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Department of Plant Ecology and Evolution, Evolutionary Biology Centre, Uppsala University, Norbyvägen 18 D,
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� Background and Aims Intraspecific variation in seed bank dynamics should contribute to local adaptation, but is
not well studied. The extent to which genetic and environmental factors affect dormancy cycling and seed mortality
was investigated in the annual herb Arabidopsis thaliana by conducting a reciprocal seed burial experiment.
�Methods Seeds from two locally adapted populations (from Italy and Sweden) were buried at both of the sites of
origin, and seed mortality and germinability were determined during the following 2 years for initially non-dormant
glasshouse-matured seeds and dormant field-matured seeds.
� Key Results Mean soil temperature was higher at the Italian site compared with the Swedish site throughout the
year, and the germination proportions were in general higher for seeds buried in Italy than in Sweden. The rate of
secondary dormancy induction of the Italian genotype was faster than that of the Swedish genotype at both sites,
while the opposite was true for the rate of dormancy release, at least at the Swedish site. The comparison of non-
dormant glasshouse seeds with dormant field seeds demonstrated that A. thaliana seeds can adjust their dormancy
levels to current environmental conditions, and suggests that maternal environmental conditions have only minor ef-
fects on dormancy cycles. At both sites, locally produced seeds had low germinability in the first year compared
with the second year, suggesting that a considerable fraction of the seeds would enter the seed bank. In Italy, but
not in Sweden, seed mortality increased rapidly during the second year of burial.
� Conclusions This is the first demonstration of intraspecific genetic differentiation in the annual seed dormancy
cycle of any species, and the documented difference is likely to contribute to local adaptation. The results suggest
that the contribution of a seed bank to seedling recruitment should vary among environments due to differences in
the rate of seed mortality.

Key words: Arabidopsis thaliana, bet-hedging, dormancy cycling, local adaptation, natural variation, physiological
dormancy, secondary dormancy, seed bank, seed mortality, seed predation.

INTRODUCTION

Many seeds do not germinate directly after dispersal, but end
up in the soil where they can accumulate and form a soil seed
bank. A reserve of viable seeds in the soil enables dispersal
through time and can serve as a bet-hedging strategy against
unpredictable fluctuations in survival or reproduction and thus
reduce the variance in fitness (Seger and Brockman, 1987).
A persistent seed bank, with seeds that stay alive in the soil
for >1 year, is common among annual and biennial species in
disturbed and variable habitats (Thompson et al., 1998;
Saatkamp et al., 2014) and can prevent population extinction
due to failure of seed production in a single year (Venable and
Brown, 1988; Thompson, 2000; Evans and Dennehy, 2005;
Tielbörger et al., 2012). The formation of a persistent seed
bank may also allow escape from crowding and kin competition
(Venable and Brown, 1988; Thompson, 2000).

The timing of germination strongly affects the probability of
seedling survival, and also the conditions for further plant
growth and reproduction (Donohue et al., 2010). This should
result in strong selection on seeds in the seed bank to respond
to seasonal cues and to germinate at the time of the year most

favourable for further development and reproduction. Seeds can
delay their germination by dormancy, a seed trait that deter-
mines the conditions required for germination (Vleeshouwers
et al., 1995; Finch-Savage and Leubner-Metzger, 2006). The
higher the dormancy level, the narrower the range of conditions
under which the seed will germinate.

Most seeds in temperate seed banks are physiologically
dormant, meaning that they may increase or decrease their dor-
mancy levels in response to environmental conditions (Finch-
Savage and Leubner-Metzger, 2006; Baskin and Baskin, 2014).
Freshly matured seeds can have primary dormancy, which is in-
duced during seed development on the mother plant and has the
function of delaying germination until the germination season
(Hilhorst, 1998; Finch-Savage and Leubner-Metzger, 2006).
After dispersal, seeds can acquire secondary dormancy when
primary dormancy is lost but favourable germination conditions
are not met, e.g. due to light limitation (Hilhorst, 1998; Finch-
Savage and Leubner-Metzger, 2006; Baskin and Baskin, 2014).
Secondary dormancy can be induced and relieved in the same
seed for several cycles, until the required germination
conditions appear (Hilhorst, 1998; Baskin and Baskin, 2014).
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The genetic basis (Alonso-Blanco et al., 2003; Clerkx et al.,
2004; Bentsink et al., 2010) and adaptive significance
(Donohue, 2005; Huang et al., 2010; Chiang et al., 2012) of
intraspecific variation in primary dormancy has received
considerable attention. However, in many species, a substantial
portion of seedlings originates from the seed bank (Grime, 2000;
Kalamees and Zobel, 2002; Luzuriaga et al., 2005; Pakeman
and Small, 2005), suggesting that not only primary dormancy
but also secondary dormancy might show adaptive genetic dif-
ferentiation. Storing seeds in the soil comes at the cost of an in-
creased risk of seed mortality caused by predators, pathogens
and ageing (Baskin and Baskin, 2014; Saatkamp et al., 2014).
The adaptive value of a seed bank of physiologically dormant
seeds therefore depends both on the match between the dor-
mancy cycle and seasonal changes in environmental conditions,
and on the rate of seed mortality in the soil. Interspecific varia-
tion in these seed bank traits has been well described (Baskin
and Baskin, 2014), but little is known about within-species ge-
netic variation and its relationship to climate and soil conditions
despite its potential importance for local adaptation.

We examined the extent to which genetic and environmental
factors affect dormancy cycling and seed mortality by conduct-
ing a reciprocal seed burial experiment using the annual
plant Arabidopsis thaliana. Natural populations of A. thaliana
possess a persistent seed bank (Lundemo et al., 2009; Falahati-
Anbaran et al., 2014), and seeds exhibit annual dormancy
cycles (Baskin and Baskin, 1983, 1985; Derkx and Karssen,
1994). We used two natural populations, one originating from
Italy and one from Sweden, for which reciprocal transplants
with seeds and seedlings carried out in 6 years have demon-
strated that the populations are locally adapted and show ge-
netic differentiation for key life-history traits (Ågren and
Schemske, 2012; Ågren et al., 2013). Both populations are win-
ter annuals: seeds germinate in the autumn, overwinter in the
rosette stage, and flower, set seeds and die in the following
spring and early summer. Despite the shared life history, pri-
mary dormancy of seeds differs markedly between the two pop-
ulations, and nine quantitative trait loci contributing to this
difference have been identified (Postma and Ågren, 2015).

In the present study, experimental seeds of both populations
were buried at the sites of the source populations. We used
freshly matured seeds produced at the respective burial sites,
because the level of primary dormancy in seeds is not only ge-
netically determined but is also affected by the environment of
the mother plant (Donohue, 2009; Postma and Ågren, 2015).
To investigate whether seeds are able to adjust their dormancy
levels in response to environmental cues, we also buried non-
dormant seeds produced in a glasshouse, which had lost their
primary dormancy by after-ripening.

With the reciprocal seed burial experiment including dormant
and non-dormant seeds of two different genotypes, we address
the following questions. (a) Do the two populations show ge-
netic differences in their dormancy cycling behaviour (primary
dormancy loss, secondary dormancy induction and secondary
dormancy loss)? (b) Does the dormancy cycle of the local geno-
type match the natural germination period? (c) Do field condi-
tions induce secondary dormancy in non-dormant seeds buried
at the time of natural seed dispersal? (d) Are there differences in
seed mortality between sites, and is the mortality rate affected
by genotype and/or maternal environment of the seeds? Our

results demonstrate that both dormancy cycling and seed mortal-
ity are affected by a combination of genetically and environmen-
tally determined seed properties and by soil environment.
Further, they suggest that dormancy cycling has diverged adap-
tively in response to differences in seasonality of soil conditions.

MATERIALS AND METHODS

Plant material and study sites

We used lines originating from two natural populations of
Arabidopsis thaliana (L.) Heynh. taken from the northern and
southern end of the species’ distribution range in Europe:
Rödåsen in north-central Sweden (62�48’N, 18�12’E) and
Castelnuovo in central Italy (42�07’N, 12�29’E) (Ågren and
Schemske, 2012). We buried the seeds in experimental gardens
located at the sites of the source populations. The soil at the
Italian site is of volcanic origin (sandy loam) and the Swedish
site has a morainic soil (loamy sand). We recorded soil temper-
ature every hour with HOBO Temperature Data Loggers
(HOBO Pro Data Logger Serie H08-031-08, Onset Computer
Corporation, Bourne, MA, USA) with temperature sensors
placed approx. 1 cm below the soil surface (two sensors at each
site). Soil moisture was recorded hourly as water potential with
sensors located approx. 1 cm below the soil surface (four sen-
sors per site; Decagon Devices, Pullman, WA, USA).

Reciprocal seed burial

We produced experimental seeds for the burial experiment of
both the Italian and Swedish genotype in three maternal envi-
ronments: in the glasshouse and at the sites of the two source
populations. The maternal lines used to produce the experimen-
tal seeds had gone through nine generations of selfing in the
glasshouse and were descendants of two plants that were the
founders of a population of recombinant inbred lines used in
other studies exploring the genetic basis of differences in fitness
and putative adaptive traits between the two populations
(Ågren et al., 2013; Dittmar et al., 2014; Oakley et al., 2014;
Postma and Ågren, 2015). The maternal plants were trans-
planted as 10- to 14-day-old seedlings to their respective envi-
ronment. Seeds produced in the glasshouse environment were
matured under standard glasshouse conditions (20 �C 16 h light
and 16 �C 8 h dark) and ripe seeds were collected from 20 rep-
licate plants per genotype on 31 January 2011. At the field sites,
the seeds matured under the local environmental conditions,
and were harvested from 28 replicate plants per genotype on
17–20 April 2011 (Italian field) and 18–21 June 2011 (Swedish
field). Seed viability was determined for all population � ma-
ternal environment combinations with a germination test on fer-
tilized agar after 2 weeks of cold stratification (Postma and
Ågren, 2015), demonstrating that seeds of both genotypes and
from all three maternal environments were 95–100 % viable
after >1 year of storage at room temperature.

At each field site, we buried seeds of both genotypes that had
been produced at that site and in the glasshouse. Burial
occurred as soon as possible after seed harvest at the field site
(28 May 2011 in Italy, and 2 July 2011 in Sweden) to mimic
the natural seed dispersal period. This resulted in 17 (Italian
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site) and 22 weeks (Swedish site) of after-ripening at room tem-
perature for the glasshouse-produced seeds, promoting the loss
of primary dormancy. Due to poor seed production of the
Swedish genotype at the Italian field site, the burial experiment
in Italy included glasshouse-produced seeds of both genotypes,
but field-produced seeds of only the Italian genotype.

The seeds were buried in batches of approx. 100 healthy,
filled seeds of a given genotype � maternal environment com-
bination. Each batch was placed in a fine-meshed (mesh size
0�3–0�4 mm) polyester bag, ensuring that the seeds would be
exposed to soil particles, water and soil organisms during the
burial period. We placed 60 replicate bags per genotype � ma-
ternal environment combination in a randomized design approx.
3 cm under the soil surface.

Seed excavations

Eight to twelve seed bags per genotype � maternal environ-
ment combination were excavated at regular intervals through-
out the following year (Fig. 1). We timed the excavations just
before (Sweden, 28 July 2011 and 20 July 2012; Italy, 4 August
2011 and 17 September 2012) and during (Sweden, 9
September 2011 and 31 August 2012; Italy, 8 November 2011
and 11 November 2012) the germination period, and before
(Sweden, 3 May 2012; Italy, 30 January 2012) and during
(Sweden, 20 June 2012; Italy, 29 April 2012) the seed matura-
tion period of the local populations.

Seed bags were brought to the lab, where we separated the
seeds from soil particles and counted the number of healthy
seeds (brown and filled) and dead seeds (seeds that had turned
black) following Montesinos et al. (2009), and the number of
seeds consumed by seed predators (empty seed coats). The
change in seed colour from brown to black was taken as an in-
dication of seed mortality. Seeds turned black mainly in Italy,
and germination tests demonstrated that the brown seeds of all
lines in Italy were still viable at the end of the experiment
(brown seeds from the final excavation showed 82–99 % ger-
mination after 8 weeks in the growth room), while the black
seeds given the same treatment as brown seeds never
germinated. We cannot exclude the possibility that some non-
germinating brown seeds were dead rather than dormant,
although we consider this unlikely because viability tests
(germination test on agar after cold stratification) have demon-
strated that brown normal-looking seeds of these genotypes
consistently have high viability even when the standard germi-
nation test on filter paper without stratification indicates low
germinability (Postma and Ågren 2015). At the first excavation
at each burial site, the number of empty seed coats was not re-
corded. For each seed batch, we calculated the proportions of
black and predated seeds by dividing the number of black and
predated seeds, respectively, by the total number of seeds
(healthy, dead and predated seeds). Total seed mortality was
calculated by dividing the sum of black and predated seeds by
the total number of seeds.

The germinability of all seed batches was tested within 1–3 d
after excavation. A separate seed batch was tested around the
time of seed burial to estimate seed dormancy levels at the start
of the burial experiment. For the germination test, all healthy
and black seeds of a seed batch were sown on two layers of fil-
ter paper in a 9 cm Petri dish. The Petri dishes were placed in a
growth room (20 �C 16 h light with photosynthetically active
radiation of 150 lmol m–2 s–1 and 16 �C 8 h dark) and watered
every second to third day to saturation of the filter paper
(Baskin and Baskin, 2014). Emerging seedlings were recorded
and removed weekly for 8 weeks, except for the seeds from the
first excavation at both sites and the seeds sown at the moment
of burial, for which the germination tests were conducted for
only 1 week. No seeds that were classified as dead germinated.
For each seed batch, the germination proportion was calculated
by dividing the number of germinated seeds by the number of
healthy seeds. Quantification of seed dormancy should be based
on a germination test conducted for a maximum of 4 weeks, as
dormancy can be broken by warm stratification during longer
germination tests (Baskin and Baskin, 2014). However, in stud-
ies of A. thaliana, seed dormancy is most commonly quantified
based on germination after 1 week (e.g. Alonso-Blanco et al.,
2003; Clerkx et al., 2004; Bentsink et al., 2010; Huang et al.,
2010). We therefore quantified the dormancy levels of the seeds
of each batch as the germination proportions after 1 week and,
if available, after 4 weeks in the growth room.

Data analysis

For each burial site, we examined the effect of time since
seed burial (categorical variable), seed genotype, maternal envi-
ronment and their two-order interactions on the germination
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FIG. 1. Mean weekly soil temperature (A) and soil moisture (B), and the seed mat-
uration (dashed boxes) and germination period (filled boxes) of the natural popula-
tions (C) of Arabidopsis thaliana at the two burial sites in Italy (red) and Sweden
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proportion after 1 and 4 weeks in the growth room using gener-
alized linear models (GLMs). The genotype � maternal envi-
ronment interaction could not be tested for the Italian burial
site, as field-produced seeds of only the Italian genotype were
available at this site. For each burial site, we also examined
whether the proportion of black seeds, the proportion of pre-
dated seeds and total seed mortality increased with burial time
(continuous variable), and were affected by genotype, maternal
environment and their two-order interactions using GLMs. For
all GLMs, a binomial distribution with logit link function was
used, with quasi-likelihood to account for overdispersion. The
significance of each explanatory variable and interaction term
was determined by comparing the change in deviance between
the full model and reduced model with an F-test. All statistical
analyses were performed in R version 3.2.1 (R Core Team,
2014).

RESULTS

Soil temperature and moisture

The mean weekly soil temperature was on average 8�9 �C
warmer at the Italian field site compared with the Swedish field
site, while the seasonal variation was comparable between the
two sites, with a mean difference of 22�9 �C (Italy) and
19�4 �C (Sweden) between the minimum and maximum mean
weekly soil temperatures during 2011 and 2012 (Fig. 1). The
length of the ‘dry season’ (period with mean weekly soil water
potential less than –30 kPa), which lasts from the end of spring
until the end of summer, was twice as long in Italy (2011, 32
weeks; 2012, 34 weeks) compared with Sweden (2011, 16
weeks; 2012, 14 weeks; Fig. 1). The mean weekly soil water
potential during the ‘dry season’ was also much lower in Italy
(–277 kPa) than in Sweden (–123 kPa), while the water avail-
ability was similar during the ‘wet season’ (–18 kPa at both
sites). In the natural population in Italy, seeds mature in mid-
April and germinate in October–November. In the Swedish
population, seeds mature in late June and germination occurs in
August–September. The period from seed maturation to germi-
nation is thus more than twice as long in the natural population
in Italy compared with Sweden and overlaps with the ‘dry
season’ at both sites (Fig. 1).

Dormancy behaviour

Seeds produced at the field sites showed strong primary dor-
mancy at the start of the seed burial experiment, as shown by
the low germination proportions (Fig. 2A, B). In contrast, the
glasshouse-produced seeds, which had after-ripened for 17 and
22 weeks before burial at the Italian and Swedish field site, re-
spectively, had lost almost all primary dormancy (Fig. 2A, B).
Only the seeds of the Italian genotype matured in the glass-
house and planted at the Italian site had some dormancy left at
burial (Fig. 2A).

Seeds of the Italian genotype produced in the glasshouse
quickly gained dormancy after burial in the field (Fig, 2A, B).
At the Swedish site, the germination proportion dropped from
100 % to 10 % within 3 weeks (Fig. 2B). In contrast, the
Swedish genotype increased the level of seed dormancy sub-
stantially only during the following winter and spring (Fig. 2A,

B). This indicates a genetically based difference in the induc-
tion of secondary dormancy between the two populations. The
non-dormant glasshouse-produced seeds of both genotypes
showed lower dormancy levels than the field-produced seeds of
the same genotype during the first year of burial, but they had
very similar germinability to the field-produced seeds in the
second year (Fig. 2).

At both burial sites, the level of seed dormancy varied signif-
icantly with time since burial, seed genotype and maternal envi-
ronment (Fig. 2; Supplementary Data Table S1), and the time
since burial � genotype, time since burial � maternal environ-
ment and genotype � maternal environment interactions were
highly significant (Table S1). Seeds from all genotype �
maternal environment combinations showed annual variation in
dormancy, i.e. dormancy cycles, with the exception of the field-
produced seeds of the Italian genotype buried at the Swedish
site that never germinated (Fig. 2B, D).

The dormancy cycles corresponded to the natural germina-
tion periods of the local populations: germination proportions
were high in autumn and low during winter and spring (Fig. 2).
Buried seeds of the local genotype produced at its home site
showed the highest germination proportions when excavated at
the time of seed germination in the natural population (Fig. 2).
For the Swedish genotype this was true whether the dormancy
level was estimated based on germination proportions after 1
week or 4 weeks in the growth room (Fig. 2). Seeds of the
Italian genotype buried at the Italian site and excavated at the
time of seed germination in the natural population had the high-
est germination proportion only after 4 weeks in the growth
room (Fig. 2C). In general, the Italian genotype germinated
more slowly than did the Swedish genotype, as indicated by a
larger increase in germination between records taken after
1 and 4 weeks in the growth room (Fig. 2A, C).

At the Swedish field site, the field-produced seeds of the
Swedish genotype germinated to higher proportions than did
the Italian genotype during the natural germination period
(Fig. 2B, D). Especially in the second year of burial, the differ-
ence between the two populations was very large. At the Italian
field site, we did not have seeds from the Swedish genotype
produced in the field to compare with the field-produced seeds
of the Italian genotype.

We observed large differences in the dormancy levels of
field-produced seeds between the first and second year of bur-
ial. In the first year, only 30�3 6 6�1 % (mean 6 s.e., Swedish
site) and 9�7 6 6�1 % (Italian site) of the field-produced seeds
of the local genotype lost primary dormancy during the germi-
nation peak in autumn (Fig. 2C, D). In contrast, in the second
year, the germination proportions were as high as 76�9 6 6�9 %
in Sweden and 69�3 6 11�1 % in Italy (Fig. 2C, D). Also the
speed of germination of seeds excavated during the natural ger-
mination period was much higher in the second year compared
with the first year of burial for field-produced seeds of the local
genotype (Supplementary Data Fig. S1). This means that a large
proportion of the seeds did not lose primary dormancy during
the first year but only during the second year, which could rep-
resent a bet-hedging strategy. For glasshouse-produced seeds,
differences in dormancy levels between the two years were
much smaller (Fig. 2). These seeds had lost primary dormancy
at the moment of burial, so any dormancy was due to secondary
dormancy in both years.
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Seed mortality

Total seed mortality (the sum of the black and predated seeds)
increased with burial time at a much higher rate in Italy than in
Sweden. After almost 1 year of burial, the proportion of black
seeds was >10-fold higher in Italy compared with Sweden
(mean 6 s.e., 0�301 6 0�078 vs. 0�028 6 0�008; Fig. 3A, B), and
varied among genotype � maternal environment combinations
at the Swedish but not at the Italian burial site (Supplementary
Data Table S2). The rate at which seeds turned black did not de-
pend on seed genotype, but in Sweden the proportion of seeds
that turned black was significantly higher among seeds produced
in the glasshouse than among seeds produced in the field (Table
S2). In Italy, the predation rate was very low for all genotype �
maternal environment combinations (Fig. 3C, D; Table S2). In
Sweden, the predation rate varied significantly among genotype
� maternal environment combinations, with seeds of the Italian
genotype produced in the glasshouse having the highest propor-
tion of predated seeds (Fig. 3D; Table S2).

DISCUSSION

Many plant species have seeds that can stay viable in the soil for
several years, but little is known about the relative importance
of genetically and environmentally induced variation in seed
bank dynamics. We investigated the extent to which genetic and
environmental factors affect dormancy cycling and seed

mortality by conducting a reciprocal seed burial experiment be-
tween two natural populations of Arabidopsis thaliana from
Italy and Sweden. Our results demonstrate genetic differences in
the dormancy cycle between the two study populations in terms
of both secondary dormancy induction and rate of dormancy re-
lease. At both sites, field-produced seeds of the local genotype
had low germinability in the first year, suggesting that a consid-
erable fraction of the seeds enter the seed bank, which can be in-
terpreted as a bet-hedging strategy in an environment where
conditions for seedling establishment vary among years.
However, the reproductive value of seeds in the seed bank may
differ between the two sites. In Sweden, the mortality rate of
buried seeds was very low throughout the experiment, whereas
in Italy seed mortality increased rapidly during the second year.

Interspecific variation in the dormancy cycling behaviour of
buried seeds has been well described (Baskin and Baskin,
2014), but, to the best of our knowledge, this is the first demon-
stration of intraspecific genetic differentiation in annual seed
dormancy cycles. A seed burial experiment in Spain revealed
variation in the germination behaviour between montane and
coastal A. thaliana populations, but it was not possible to distin-
guish between genetic and environmental effects underlying the
observed differences (Montesinos et al., 2009).

The correspondence between the dormancy cycle of the local
population and seasonal changes in conditions for seedling es-
tablishment suggest that the differences are adaptive. In Italy,
the high dormancy level of the local genotype is likely to be
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favoured by selection because of the long and dry summers
with periods of drought occurring until October (Fig. 1). In
Sweden, on the other hand, buried seeds of the Italian genotype
did not germinate at any time of the year. The Swedish summer
may be too short to relieve the strong dormancy of the Italian
genotype. However, we may have overestimated dormancy lev-
els to some extent, because germination assays were performed
under standard germination conditions (mean daily temperature
of 18�7 �C) that are, although recommended for seed dormancy
studies (Bentsink and Koornneef, 2011; Footitt and Finch-
Savage, 2011), very warm compared with the mean soil tem-
peratures during the natural germination period in the field sites
(Italy, 12�6 �C; Sweden, 11�3 �C). Previous studies have
shown that A. thaliana seeds first gain the ability to germinate
at low temperatures when dormancy is gradually relieved
(Baskin and Baskin, 2014).

There were also marked differences in the dormancy cycle
between the two burial sites. Seasonal variation in soil tempera-
ture is considered to be the main factor regulating annual dor-
mancy cycles, but soil moisture conditions may also play a role
(Benech-Arnold et al., 2000; Batlla and Luis Benech-Arnold,
2007; Footitt et al., 2011, 2013). High temperatures usually
lead to a faster loss of dormancy during summer in winter an-
nuals such as A. thaliana (Footitt et al., 2011; Baskin and
Baskin, 2014). The soil temperature was higher in Italy than in
Sweden year-round (Fig. 1), and dormancy levels were indeed
generally lower at the Italian site than in Sweden.

The temporal changes in the germinability of the non-dormant
seeds that were buried indicated both genetic and environmen-
tal effects on secondary dormancy induction. At both sites, sec-
ondary dormancy was induced when seeds were exposed to the
soil environment, but the Italian genotype responded faster than

did the Swedish genotype (Fig. 2). Cold stratification is consid-
ered to be the most important mechanism for secondary dor-
mancy induction in winter annuals (Bewley et al., 2013; Baskin
and Baskin, 2014), and has been demonstrated for A. thaliana
(Penfield and Springthorpe, 2012; Debieu et al., 2013).
However, warm stratification can also induce secondary dor-
mancy in A. thaliana (Huang et al., 2010; Montesinos-Navarro
et al., 2012), and may explain much of the increased dormancy
of the non-dormant Italian seeds that were dispersed in spring
and quickly became dormant after exposure to warm summer
temperatures in the soil.

The conditions during seed maturation on the mother plant
are known to affect the primary dormancy level of seeds
(Donohue, 2009; Postma and Ågren, 2015). We have in a previ-
ous study demonstrated that these maternal effects result in
higher dormancy levels of seeds produced at the Italian and
Swedish field site compared with seeds produced under stan-
dard glasshouse conditions (Postma and Ågren, 2015). Within 1
year after burial, the after-ripened non-dormant glasshouse
seeds had the same dormancy behaviour as the seeds dispersed
with natural levels of primary dormancy, although they contin-
ued to have somewhat higher germination proportions than the
field-matured seeds (Fig. 2). Although we cannot separate
the effects of the after-ripening history of the seeds from the
maternal environmental conditions, the results demonstrate that
A. thaliana seeds can adjust their dormancy levels to current en-
vironmental conditions, and suggest that any maternal effects
on dormancy cycles are small.

The germination proportions of field-matured seeds of the lo-
cal genotypes were markedly lower during the first germination
season compared with the second season at both sites, indicat-
ing that many seeds would have ended up in the seed bank.
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FIG. 3. The proportion of black and predated Arabidopsis thaliana seeds of the Italian and Swedish genotype produced in the glasshouse and at the site of burial after
different durations of burial in Italy (A, C) and Sweden (B, D; mean6 s.e.). Data on the proportion of predated seeds from the first excavation at both the Italian and

Swedish site are missing.
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This is in line with observations indicating that almost a third
of the established plants in Norwegian A. thaliana populations
resulted from seeds in the persistent seed bank (Falahati-
Anbaran et al., 2014). Our findings suggest that primary dor-
mancy should contribute to the formation of a persistent seed
bank by preventing a considerable portion of the seeds from
germinating in the first season.

The soil environment was much more hostile to buried seeds
in Italy compared with Sweden. Seed mortality after 1 year of
burial was 10-fold higher in Italy compared with Sweden, even
though the predation rate was higher in Sweden. Seed aging is
the time-dependent deterioration of seeds and eventually leads
to the loss of viability (Walters, 1998). The rate of seed ageing
increases with temperature, while both high and very low mois-
ture content can be associated with a high rate of ageing
(Walters, 1998; Walters et al., 2005; Bewley et al., 2013). The
high soil temperature in combination with a long dry period
may have contributed to the high proportion of black seeds in
Italy (Fig. 1), although black seeds may also have died for rea-
sons other than ageing, including microbial decay or fungal in-
fections. Montesinos et al. (2009) found that 25 % of the A.
thaliana seeds buried in Spanish populations had turned black
after 1�5 years, which is comparable with our findings in Italy.

Predation of A. thaliana seeds below the soil surface has not
previously been quantified, and was much higher in Sweden
compared with Italy. Montesinos et al. (2009) did not mention
any seed predation in their seed burial experiment with nylon
mesh bags. Baskin and Baskin (1983) buried nylon bags con-
taining seeds in plastic containers, and Footitt et al. (2011,
2013, 2014) actively decreased the mortality risk by treating
the seeds with fungicide and placing the seeds in soda lime
Ballotini balls before burial. In contrast, our seeds experienced
local water conditions, and were in contact with soil particles
and soil biota, although only seed predators small enough to get
through the mesh size of our nylon bags could access the seeds.
Nematodes were the only potential seed predators observed in-
side seed bags at excavation. Glasshouse-produced seeds of the
Italian genotype were significantly more predated than other
genotype � maternal environment combinations, which might
be related to the thickness of the seed coat (Gardarin et al.,
2010) or variation in secondary metabolites (Donkin et al.,
1995).

Our findings have practical implications for weed control
in agricultural systems. Most weed species of arable lands
have physiological dormancy, and their dormancy cycles
play an important role in the periodicity of weed emergence
(Benech-Arnold et al., 2000; Batlla and Luis Benech-
Arnold, 2007; Baskin and Baskin, 2014). Much effort has
been put into predicting changes in dormancy levels of
weeds because strategic timing of agronomic practices can
highly improve weed control (Dyer, 1995; Colbach et al.,
2005; Batlla and Luis Benech-Arnold, 2007). Our results
demonstrate that genetic variation in dormancy cycles be-
tween populations from different geographic regions should
be taken into account in weed emergence models. Moreover,
variation in seed mortality among habitats should affect
weed eradication strategies. More knowledge about the ge-
netic variability of dormancy and seed persistence in the soil
is still needed, and poses a future challenge for weed model-
ling (Grundy, 2003; Neve et al., 2009).

In summary, while primary seed dormancy has received
much attention, we are just starting to learn about the role of
secondary dormancy in the germination timing of plant popula-
tions. We have demonstrated genetic differences in dormancy
cycling behaviour between two populations of A. thaliana,
which are likely to contribute to local adaptation. Our results
suggest that primary dormancy allows a proportion of the dis-
persed seeds to enter the seed bank by preventing germination
in the first germination season following dispersal, and also that
the value of a seed bank in A. thaliana should vary among envi-
ronments because of differences in the rate of seed mortality.
Future work should quantify the adaptive significance of ge-
netic differentiation in dormancy cycling, and determine the
causes of seed mortality. This knowledge will not only increase
our understanding of the importance of seed bank traits for local
adaptation and population dynamics of natural plant popula-
tions, but can also be used to enhance weed control in
agriculture.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Table S1: the effect
of time since seed burial, genotype and maternal environment
on the germination proportions after 1 and 4 weeks in the
growth room. Table S2: the effect of time since burial, geno-
type and maternal environment on the proportion of black
seeds, the proportion of predated seeds and total seed mortality.
Fig. S1: the germination proportion of seeds of the local geno-
type produced at the site of burial (Italy and Sweden) as a func-
tion of the number of days in the growth room.
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