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Abstract.—Germination timing of Arabidopsis thaliana displays strong plasticity to geographic location and seasonal
conditions experienced by seeds. We identified which plastic responses were adaptive using recombinant inbred lines
in afield manipulation of geographic location (Kentucky, KY; Rhode Island, RI), maternal photoperiod (14-h and 10-
h days), and season of dispersal (June and November). Transgressive segregation created novel genotypes that had
either higher fitness or lower fitness in certain environments than either parent. Natural selection on germination
timing and its variation explained 72% of the variance in fitness among genotypes in KY, 30% in June-dispersed
seeds in RI, but only 4% in November-dispersed seeds in RI. Therefore, natural selection on germination timing is
an extremely efficient sieve that can determine which genotypes can persist in some locations, and its efficiency is
geographically variable and depends on other aspects of life history. We found no evidence for adaptive responses
to maternal photoperiod during seed maturation. We did find adaptive plasticity to season of seed dispersal in RI.
Seeds dispersed in June postponed germination, which was adaptive, while seeds dispersed in November accel erated
germination, which was also adaptive. We also found maladaptive plasticity to geographic location for seeds dispersed
in June, such that seeds dispersed in KY germinated much sooner than the optimum time. Consequently, bet hedging
in germination timing was favorable in KY; genotypes with more variation in germination timing had higher fitness
because greater variation was associated with postponed germination. Selection on germination timing varied across
geographic location, indicating that germination timing can be a critical stage in the establishment of genotypes in
new locations. The rate of evolution of germination timing may therefore strongly influence the rate at which species

can expand their range.
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Timing of seed germination is critical to the lifetime per-
formance of the resulting plant. The conditions that elicit
germination are the same conditions with which the young
seedlings must contend, and those conditions can determine
or predict conditions experienced throughout the life of a
plant. Germination timing strongly influences seedling sur-
vivorship (Biere 1991; Gross and Smith 1991), total lifetime
fitness (Miller 1987; Kalisz 1989; Masuda and Washitani
1992), life-history expression (Chouard 1960; Venable 1985;
Kalisz 1989; Kalisz and Wardle 1994; Nordborg and Ber-
gelson 1999; Galloway 2001, 2002), and selection on post-
germination characters (Evans and Cabin 1995; Weinig 2000;
Donohue 2002). An appropriate germination response to en-
vironmental cues is thereby the first requirement for
establishment of plants in a location; before plants can dis-
play adaptive phenotypes for any adult character, they must
first survive through germination.

The timing of seed germination strongly depends on con-
ditions experienced during seed maturation and after dis-
persal from the maternal plant. In particular, the photoperiod
during seed maturation is a reliable indicator of season. Ma-
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ternal photoperiod has been shown to influence germination
and dormancy in several species (Gutterman 1992, 1993; Bas-
kin and Baskin 1998; Munir et al. 2001). Such maternal en-
vironmental effects have been viewed as aform of potentially
adaptive cross-generational phenotypic plasticity when the
maternal environment predicts the offspring environment
(Schmitt et al. 1992; Schmitt 1995; Bernardo 1996; Donohue
and Schmitt 1998; Mousseau and Fox 1998). The environ-
ment experienced after dispersal also strongly influences ger-
mination behavior. Certain environmental conditions may be
required to break dormancy, and other conditions are often
required to permit germination after dormancy is broken
(Bewley 1997; Foley 2001). Seeds of many species require
days, weeks, or months at low temperatures to break dor-
mancy (Bewley and Black 1994; Vleeshouwers et al. 1995),
whereas others require warm temperatures for after-ripening
to germinate when permissive conditions arrive (Baskin and
Baskin 1972, 1983). Therefore, the evolution of germination
timing can be viewed as the evolution of plasticity of ger-
mination to both the maternal and the progeny environments.

Investigating the adaptive value of germination responses
to particular seasonal environmental factors can identify
which factors are most important in eliciting adaptive ger-
mination behavior. In highly mobile species, such as many
weeds, some seasonal factors may be more reliable than oth-
ers as predictors of environmental conditions throughout the
range of the species. For example, short days may predict
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the onset of winter cold in some locations, but they may
indicate the beginning of afavorable rainy season in another
location. Postdispersal temperature, however, may be a re-
liable predictor of postgermination temperature over broader
geographic ranges. Under conditions of global environmental
change, moreover, seasona environmental factors may
change in their predictive value. It is therefore important to
characterize germination responses to different seasonal en-
vironmental factorsto predict how germination responses can
influence performance in different locations or novel cli-
mates.

In this study, we measured natural selection on germination
timing to identify which plastic responses to different sea-
sonal environmental factors and geographic locations are
adaptive in the annual weed Arabidopsis thaliana. This spe-
cies is a weedy mustard (Brassicaceae) that inhabits highly
disturbed areas, and different ecotypes express different life
histories that vary in the timing of germination and flowering
(Ratcliffe 1976; Effmertova 1967; Evans and Ratcliffe 1972;
Nordborg and Bergelson 1999). Winter annuals, the most
typical life history, germinate in the autumn, overwinter as
vegetative rosettes, and flower, mature, disperse seeds, and
die in the following spring or early summer (Baskin and
Baskin 1983). Spring annuals germinate, flower, mature, dis-
perse seeds, and die in the spring or early summer. Plantsin
some populations flower and disperse seeds in the autumn
(Thompson 1994; Griffith et al. 2004). Therefore, variation
exists among natural populations in the seasonal conditions
during which seeds mature and disperse and the season during
which seeds germinate.

Arabidopsis thaliana is native to central Asia and was
spread throughout Europe and North America through long-
distance dispersal caused in large measure by human activ-
ities (Sharbel et al. 2000; Vander Zwan et al. 2000; Hoffmann
2002). It is therefore an ideal system for investigating the
biology of range expansion of introduced species (e.g., Grif-
fith et al. 2004). Like many weedy species, A. thaliana self-
pollinates to a high degree (Abbott and Gomes 1989), cre-
ating highly homozygous lineages (Todokoro and Terauchi
1995; Berge et al. 1998; Bergelson et al. 1998) in natural
populations that can maintain high levels of linkage dis-
equilibrium (Nordborg et al. 2002). Because A. thaliana is
efficiently dispersed, populations that are geographically
close are not necessarily closely related genetically (Sharbel
et al. 2000; Hoffmann 2002). Rare outcrossing events be-
tween such populations can create diverse recombinant ge-
notypes. Transgressive segregation after hybridization be-
tween distinct lineages creates novel genotypes that can con-
tribute to adaptive evolution and ecological diversificationin
hybrid species (Lexer et al. 2003; Rieseberg et al. 2003a,b),
and hybridization is also hypothesized to contribute to in-
vasiveness (Ellstrand and Schierenbeck 2000). Hybridization
of colonizing lineages and the resulting creation of novel
genotypes followed by lineage sorting may be an especially
effective process for the rapid creation and subsequent pres-
ervation of adaptive gene complexes in selfing species (Wei-
nig et al. 2003; Griffith et a. 2004). We simulated this sort
of dynamic of novel genotypes in novel environments by
experimentally creating a set of recombinant inbred lines to
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measure natural selection on germination timing and other
life-history traits in two geographic locations.

Recombinant inbred lines are powerful tools for studying
natural selection because they frequently provide character
combinations and phenotypic diversity beyond the range of
adaptive variation that may have aready been eliminated
from populations by natural selection (Jordan 1991; Schem-
ske and Bradshaw 1999). Therefore, they enable us to in-
vestigate the earliest stages of evolutionary dynamicsin pop-
ulations with limited hybridization. Recombinant inbred lines
are especially useful for studies of phenotypic plasticity and
environment-dependent natural selection because replicates
of identical genotypes can be planted in different environ-
ments simultaneously. To identify which plastic responses of
germination timing to seasonal environmental factors and
geographic location are adaptive, we manipulated pre- and
postdispersal seasonal environmental factors and deposited
replicates of recombinant lines in two geographic locations.
From this design, we were able to observe plasticity of ger-
mination timing in response to seasonal environmental fac-
tors and to measure the direction and strength of natural
selection on germination timing under different conditions.

In a companion paper, we documented the direction of
plasticity of germination in responseto maternal photoperiod,
season of seed dispersal, and geographic location (Donohue
et al. 2005). Here, we measure natural selection on germi-
nation timing and determine what manner of plasticity was
adaptive. We ask the following questions. Are maternal pho-
toperiod effects adaptive? Specifically, do seeds matured un-
der short days perform better when they are dispersed under
short days, and do seeds matured under long days perform
better if they are dispersed under long days? Does natural
selection on germination timing depend on geographic lo-
cation and season of dispersal? Is plasticity of germination
timing in response to geographic location adaptive, such that
the germination timing expressed in each location is adaptive
in that location? Is plasticity in response to season of dis-
persal adaptive? Do seeds dispersed in June alter their ger-
mination timing in a manner that results in higher fitness for
June-dispersed seeds, and likewise for seeds dispersed in No-
vember?

MATERIALS AND METHODS
Genetic Material

We used recombinant inbred lines derived from two ac-
cessions of A. thaliana: one from Calver, England (Cal), and
the other from Tacoma, Washington (Tac), with Tac as the
maternal parent. Seeds from Calver were acquired through
the Arabidopsis Biological Resource Center at Ohio State
University (stock CS1062). Seeds from Tacoma were col-
lected by T. Mitchell-Olds. One hundred twenty recombinant
lineages were maintained for six to eight generations by sin-
gle seed descent, resulting in 98.4-99.6% homozygosity. See
Donohue et al. (2005) for more details on the lines and their
mai ntenance. One hundred ten recombinant inbred lines were
available for the first planting for June, and an additional 10
lines were available for the second planting in November.
Unfortunately, the Cal parental line did not produce enough
seeds for adequate representation in all of the treatments, and
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Experimental design (see text for details). Solid lines indicate treatments in which the maternal photoperiod matches the season

of dispersal. Dashed lines indicate treatments in which maternal photoperiod and dispersal season are mismatched.

less than 100% germination in the field caused some treat-
ments to have no representative of the Cal parental line.

Experimental Treatments

We manipulated the photoperiod under which seeds were
matured (‘‘maternal photoperiod’’ of short days and long
days) and the season during which seeds were dispersed
(““dispersal season’’ during June and November) to decouple
the photoperiod of seed maturation from the season that it
predicts (Fig. 1). We dispersed these seeds in Kentucky (KY)
only during June, because natural seed dispersal occurs only
during late spring. We dispersed seeds in Rhode Island (RI)
during June and November because plants mature and dis-
perse seeds during both seasons in RI. From this design, the
effects of maternal photoperiod can be determined within
each site and season of dispersal. The effects of site and its
interaction with maternal photoperiod can be determined by
comparing the seeds dispersed during June in KY and RI.
The effects of season of dispersal and its interaction with
maternal photoperiod can be determined by comparing the
seeds dispersed during June and November in RI.

The design includes some natural combinations of maternal
photoperiod and dispersal season and some combinationsthat
do not occur in nature (cf. solid and dashed lines in Fig. 1).
Long photoperiod with June dispersal and short photoperiod
with November dispersal are natural combinations, but long
photoperiod with November dispersal is not. Whileiit is pos-
sible that seeds could be matured under short days if plants
flower in late winter, the combination of short photoperiod
and June dispersal is not as typical as a long photoperiod
with June dispersal. If maternal photoperiod influences off-
spring in an adaptive manner in these lines, plants in treat-

ments with properly matched photoperiod and season should
have higher fitness than plants with mismatched treatments.

Plants were grown in two batches to provide seeds to be
dispersed into the field during June and November. In each
planting, six replicates (distributed over two blocks) of each
of the recombinant genotypeswere grown in ashort-day treat-
ment (10 h of full-spectrum light followed by 14 h of dark-
ness) and a long-day treatment (14 h of full-spectrum light
followed by 10 h of darkness) in Conviron E7/2 (Controlled
Environment Ltd., Pembina, ND) growth chambers at 22°C.
The short-day photoperiod is the shortest photoperiod that
plants are likely to experience in our study sites when they
flower in the autumn, and the long-day photoperiod resembles
the photoperiod under which plants are likely to mature seeds
during the early summer. Seeds were collected from each
plant as they matured, and seeds were pooled across repli-
cates. Ten seeds from a given genotype and maternal pho-
toperiod combination were put into a separate microcentri-
fuge tube and kept at 23°C until planting in the field, with
each tube corresponding to one replicate pot for the field
study. See Donohue et al. (2005) for more details on the
culturing of the seed parents.

In both KY and RI, experimental gardens were prepared
in old-field sites. Peat pots of 2.25-in diameter (Jiffy Poly-
Pak, Jiffy Products; www.jiffyproducts.com) werefilled with
sterile soil medium (Metromix 360; Scotts Sierra, Marysville,
OH) and planted with 5 cm between them. Because the same
soil was used to fill pots in both sites, comparisons across
sites control for differencesin soil quality. In addition, weed
density within the plots was low at this early successional
stage, so the primary contrast between sites was due to cli-
matic factors. Three blocks were established in KY, and three
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replicates of each genotype and maternal photoperiod com-
bination were randomly assigned to each germination cohort
treatment (see below) and randomly positioned within each
block. In RI, nine blocks were established for each season
of dispersal. One replicate of each genotype and maternal
photoperiod combination was randomly assigned to each ger-
mination cohort treatment within each block, with the po-
sition of each being randomly assigned. To compare KY to
RI, blocks in Rl were combined to give three blocks of the
same size asthe KY blocks. Each tube of 10 seeds was poured
into its respective pot. For the June dispersal season, seeds
were dispersed in KY from 1 to 4 June 2001, and they were
dispersed in Rl from 20 to 23 June 2001. For the November
dispersal season, seeds were dispersed in Rl from 3 to 6
November 2001. See Donohue et al. (2005) for more details
on the field setup. The entire experiment included 16,686
pots, or approximately 150,000 seeds (KY: 110 lines X 2
maternal photoperiods X 3 germination cohorts X 9 repli-
cates = 5940; RI, June dispersal: 110 lines X 2 maternal
photoperiods X 3 germination cohorts X 9 replicates = 5940;
RI November dispersal: 120 lines X 2 maternal photoperiods
X 2 germination cohorts X 9 replicates = 4320; total =
16,200 plus 18 control pots per block).

For seeds dispersed in June, three germination cohortswere
established by plucking all germinants from pots except those
that germinated during the correct randomly assigned season.
One focal germinant in each pot was randomly chosen from
those remaining so that competition between germinants did
not occur. The germination cohorts were classified as summer
(June to August), autumn (August to January), and spring
(after February). Two germination cohorts existed for seeds
dispersed in November: winter (November to January) and
spring (after February). The germination cohort treatments
therefore enabled us to follow individuals that germinated
during the summer, autumn, winter, or spring under noncom-
petitive conditions. Because the presence of a rosette very
likely alters the germination behavior of ungerminated seeds,
only the spring germination pots, which had no rosettes dur-
ing most of the experiment, were used to determine germi-
nation patterns of each genotype and photoperiod combina-
tion. In these spring germination pots, the total number of
germinants in each pot (10 maximum) was recorded, as was
the date on which each seed germinated. From these data,
the total proportion of seeds that germinated in each season
and the average day of germination (in Julian days) were
calculated for each genotype (for analyses see Donohue et
al. 2005).

Each focal individual was followed throughout its life. Its
date of germination, date of death, and the total number of
fruits produced throughout its life was recorded by censusing
every week during the growing season. Total fruit production
was used as an estimate of fitness in this highly selfing plant.
The genotypic mean fitness was estimated as follows. Ger-
mination was classified into five different seasons, depending
on when the peaks in germination occurred (see Donohue et
al. 2005). The five seasons were early summer, midsummer,
autumn, winter, and spring. For each genotype, the proportion
of its seeds that germinated in each season was determined,
and the mean fruit production of plants that germinated in
each season was calculated. The genotypic mean fitness was
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calculated as the mean lifetime fruit production of seeds that
germinated in each season multiplied by the proportion of
seeds that germinated in each season, summed over seasons.
This estimate of fitness includes only those seeds that ger-
minated, because our primary objective was to compare the
fitness of genotypes that expressed the phenotype of ger-
mination.

Statistical Analyses

To determine the effects of maternal photoperiod, site, and
season of seed dispersal on fithess components, the total life-
time fruit production, the proportion of plants that survived
to initiate reproduction (‘*bolt’"), and the fruit production of
individuals that survived to bolt were analyzed using analysis
of variance based on genotypic means pooled across blocks
for each combination of maternal photoperiod, site, and dis-
persal season (Proc GLM; SAS Institute 1990). Genotypic
means were used instead of individual phenotypes because
they more accurately reflect the natural distribution of ger-
mination cohorts for each genotype and thereby more ac-
curately reflect the natural fitness of each genotype. Individ-
ual values, in contrast, intentionally had a more even rep-
resentation of the different germination cohorts, imposed by
the experimental design that was used to monitor the fitness
of each germination cohort separately. Pooling over individ-
ual values therefore would inflate the representation of rare
germination cohorts in the sample. To compare between the
two sites, the seeds dispersed in KY and RI during June were
analyzed, with photoperiod and site as fixed factors. To com-
pare between the two dispersal seasons, the seeds dispersed
in RI during June and November were analyzed in a separate
model, with maternal photoperiod and season as fixed factors.
Any significant interactions between maternal photoperiod
and other factors were investigated by testing for effects of
photoperiod within each treatment separately. The residuals
of some analyses of fithess were not normally distributed, so
main effects were also tested using nonparametric Kruskal-
Wallis tests when appropriate.

Totest for environment-dependent natural selection on ger-
mination timing, phenotypic (Lande and Arnold 1983; Arnold
and Wade 1984) and genotypic selection analyses (Mitchell-
Olds and Shaw 1987; Rausher 1992) were performed. In the
genotypic analysis, we also estimated selection on the stan-
dard deviation of germination timing using genotypic stan-
dard deviations. Relative fitness within each site and dispersal
season was calculated as the total lifetime fruit production
divided by the mean fruit production within that treatment.
The date of germination (and its SD in the genotypic analysis)
was standardized within each treatment to have a mean of
zero and standard deviation of one. Linear and quadratic se-
lection differentials were cal culated through regression anal-
ysis. Because residual s were sometimes|leptokurtic, jackknife
resampling was performed to calculate standard errors using
the program Freestat (Mitchell-Olds 1989). To test for sig-
nificant differences in selection across treatments, analysis
of covariance was performed to test for differences in the
slopes of the regression of germination timing on fitness be-
tween sites or seasons. Traits were standardized, and fitness
was relativized within each treatment, as before. Interactions
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Results of analysis of variance to test for effects of maternal photoperiod and site on the fitness of seeds dispersed during

June in Kentucky and Rhode Island (A) and to test for effects of maternal photoperiod and dispersal season on fitness of plants grown
in Rhode Island (B). Genotypic means were used. Residuals of analyses of total fruits and proportion survived to bolt were non-normal
in ANOVA, but a significant effect in ANOVA was also significant in a nonparametric Kruskal-Wallis. Fruits produced by reproductive
plants was natural-log transformed so that residuals were normal. In (A) N = 423 for total fruit production and survival; N = 254 for
fruit production by survivors. In (B) N = 488 for total fruit production and survival; N = 376 for fruit production by survivors.

A. Comparing sites Total fruits Proportion survived to bolt Fruits produced by reproductive plants
Source df F df F df F

Photoperiod 1 0.56 1 1.41 1 0.32

Site 1 30.39*** 1 117.27*** 1 77.95%**

Photoperiod X site 1 0.73 1 0.01 1 1.32

B. Comparing dispersal seasons Total fruits Proportion survived to bolt Fruits produced by reproductive plants
Source df F df F df F

Photoperiod 1 0.87 1 0.53 1 2.69

Season 1 21.08*** 1 474.61%** 1 36.07***

Photoperiod X season 1 0.86 1 0.33 1 3.21t

tP <01 *P <005 ** P < 0.01, *** P < 0.001.

between germination day and site or dispersal season would
indicate that the influence of germination timing on fitness
varied across site or dispersal season.

To test for natural selection on the ability of germination
timing to be plastic, independent of selection on germination
timing itself (Van Tienderen 1991; DeWitt et al. 1998; Schei-
ner and Berrigan 1998), we estimated the strength of selection
on genotypic plasticity. Plasticity to site was calculated as
the mean germination day expressed in Rl (in June only)
minus the mean germination day expressed in KY. Plasticity
to season was cal culated as the mean number of days between
seed dispersal in June and germination (in Rl only) minus
the mean number of days between seed dispersal in November
and germination. We included both the genotypic mean ger-
mination day and genotypic plasticity in aregression on ge-
notypic fitness in each treatment. To interpret results of these
selection analyses, we cal culated Spearman rank correlations
between genotypic mean germination timing expressed in
each treatment and genotypic plasticity to site and season.
We also conducted an analysis of the total selection acting
on plasticity at different simulated frequencies of environ-
ments (Donohue et a. 2000); we calculated genotypic mean
fitness for each simulated frequency of environments by mul-
tiplying the fitness observed in each environment by the sim-
ulated frequency of that environment and summing over en-
vironments. Genotypic plasticities were then regressed
against genotypic mean fitness.

REsuLTS
Treatment Effects on Fitness

Maternal photoperiod did not significantly influence any
fitness component in KY or RI (Tables 1A, B). In KY, where
seeds are naturally matured and dispersed in June under long
days, one would predict that seeds matured under long days
would have higher fitness than seeds matured under short
days (Fig. 2). While fruit production of reproductive plants
was slightly (but nonsignificantly) greater when seeds were
matured under long daysin KY/, survival to reproduction was
also less for these seeds (also nonsignificantly), so there was

no overall effect of photoperiod on total lifetime fruit pro-
duction in KY (Table 1A). For seeds dispersed in Rl during
June, total fitness and fruit production of survivorswas some-
what higher for seeds matured under long days, but these
effects were also not significant. Similarly, for seeds dis-
persed in November in Rl (Table 1B, Fig. 2) no significant
effects of maternal photoperiod were observed, and seeds
matured under short days did not have higher fitness. In sum-
mary, we found no evidence for adaptive maternal photo-
period effects.

Germinants from seeds dispersed in Rl had much higher
total lifetime fitness than seeds dispersed in KY (Fig. 2, Table
1A). Survival to reproductive stage was extremely low for
plants in KY, and fruit production of those plants was also
lower, leading to lower overall fitness of KY plants compared
to RI plants.

Germinants from seeds dispersed in June had higher fit-
ness than those from seeds dispersed in November in RI
(Fig. 2, Table 1B). Although survival to reproductive age
was higher for germinating seeds dispersed in November,
fruit production by those that survived was much higher for
seeds dispersed in June. This led to total lifetime fitness
being higher for seeds dispersed in June. A nearly significant
interaction between dispersal season and maternal photo-
period for fruit production by survivors was dueto aslightly
greater effect of dispersal season for seeds matured under
long days (Fong days = 31.84, P < 0.0001; Fgyort gays = 8.57,
P = 0.004).

Transgressive segregation of germination timing created
recombinant lines that germinated either earlier or later than
either of the parental lines (Figs. 3-5; Donohue et al. 2005).
However, we found limited transgressive segregation for fit-
ness of seeds dispersed in June in KY (Fig. 3). The Cal
parental line had a fithess of zero in KY, so no recombinant
lines could exhibit transgressive fitness that was lower than
either parent. Four recombinant genotypes exceeded the fit-
ness of the parental lines, but only if they were matured under
long days. For seeds dispersed in RI during June (Fig. 4),
Cal parental lines had zero fitness, but 14 genotypes had
higher fitness than the Tac parental lineif they matured under
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short days, and 58 had higher fitness than Tac if they matured
under long days. Transgressive segregation for fitness was
also observed in seeds dispersed in November (Fig. 5). In
contrast to seeds dispersed in June, the Cal parental line had
higher fitness than the Tac line. Twenty three recombinant
genotypes had mean fitness between the means of the parental
lines, one had higher fitness, and 98 had lower fitness if they
matured under long days. No Cal parental lines that were
matured under short days germinated, so we could not assess
transgressive segregation for fitnessin that treatment. In gen-
eral, transgressive segregation caused lower fitness of seeds
dispersed in November, but some recombinant lineages had
higher fitnessthan either parental line when dispersed in June.

Plasticity of Germination Timing

A companion paper reports germination patterns from this
experiment (Donohue et al. 2005), but we summarize here
the overall patterns of plasticity of germination in response
to the experimental treatments. Germination timing was de-
layed very slightly (3.2 days) in seeds matured under short
days when they were dispersed in KY (F = 7.73, P < 0.01,
df = 1,40). Photoperiod did not significantly influence ger-
mination timing in the other treatments. Germination timing
depended strongly on geographic location, with germination
proceeding much earlier in KY than in RI (mean Julian ger-
mination day in KY = 170, SE = 0.5; mean in Rl = 273,
SE = 2; F = 193.34, P < 0.001, df = 1,6). While seeds
were deposited approximately two weeks earlier in KY than
in RI, the average day of germination was 103 days earlier

in KY. Germination timing also depended strongly on the
season of dispersal. Germination was later (in Julian days)
for seeds that were dispersed during November (mean Julian
germination day for June-dispersed seeds = 273, SE = 2;
mean for November-dispersed seeds = 368, SE = 1; F =
409.44, P < 0.001, df = 1,14), but they germinated much
sooner after they were dispersed than seeds dispersed during
June, many of which remained dormant for some months
(mean number of days between dispersal and germination:
June-dispersed seeds = 104, SE = 2; November-dispersed
seeds = 61, SE = 1).

Natural Selection on Germination Timing

In KY, strong stabilizing selection favored an intermediate
germination date in mid-October (Table 2, Fig. 3). Germi-
nating too early in the summer was fatal for most seeds, and
germinating in the winter or spring resulted in either very
low or no fruit production. The slight acceleration in ger-
mination of seeds matured under long days (the more typical
photoperiod) was in the maladaptive direction, but acceler-
ating germination by only 3.2 days was not enough to influ-
ence fitness. The slight increase in fruit production by plants
from seeds that were matured under long days therefore can-
not be attributable to adaptive photoperiod effects on ger-
mination, because photoperiod effects actually caused a ger-
mination response in the maladaptive direction. In a geno-
typic analysis, total selection favored increased variation
(SD) in germination timing. Those genotypes with greater
variation in germination timing had later mean germination.
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range of fitness (upper) and germination time (lower) for each parental genotype is indicated by bars bracketed by diamonds. Arrows
in the lower panel indicate the genotypic mean germination time for each parental line. All replicates of the Cal parental line had zero

fitness.

When mean germination date was controlled for, selection
favored less variable germination, so variation in germination
per se was disadvantageous unless it led to a more adaptive
mean germination timing. Germination timing explained 26%
of the variance in fithess among individuals and 72% of the
variance in fitness among genotypes in KY.

In RI, seeds that were dispersed in June also experienced
strong stabilizing selection, favoring germination in early
October, approximately 2 weeks earlier than in KY (Table
2, Fig. 4). Unlike the case in KY, germination in the summer
in Rl was not alwaysfatal and occasionally led to high fitness.
Later germination in the autumn was associated with a de-
crease in fitness, but not as rapid a decrease asin KY. Spring
germination was associated with very low or no fruit pro-
duction, as in KY. Selection favored less variation in ger-

mination timing when mean germination timing was con-
trolled for. Germination timing explained only 4% of the
variancein fithess among individual s, but 30% of the variance
in fithness among genotypes. Both directional (phenotypic
analysis: F = 1453.62, P < 0.001; genotypic analysis: F =
14.88, P < 0.001) and stabilizing (phenotypic analysis: F =
135.79, P < 0.001; genotypic analysis: F = 4.48, P < 0.05)
selection on germination timing were significantly stronger
in KY than in RI.

Seeds dispersed in November in RI did not experience
stabilizing selection, and earlier germination was favored
(Table 2, Fig. 5). Therefore, those seeds that germinated im-
mediately after being dispersed in mid-November had the
highest fitness. No selection on the mean or standard devi-
ation of germination timing was detected in the genotypic
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FiG. 4. Relationship between germination timing and fitness in seeds dispersed during June in Rhode Island. See Figure 3 for explanation.
All replicates of the Cal parental line had zero fitness. Adapted from Donohue (2005) with the permission of the New Phytologist Trust.

selection analysis. Germination timing explained only 2% of
the variance in fitness among individual s and only 4% of the
variation in fithess among genotypes. Such weak selection is
due in large part to the extreme synchrony of germination in
November-dispersed seeds and the corresponding lack of op-
portunity for selection. Directional (phenotypic analysis: F
= 81.99, P < 0.001; genotypic analysis: F = 27.48, P <
0.001) and stabilizing (phenotypic analysis: F = 69.39, P <
0.001; genotypic analysis: F = 0.60, P > 0.05) selection on
germination was significantly stronger in seeds dispersed in
June than in seeds dispersed in November. When pooled over
both sites and dispersal seasons, stabilizing selection favored
an intermediate germination date, but no selection was de-
tected on the variation (SD) in germination timing (Table 2).

If the observed plasticity to site were adaptive, then early
germination would be favored in KY and later germination
would be favored in RI. This was not observed. Comparing
the observed germination schedules to the optimal germi-
nation timing, we see that seeds in KY germinated much
earlier than the optimum (Fig. 3), and in fact had their peak

of germination during a time when the fithess was minimal.
A second, much smaller pulse of germination occurred very
close to the optimum. While seeds in Rl also had a large
pulse of germination too early, which resulted in zero fitness,
a second pulse of comparable magnitude was observed very
near the optimum germination time (Fig. 4). Therefore, more
seeds in RI germinated at an appropriate time than the seeds
in KY. Clearly, the plastic response of germinating earlier
in KY was highly maladaptive, although postponing germi-
nating in Rl was adaptive. Therefore, plasticity to site was
not adaptive, and a less plastic, later-germinating genotype
would have performed better in both locations.

If plasticity of germination timing in response to season
of dispersal were adaptive, then accel erated germination after
dispersal in the autumn and postponed germination of seeds
dispersed in June would be adaptive. Thiswas observed, with
the earliest germinants having the highest fitness in Novem-
ber-dispersed seeds, and seeds that germinated in early Oc-
tober having the highest fitness in June-dispersed seeds (Figs.
4, 5). The peak of germination of seeds dispersed in Novem-
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Fic. 5. Relationship between germination timing and fitness in seeds dispersed during November in Rhode Island. See Figure 3 for
explanation. Adapted from Donohue (2005) with the permission of the New Phytologist Trust.

ber was dlightly later than the optimum timing, suggesting
some degree of delay that was maladaptive. However, the
overall pattern of plasticity to dispersal season was adaptive.

Costs or Benefits of Plasticity

A positive value of plasticity to site indicates later ger-
mination in RI than in KY. Such plasticity was positively
associated with fitness for seeds dispersed in KY, indepen-
dently of the germination timing expressed in KY (Table 3).
Therefore in KY, there appears to be a benefit of having the
ability to be plastic, despite the observation that the phe-
notype resulting from that plasticity was highly maladaptive.
We detected no selection on the ability to be plastic to site
in seeds dispersed in RI in either season. The total selection
(direct plus indirect selection) on plasticity to site was pos-
itive over all frequencies of sites (Fig. 6A), and plasticity
increased in adaptive value as the frequency of the RI en-
vironment increased. The result that total selection favored
increased plasticity can be explained by the following ob-

servations. First, plasticity to site caused a favorable delay
of germination in RI. Second, the ability to be plastic (in-
dependently of the phenotype) was favored in KY. Finaly,
the ability to be plastic was positively correlated with the
ability to have later germination in both KY and RI (Table
3). Selection acting on germination timing would favor post-
poned germination in both sites and thereby indirectly favor
increased plasticity, leading to total selection favoring in-
creased plasticity. While variable frequencies of geographic
locations experienced by alineage are not especially biolog-
ically realistic, comparable environmental variation may be
experienced as either microenvironmental variation or as
temporal variation in environmental conditions.

A positive value of plasticity to season indicates later ger-
mination in June than in November. This ability to be plastic
had a positive effect on fitness in seeds dispersed in KY,
independent of the germination timing expressed in KY. It
had no measurable effect on fitness in the other treatments.
The result for seeds in KY is due to the strong positive cor-
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TaBLE 2. Selection differentials (S), selection gradients (), quadratic selection coefficients (y), and R2 for germination timing in each
treatment. Jackknife standard errors (SE) are in parentheses. Results from a phenotypic selection analysis are in the upper table, and
results from agenotypic selection analysis using genotypic means and genotypic standard deviation (SD) arein the lower table. Significance
indicates significant differences from zero based on jackknife standard errors. The selection differential (S) for SD measurestotal selection
on the SD of germination date, not controlling for mean germination date. r (mean, SD) measures the correlation between the mean
germination timing and the SD in germination timing. R? is the total variance in fitness among individuals explained by directional and
stabilizing selection on germination timing in the phenotypic analysis. In the genotypic analysis, R? is the total variance in fitness among
genotypes explained by directional and stabilizing selection on germination time and selection on the SD of germination time. No

correlational selection was found between the mean and SD of germination timing.

Phenotypic selection analysis

Treatment Mean germination S (SE) Mean germination y (SE) R2
Kentucky, June 2.78 (0.24)*** —0.67 (0.05)*** 0.26
Rhode Island, June —0.03 (0.03) —0.60 (0.05)*** 0.04
Rhode Island, November —0.22 (0.02)*** —0.03 (0.03) 0.02

Genotypic selection analysis

Treatment Mean germination 8 (SE) Mean germination y (SE) SD germ 3 (SE)  SD germination S (SE) r (mean, SD) R?
Kentucky, June 4.07 (0.72)** —0.43 (0.15)** —1.21 (0.35)*** 1.16 (0.54)* 0.83*** 0.72
Rhode Island, June 0.76 (0.13)*** —0.12 (0.09) —-0.34 (0.11)** 0.00 (0.11) 0.46*** 0.30
Rhode Island, November 0.02 (0.03) —0.04 (0.03) 0.10 (0.05) 0.06 (0.04) 0.48*** 0.04
Pooled 0.19 (0.18) —0.38 (0.07)* —0.81 (0.32) —0.53 (0.41) —0.89*** 0.26

*P <0.05, ** P <0.01 *** P < 0.001.

relation between plasticity to site and plasticity to season (r
= 0.96, P < 0.001). Plasticity to site was favored (see pre-
ceding paragraph), so plasticity to season was favored in-
directly in KY. Total selection on plasticity to season favored
higher plasticity across all frequencies of seasons (Fig. 6B),
except when no seeds were dispersed in June (a highly un-
likely condition). As the frequency of dispersal in June in-
creased, total selection favoring plasticity to season was
stronger. This is due entirely to correlated selection acting
on germination timing itself, as the correlation between plas-
ticity and germination timing was exceedingly strongin June-
dispersed seeds; selection for delayed germination of seeds
dispersed in June would cause correlated selection for in-
creased plasticity.

DiscussioN

Natural selection on germination timing was extremely
strong under some conditions, indicating that variation in
germination can be an important selective sieve that elimi-
nates many genotypes at the earliest life stage. Bet hedging
in germination timing was favorable in KY; genotypes with
more variation in germination timing had higher fitness be-
cause greater variation was associated with postponed ger-
mination. We found no evidence of adaptive maternal pho-
toperiod effects. In contrast, we found strong effects of geo-
graphic location and season of dispersal on fitness. The ob-
served direction of plasticity of germination timing in

response to site was maladaptive, with the acceleration of
germination in KY being fatal in most cases. The observed
plasticity of germination in response to season of dispersal,
however, was adaptive, with selection favoring the acceler-
ated germination of seeds dispersed during November. Total
selection on plasticity to site and plasticity to season favored
increased plasticity, despite the maladaptive phenotype ex-
pressed in KY resulting from plasticity to site. The strong
response of germination timing to postdispersal seasonal fac-
tors and the evidence of adaptive plasticity for such responses
suggests that appropriate germination responses to postdis-
persal seasonal conditions can be stronger influences on the
ability of plants to establish themselvesin new locations than
responses to maternal photoperiod.

The Strength of Natural Selection on Germination

Natural selection on germination timing was very strong
in seeds dispersed in June. In KY, germination timing alone
accounted for 72% of the variation in fithess among geno-
types. Many studies have demonstrated strong natural selec-
tion on naturally segregating germination variants (Miller
1987; Kalisz 1989; Biere 1991; Gross and Smith 1991; Ma-
suda and Washitani 1992; Donohue 2002; Griffith et al.
2004). This study shows just how strong natural selection on
germination timing can be on arange of potential segregants
derived from natural genotypes. Many of these segregants
are likely to be eliminated almost immediately after their

TaBLE 3. Selection on plasticity in response to site and season of dispersal. The strength of selection on plasticity independently of
selection on germination timing, or the selection gradient, B, is shown with jackknife standard errors. The correlation, r, between plasticity

and germination date is based on genotypic means.

Treatment Plasticity to site B (SE)

r (plasticity, germination)

Plasticity to season 8 (SE) r (plasticity, germination)

Kentucky, June
Rhode Island, June
Rhode Island, November

0.28 (0.19)**
0.38 (0.47)
—0.03 (0.03)

0.46*** 0.30 (0.20)** 0.58%**
0.96%** —0.53 (0.96) 0.99* **
0.15 0.02 (0.03) 0.15

** P < 0.01, *** P < 0.001.
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creation. Thus, the strength of natural selection on germi-
nation may be cryptic because it can occur so quickly and
with such strength, leaving only the better-adapted genotypes
for us to study.

In mobile species such as A. thaliana, germination timing
is likely to be an important factor that determines the rate of
range expansion and population growth. In this study, ger-
mination timing was inappropriately altered in response to
geographic location, demonstrating an inability to adjust ger-
mination to different locations. In addition to finding strong
natural selection on germination timing, we previously found
a genetically based trade-off across sites in germination per-
centage (Donohue et al. 2005); genotypes with high germi-
nation success in Rl had low germination successin KY and
vice versa. Thus, selection acting at the earliest life stages
is likely to be an extremely important filter. Genotypes that
may otherwise be adaptive can be eliminated in this earliest
episode of natural selection because they must survive
through germination to express any adaptive postgermination
trait. Therefore, linkage to germination loci may be a con-
straint on the evolution of postgermination traits, and the
evolution of germination may be the first necessary condition
for successful range expansion of certain weedy species.

In addition, with global warming, more variable soil mois-
ture conditions, warmer drier conditions are likely to become
more common (Intergovernment Panel on Climate Change
2002), including warmer, drier conditions like those in KY.
The inappropriate germination response of A. thalianain this
environment and the extremely strong selection on this re-
sponse suggest that global warming will exert strong selec-
tion on germination timing.

Natural Selection on Dormancy Induction and
Dormancy Breakage

Both dormancy induction and dormancy breakage were
subjected to strong natural selection in this study. An es-
pecially intense episode of selection eliminated June-dis-
persed seeds that had weak primary dormancy. In contrast,
nondormant seeds were favored if they were dispersed in
November. Therefore, selection on after-ripening require-
ment and innate dormancy appears to depend strongly on the
season of seed dispersal, and natural selection on dormancy
induction or maintenance was especially intense in seeds dis-
persed in June.

The timing of dormancy breakage of seeds with innate

dormancy was also under selection. In particular, seeds that
postponed germination until spring had low fitness, and this
was true regardless of the dispersal season. A previous study
(Griffith et al. 2004) found evidence that spring germination
could be caused by a cumulative cold requirement for dor-
mancy breakage, and that seeds that postponed germination
too long in the autumn experienced prohibitively cold tem-
peratures that prevented germination until the warmer tem-
peratures of spring. Their evidence for this was that those
genotypes that germinated late in the autumn also had a high
percentage of spring germination. We found the same in this
study (KY: r = 0.19, P < 0.001; RI, June-dispersed seeds:
r = 0.53, P < 0.001; RI, November-dispersed seeds. r =
0.82, P < 0.001; based on genotypic means). Under the con-
ditions of this experiment, a requirement for too many days
of cold for dormancy breakage was maladaptive. However,
arequirement for some cold was adaptive for June-dispersed
seeds, asindicated by the stabilizing sel ection on germination
timing, favoring seeds that germinate early in autumn. In
these seeds, the optimal germination timing was expressed
by a balance between dormancy induction (or maintenance)
and dormancy breakage, which led to germination in the au-
tumn. In short, both dormancy induction and dormancy
breakage are under strong selection that depends on geo-
graphic location and season of dispersal. Genes associated
with natural variation in both processes have been identified
through analysis of quantitativetrait loci (Alonso-Blanco and
Koornneef 2000; Alonso-Blanco et al. 2003). Our results sug-
gest that such genes are likely to be under environment-
dependent natural selection in the field.

Plasticity to Season of Dispersal

In contrast to the plastic response of germination to geo-
graphic location, plasticity to season of dispersal was adap-
tive. It is interesting that these recombinant lines exhibited
adaptive plasticity, as recombination is expected to have dis-
rupted adaptive gene combinations. The result suggests that
both parental lines have evolved the same adaptive plasticity
to dispersal season, although significant variation for plas-
ticity to dispersal season (Donohue et al. 2005) indicates that
not all alleles associated with plasticity to dispersal season
are shared between the parental lines. The ability to germinate
immediately under cool conditions and short photoperiods
may be adaptive even in late winter-flowering plants, so ger-
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mination responses to such seasonal cues may be adaptive
over a broad range of geography and life-history schedules.

Transgressive Segregation for Fitness

Transgressive segregation created novel genotypes that ex-
hibited germination timing and fitness that was beyond the
range of variation of the parental lines. Hybridization be-
tween inbred lineages appears to have broken up combina-
tions of allelesthat were adaptive in most treatments, as many
recombinants had lower fitness than either parent. However,
transgressive segregation for higher fitness also was ob-
served, especially if seeds were dispersed in June and es-
pecialy if they were matured under long days. Therefore,
hybridization does have the potential to contribute to adaptive
evolution (Lexer et al. 2003; Rieseberg et al. 2003a,b), and
its ability to do so depends on seasonal conditions of seed
maturation and dispersal.

Conclusions

Germination timing was under intense natural selectionin
some locations, and the observed plasticity in germination
was not always adaptive. An inappropriate germination re-
sponse to a potentially novel environment caused asignificant
reduction of fitness in KY. Therefore, germination may be a
critical stage that strongly influences the ability of immigrant
genotypes to establish in new locations. Germination re-
sponses to dispersal season, however, were shown to be adap-
tive, and they may even be adaptive for plants with diverse
life-history schedules. The abundant genetic variation in ger-
mination responses to geographic location and seasonal en-
vironmental factors (Donohue et al. 2005), and the trans-
gressive segregation of both germination and fitness, indicate
that germination timing has much evolutionary potential,
even if the responses of most genotypes to novel locations
are not adaptive. Because survival through germination may
be a prerequisite for adaptation of any subsequent life stage,
especially when linkage disequilibrium is pronounced, evolv-
ing appropriate germination responses to new environments
is necessary for establishing in these new environments.
Therefore, the rate of evolution of germination timing may
strongly influence the rate at which mobile species can ex-
pand their ranges and adapt to new locations.
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