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Early life-history transitions are crucial determinants of lifetime survival and fecundity. Adaptive evolution in early life-history 
traits involves a complex interplay between the developing plant and its current and future environments. We examined the 
plant’s earliest life-history traits, dissecting an integrated suite of pregermination processes: primary dormancy, thermal induction 
of secondary dormancy, and seasonal germination response. We examined genetic variation in the three processes,  genetic 
correlations among the processes, and the scaling of germination phenology with  the source populations’ climates. A spring 
annual life history was associated with genetic propensities toward both strong primary dormancy and heat-induced secondary 
dormancy, alone or in combination. Lineages with similar proportions of winter and spring annual life history have both weak 
primary dormancy and weak thermal dormancy induction. A genetic bias to adopt a spring annual strategy, mediated by rapid 
loss of primary dormancy and high thermal dormancy induction, is associated with a climatic gradient characterized by increasing 
temperature in summer and rainfall in winter.  This study highlights the importance of considering combinations of multiple 
genetically based traits along a climatic gradient as adaptive strategies differentiating annual plant life-history strategies. Despite 
the genetic-climatic cline, there is polymorphism for life-history strategies within populations, classically interpreted as bet hedging 
in an unpredictable world. 
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Adaptive plasticity in the phenology of early life-history stage 
transitions can be critical in determining the fate of the organ- 
ism, in that plasticity can synchronize the most vulnerable life- 
history stages with favorable environmental windows (Biere 1991; 
Denver et al. 1998; Gó mez-Mestre and Tejedo 2002; Donohue 
et al. 2005a,b; Forrest and Miller-Rushing 2010). This can not 
only maximize survival early in life-history but can also influence 
the timing and hence the fitness of later life-history stages (Evans 
and Cabin 1995; Hilhorst 1995; Vleeshouwers et al. 1995; Bewley 
1997; Li and Foley 1997; Morey and Reznick 2000; Donohue 

2002; Twombly and Tisch 2002; Altwegg and Reyer 2003; Baskin 
and Baskin 2004; Fenner and Thompson 2005; Walsh et al. 2008). 
In plants, germination is the first and most important early stage 
transition and contrasting life histories can result from polymor- 
phic germination responses to seasonal cues (Baskin and Baskin 
1985). For many annuals, this results in a choice of two alternative 
life cycles. Winter annuals germinate in fall, and overwinter as 
seedlings or rosettes, while spring annuals germinate in spring, 
and overwinter as dormant seeds (Baskin and Baskin 1974, 1983, 
Nordborg and Bergelson 1999; Baskin et al. 2004; Cici and Van 
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Acker 2009). Winter and spring annual life cycles nevertheless 
are generally synchronous in maturation and dispersal of seeds in 
late spring or early summer. 

Arabidopsis thaliana is an annual displaying this life-history 
polymorphism. In this species and many others, primary dor- 
mancy is induced during seed maturation and persists in dis- 
persed seeds. Catabolism of germination inhibitors and/or syn- 
thesis of germination enhancers often follows dispersal during 
a period of dry conditions. This process by which primary dor- 
mancy is lost is referred to as after-ripening, and when com- 
pleted results in responsiveness to germination cues. Exposure to 
cold conditions can also accelerate the breakdown of a known 
germination inhibitor, abscisic acid, and enhance responsiveness 
to germination cues (Finch-Savage and Leubner-Metzger 2006; 
Holdsworth et al. 2008). Further complicating the process of seed 
readiness for germination, dispersed seeds of temperate annu- 
als often experience a warm summer period during which they 
may be induced into secondary dormancy (Baskin and Baskin 
1998). This is thought to prevent germination during briefly be- 
nign periods that are often interspersed within generally inhos- 
pitably dry and hot summers (Donohue et al. 2005b). At some 
point, external stimuli such as cooler fall–winter conditions to- 
gether with internal biochemical transitions result in both primary 
and secondary dormancy breakage (Baskin and Baskin 1983, 
1998; Schmitt et al. 1992; Platenkamp and Shaw 1993; Donohue 
et al. 2005a; Penfield et al. 2005). However, even with a knowl- 
edge of the gain and loss of both primary and secondary dor- 
mancy, the fate of seeds can remain unpredictable. Together, both 
the known processes of after-ripening, heat-induced secondary 
dormancy and chilling-based dormancy breakage as well as addi- 
tional as yet unknown processes result in differential responses to 
fall and spring germination cues. As a result, both individual seeds 
and contrasting genotypes can differ in germination responses to 
seasonal cues (Baskin and Baskin 1983; Donohue et al. 2005a; 
Tsiantis 2005). We refer to observed differences in response to 
fall versus spring germination cues as seasonal germination bias. 

In this study, we used the model species A. thaliana to dis- 
entangle the genetically based mechanisms that collectively trig- 
ger or suppress germination across the succession of seasonal 
conditions that follow seed production. We evaluate the genetic 
variation in and correlations among primary dormancy, secondary 
dormancy and seasonal germination response, and their potential 
to collectively shape an adaptive combination of seed trait values 
along a climatic gradient. We expected that two different genet- 
ically based combination of seed traits could result in a spring 
annual life history (Fig. 1): (1) a genetic association between 
high primary strength and high seasonal germination bias toward 
spring (Fig. 1a-e-f∗) and (2) a genetic association between low pri- 
mary dormancy strength, high thermal dormancy induction, and 
high seasonal germination bias toward spring (Fig. 1a-b-d-f∗). 

Likewise, the winter annual life-history phenotype would be ex- 
pressed by a combination of low primary dormancy, low thermal 
dormancy induction, and low seasonal germination bias toward 
spring (Fig. 1a-b-c∗). Genetic variation in any element of these 
alternative pathways could shift the extent of seasonal germina- 
tion bias. We sought to describe the extent of potentially adaptive 
variation in these processes and their influence on seasonal ger- 
mination bias. 

Three main goals of the this study are (1) testing for ge- 
netic variation in traits related to multiple sequential processes 
involved in germination phenology, (2) testing for genetic co- 
variation among these seed traits, potentially shaping spring and 
winter life histories, and finally (3) testing for adaptive divergence 
of genetically based seed combinations along a climatic gradient. 
To our knowledge, no study has approached the combination of 
these three pregermination processes while considering their po- 
tential to collectively shape adaptive strategies along a climatic 
gradient. Studying the potential of annual plants to adapt to dif- 
ferent environments can contribute to understanding how annual 
plant species expand their geographic and environmental ranges. 
 
 
 
Methods 
STUDY SYSTEM 
We used A. thaliana as a study organism. Being highly selfing 
(Abbott and Gomes 1989) it is highly homozygous (Todokoro 
et al. 1995; Berge et al. 1998; Bergelson et al. 1998), greatly 
minimizing the genetic variation among a lineage’s seeds. We 
collected seeds in 17 natural populations (Fig. S1) along an al- 
titudinal gradient (109–1668 m above sea level) in NE Spain. 
This region shares a history of isolation from the other regions of 
the Iberian Peninsula (Picó et al. 2008). The populations within 
this region present strong neutral genetic differentiation without 
detectable isolation-by-distance among populations (Montesinos 
et al. 2009). In nine of these natural populations, we censused 
life-history events in the field. Seed release occurred in late May 
and early June and germination primarily in September–October 
and March (Montesinos et al. 2009). Both daily mean tempera- 
tures and temperature fluctuation decrease in fall in the natural 
sites and increase during spring (Tonsor, Picó , and Montesinos- 
Navarro, unpubl. data). 

We georeferenced each population and extracted climatic 
variables from the digital climatic atlas of the Iberian Peninsula 
(Ninyerola et al. 2005) using 50-year averages of monthly tem- 
peratures and rainfall (see Montesinos-Navarro et al. 2011 for 
more details). We selected climatic variables that we hypothe- 
sized would exert strong selection on seed phenotypes from seed 
release in June to favorable germination conditions in September 
and March: maximum monthly average temperature from June to 
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Figur e  1.  Schematic decision tree representing the influence of the traits examined in this study on the ability to respond to germination 
queues: combinations of “primary dormancy strength,” thermal dormancy induction, and seasonal germination bias determine entry into 
winter and spring annual life cycles. The vertical axis represents physiological progress in seed readiness to germinate with a threshold 
between responsive versus unresponsive  to cues triggering germination. The horizontal axis represents seasonal climatic conditions 
along a temporal axis. Circles represent  seed stages (white: newly released, black: postprimary dormancy, gray: heat-induced secondarily 
dormant). Arrows represent transitions in physiological condition (loss of primary dormancy: dashed, thermal dormancy induction: 
double solid, loss of secondary dormancy: single solid). Branch points symbolize the two extremes in the spectrum of variability in each 
trait: primary dormancy strength (a-b low, a-e high), sensitivity to thermal induction of dormancy (b-c low, b-d high), and seasonal 
germination bias (c-ct low, f-f t high). Periods shaded are those in which seasonal cues that trigger germination are present. 

 
 
 

August, minimum monthly average temperature from December 
to February, and mean rainfall in both periods. We used field 
soil temperature data from Hobo UA-002–08 temperature log- 
gers (www.OnSetcomp.com) as a reference to set conditions in 
the controlled environment chambers (see Montesinos-Navarro 
et al. 2011 for more details). 

 
 

SEED PRODUCTION 
We   collected   seeds   from   138   field-collected  plants,   and 
bulked them up enforcing self-fertilization in Conviron PGW36 
(http://www.conviron.com) controlled environment chambers at 
the University of Pittsburgh (Montesinos-Navarro et al. 2011). 
The offspring from these self-fertilized field-collected plants are 
highly homozygous lineages with very high within-lineage ho- 
mogeneity. We used these lineages for the experiments reported 
here. For the purposes of these experiments, the seeds within a 
lineage are considered genetic replicates of each other. To min- 
imize maternal position effects (Boyd et al. 2007) we only used 
seeds released within the period between the fifth and 15th days 
following maturation of the first fruit. We quantified maternal 
position effects on germination within these 10 days with pilot 

experiments using a subset of 88 lineages. Germination rates of 
the same lineages between the two collection dates differed by 
2.9% on average (SE = 0.9 Wilcoxon’s n = 88, Z = −4.5, P < 
0.001). Accordingly, we considered sampling differences smaller 
than 2.9% to be inseparable from sampling error. 

Some experiments subjected seeds to a gradual change of 
environmental conditions. These experiments therefore require 
lineages whose seeds are produced in synchrony; our experiments 
were as a result restricted to the use of 115 of the 138 lineages 
originally collected. The number of lineages used per population 
ranged from 2 to 13 (details in Table 1). 
 
 
GERMINATION  ASSAYS 
We used three replicate assay units (i.e., sets of 50 seeds) per par- 
ent lineage in every treatment. We conducted all assays in moisture 
chambers consisting of Linbro 24-well flat-bottom tissue culture 
plates (www.hamptonresearch.com) containing filter paper satu- 
rated with 140 μl of distilled water with additional water added 
during the experiment if necessary, closed with transparent lids, 
and sealed with parafilm. We randomly place replicates in wells 
and plates within the growth chamber. 
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Ta b l e  1 .  Seed traits of 17 populations of Arabidopsis thaliana. Population contains population names, the altitude of each lineages 
population of origin expressed in meters above sea level (masl), and primary dormancy strength expressed as days to reach 50% of the final 
germination. Entries in the trait columns are population mean values; standard errors in parentheses. Thermal dormancy induction and 
seasonal germination bias are expressed as reductions in germination percentage between thermal treatments and seasonal germination 
cues, respectively.  Positive values indicates higher germination percentage at 30◦ C than at 20◦ C and higher germination percentage under 
spring than under fall treatments respectively, while negative values indicates the opposite. 

 
 

 
 

Population 

 
Altitude 
(masl) 

 

 
 

N 

 
% germination 
at release 

 
After-ripening 
time, days 

Thermal 
dormancy 
induction 

Seasonal 
germination 
bias 

 

PIN 
 

109 
 

4 
 

26 (15) 
 

2 (2) 
 

1(4) 
 

15 (6) 
RAB 110 5 29 (16) 7 (3) 9(5) 19 (7) 
SAL 332 3 1 (1) 31 (9) 2(9) 73 (14) 
BAR 429 9 9 (4) 38 (9) 1(4) 27 (8) 
HOR 431 9 55 (14) 6 (3) −0.2(2) 13 (5) 
ARU 440 6 29 (13) 6 (2) 6(3) 10 (3) 
COC 515 6 5 (4) 34 (5) 10(5) 46 (7) 
POB 656 5 33 (18) 13 (6) 14(10) 34 (18) 
BOS 719 5 35 (11) 3 (2) 0.4(1) 5 (3) 
MUR 836 3 1 (1) 35 (13) 4(4) 52 (13) 
VDM 975 13 4 (3) 29 (3) 10(3) 58 (7) 
ALE 1225 10 36 (8) 13 (9) 2(2) 5 (4) 
HEC 1238 2 1 (1) 20 (2) 29(5) 80 (4) 
PAL 1433 11 33 (11) 27 (7) −0.3(4) 12 (6) 
BIS 1450 13 3 (2) 30 (3) 14(5) 75 (4) 
VIE 1600 5 1 (1) 24 (8) 6(4) 8 (5) 
PAN 1668 6 4 (4) 27 (6) 21(12) 37 (14) 

 
 

We scored the total number of viable seeds (i.e., golden in 
color and fully inflated) and the number of germinating seeds 
(i.e., emerging radical visible) using a Nikon SMZ2-T stereomi- 
croscope and we calculate the percentage of germinated seeds. 
Germinated seeds were removed after each count to prevent fun- 
gus growth. 

 
 
 

EXPERIMENTAL DESIGN 
We performed three independent but sequential experiments to 
genetically characterize primary dormancy, thermal germination 
response, and seasonal germination response. Primary dormancy 
was characterized testing for germination percentage after differ- 
ent times of storage, thermal germination response by comparing 
cumulative germination curves of seeds exposed to low and high 
temperature, and seasonal germination response by comparing 
cumulative germination curves of seeds germinating under spring 
versus fall simulated conditions. First, we partitioned the genetic 
variance of these traits among populations, lineages, treatments, 
and their interactions. Second, we tested for genetic covaria- 
tion among traits using structural equation models. Finally, we 
tested for adaptive divergence performing canonical correlations 
between genetically based trait variation and climatic variation 
along a climatic gradient. 

Experiment 1. Primary dormancy 
We characterized primary dormancy by storing seeds for increas- 
ing lengths of time before recording germination percentage un- 
der cool conditions. We collected seeds periodically right after 
fruit maturation. We stored seeds at 20◦C in dark and dry condi- 
tions for 0, 10, 60, 90, or 120 days. After 120 days all lineages 
reached 100% germination. We scored percentage of germination 
after seeds had been exposed 15 days to moisture and 8 h:16 
h light:dark and constant 12◦C. This experiment simulates the 
conditions that seeds experience after release in the field. Seeds 
released in late spring are buried in the soil from June to August, 
the driest months of the year (i.e., monthly average temperature 
across the populations is 19◦C). Following dry and warm soil con- 
ditions, seeds experience fall moisture and cooling temperatures 
(i.e., monthly average temperature in September–October across 
populations, 16–11.8◦C, respectively). Exposure to cool tempera- 
ture (12◦C) following dry storage (20◦C) contributes to breakage 
of primary dormancy, both in the field and in our experimental 
setting. We used pilot assays to determine the appropriate length 
of the germination assays. By day 15, germination nearly ceased 
with an increment lower than 4% for every genotype tested. 

A total of 103,500 seeds were used in this experiment (138 
lineages × 5 time periods of storage × 3 replicates × 50 seeds 
per replicate). 
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We characterized each lineage’s primary dormancy using (1) 
the germination percentage of seeds immediately after seed re- 
lease from the maternal plant, hereafter “germination at release,” 
and (2) the period of dry storage required prior to exposure to 
cool temperature to reach 50% of maximum germination (Alonso- 
Blanco et al. 2003), hereafter “primary dormancy strength” (see 
section on estimation of germination cumulative parameters for 
further details). 

 
Experiment 2. Secondary dormancy 
We characterized secondary dormancy as plasticity for each lin- 
eage in the germination curves of seeds stored at low versus high 
temperature. All the seeds used in experiment 2 were stored until 
experiment 1 was completed, that is, every lineage had overcome 
primary dormancy. Therefore, we exposed two sets of seeds pre- 
viously stored 120 days dry in the dark (Fig. 2) to 30 days at 
low 20◦C or high 30◦C temperature followed by moisture and 
simulated fall conditions (see experiment 3 below). Tempera- 
tures simulated mild versus warm summers based on the thermal 
range present during summer in the natural sites (i.e., the range 
of monthly mean temperature from June to August among the 17 
sites is 21–30◦C). We scored the number of germinants in each 
well every 3 days over a period of 81 days simulating nearly a full 
3 months of fall. 

A total of 34,500 seeds were used (115 lineages × 2 temper- 
ature treatments × 3 replicates × 50 seed per replicate). 

We characterized secondary dormancy for each lineage us- 
ing: (1) the difference in final germination between seeds exposed 
to 20◦C versus 30◦C storage, hereafter “thermal dormancy induc- 
tion,” and (2) the difference in days to reach 50% of final germina- 
tion between seeds exposed to 20◦C and 30◦C storage, hereafter 
“thermal germination acceleration” (see section on estimation of 
cumulative germination parameters for further details). 

 
Experiment 3. Seasonal germination response 
We characterized seasonal germination response as plasticity for 
each lineage in the germination curves of seeds germinated under 
simulated spring versus fall conditions. All treatments shared a 
120 days dry-stored period to overcome primary dormancy and 30 
days at 30◦C simulating secondary dormancy induced by summer 
conditions. Afterwards, we exposed two sets of seeds to simulated 
fall versus spring germination conditions. Fall germination condi- 
tions consisted of moistening and a progressive reduction in hours 
of light, temperature, and their associated daily amplitude. The 

mean daily temperature was ramped from 17 ± 4◦C to 1 ± 0◦C 
decreasing 2 ± 0.25◦C weekly the first month, 1 ± 0.25◦C the sec- 
ond, and 1 ± 1◦C until the end of the experiment, 81 days. Daily 
hours of light were ramped from 13 to 9 reducing 15 min weekly 
(this set of seeds was also used in experiment 2, Fig. 2). Spring 
germination conditions were simulated by keeping seeds dry and 

dark during simulated fall, followed by 30 days at constant 4◦C, 
then moistened and exposed to increasing temperatures, hours of 
light and an increment in their daily amplitudes. The mean spring 

temperature and daily variation ramped from 7 ± 0.2◦C to 14C ± 
1.6◦C increasing 0.5 ± 0.2 weekly the first month and 1 ± 0.2◦C 
until the 81st day. Daily hours of light were ramped from 9 to 
13 increasing 15 min weekly (Fig. S2 shows the actual cham- 
ber temperatures during fall and spring germination periods). 
Fall treatment simulated seasonal conditions from seed release 
(late spring–summer) through summer and fall conditions, when 
winter annuals germinate. Spring treatment mimicked a spring 
annual’s germination conditions, including summer, fall, winter, 
and spring conditions. Experimental conditions were based on 
monthly mean temperature from September to November for fall 
treatment and March to May for spring treatment across all 17 
source populations. 

We scored the number of germinants in each well every 
3 days over a period of 81 days. A total of 34,500 seeds were 
used in this experiment (115 lineages × 2 simulated season 
treatments × 3 replicates × 50 seed per replicate). 

We characterized seasonal germination response for each 
lineage using: (1) the difference in final germination between 
seed exposed to spring versus fall conditions, hereafter “sea- 
sonal germination bias,” and (2) the difference in days to reach 
50% germination between the same set of seeds, hereafter “sea- 
sonal germination acceleration” (see section on estimation of ger- 
mination cumulative parameters for further details). 

Germination scored under simulated spring conditions do 
not represent the genetic propensity of a lineage to germinate in 
spring, as many seeds that germinate in the simulated spring might 
have germinated in the fall if they had been hydrated. Accordingly, 
we consider the difference between germination under simulated 
spring versus fall conditions as a genetically based component 
of germination bias likely to contribute to differences in the ten- 
dency to exhibit winter versus spring annual life cycles in the 
field. Lack of seasonal germination bias is defined herein as an 
indistinguishable germination percentage when simulated fall and 
spring germination are compared. A positive sign indicates higher 
germination under simulated spring conditions, a value close to 
zero indicates lack of seasonal germination bias and a negative 
value indicates a higher germination under simulated fall. The 
magnitude of the difference indicates the degree of seasonal ger- 
mination bias. 

 
ESTIMATION OF CUMULATIVE GERMINATION  CURVE 
PARAMETERS 
Curves of germination percentage as a function of time in each ex- 
periment provided the kinetics of cumulative germination curve of 
each lineage. We estimated germination parameters from the cu- 
mulative germination curves fitting the following four-parameter 
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Figur e  2.  Schematic representation of the three sequential experiments used to characterize seed traits. The horizontal axis represents 
our simulation of time, indicating the start and duration of each experiment, from seed release to the following spring, based on the 
seasonal changes observed in the field. Rectangles with  dashed margins represent sets of seeds exposed to the heat and seasonal 
conditions indicated inside the boxes. Gray lines indicate the start of moisture and light application. Arrows point to the sets of seeds 
used in each experiment. 

 
Hill function specifically developed to describe seed germination 
(El-Kassaby et al. 2008): 

 

 
X t  = Y + ( A × T b /C b + T b ), 

 
where X is the cumulative germination percentage at time T , Y 
is initial germination percentage tested immediately after seed 
release, A is final germination percentage, C  is the time re- 
quired to reach 50% of the final germination percentage, and 
b is a parameter related with the shape and steepness of the curve 
(El-Kassaby et al. 2008). Both parameters b and C are related to 
germination speed. As units in which C is expressed (number of 
days to reach 50% of final germination) are more intuitive than 
b, C was selected to characterize germination speed instead of b. 
For succinctness hereafter we will use the following terms: Y = 
initial germination, A = final germination, and C = germination 
speed. In each experimental treatment, experiment and treatment 
represents first and second subscripts respectively, we designated 
the cumulative curve parameters as follows (Fig. 3): 

Experiment 1: Y 1=  initial germination (germination at re- 
lease). A1  = final germination, which did not have any varia- 
tion in experiment 1 because our experimental design forced it 
to be 100% for every lineage in this experiment, C1  = germi- 
nation speed (primary dormancy strength). In this experiment 
only one cumulative germination curve was calculated per indi- 
vidual level using the average of lineage replicates, as lineage 
replicates cannot be linked across assays performed at different 
times. 

Experiment 2: Y 2 = initial germination, which was 0% in all 
assays in this experiment because the germination immediately 
after wells were moistened was 0. A2,20  = final germination in 
seeds exposed to 20◦C and A2,30  = final germination in seeds 
exposed to 30◦C. C2,20  = germination speed in seeds exposed to 
20◦C and C2,30  = germination speed in seeds exposed to 30◦C. 

Experiment 3: Y 3 = initial germination, which was 0 for the 
same reason as in experiment 2. A3,fall  = final germination in 
seeds exposed to fall conditions (note that this is the same as A2,30 

because the same set of seeds and conditions were used in both 
experiments) and A3,spring = final germination in seeds exposed to 
spring conditions. C3,fall = germination speed in seeds exposed to 
fall conditions (note that this is the same as C2,30 ) and C3,spring  = 
germination speed in seeds exposed to spring conditions. 

We calculated four new variables based on the parameters 
described above and used them in canonical correlation analy- 
ses and structural equation models to characterize relationships 
among seed traits (see Fig. 3 for graphical representation and 
details in statistical analyses below): 

 
(1) Thermal dormancy induction: [A2,20 –A2,30 ]. 
(2) Thermal germination acceleration: [C2,20 –C2,30 ]. 
(3) Seasonal germination bias: [A3,spring –A3,fall ]. 
(4) Seasonal germination acceleration: [C3,spring –C3,fall ]. 

 

 
We fitted nonlinear regressions using SPSS (version 17.0; 

IBM Company Headquarters, Chicago, IL) to obtain estimates of 
the parameters. 
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EXPERIMENT  1: PRIMARY  DORMANCY 
 

EXPERIMENT  2: SECONDARY DORMANCY 

20fall 
 
 

30fall 
(g) 

 
(c) 

 
(d) 

 
(a)  

 
 
(b) 

 
(e)     (f) 

(h) 

DAYS OF STORAGE  DAYS SINCE THE EXPERIMENT BEGAN 
 

 
EXPERIMENT 3: SEASONAL  GERMINATION RESPONSE 

30spring 
(i) 

(k) 

 
a) Y1: germinaUon at release 

b) C1: primary dormancy strength 

c) C2,20: germinaUon speed in seeds exposed to 20ºC 

d) C2,30: germinaUon speed in seeds exposed to 30ºC 
 

(d) 
30fall 

e) A2,20: final germinaUon in seeds exposed to 20ºC 

f) A2,30: final germinaUon in seeds exposed to 30ºC 

g) [A2,20 - A2,30]: Thermal dormancy inducUon 

h) [C2,20 - C2,30]: Thermal germinaUon acceleraUon 

i) A3,spring: final germinaUon in seeds exposed to spring 

j) C3,spring: germinaUon speed in seeds exposed to spring 
(j)     (f) k) [A  3,spring - A3,fall]: Seasonal germinaUon bias 

(l) 

DAYS SINCE THE EXPERIMENT BEGAN 
l)  [C  3,spring – C3,fall]: Seasonal germinaUon acceleraUon 

 
Figur e  3.  Schematic representation of the cumulative germination curve parameters used to characterize seed traits. The star indicates 
50% of the final germination percentage. In experiments 2 and 3 line types (black, gray, short dashed, and long dashed) indicate different 
treatments described on top of each line. Each character, in brackets, is followed by the name used for the character throughout the 
article. 

 
STATISTICAL ANALYSES 
Partitioning of genetic variance 
Experiment 1. Primary dormancy. We used two separate mixed 
models, one each to test for genetic effects of population on ger- 
mination at release and primary dormancy strength, considering 
population as a random effect: 

 
yi j  = μ + δ j  + ξi j . 

including all the effects did not converge, so population and lin- 
eage effect were tested in two separate models. For each response 
variable, the following two models were used to test for (1) pop- 
ulation and population by heat treatment interaction (1) and (2) 
lineage and lineage by heat treatment interaction (2): 
 

yi j k  = μ + κk + δ j  + δκik + ξi j k  (1) 
 

 
yi j k  = μ + κk + ιi  (δ j ) + ιi (δ j )κik + ξi j k ,  (2) 

Here yij , the dependent variable, representing either germi-  
where y  ijk 

 
is the dependent variable, either final germination or 

nation at release or primary dormancy strength for individual i in 
population j, respectively, μ is the overall mean, δj  is the popu- 
lation effect with j = 1,. . .,17 populations, and ξij  is the residual 
deviation of the ith individual from the grand and population 
means. 

 
Experiment 2. Thermal germination response. We used mixed 
models to test for effects of heat treatment, population of origin, 
lineage nested within population, population by treatment inter- 
action, and lineage by treatment interaction on final germination 
and germination speed. Heat treatment was considered as a fixed 
effect and population and lineage as random effects. The model 

germination speed for individual i in population j in heat treat- 
ment k respectively, μ is the overall mean, κ is the temperature 
treatment effect with k = 2 treatment levels: 20◦C and 30◦C, δ 
is the population effect with j = 17 populations, ι is the lineage 
effect with i = 115 lineages but with a variable number (2–13) 
of lineages nested within each population, δκ is the population 
by treatment interaction effect, ικ is the individual by treatment 
interaction effect, and ξ is the residual error. 

In the analyses involving final germination the residual er- 
ror did not meet homoscedasticity assumptions of general linear 
models. GLIMM models were therefore used, adjusted to a beta 
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distribution with which the residual error meet the assumptions 
required. 

 
Experiment 3. Seasonal germination response. We used mixed 
models to test for effects of season treatment, population of ori- 
gin, lineage nested within population, population by treatment 
interaction, and lineage by treatment interaction on final germina- 
tion and germination speed. The full model with both population 
× season and lineage × season failed to converge. We therefore 
used mixed models (1) and (2) as described above. Season treat- 
ment κ was considered a fixed effect with treatment levels: fall 
versus spring, and population, population by season treatment 
interaction, lineage and lineage by season treatment interaction 
as random effects. In the analyses involving final germination 
the residual error did not meet homoscedasticity assumptions of 
general linear models. GLIMM models were therefore used, ad- 
justed to a beta distribution with which the residual error meet the 
assumptions required. 

For all three experiments significance of fixed effects was cal- 
culated using restricted maximum likelihood. For models using 
a beta distribution, dual quasi-Newton pseudo-likelihood estima- 
tion was used instead because of its greater calculation efficiency. 
We tested for significance of random effects by comparing nested 
models. We removed each factor one at a time and compared −2 
Log pseudo-likelihood (−2 LogPL) of the models (Burnham and 
Anderson 2002; Bolker et al. 2009). Each full model was com- 
pared to a null model yijk = μ and the −2 LogPL used to test for 
its overall significance. 

All analyses were performed with PROC GLIMMIX in SAS 
(version 9.2; SAS Institute Inc., Cary, NC) using COVTEST 
option. 

 
 

Genetic correlations  among seed traits 
We tested for genetic correlations between primary dormancy and 
secondary dormancy and their independent effects, on seasonal 
germination response. We tested the causal pathways illustrated in 
Figures 1 and 6A using structural equation models as confirmatory 
analysis (Pugesek et al. 2003). We used seasonal germination bias 
and seasonal germination acceleration as the response variables 
and primary dormancy strength, thermal dormancy induction, and 
thermal germination acceleration as putative causal variables. A 
nonsignificant χ2   P-value indicates that the model has a high 
goodness-of-fit and the pattern of covariance predicted by the 
model is not distinguishable from that observed (Mitchell 1992, 
1993; Shipley 1997). 

Lineages were clustered within populations. We fitted the 
same model using both lineage means (n = 115) and population 
means (n = 17). In both cases the P-value of the goodness-of-fit of 
our proposed model was above 0.05 (0.76 and 0.92, respectively). 
Both models had the same significant paths with the same signs, 

thus potential nonindependence is not conditioning the results. Re- 
sults are presented for models fitted with lineage means, because 
they provide higher precision. We removed the six observations 
furthest from the centroid to examine whether deviation from 
multivariate normality was affecting the results, and this resulted 
in outputs that were consistent with the full dataset. Accordingly, 
we included the full dataset in our analyses without further trans- 
formation. Analyses were performed using the AMOS module of 
PASW statistics (version 18.0; SPSS Inc., Chicago, IL). 

 
Genetic population differentiation associated 
with  an environmental gradient 
We tested for clinal variation in genetically based seed traits along 
the climatic gradient. Canonical correlation analyses were used 
to establish the linear combination of traits and climatic vari- 
ables that maximize the Pearson product–moment accounting 
for nonindependence of the variables (McGarigal et al. 2000), 
thus accounting for as much colinearity as possible between 
trait values and climate of origin and providing the greatest 
predictive value for climate with regard to variation in seed 
traits. 

We estimated the canonical correlation between population 
mean values of: primary dormancy strength, thermal dormancy 
induction, and seasonal germination bias versus the climatic vari- 
ables: maximum temperatures from June to August, minimum 
temperatures from December to February, and mean rainfall in 
those same periods. Canonical correlations produces variates (i.e., 
orthogonal linear combinations) of both traits and environmen- 
tal variables and these were tested using the likelihood ratios 
among nested models, sequentially excluding the previous vari- 
ates (Scheiner and Gurevitch 2001). We present only the signifi- 
cant variates in the results. The significant variates’ standardized 
canonical coefficients were calculated for each trait and environ- 
mental variable, and their magnitudes and signs were used to 
interpret their relative contribution to the overall canonical cor- 
relation. The canonical variates and their constituent trait and 
climate coefficients provide the linear combinations of trait and 
climate values that best estimate their mutual covariation. The 
magnitude represents the contribution of that trait or environmen- 
tal variable to the multivariate correlation. Similar or opposite 
signs for two variable’s coefficients represent respectively either 
concordant or opposing effects of the two variables on the multi- 
variate correlation. 

The statistic most often reported from a canonical correlation 
analysis is the squared canonical correlation, which estimates the 
proportion of the multivariate variance in both trait and climate 
measures explained by the canonical covariance. Although this 
is an important measure and we report it, for this study the most 
important measure is the proportion of variance in the seed traits 
that is explained by variance in climate. We report this as well. The 
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Ta b l e  2 .  Results of the generalized mixed linear model tests for 
population effects on primary dormancy. Significance based on 

likelihood ratio (−2 Log likelihood, 2LOD) and variance compo- 
nent (SE) of population considered as random are reported. The 
full model was significant for both germination at release (initial 
germination percentage) and primary dormancy strength (days to 
reach 50% germination) (2LOD = 25.53∗∗∗ ; df = 1 and 2LOD = 
983.39∗∗∗ ; df = 1, respectively). (n.s > 0.005, ∗ P < 0.05; ∗∗ P < 0.01; 
∗∗∗ P < 0.001). 

Experiment 3. Seasonal germination response 
We found a significant effect of simulated fall versus spring con- 
ditions on germination behavior (Table 4). Exposure to fall con- 
ditions on average reduced final germination by 33 ± 3% and 
increased the days to reach 50% of final germination by 1 ± 0.6 
days, compared to spring germination conditions. Germination 
showed increased synchrony across lineages in the spring com- 
pared to the fall treatment (germination speed standard deviations: 

   1.4 days and 7.8 days, respectively; Fig. S3C and D). 
Variance 
component 

   Trait Effect 2LOD (SE) 
 

Initial germination 
percentage 

Population 17.4∗∗∗ 0.02 (0.01) 
Residual 0.06 (0.01) 

There was no significant average effect across seasons of 
populations or lineages for either final germination or germination 
speed in experiment 3. However, both populations and lineages 
were differentiated in their responses to the season treatment for 
both final germination and germination speed, as indicated by 
significant interaction terms (Table 4). 

Days to reach 50% 
germination 

 
 
Population 13∗∗∗ 100.96 (52.90) 
Residual  287.26 (41.10) 

 
GENETIC CORRELATIONS AMONG  SEED TRAITS 
There were no significant differences between the covariance 
structures proposed in our model and the observed structure, in- 
dicating a good fit of the structural equation model (n = 115, 
χ2   = 0.09, df = 1, P = 0.76). The model had a high adjusted 
goodness-of-fit index (AGF) of 0.99 (index ranges from 0 to 1) 

analysis was performed using PROC CANCOR in SAS (version 
9.2; SAS Institute Inc.). 

 
 

Results 
PARTITION OF GENETIC VARIANCE 
Experiment 1. Primary dormancy strength 
In our germination assay conditions, all lineages broke primary 
dormancy before 120 days postrelease. On average, 50% of ger- 
mination was achieved by day 20 ± 19 (SE). Germination at 
release was 90% in 5% of the lineages, whereas 20% of the 
lineages did not germinate at all at release, thus some lineages 

and a root mean square error of approximation (RMSA) of 0 
with a confidence interval of 0–0.17. Our proposed model fit the 
empirical data considerably better than the independence model, 
with a comparative fit index of 1 and normed fit index of 0.99 
(Byrne 2009). Holter’s critical N focuses on the adequacy of the 
sample size, values bigger that 200 indicate that the model ade- 
quately represents the sample data (Byrne 2009). For a significant 
difference of 0.05 our model had a Holter’s critical N of 4861. 

The proposed model explained 43% and 50% of the variation 
in seasonal germination bias and seasonal germination accelera- 
tion, respectively. The variance explained accounts for positive 
genetic influences of primary dormancy strength (standardized 

are able to germinate at 12◦C without a period of dry storage. 
We found significant population differentiation in germination regression coefficient [SRC] = 0.30), thermal dormancy induc- 

 
at release (Table 2) and in primary dormancy strength (Table 2; 
Table 1 for population mean values). 

 
Experiment 2. Secondary dormancy 
Exposing seeds to 30◦C tended to reduce final germination by 7% 
and increase the number of days to reach 50% germinants by 1.5 
days, on average, compared to seeds exposed to 20◦C. Exposure 

to 30◦C thus slowed germination speed by 1.5 ± 0.6 days. 
There were significant population, lineage, and lineage-by- 

heat interaction effects on final germination and germination 
speed in response to the heat treatment (Table 3, Fig. S3A, B). 
The population-by-heat treatment interaction effect was not sig- 
nificant for either variable (Table 3), indicating that all populations 
respond similarly to the heat treatment. 

tion (SRC = 0.51), and thermal germination acceleration (SRC = 
0.23) on seasonal germination bias (Fig. 4A and B) (all P < 
0.001). We also found a significant association between thermal 
germination acceleration and seasonal germination acceleration 
(SRC = 0.71, Fig. 4A and B). No overall genetic correlation was 
detected between primary dormancy strength and thermal germi- 
nation response. 
 
 
GENETIC POPULATION DIFFERENTIATION 
ASSOCIATED WITH THE ENVIRONMENTAL  GRADIENT 
Clinal variation in seed traits along a climatic gradient is demon- 
strated by a significant canonical correlation between population 
mean seed traits values and site-specific environmental variables 
values (n = 17, Wilk’s Lambda 0.1, F = 3.3, Num DF 12, Den 
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Ta b l e  3 .   Results of generalized mixed linear model test for genetic variance in thermal germination response. For each dependent 
variable the effects of (1) population and population by treatment interaction and (2) lineage and lineage by treatment interaction were 

tested independently. Significance of fixed (heat treatment), random (all the rest) based on likelihood-ratio (−2 Log likelihood, 2LOD) 
effects and variance component (SE) are reported. Lineage was nested within population for all analyses (n.s: P > 0.05, ∗ P < 0.05; ∗∗ P < 
0.01; ∗∗∗ P < 0.001). 

 
Trait Source 2LOD F df Variance component (SE) 

 

Final germination 
 

Model 529.23∗∗∗   

2  
Population 10.8∗∗∗ 1.65 (0.65) 
Heat 18.8∗∗∗ 1/123 
Population×Heat 0n.s  0 (.) 

 Residual    2.84 (0.36) 
Lineage 129.47∗∗∗   4.48 (0.65) 
Lineage×Heat 17.85∗∗∗   0.37 (0.08) 
Residual    10.77 (0.74) 

Germination speed Model 188.98∗∗∗  2  
 Population 6.59∗∗   0.46 (0.26) 
 Heat  4.28∗ 1/123  

Population×Heat 0n.s  0 (.) 
Residual  3.74 (0.35) 
Lineage 34.9∗∗∗ 3.09 (0.62) 
Lineage×Heat 21.21∗∗∗ 1.44 (0.41) 
Residual  4.95 (0.31) 

 
 

Ta b l e  4 .  Results of generalized mixed linear model tests for genetic effects on seasonal germination response. For each dependent 
variable the effects of (1) population and population by treatment interaction and (2) lineage and lineage by treatment interaction were 

tested independently. Significance of fixed (season treatment), random (all the rest) based on likelihood-ratio (−2 Log likelihood, 2LOD) 
effects and variance component (SE) are reported. Lineage was nested within population for all analyses (n.s: P > 0.05, ∗ P < 0.05; ∗∗ P < 
0.01; ∗∗∗ P < 0.001). 

 
Trait Source 2LOD F df Variance component (SE) 

 
 

Final germination 
 

Model 542.61∗∗∗   

2  
 Population 

Season 
−21.2n.s  

311.59∗∗∗ 
 

1/123 
1.20 (0.63) 

 Population×Season 56.18∗∗∗   0.35 (0.31) 
 Residual    4.19 (0.49) 
 Lineage −70.44n.s   3.11 (0.61) 
 Lineage×Season 474.84∗∗∗   1.34 (0.30) 
 Residual    15.69 (1.02) 

Germination speed Model 184.42∗∗∗  2  
Population                                 0n.s                                                                                                        0.003(0.14) 
Season                                                                 56.27∗∗∗               1/123 
Population×Season                3.77∗                                                                                 0.25 (0.20) 
Residual                                                                                                                 2.59 (0.25) 
Lineage                                     0n.s                                                                                                        0.00 (.) 
Lineage×Season 133.28∗∗∗ 3.16 (0.38) 
Residual  2.93 (0.19) 

 
 

DF 26.7, P < 0.005). Only the first variate of the three obtained 
in the canonical correlation analysis was significant, explaining 
81% of the total variation (R2 = 0.81, P = 0.005). The other two 
climate variates were not significant (P = 0.2 and 0.77, respec- 

tively). The climatic gradient, in order of decreasing contributions 
to the variate, is one of increasing maximum temperatures in June– 
August, increasing rainfall December–February, increasing min- 
imum temperatures December–February, and increasing rainfall 
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Figur e 4. Results of structural equation model to test for primary dormancy strength and thermal dormancy induction effects on seasonal 
germination bias. (A) Representation of the model tested. (B) Standardized coefficients only for the significant paths (P-value ≤ 0.01) 
(N = 115, χ2  = 0.09, df = 1, P-value = 0.76, R2 (SY ) = 0.43, R2 (SC ) = 0.50). Characters in brackets designate groups of relationships 
testing for specific paths hypothesized  in Fig. 1: (a-e-ft ) after-ripening time and seasonal germination bias, (a-b-d) after-ripening time and 
thermal dormancy induction and (d-ft ) thermal dormancy induction and seasonal germination bias. High values of seasonal germination 
bias indicate predominant germination under spring cues compared with fall cues. 

 
 
 

Ta b l e  5 .   Canonical correlation among seed traits and environ- 
mental conditions in the natural sites based on population means. 
The first variates’ standardized canonical correlation coefficients 
(SC) for seed traits and environmental variables accounted for 81% 
of the total variance (R2 = 0.81, P-value = 0.005). The other two 
climate variates produced in this analysis, not presented, were not 
significant (P-values 0.2 and 0.77, respectively). 

Traits SC 

Primary dormancy strength −0.55 
Thermal dormancy induction 0.54 
Seasonal germination bias 0.74 

Environmental variables 
 

Maximum temperature (June–August) 1.52 
Minimum temperature (December–February) 0.23 
Mean rainfall (June–August) 0.97 

     Mean rainfall (December–February)                              1.23 
 
 
 

June–August, according to the signs of the standardized canoni- 
cal correlation coefficient (SCCC; Table 5). The climate gradient 
described by the SCCC is negatively correlated with the first prin- 
cipal component of the WorldClim (http://www.worldclim.org/) 
climatic data for the Iberian peninsula (r = −0.65, P = 0.005), 
which is in turn highly correlated with the altitude of origin of the 

study populations (r = 0.93, P < 0.001; M. D. Wolfe and S. J. 
Tonsor, unpubl. data). 

The first principal component of the Iberian WorldClim data, 
explained 29% of the gradient in standardized variation in seed 
traits described by the SCCC. Along this climatic gradient, from 
lower temperature/dryer conditions to higher temperature/wetter 
conditions, seeds presented lower primary dormancy strength 
(SCCC: −0.55, Table 5), had higher thermal dormancy induction 
(SCCC: 0.54, Table 5), and showed increasing seasonal germi- 
nation bias, predominantly germinating under spring conditions 
(SCCC: 0.74, Table 5). 
 
 
Discussion 
Genetic variation in germination timing and its evolutionary con- 
sequences in wild populations of annuals has been the subject 
of considerable study (Kalisz 1986; Baskin and Baskin 1998; 
Donohue et al. 2005a,b; Penfield et al. 2005; Donohue et al. 
2007). The disentanglement of the selective pressures and internal 
mechanisms leading to a given germination phenology remains 
a matter of active research (Finch-Savage and Leubner-Metzger 
2006; Holdsworth et al. 2008; Chiang et al. 2009). In this study, 
we show that genetic variation at a regional scale in three seed 
traits contributes to polymorphism in germination phenology in 

http://www.worldclim.org/)�
http://www.worldclim.org/)�
http://www.worldclim.org/)�
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the highly selfing species A. thaliana. We further show that this 
variation is clinal, associated with a climate gradient whose most 
important features are a transition from warmer summers and wet- 
ter winters to cooler summers and drier winters. This gradient is 
also associated with the altitude of origin of the study populations. 

We observed genetic variation in primary dormancy, ther- 
mally induced secondary dormancy, and seasonal germination re- 
sponses in 115 lineages from 17 populations of A. thaliana from 
NE Spain. The observed integration of this trait variation sug- 
gests that A. thaliana has evolved a complex bet-hedging strategy 
in which the likelihood of germinating in the fall is influenced by 
two clinally covarying but genetically independent mechanisms. 
These two mechanisms, the rate of loss of primary dormancy, and 
the sensitivity to thermal dormancy induction, provide in turn two 
mechanisms that can either inhibit or enable fall germination. 

In theory, if release from primary seed dormancy is slow 
enough, seeds could remain dormant past the window of fall ger- 
mination cues, ensuring a spring annual life history. However, 
the longest population mean primary dormancy half-life (time 
to 50% germination) observed among our 17 populations was 
38 days for the BAR population. This population releases seeds 
in April and May, one of the first populations in which this 
occurs, and germination occurs in late September or October 
(Montesinos et al. 2009). Thus, even in this most extreme pop- 
ulation the mean remaining primary dormancy can only weakly 
inhibit fall germination, approximately three half-lives after seed 
release. Nevertheless, when variation among lineages within pop- 
ulations is considered, we detected significant genetic path coeffi- 
cients between primary dormancy strength and the extent to which 
germination is limited to the spring window of cues, and to the 
speed of spring versus fall germination. This indicates that either 
primary dormancy directly influences seasonal germination bias 
and speed, or that the traits are influenced by a common genetic 
mechanism. The most extreme 20% of the lineages have half-lives 
between 40 and 90 days, indicating that for many lineages there 
may not be sufficient residual primary dormancy to substantially 
inhibit fall germination but for a small number of lineages, pri- 
mary dormancy will be remain a factor in fall. We have shown 
a genetic basis to variation in primary dormancy half-life in the 
laboratory, but environmental conditions in the field most likely 
will determine the actual primary dormancy half-lives, and the 
extent to which primary dormancy inhibits fall germination. 

For any genotype that loses primary dormancy during the 
summer, secondary dormancy may be induced in a temperature- 
dependent manner, providing a second mechanism inhibiting fall 
germination. Variation in the sensitivity to thermal dormancy in- 
duction appears to be genetically independent of primary dor- 
mancy strength under our experimental conditions (but see below) 
and provides a second pathway inhibiting fall germination. Varia- 
tion in thermally induced secondary dormancy among populations 

is substantial, ranging from no effect to reductions in germinabil- 
ity of as much as 29%. Secondary dormancy induced by high 
summer temperatures therefore appears to be highly evolvable. 

Because primary dormancy and thermally induced secondary 
dormancy are evolvable and show strong influences on seasonal 
germination properties, they appear to be important mechanisms 
by which seasonal germination bias has evolved across our study 
populations. 

Across the climate gradient described by our first canoni- 
cal climate variate the trait values associated with primary and 
secondary dormancy and the tendency to germinate in spring 
versus fall exhibit a cline, indicating adaptively differentiated 
dormancy/germination strategies. Populations in warmer, wetter 
locales exhibit foreshortened primary dormancy, heightened ten- 
dency to secondary dormancy, and a tendency to require exposure 
to winter cold to germinate, consequently germinating preferen- 
tially under spring cues. This could provide a mechanism of avoid- 
ing germination after sporadic rain within potentially extremely 
hot summers, very frequent in the Mediterranean climate, espe- 
cially in localities with average wet and warmer summers. On the 
other extreme of the climatic gradient, with cooler and drier envi- 
ronments, plants exhibit strong primary dormancy, low secondary 
dormancy, and greater plasticity in responsiveness to either fall or 
spring germination cues. In this environment primary dormancy 
could be uninhibited triggering seeds germination in fall, but in 
years when summer conditions have been especially dry seeds 
could have entered secondary dormancy, delaying germination 
until spring when conditions would have on average improved. 
At the same time, being able to take advantage of the rare warmer 
winters where the increased winter warmth brings precipitation as 
rain rather than snow, could be a tremendous advantage in good 
years. 

One of the challenges of life-history theory is to explain 
the maintenance of life-history polymorphisms. Despite the ob- 
served genetic differentiation in seed traits, all populations in our 
study retain polymorphism for germination under both spring 
and fall conditions in both laboratory (this study) and field 
(Montesinos et al. 2009). Different potential explanations exist 
for this variation. One explanation, admixture gene flow across 
the climate gradient, can be discounted in our study system 
because all population genetic measures thus far point to very 
low movement of genes between these populations (Montesinos 
et al. 2009; see Montesinos-Navarro et al. 2011 for a detailed ex- 
planation). However, balancing selection, selection favoring bet 
hedging in responses to germination cues (Pake and Venable, 
1996; Venable and Brown 1998) or stochastic switching in gene 
expression (Acar et al. 2008) all remain as potential causes of 
the observed polymorphism. In addition, our observed variation 
in primary and secondary dormancy traits account for only about 
half of the variation in seasonal germination bias and seasonal 
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germination speed (0.43% and 0.51%, respectively), suggesting 
that additional mechanisms may exist that are genetically inde- 
pendent of the mechanisms explored in this study. 

The effects of multiple genetic pathways underlying primary 
dormancy are only partially disentangled in this study and can 
play an important role in shaping germination time. Germination 
time is a highly integrative trait influenced by primary dormancy, 
thermal dormancy induction, and other unaccounted-for influ- 
ences. 

Huang et al. (2010) showed evidence for a genetic association 
between the speed of after-ripening and thermal dormancy induc- 
tion using quantitative trait locus analysis (QTLs) in recombinant 
inbred lines. QTLs associated with after-ripening colocate with 
QTLs for induction of dormancy by warm temperatures. How- 
ever, in our results, where primary dormancy is characterized as 
a combination of timing of after-ripening (in dry storage) and 
chilling (following 12◦C conditions), we did not find an overall 
genetic association between primary dormancy and thermal dor- 
mancy induction (Fig. 4A, B). This may result from the effects 
of chilling response obscuring the genetic correlation between 
after-ripening and thermal dormancy induction. 

Prediction of germination behavior and its evolution in the 
field lies outside the aims of this article. Field seed bank dynam- 
ics are likely to be influenced by complex environmental cues 
affecting primary and secondary dormancy after seed release, and 
other effects such as maternal effects on dormancy, or microen- 
vironmental effects, that we have tried to minimize in our experi- 
mental design. In addition, as has been shown in other traits in A. 
thaliana (Tonsor and Scheiner 2007) genetic correlations among 
seed traits are likely to change with environmental conditions. 
However, the underlying genetic mechanisms shaping important 
life-history traits and strategies under controlled conditions in our 
study are likely to influence phenotypic differences among geno- 
types in the field as well; just how that influence plays out remains 
to be studied in the field. 
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