatus indicated that early flowering and high leaf %N
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Fic. 1. Means (+ s.d.) of flower size (A), anther—stigma separation (B), Julian date of first flower (C), leaf %N content (D), leaf e isotoperatio (E), lifetime seed set
(F) and above-ground biomass (G) in two field populations of flowering Mimulus guttatus in Lassen National Forest, Butte County, California, USA.

were favoured in both environments (Table 5), which is similar M. guttatus populations, suggesting that allocation to
to what was observed in the field. Selection for high biomass biomass may be adaptive only where water is abundant. In
was significantly stronger in the wet treatment in both the M. nasutus populations, early flowering and higher
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TaBLE 1. Phenotypic Pearson product—moment correlations
between traits measured in a field population (SJM) of Mimulus
guttatus in Lassen National Forest, Butte County, California,

USA

AS JDFF %N 8"3C Seeds Mass
FS —031*  —0-08 0-59% 0-00 0-39% 0-47%5%
AS -002 —017 -035  —0:06 001
JDFF —0-62%%  —0.08 —0:38%%  —0.36%*
%N —0-33 0-50% 029
d"c -0-20 013
Seeds 0-28%*

Trait abbreviations are given in the Materials and Methods.
*P < 0-05; **P < 0-01; ***P < 0-001.

TABLE 2. Standardized directional selection differentials (S)

and gradients (B) on traits measured in a field population (SJIM)

of Mimulus guttatus in Lassen National Forest, Butte County,
California, USA

Trait n S (s.e.) B (s.e.)
Flower size 49 091 (0-31)%#:k* 0-98 (0-42)%*:*
Anther—stigma separation 50 —0-15(0-35) 0-17 (0-36)
Julian date of first flower JDFF) 59  —0-84 (0-27)** —0-02 (0-01)*
% 18 1-40 (0-61)** -

8"c 17 —0-58 (0-73) -
Biomass 64 0-60 (0-26)" 0-10 (0-37)

Fitness was estimated as lifetime seed production. Gradients were not
estimated for %N and 3'°C due to small sample sizes.
TP < 0-1 #P < 0-05; **P < 0-01; ***P < 0-001.

biomass were generally favoured in both environments
(Table 5).

Selection gradients differed somewhat between the green-
house populations of M. guttatus, which may have been a con-
sequence of the different sample sizes (see above). In these
multivariate models, some evidence was found that early flow-
ering and larger plants were adaptive in CCR (Table 0).
Among DRC plants, however, apparent direct selection for
early flowering was observed only in the dry treatment, and
direct selection for larger plants only in the wet treatment.
For M. nasutus plants, relatively uniform selection favouring
high biomass was found in both environments. Early flowering
was also favoured, weakly, and gradients were significant only
in the dry soil treatment (Table 6), again suggesting that rapid
development can be more advantageous in drought conditions.

Second greenhouse experiment — genetic variation
and covariation

The M. guttatus plants from the nested half-sib experiment
revealed more phenotypic plasticity than those from the first
greenhouse experiment (Fig. 3; Supplementary Data Table S1,
available online). We also had greater statistical power to
detect experimental treatment effects in the nested half-sib
experiment (n = 574 plants), such as, for example, a 3 % differ-
ence in flower size. Nonetheless, some treatment effects were
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large; for example, the dry treatment resulted in a >40 %
reduction in flower number and a 25 % reduction in biomass.
In the first greenhouse experiment, biomass in one of the
M. guttatus populations (DRC) had a similar response to the
dry treatment (23 % reduction), but no such response was
observed in the other population, nor was flower number
altered by water treatment in either population (Fig. 2).

Among plants in the nested half-sib experiment, wet soil
conditions resulted in greater %)henotypic variation for most
traits, with the exception of 8 3¢ (WUE), which was more
variable under dry conditions (Table 7). For most traits,
however, this did not result in differences between treatments
in our ability to detect significant contributions of additive or
maternal genetic variance. For example, significant additive
genetic variation of a similar magnitude was detected for
days to first flower, number of flowers and above-ground
biomass in both soil moisture treatments. A striking exception
to this was observed in flower size; in the dry treatment, flower
size was not significantly heritable, whereas in wet soil >70 %
of phenotypic variation could be attributed to the effects of
additive genes. We found marginally significant heritability
for %N in the wet treatment, and a modest, but significant
maternal genetic component for 8'*C in the dry treatment
(Table 7). Otherwise, however, we found little evidence for
genetic control of %N or 8'°C. Our power to estimate
genetic variation and covariation for traits involving leaf %N
or 8" C, however, was limited by a small sample size; we
were able to measure these phenotypes on 236 (41 %) of the
plants in the experiment. Thus, estimates of genetic variation
and correlations involving these traits should perhaps be
regarded as provisional.

Additive genetic correlations (r) of traits measured across
the two soil water environments indicated that the plasticity
observed for biomass (Fig. 3) did not have an additive
genetic basis (i.e. rp did not differ significantly from 1:
Table 7). In contrast, plasticity for flower number across
environments reflected additive genetic differences among
plants in response to water (Table 7). This suggests that geno-
types that performed well in wet soil are not the same as those
that perform well under dry conditions. There was marginally
significant evidence for r, <1 for date of first flower, which
would indicate that genotypes vary in developmental rate
depending on soil water availability.

As observed in the first greenhouse experiment and the field
experiment, early flowering M. guttatus plants in the nested
full-sib experiment also had high leaf %N and more flowers
(Table 8). Similarly, we again found that plants with less nega-
tive 8'°C (higher WUE) had higher biomass, but only under
dry soil conditions. In contrast to the first experiment,
however, no difference was found between treatments in the
positive correlation between flower size and biomass, although
flower size was significantly phenotypically correlated with
most traits in both treatments in the nested full-sib experiment
(Table 8). In addition, flower size and biomass were positively
genetically correlated in both soil environments (Table 8). Few
significant additive genetic correlations were detected overall,
even among those traits for which we had a robust sample size
(i.e. not involving leaf %N or 8'*C). Two exceptions, however,
are noteworthy. First, flowering time was positively correlated
with flower size, but only in the wet treatment. In addition,
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F1G. 2. Least-squares means (+ s.e.) of flower size (A), anther—stigma separation (B), days from sowing to first flower (C), leaf %N content (D), leaf B3¢ isotope
ratio (E), number of flowers produced (F) and above-ground biomass (G) in greenhouse populations of Mimulus guttatus (CCR and DRC) and M. nasutus (COH
and HON) grown in experimentally dry and wet soil, as indicated. p< 0-1, *P < 0-05, **P < 0-01, ***P < 0-001, ****P < 0-0001 in mixed-model ANOVA
comparisons of trait means between treatments within populations.



Ivey & Carr — Evolution of mating system and drought escape in Mimulus

591

TABLE 3. Pearson product-moment correlations between traits in two greenhouse populations (CCR and DRC) of Mimulus guttatus
grown in experimentally wet and dry soil treatments

FS AS DFF %N d3¢ Flowers Biomass
CCR
FS - 001 —0-03 0-08 030 002 028
AS 0.7k - 0-06 -0-20 030 002 033
DFF 0-05 0-04 - — 725k 0-08 — (73 001
%N —0-46 —0-41 —(-83%k - -027 0-48%* —0-40
dhc —0-03 032 -0-13 020 - 0-06 0-64%*
Flowers 041 023 —(-75%% 0-75%% 036 - 0-39*
Biomass 0-8 ] o 0-56* -027 0-19 024 - -
DRC
FS - 0-28* -0-12 -0-23 -002 0-10 011
AS 0-08 - —0-23% 0-03 0-09 0-24% 024
DFF 0-06 —0-06 - —0-69s 018 — (73 003
%N -021 0-09 —(-76% - —-0-05 0.7 Lo 0-05
dtc 0-29* 021 -0-15 —0-08 - 001 0-43 %0k
Flowers 012 012 — Q.47 0-47 5% 026 - 0-03
Biomass 0-40%5% —-0-08 001 —-0-05 0-10 Q-4 53 -

Correlations in dry soil are above the diagonal; wet soil below. Trait abbreviations are given in the Materials and Methods.

*P < 0-05, #P < 0-01, #¥**P < 0-001, ****P < 0-0001.

TABLE 4. Pearson product—moment correlations between traits
in two greenhouse populations (COH and HON) of Mimulus
nasutus grown in experimentally wet and dry soil treatments

FS AS DFF Flowers Biomass
COH
FS - -021 —0-38* 0-50%* .7 5%k
AS —0-18 - —0-28 0-01 —0-07
DFF —0-44 0-06 - — (. 75%kkE ().
Flowers 0-36 —-0-05 —0-52% - 0.8k k%
Biomass 0-40 024 —0-63%* 0-80%3#:* -
HON
FS - -0-14  —0-30 0-25 0-50%3*
AS —0-73%%* - —0-10 0-21 0-09
DFF —0-16 -0-19 - — (- 78%kE ()] Jk
Flowers 0-16 0-09  —0-93%#k** - 0-49%*
Biomass 0-39 —0-06  —0-86%*** 0-95#skske -

Correlations in dry soil are above the diagonal; wet soil below. Trait
abbreviations are given in the Materials and Methods.
*P < 0:05, **P < 0-01, ***P < 0-001, ****P < 0-0001.

flowering time was negatively correlated with flower number,
but only in the dry treatment (Table 8).

DISCUSSION

Transitions in mating systems are often accompanied by
characteristic changes in a suite of morphological, physiologi-
cal and developmental traits. For example, self-fertilizing taxa
often have smaller flowers (Wyatt, 1988), higher photosyn-
thetic rates (Mazer et al., 2010) and more rapid development
rates (Fenster et al., 1995; Armbruster et al., 2002) when com-
pared with their outcrossing relatives. These traits, however,
can allow plants to minimize exposure to water stress in
areas with a seasonal drought (Geber and Dawson, 1990;
Galen, 1999; Arntz and Delph, 2001; McKay et al., 2003),
and thus they may evolve due to selection by agents not

directly affecting the mating system. We examined whether
the transition to self-fertilization is directly favoured in
Mimulus or whether it might evolve as an indirect consequence
of adaptation to drought. Our results provide some support for
predictions of the hypothesis that self-fertilization evolves
jointly with drought escape traits, and generally suggest that
the hypothesis warrants further scrutiny.

Was selection stronger for drought escape than selfing?

Our first prediction, which stated that physiological or
developmental traits should experience stronger direct selec-
tion than mating system traits, received mixed support.
Selection gradients favouring rapid development (early flower-
ing), for example, were stronger than for herkogamy or flower
size, for both M. guttatus and M. nasutus in the greenhouse.
On the other hand, the selection gradient favouring large
flowers was much stronger than that for flowering time in
the field study of M. guttatus, even though there was also sig-
nificant selection favouring early flowering. This may reflect
the success of large flowers in attracting pollinators (Ivey
and Carr, 2005). Larger flowers are associated with increased
outcrossing rates within the genus Mimulus (Ritland and
Ritland, 1989), so, if this pattern holds within populations, it
could indicate selection for outcrossing in the field. Even
though drought escape may be associated with selfing, selec-
tion favouring outcrossing is expected if genetic load is sub-
stantial and outweighs fitness costs associated with
vulnerability to drought.

The role of flower size in the mating system of M. guttatus
may be indirect (e.g. van Kleunen and Ritland, 2004). A pre-
vious field study, for example, found that experimentally limit-
ing access to pollinators led to a significant change in the
selection gradient toward reduced herkogamy, but there was
no effect on selection for flower size (Fishman and Willis,
2007). Similarly, a recent study in which the evolution of
floral traits in M. guttatus was monitored for five generations
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TaBLE 5. Standardized directional selection differentials measured in four greenhouse populations of Mimulus grown in
experimentally wet and dry soil treatments

Species Population Trait Dry Wet F P
M. guttatus CCR FS —0-01 (0-14) 0-41 (0-22)* 3-08 0-08
AS —0-01 (0-14) 023 (0-24) 1-70 0-2
DFF —0-49 (0-09)%3 —0-73 (0-16)%* 0-75 0-4
%N 0-24 (0-09)* 100 (0-18)%#* 8-80 0-006
31 0-08 (0-09) 0-38 (0-28)* 283 01
Biomass 027 (0-13) 0-70 (0-15)%s# 4.39 0-04
DRC FS 0-10 (0-12) 0-09 (0-15) 0-06 0-8
AS 023 (0-11)* 0-28 (0-14)* 0-04 0-8
DFF —0-72 (0-08) %3 —0-56 (0-13 )% 8-81 0-004
%N 0-48 (0-08)##s 0-50 (0-14)% 097 03
e —0-08 (0-11) 0-09 (0-14) 128 03
Biomass 020 (0-12) 0-64 (0-12)%% 4.75 0-03
M. nasutus COH FS 0-22 (0-08)* 0-11 (0-10) 2.58 0-1
AS —0-02 (0-09) 0-01 (0-09) 0-46 05
DFF —0-33 (0-06)%# —0-16 (0-10) 293 0-09
Biomass 0-41 (0-04)%35% 0-29 (0-07)%* 2:58 0-1
HON FS 0-15 (0-11) 0-12 (0-21) 011 0.7
AS 0-12 (0-11) —0-02 (0-22) 022 0-6
DFF —0-49 (0-07 )% —0-77 (0-09)%sss 3.57 0-07
Biomass 0-28 (0-10)* 0-67 (0-07 )5 5.46 0-03

Trait abbreviations are given in the Materials and Methods. Fitness was estimated as the total number of flowers produced.
*P < 0-05, ¥*¥P < 0-01, ***P < 0-001, ****P < 0-0001 in a test of the hypothesis that selection differential = 0. F' and P present the results of a test of the
hypothesis that selection differentials do not differ between environments (trait x treatment interaction term from analysis of covariance).

TABLE 6. Standardized directional selection gradients measured

in  four greenhouse populations of Mimulus grown in
experimentally wet and dry soil treatments

Species Pop. Trait Dry Wet

M. guttatus CCR FS —0-08 (0-06) —0-47 (0-47)
AS —0-11 (0-05) 0-38 (0-24)
DFF —0-44 (O-IO)J" —047 (0-19)*
%N —0-06 (0-09) 0-15 (0-24)
3¢ 0-01 (0-07) —0-43 (0-19)
Biomass 0-27 (0-09)* 0-73 (0~24)T

DRC FS —0-11 (0-08) 0-01 (0-10)

AS 0-03 (0-07) 0-18 (O~10)Jr
DFF —0-54 (0-11)*%%** —0-14 (0-19)
%N 0-01 (0-11) 0-31 (0-18)
3¢ —0-11 (0-08) 0-08 (0-13)
Biomass 0-16 (0-09) 0-68 (0-11)%#sk*

M. nasutus COH FS —0-15 (0-05)* —0-01 (0-08)
AS —0-03 (0-04) —0-10 (0-07)
DFF —0-11 (0-05)** 0-03 (0-09)
Biomass 0-45 (0-07)**** 0-35 (0-09)**

HON FS —0-12 (0-05) —0-25 (0-06)*

AS 0-04 (0-05) —0-13 (0-06)
DFF —0-14 (0-07)* —0-29 (0-10)
Biomass 0-53 (0-09)**** 0-56 (0-09)*3#:*

Trait abbreviations are given in the Materials and Methods. Fitness was
estimated as the total number of flowers produced.

*P < 0-05, **P < 0-01, ***P < 0-001, ****P < 0-0001 in a test of the
hypothesis that selection gradient = 0.

following experimental exclusion of pollinator access (i.e.
enforcing autogamy) found no phenotypic divergence in
flower size in response to pollinator removal (Bodbyl-Roels

and Kelly, 2011). Interestingly, flowering time was one of
only two traits that diverged between treatments; plants receiv-
ing visits from pollinators evolved toward earlier flowering (a
phenology more closely coincident with the timing of pollina-
tor release) (Bodbyl-Roels and Kelly, 2011). These results
raise uncertainty about the role of flower size in reproductive
assurance and mating system. Furthermore, they suggest that
flowering time in M. guttatus may be particularly responsive
to environmental change, which is similar to the findings
from a previous study in Brassica rapa (Franks et al., 2007).

No evidence was found for direct selection on the physio-
logical traits we measured, 3'13C ratio and %N in leaves. Low
WUE can be advantageous in ephemerally wet environments
as a mechanism for avoiding drought exposure (e.g. McKay
et al., 2003; Heschel and Riginos, 2005). In our study,
however, selection differentials as well as gradients for
WUE, as measured by 8'°C, were either not significant or
weak in greenhouse and field studies. In addition, although
strong selection differentials favouring high leaf %N were
found in the field and greenhouse, this appeared to be indirect,
based on our greenhouse study. Because of the prevalence of
Rubisco in plants, leaf N is associated with the potential photo-
synthetic rate among some plants (Wright et al., 2003;
Donovan et al., 2007), and high photosynthetic rates can be
adaptive for plants in ephemerally wet environments, allowing
them to mature quickly and thereby avoid water stress (Dudley,
1996; Mazer et al., 2010). On the other hand, leaf N may vary
because of plant nutrient status independent of photosynthetic
potential (Lambers et al., 1998), thus interpreting positive
selection for leaf N can be challenging (Donovan er al.,
2009). In the field, for example, N availability is likely to be
patchy, which could lead to bias in the positive estimates of
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TaBLE 7. Percentage of phenotypic variance explained by additive and maternal genetic components of variance, along with total

phenotypic variance, for traits measured in a greenhouse population of Mimulus guttatus growing in experimentally dry and
wet soil treatments

Dry Wet P

Trait Additive Maternal Vp Additive Maternal Vp ra ra=20 ra=1
FS 154 1817 6-666 70-3 ks 00 8528 1-00 0-003 05
AS 3817 205" 0-880 15-0 27-8 0-885 1-00 0-04 0-1
DFF 54.6% 00 14-39 48.2% 00 19-32 0-68 0-04 0-07
%N 13-1 0-06 0032 38.0° 0-0 0033 1-00 013 02
d'3c 00 27-8% 0-627 35.0 00 0-254 1-00 04 05
Flowers 4617 0-0 25.39 54.6% 001 134.7 0-48 02 0-02
Biomass 68-9% 00 0011 62-6%* 001 0-033 0-90 0-003 02

Note that the additive component is also an estimate of narrow-sense heritability (%) x 100. Also indicated is the additive genetic correlation for each trait

across environments and P-values for two log-likelihood ratio tests. The first tested the two-tailed hypothesis that r, = 0; the second tested the one-tailed
hypothesis that r, = 1. A cross-environment genetic correlation = 1 suggests a lack of genetic variation for plasticity.

Trait abbreviations are given in the Materials and Methods.

P< 0-1, #P < 0:05, **P < 0-01, ***P < 0-001, ****P < 0-0001 in log-likelihood ratio tests of the hypothesis that each variance component = 0.

TaBLE 8. Correlations between traits in a greenhouse population of Mimulus guttatus grown in a nested full-sib breeding design in
experimentally wet and dry soil treatments

FS AS DFF %N d13¢ Flowers Biomass
Phenotypic
FS - 0-17%% 0-26% 3 — Q-4 0-29% —0-04 0-50%s3
AS 0.2k - —-0-03 0-03 001 0-10 0-23 ks
DFF -5k sk —0-12% - —(-3g:ksek 0-00 —(-55% —0-04
%N —(-32% —0-07 —0-26%* - — Q-4 0-34k3 0-08
8'3C 0-08 0-14 —0-21% — (-3 - 016 0-3 15k
Flowers 0-16%: 02235 —(-54 k3 007 0-25%: - -4k
Biomass 0-54% 33 029k -0-07 -0-07 0-13 0-69%#3 -
Genetic
FS - 057 —0-44 ~1-00" 0-00 039 1-00%
AS 036 - 0-02 022 0-00 0-49 0-42
DFF 0-69* —0-08 - —0-67 0-00 —0-59% —0-06
%N -038 —0-58 —-0-50 - 0-00 —0-04 ~1-00
8'3C -028 —0-62 018 ~1-00 - 1.00" 0-00
Flowers —0-11 0-81 -036 —0-24 0-27 - 0-58"
Biomass 0-64* 0-64 0-40 —0-65 —0-08 0-55 -

Correlations in dry soil are above the diagonal; wet soil below. The upper matrix shows Pearson product—moment phenotypic correlations, while the lower
matrix shows bivariate additive genetic correlations. Trait abbreviations are given in the Materials and Methods.
P <01, *P < 0-05, #*P < 0-01, ***P < 0-001, ****P < 0-0001 in tests of the hypothesis that the correlation = 0. Genetic correlations in bold also differ

significantly from 1 or —1 (a = 0.-05).

selection we observed for leaf %N, if availability of N covaried
with both fitness and leaf N (e.g. Rausher, 1992). However, we
also observed positive selection differentials for leaf %N in
greenhouse experiments, where N availability was constant
across plants. The similarity in this relationship between
both field and greenhouse environments supports the idea
that variation in %N is due to constitutive differences among
plants in leaf N content, perhaps reflecting allocation to photo-
synthesis (Sinclair and Horie, 1989).

Positive phenotypic correlations between 8'°C and flower-
ing time were not observed, as would be expected if rapid
development were associated with low WUE. This combi-
nation of traits is considered to reflect a ‘drought escape’
strategy that is adaptive in some plants (Geber and
Dawson, 1990; Stanton et al., 2000; McKay et al., 2003;

Heschel and Riginos, 2005; Wu et al., 2010; Mazer et al.,
2010), although empirical support for this pattern has been
mixed (Sherrard and Mabherali, 2006; Donovan et al., 2007,
Wu et al., 2010). Thus, our results suggest that early flower-
ing in M. guttatus was not mediated by decreased WUE, as
might be expected if plants achieved rapid development by
using ‘excess’ water early in the spring when it is more abun-
dant (sensu Mazer et al., 2010). Instead, flowering time was
negatively correlated with leaf %N availability, which is posi-
tively associated with photosynthetic rates in some plants
(Arntz et al., 2000; Wright et al., 2001). In all of our exper-
iments, negative phenotypic correlations between leaf %N
and flowering time were observed, which supports the idea
that variation in leaf %N reflects allocation to growth and
development.
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Was selection for drought escape stronger in dry soil?

Our second prediction, that selection for drought escape
should be stronger in dry environments, was generally sup-
ported. The selfing species, M. nasutus, which naturally
occurs in more ephemerally wet environments (Kiang and
Hamrick, 1978; Martin and Willis, 2007), had stronger selec-
tion gradients for rapid development (early flowering) in the
dry treatment in our greenhouse experiments. This was also
the case for one of the M. guttatus populations we studied
(DRC). This mirrors the results of previous field reciprocal
transplant studies which found that early flowering in
M. guttatus was favoured in interior habitats that dry more
quickly (Hall and Willis, 2006; Lowry et al., 2008).
Genotypes native to the more mesic costal environment died
in the seasonal drought of the interior habitat before they
were able to flower. Selection gradients for the other com-
ponents of drought escape for which we had estimates of selec-
tion (WUE measured as 8'°C and %N) did not differ
significantly across soil moisture treatments.

Were drought escape and mating system traits genetically
correlated?

Limited support was found for our third prediction, which
was that drought escape and mating system traits should be
genetically correlated. A previous study reported a positive
genetic correlation between flower size and 8'°C for
M. guttatus (Kelly et al., 2008), which supports this prediction;
however, we found no such relationship in our study. We
observed a strong positive genetic correlation between flower-
ing time and flower size among plants grown in the wet soil
treatment, which might be construed as support for our third
prediction. The direction of this correlation, however, may
act to constrain the adaptive evolution of these traits, as our
estimates of selection gradients for M. guttatus generally
favoured early flowering and large flowers. Our other estimates
of genetic correlations provided no evidence for constraints on
the adaptive evolution of any other traits, in that few were stat-
istically significant and, of the ones that were, most appeared
to follow an adaptive contour. It is noteworthy, therefore,
that a genetic correlation between putative drought escape
and mating system traits may constrain their evolution, and
that this correlation was observed only under the wet soil treat-
ment. Genetic correlations that change with the environment
may contribute to the maintenance of genetic variation for
traits (Sgro and Hoffmann, 2004), in this case flower size
and flowering time. Thus, in dry years, or dry areas, there
may be stronger selection favouring earlier flowering (e.g.
population DRC, Table 6), if patterns in the field resemble
our experimental greenhouse results. In addition, in the dry
treatment, we found a negative genetic correlation between
flowering time and flower number, which would reinforce
the observed pattern of selection. No other genetic correlations
that would constrain the adaptive evolution of flowering time
were apparent in the dry treatment (Table 8). In contrast,
during wet years or in wet environments, direct selection for
early flowering may be more attenuated. Furthermore, no sig-
nificant genetic correlations between flowering time and flower
number were observed in the wet treatment. Thus, under wet
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conditions, the adaptive evolution of mating system (as
reflected in flower size) and developmental rate (as reflected
in flowering time) may be limited by this correlation,
whereas under dry conditions, these traits may be free to
evolve adaptively. In sum, while we found a significant
genetic correlation between these two putative drought
escape and mating system traits, in support of our prediction,
the direction of the correlation does not suggest support for
the hypothesis that they evolve jointly, given the selection gra-
dients observed.

Otherwise, we observed sufficient additive genetic variation
to expect that most traits experiencing direct selection could
evolve adaptively. Narrow-sense heritability (h%) estimates
were comparable with reports of A* for similar traits in pre-
vious studies of M. guttatus (Carr and Fenster, 1994;
Robertson et al., 1994; van Kleunen and Ritland, 2004; Carr
et al., 2006; Ivey et al., 2009). With the exception of flower
size, moreover, our estimates of h? were similar in both dry
and wet soil. This contrasts with Murren et al. (2009), who
found sire genetic effects for flowering time to vary with
experimentally manipulated water availability in two popu-
lations of M. guttatus.

Phenotypic plasticity

Overall, M. nasutus was more phenotypically plastic than
M. guttatus in response to simulated drought, which is consist-
ent with the idea that genotypes with higher levels of develop-
mental plasticity should be favoured in inbreeding species that
occur in temporally fluctuating environments (Bradshaw,
1965). Much of the plasticity we observed in this species
could be construed as adaptive, if similar patterns in response
to moisture occur in the field. In the dry treatment, for
example, M. nasutus flowered earlier and experienced stronger
selection for early flowering. Plasticity in flowering time can
enhance adaptation to novel, stressful environments (Levin,
2009), especially when accompanied by plastic shifts in
traits likely to increase self-fertilization (Levin, 2010), such
as the reduced herkogamy we observed in the dry treatment
for the HON M. nasutus population. Plastic shifts in flowering
time and selfing can reinforce positive assortative mating
within the stressful habitat, which may contribute to reproduc-
tive isolation (Levin, 2010). Several derived taxa within the
M. guttatus species complex, including M. nasutus, occur on
edaphically stressful habitats and, in comparison with
M. guttatus (which is presumed to resemble the ancestral
form), flower earlier and have higher rates of selfing
(Macnair and Gardner, 1998; Martin and Willis, 2007).
Thus, the plastic responses to soil moisture that were observed
within M. nasutus are similar to the among-taxon phenotypic
differences between M. guttatus and several of its derivative
edaphic specialists. Furthermore, these traits, flowering time
and mating system, were found to be the main factors contri-
buting to reproductive isolation between M. guttatus and
M. nasutus (Martin and Willis, 2007). Taken together, these
observations are consistent with the idea that plasticity in
response to a novel edaphic environment (drier soil) may
have contributed to divergence between M. guttatus and
M. nasutus.
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Plasticity in M. guttatus could be adaptive. For example,
DRC plants in the wet treatment had greater biomass and
experienced strong selection for increased biomass.
Interpreting these kinds of plastic responses as adaptive is
challenging because the environment affects both phenotype
and fitness (Sultan, 2000). In addition, no evidence was
found in M. guttatus for additive genetic variation for plasticity
among most of the traits that varied phenotypically across
water treatments. Nonetheless, shifts in phenotype such as
were observed may confer an adaptive advantage even if the
plastic response is not likely to evolve (Levin, 2009). Other
traits that were measured, most notably flowering time in
M. guttatus, experienced apparent direct selection but did not
vary with soil moisture treatment. Interestingly, although no
significant phenotypic plasticity was observed for flowering
time in M. guttatus, this was the only trait (with the exception
of flower number, our measure of fitness in the greenhouse) for
which we found plasticity to have an additive genetic com-
ponent, albeit marginally significant (Table 7). Thus, the
more plastic genotypes of M. guttatus, were they to disperse
into a drier habitat, might be expected to develop (begin flow-
ering) more rapidly, which would probably be an adaptive
response. Several previous studies have reported that
M. guttatus flowered earlier in drier environments (Galloway,
1995; Hall and Willis, 2006; Murren et al., 2009), but a
recent study by Wu et al. (2010) found no soil moisture
effect on flowering time for several Mimulus species including
M. guttatus. Nonetheless, phenotypic plasticity appears to be
an important mechanism allowing M. guttatus to persist in
the unpredictable environments in which it occurs. A wide-
ranging study comparing the responses of multiple
M. guttatus populations to soil moisture and chemistry, for
example, concluded that plasticity is more important to the
success of local populations than local adaptation (Murren
et al., 20006).

Some of the treatment effects we observed may reflect life
history trade-offs. For example, in the dry treatment, we
observed significant selection gradients favouring rapid devel-
opment (early flowering) in population DRC and no selection
on plant size (biomass), whereas in the wet treatment we
observed the reverse pattern. Other studies examining the
influence of water availability on selection in M. guttatus
have reported similar trade-offs both within (Galloway,
1995) and among (Hall and Willis, 2006; Lowry et al.,
2008) populations, although in the latter case this appears to
be linked to a chromosomal polymorphism (Lowry and
Willis, 2010).

Conclusions

In summary, several of the patterns we observed, for
example stronger evidence of direct selection for drought
escape in dry environments than in wet environments, were
consistent with the hypothesis that selfing may evolve
indirectly via selection on drought adaptation. Other patterns,
however, such as weak selection for WUE, were not consistent
with this hypothesis. We found evidence supporting the idea
that temporal or spatial variation in water availability may con-
tribute toward the maintenance of variation in mating system
and drought escape traits. Specifically, genetic correlations
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that may constrain the adaptive evolution of flower size or
developmental rate were observed only when plants were
grown in wet soil. Patterns in phenotypic plasticity suggest
that divergence between taxa could have been facilitated by
plasticity in flowering time and self-fertilization in response
to changes in soil moisture. Overall, our results suggest that
the hypothesis that self-fertilization may evolve in correlation
with other life history traits is plausible. The role of environ-
mental variation in the joint evolution of selfing and life
history characteristics has received scant attention and war-
rants additional study.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of Table S1: results of mixed-model
ANOVA tests comparing trait means between wet and dry
soil in experimental greenhouse populations of Mimulus.
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