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ABSTRACT

The ecophysiological regulation of seed dormancy in perennial species and those with a varied life cycle has
not been studied in detail yet. That is why an attempt has been made to determine the Cirsium arvense seed water
relations during stratification and afterripening at different temperatures and germination at constant or fluctua-
ting temperatures on the basis of the hydrotime model. The obtained results showed that breaking of the primary
dormancy of achenes took place only during the first stratification month at moderate temperatures, mainly due to
an increase in the average water-stress tolerance in a seed population. The induction of secondary seed dormancy
during after-ripening at all temperatures resulted mostly from a substantial loss of the seeds’ ability to tolerate water
stress. Fluctuating temperatures affected neither seed germination nor the hydrotime model parameters. The ana-
lysis of the variations of hydrotime model parameters allows a better understanding of the physiological basis of
seed dormancy relief and induction.
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seeds.

INTRODUCTION

Cirsium arvense (L.) Scop. is one of the major perennial
and troublesome weeds of pasture, arable and ruderal areas
in the temperate zone (Kumar and Irvine 1971; Donald
1990; Edwards et al. 2000). Being one of the world’s worst
weeds and the third most abundant weed species in Euro-
pe, it is particularly difficult to control (Skinner et al. 2000;
Friedli and Bacher 2001). Infestation with C. arvense is an
increasing problem especially in organic farming. Vegeta-
tive spread by roots and stems buried in soil is considered
the main cause of its weediness, but creeping thistle can
also effectively reproduce by sexual means. Populations of
C. arvense exhibit a very wide range of clonal diversity,
which indicates that sexual reproduction is very common
(Heimann and Cussans 1996; Jump et al. 2003, Hettwer
and Gerowitt 2004). Achene (further called seed) spread
probably plays an important role in the infestation of new
fields previously free of C. arvense. Biological control of
creeping thistle using the plant pathogenic fungus or herbi-

vores and mechanical or cultural strategies are increasingly
being considered as an alternative to chemical control (Gu-
ske et al. 2004; Bourddt et al. 2006; Graglia et al. 2006).
However, due to the fact that seeds are of great importance
in the spread of this species, detailed knowledge of their
ecophysiology could play a considerable role in the deve-
lopment of new biological control methods.

Earlier studies showed that Cirsium arvense seeds germi-
nate in relatively high temperatures. The optimal germina-
tion temperature for Polish and British populations was
26°C and 30-35°C, respectively. Pre-chilling released seed
dormancy (Kumar et al. 1971; Bochenek and Gietwanow-
ska 2006). Creeping thistle seeds did not show any appa-
rent endogenous seasonal dormancy pattern. Environmen-
tal conditions in the soil bank resulted in the appearance of
seasonal changes in seed germination. The dormancy brea-
king of imbibed seeds stored for 2 months at 19°C was
complete, but during longer storage periods dormancy de-
velopment occurred. The seed dormancy relief at lower
temperatures was slower and incomplete. Nitrate, desicca-
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tion and light effects on seed germination were season-re-
lated (Bochenek and Gietwanowska 2006).

An important approach to describing germination in rela-
tion to accessible water is to analyze germination rates at
different water potentials in a seed population on the basis
of the hydrotime model. This model has explained the im-
pact of different treatments on the seed dormancy and ger-
mination in numerous species (Bradford 1990; Bradford
and Somasco 1994; Dutta and Bradford 1994; Batlla and
Benech-Arnold 2004; Larsen et al. 2004; Toselli and Case-
nave 2002, 2005; Wang et al. 2005; Bochenek et al. 2007;
Zuk-Gotaszewska et al. 2007). The hydrotime model, ini-
tially proposed by Gummerson (1986) and developed by
Bradford (1990, 1994), describes the relation between the
germination rate of given percentage g (GR g) and the value
of the difference between the seed water potential (y) and
the physiological base water potential for primary root
emergence (y,). The hydrotime model is of the form:

Op= (=, Q) -1, )]
GR,=1/t,=(y -y, (8)/6y (2)
where 6,, is the hydrotime considered constant in a seed

population, v is the seed water potential, ty is the germina-
tion time for a specific fraction g, and y,(g) is the base or
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threshold water potential for germination of a specific frac-
tion g. The model assumes that v, differs among fractions
of a seed population. The values of y, are close to normal
distribution which can be characterized by its mean, y/,(50)
and standard deviation, Sup (Bradford 1995, 1996, 2002).

The goal of the study was to determine the Cirsium
arvense seed water relations after stratification and afterri-
pening at different temperatures and during germination at
constant or fluctuating temperatures on the basis of the hy-
drotime model.

MATERIALS AND METHODS

Mature seeds of Cirsium arvense were collected from
arable weedy fields in the vicinity of Olsztyn on 2-5th Au-
gust 2006. After collection, the seeds were manually clea-
ned to remove perianths and kept for 2 days inside paper
bags at 3°C until the beginning of the experiments. Directly
after harvest the seeds contained 12% of water. The seed
lots were divided into 25 portions. Twelve of them were
packed separately in fine mesh nylon envelopes. Each
envelope with seeds was buried in wet light loam in a clo-
sed plastic pot and stored at 5, 12, 19 or 26°C for 150 days.
The water content of the stratified seeds was 48.5% on ave-
rage. The other 12 seed portions were packed separately in
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Fig. 1. Germination time courses of Cirsium
044 h arvense seeds after burial of 0, 10, 30 and
4 150 days in 5°C. a, c, e, g — germination time
0.

courses of seeds at O (circles), -0.3 (trian-
gles) and -0.6 (rhombuses) MPa. b, d, f, h —
: normal distribution showing the relative fre-
opqy quencies of y,(50) values of seeds. FG — fi-
; nal germination in water, y,(50) — mean ba-
se water potential, Oy — standard deviation
of base water potential, 6, — hydrotime con-
stant, CV — coefficient of variation, R? — co-
efficient of determination of probit regres-
sions.
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paper bags and stored at 12, 19, 26 or 33°C for 150 days.
During afterripening, the water content of the seeds was
6% on average. The 25th portion was a control one. Before
the experiment and after 10, 30 and 150 days’ storage, se-
eds representing each temperature and experimental variant
were tested for germination at water and reduced water po-
tentials (0, -0.3 and -0.6 MPa), which were determined uti-
lizing water or polyethylene glycol (PEG 8000) solutions
prepared according to Michel (1983). A vapour pressure
osmometer (Model VAPRO 5520, Wescor Inc., USA) cali-
brated against NaCl solutions was applied to check the ob-
tained y. Germination tests were performed in glass 9 cm
Petri dishes (four replications of 25 seeds), following 0.5
h exposure to red light with a photon flux of 2.3 uM m2s-!
(six red fluorescent lamps, Philips 18W/15, 620-700 nm,
max. emission about 660 nm), on filter paper moistened
with 5 ml of water or PEG solution of indicated y. The di-
shes were placed in plastic bags to prevent evaporation and
were subsequently incubated in low-temperature incuba-
tors at a constant temperature of 26°C, for 8 days, in the
dark, except for brief periods when germination was scored
under green light (1 green fluorescent tube Philips TLD
18W/865, 2.2 uM m2s'!). Germination was recorded at 4,
12 or 24 h intervals, depending on germination rate.
Ungerminated seeds were transferred to fresh solutions at

48-h intervals to maintain constant y in the dishes. The
germination criterion was a visible radicle protrusion.
Ungerminated seeds were considered viable when they we-
re firm after being squeezed with forceps. Tetrazolium tests
had confirmed that firm embryos were viable but soft ones
were not. Data were transformed to germination percenta-
ges based on viable seeds, and means were calculated. Seed
germination time courses in water and osmotic solutions
were analyzed by probit regression according to the popu-
lation-based hydrotime model (Eqgs 1, 2) and the computa-
tional procedure proposed by Bradford (1990, 1995) and
Gotaszewski and Bochenek (2008):

probit =y — (6, /1) - (y,(50)1)/o,, 3

This procedure allowed the calculation of seed popula-
tion hydrotime parameters, 6, ¥,(50) and o, , and enabled
the germination courses predicted for the model to be obta-
ined. Additionally, 14 days after harvest, germination of
seeds was tested in constant (26°C) and fluctuating
(19/33°C, 12/12 h) temperatures. PEG solutions were pre-
pared adequately to each temperature. For incubation at
a fluctuating temperature, the solution obtained for the ave-
rage temperature was used. The remaining conditions of
germination tests and calculations were as above.
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RESULTS

Stratification

Fifty-three per cent of creeping thistle seeds germinated
directly after harvest. The stratification at 5°C did not cau-
se any visible changes in germination or hydrotime model
parameters. Only after 150 days, germination decreased by
half, the value of the mean base water potential increased
considerably and the values of Oyp and 6, were clearly lo-
wered (Fig. 1). Germination of more than 80% of imbibed
seeds stored at 12°C for 30 days and at 19°C for 10 days
was mainly due to a decrease in the hydrotime constant va-
lue. Longer exposure to such temperatures resulted in
a dramatic fall in germination and an increase of v, (50)
(Figs 2 and 3). At a high temperature stratification led to
a gradual germination decrease (after 10 days as a result of
the increased value of the mean base water potential, and
after 30 days, increased values of 6, and o,)- After a very
long stratification period, germination decreased slightly.
However, the model parameters changed: the value of
¥,(50) was above 0, and the value of the remaining para-
meters significantly decreased. During stratification at all
the temperatures, the biggest changes were observed in the
mean base water potential (CV 76-150%), while the smal-
lest in the distribution of this parameter in the population
(CV 10-62%). The fit of experimental data for wet stored
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seeds at various temperatures was very good with R? ran-
ging from 0.85 to 0.99, so the model parameters can be
used to compare the effect of the treatment on seed do-
rmancy regulation (Figs 1-4).

Afterripening

Dry stored Cirsium arvense seeds gradually decreased
their germination at all the temperatures. After 150 days 4-
-7% of the seeds germinated (Figs 5-8). This considerable
fall in germination resulted from the big increase in the
mean base water potential, whose value was clearly positi-
ve after long afterripening at all the temperatures (CV 112-
150%). The biggest changes in vy, (50) were observed at
19°C (Fig. 6). The values of the other model parameters
also increased, but to a much lower extent. In most cases,
the model fitted very well with the experimental data with
values of R? from 0.91 to 0.99 (Figs 5-8).

Fluctuating temperatures

A two-week dry storage of seeds at 3°C caused a slight
germination increase of creeping thistle seeds, which above
all resulted from a visible shift of the base water potential
distribution to the left. On the other hand, the values of the
other parameters were enhanced. Seed germination at
a constant optimal temperature, which constituted the mean
of extreme fluctuation temperatures, was similar to germi-
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Fig. 3. Germination time courses of Cirsium
arvense seeds after burial of 0, 10, 30 and
150 days in 19°C. The symbols, lines and let-
ters as Figure 1.
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nation at alternating temperatures (Fig. 9). Fluctuating tem-
peratures with an amplitude of 14°C lowered the value of
all the three hydrotime model parameters only to a small
extent. The fit of experimental data to the hydrotime model
was good with R? of 0.88-0.89, both at constant and alter-
nating temperatures (Fig. 9).

DISCUSSION

Temperature is regarded as the main factor regulating
changes in seed dormancy level in temperate environ-
ments, although there are more and more data which con-
firm that the effect of temperature on dormancy can be mo-
dified by soil humidity (Christensen et al. 1996; Christen-
sen Bauer et al. 1998; Bochenek et al. 2007). Seed dorman-
cy of annual species is usually released or decreased during
the season preceding the time suitable for seedling deve-
lopment and growth of plants. At the time preceding the
season with conditions unfavourable to the survival of
plants, dormancy induction usually takes place (Karssen et
al. 1988; Bouwmeester 1990; Baskin and Baskin 1992).

Seeds of summer annual species are dispersed in autumn.
During winter dormancy may be partly or completely bro-
ken as a result of the effect of low temperature stratifica-
tion. When soil temperature begins to rise in spring, germi-

Base water potential (MPa)

10 ! 2 Fig. 4. Germination time courses of Cirsium

arvense seeds after burial of 0, 10, 30 and
150 days in 26°C. The symbols, lines and let-
ters as Figure 1.

nation temperature range coincides with the soil temperatu-
re, and germination takes place. At high summer tempera-
tures, the seeds which have not germinated develop secon-
dary dormancy (Bouwmeester and Karssen 1992, 1993;
Benech-Arnold and Sanchez 1995). Winter annual species
show a reverse dormancy pattern in comparison with sum-
mer species. After dispersal during spring and early sum-
mer, high temperatures lead to seed dormancy break. When
soil temperature begins to fall towards the end of summer
and in early autumn, the temperature range required for
germination coincides with the temperature of the environ-
ment, and germination takes place. During winter low soil
temperatures may induce secondary dormancy so that ger-
mination is limited to late autumn or winter (Baskin and
Baskin 1983, 1989). The environmental regulation of seed
dormancy in perennial species and those with a varied life
cycle (species that can be annuals, biennials or short-lived
perennials) has not been well studied yet.

Creeping thistle seeds exhibit nondeep physiological do-
rmancy (PD), typical of most weeds of the Asteraceae fa-
mily (Baskin and Baskin 2004; Finch-Savage and Leubner-
Metzger 2006). A population hydrotime model was used
for the study of dormancy changes, which allowed a detai-
led analysis of subtle dormancy changes based on differen-
ces in biologically significant parameter values of the mo-
del (Bradford 1995, 1996). The results showed that the pri-
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mary dormancy of achenes was broken only during the
first stratification month at moderate temperatures. At
19°C this process was faster than at 12°C. After 10 days at
a higher temperature the germination percentage was
enhanced due to the fact that this process had been greatly
accelerated (lowering of 6,;) and better synchronised (nar-
rower distribution of base water potential). After 30 days
germination increased only as a result of the decrease in se-
ed sensitivity to water stress (shift of y/,(50) towards more
negative values). At 12°C after 10 days, the effect of the
decreased stress-tolerance was eliminated by a great acce-
leration of germination. That is why the considerable rise
in the germination percentage took place only after 30 days,
when the sensitivity to low water potential decreased aga-
in. Very long storage of Cirsium arvense achenes in moist
soil gave rise to secondary dormancy induction at all the
temperatures, mainly as a result of the decrease in water-
stress tolerance (the value of the mean base water potential
exceeded 0).

The fact that the seeds lost their water-stress tolerance to
a large extent, which could be seen in the shift of v, (50) to
positive values, caused a gradual induction of secondary
seed dormancy during dry storage at all the temperatures.
The high positive value of the mean base water potential
meant that most of the seed population could not germinate
in any conditions (Bradford 1996, 2002). The increase in
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the hydrotime value that seeds accumulate in order to ger-
minate was also of importance. A higher 6, of a seed po-
pulation was connected with an decrease in germination
speed, which resulted in the prolongation of imbibition
phase IL. It is a well-known fact that dormant seeds can re-
main in the plateau phase for months and years before
completing germination (Powell et al. 1984; Bradford
1995).

The authors studying the environmental regulation of seed
dormancy by means of the threshold hydrotime model ob-
tained different results. In the seeds of most species the
mean base water potential progressively decreased with
storage time, whereas a lower stratification temperature
and higher afterripening temperature accelerated dormancy
release (Christensen et al. 1996; Christensen Bauer et al.
1998; Meyer et al. 2000; Batlla and Benech-Arnold 2004;
Alvarado and Bradford 2005; Bair et al. 2006). Seeds of
scentless mayweed, a species with a plastic life strategy,
released the primary dormancy at both low and high strati-
fication temperatures, even though at low temperatures the
process took place fast and lasted for a short time, and at
high temperatures was slow but long. This confirms the data
obtained from the study of the seasonal dormancy pattern
of this species’ achenes stored in a soil seed bank. These
data indicate that temperature probably does not play the
most important role in dormancy regulation. Mean base
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Fig. 5. Germination time courses of Cirsium

arvense seeds after dry storage of 0, 10, 30
and 150 days in 12°C. The symbols, lines
and letters as Figure 1.
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water potential values in seeds exhumed each month over
a year were related to precipitation. Soil temperature could
be a trend-controlling factor of this relationship (Bochenek
et al. 2007).

Very high CV values of y,(50) and low CV values of the
other model parameters for Cirsium arvense seeds confirm
Bradford’s suggestions (1995, 1996) that the mean base
water potential can be regarded as the main indicator of do-
rmancy level. Nevertheless, for cornflower and scentless
mayweed seeds (species with varied life cycles), as well as
for common dandelion seeds (a perennial species), v/, (50)
cannot be considered as the only indicator of dormancy le-
vel, since the CVs of the remaining model parameters were
of a similar order of magnitude (own non-published data).

Germination of creeping thistle seeds in water potential
of 0 MPa was similar at both fluctuating and constant tem-
perature which was the average of extreme temperatures.
However, the seeds of many other non-cultivated species
completely release their dormancy only after exposure to
fluctuating temperatures (Pons 2000; Probert 2000; Kruk
and Benech-Arnold 2000; Benech-Arnold et al. 2000; Batl-
la et al. 2004). It appeared that for Cirsium arvense alterna-
ting temperatures did not affect germination, which arose
from the lack of visible changes in all the hydrotime model
parameters. However, Huarte and Benech-Arnold (2005)
and Huarte (2006) reached the conclusion for several other
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Fig. 6. Germination time courses of Cirsium
arvense seeds after dry storage of 0, 10, 30
and 150 days in 19°C. The symbols, lines
and letters as Figure 1.

non-cultivated species that even if alternating temperatures
did not increase the level of germination, they led to consi-
derable changes in the physiology of germination of this
species. For cornflower seeds, an increase in 0, under fluc-
tuating temperatures offset the more rapid germination speed
expected from a reduction in the mean base water poten-
tial. Alternating temperatures decreased germination of
common dandelion seeds, which resulted mainly from the
prolongation of the plateau phase of imbibition (an increa-
se in the value of 6,,). Scentless mayweed germinated bet-
ter at a constant temperature than alternating temperatures.
Daily temperature fluctuations led to increased sensitivity
to water stress, slightly enhancing germination synchrony
and rate at the same time (own non-published data). The
fact that seeds of the Asteraceae family did not increase
their germination under the influence of alternating tempe-
ratures was confirmed by far lower germination results for
seeds exhumed from the field than for seeds stored in the
laboratory at a constant temperature (Bochenek et al. 2006-
-2008). This may be related to the strategy of persistent so-
il seedbank formation. A soil seed population would not
fully germinate under the influence of fluctuating tempera-
tures if the water potential was even a little lower. This
would prevent a part of seed population from germinating
so that it could survive in soil until the next seasons.
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