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Abstract

Primary physiological dormancy and secondary physiological dormancy of Korean pine
seeds restrict the regeneration of broad-leaved Korean pine (Pinus koraiensis) mixed forest.
Dry and imbibed seeds were stratified at 1 °C and 5 °C for 1, 2, 4 and 6 months. Germina-
tion percentage, mean germination time (MGT) and germination rate index (GRI) were
measured to determine the optimal low temperature and its duration for the release of pri-
mary physiological dormancy. Once primary physiological dormancy was released through
cold stratification, seeds were stored in an environment in which the temperature progres-
sively increased from 5 to 25 °C. After one month of storage at each storage tempera-
ture, the germination percentage, MGT and GRI were measured to determine the threshold
temperature for the induction of secondary physiological dormancy. Both dry and imbibed
seeds not only exhibited a high germination percentage (approximately 80%) but also ger-
minated rapidly (MGT and GRI were 17 days and 2.36, respectively) after 6 months of
storage at either 1 °C or 5 °C. The germination percentage of cold stratified seeds gradually
decreased from 78% (5 °C) to 72% (10 °C), 55% (15 °C), 10% (20 °C) and 8% (25 °C). The
results of this study suggest that stratifying seeds at 1 °C or 5 °C for 6 months releases pri-
mary physiological dormancy. The induction of secondary physiological dormancy occurs
at temperatures above 15 °C.
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Introduction

The broad-leaved Korean pine (Pinus koraiensis) mixed forest (BKPF) was once the dom-
inant forest type from Northeast China to the Far East region of Russia (Ishikawa et al.
1999). However, large-scale industrial deforestation led to a major reduction in the dis-
tribution of BKPF (Zhu et al. 2007). Korean pine is the dominant tree species in BKPF.
Korean pine seeds have morphophysiological dormancy (MPD) at dispersal (Qi et al.
1993). In seeds with MPD, the embryos are not only underdeveloped or undifferentiated
but also exhibit primary physiological dormancy (Baskin and Baskin 2004). Studies have
previously shown that after fresh Korean pine seeds were buried between litter-fall and
soil for 6 months (from the first late-autumn to the first early-spring season after seed dis-
persal), the embryo-length to megagametophyte-length was only approximately 0.64, but
more than 80% of those seeds could germinate at 25/16 °C (Song et al. 2018). It can be
concluded that primary physiological dormancy is released in the first early-spring sea-
son after seed dispersal. Since an incubation temperature of 25/16 °C promotes the growth
of the embryo, primary morphological dormancy is also released. Therefore, seeds have
a high germination percentage under laboratory incubation conditions. However, because
the field temperature in early spring is low, this morphological dormancy is still main-
tained. This characteristic dormancy leads to poor seed germination in the first spring after
dispersal.

If environmental conditions are insufficient to trigger full germination, the remaining
viable seeds can enter secondary physiological dormancy (Bewley et al. 2013). Korean
pine seeds that fail to germinate in the first spring after dispersal gradually enter second-
ary physiological dormancy (Song et al. 2018). The secondary physiological dormancy
in seeds of Korean pine may be released during the second winter after dispersal. Once
Korean pine seeds have their primary and secondary physiological dormancy released, they
rapidly germinate during the second spring after dispersal. Normally, only a few Korean
pine seeds germinate during the first spring after dispersal, and the majority of seeds ger-
minate during the second spring following dispersal. During this long germination duration
(approximately 20 months), Korean pine seeds fall prey to birds and rodents or are infected
by fungal pathogens, leading to a reduction in seed numbers (Li et al. 2012). Regeneration
of Korean pine is a key step in the restoration of BKPF. Therefore, it is critical to under-
stand the mechanisms of their germination pattern.

Temperature is a major environmental factor that influences changes in seed dormancy
states in temperate forests (Baskin and Baskin 1998; Benech-Arnold et al. 2000; Bréindel
2005). Cold stratification simulates low temperature conditions in winter and is an effec-
tive method for releasing dormancy and obtaining fast, vigorous and uniform germination
(Leadem 1997). For example, Hawkins (2018) found that 12 weeks of cold stratification at
5/1 °C (simulating winter air temperature) was required for Quercus pagoda (Raf.) acorns
to break dormancy. For many temperate tree species, exposure of imbibed seeds to low
temperatures (0—10 °C) can release primary physiological dormancy (Yamauchi et al.
2004; Koyuncu 2005; Einali and Sadeghipour 2007). Although primary physiological dor-
mancy can be released over a wide range of low temperatures, the effect is modulated by
the availability of water (Baskin and Baskin 1998; Wang et al. 2009). Temperature and
moisture are important in both inducing seed dormancy and breaking physiological dor-
mancy (Dey et al. 2019). Moreover, the effect of temperature on primary physiological
dormancy also depends on the period of a seed’s exposure to the low temperatures (Miura
and Araki 1996; Corbineau et al. 2002; Hu et al. 2012; Daneshvar et al. 2016).
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Temperature releases primary physiological dormancy and affects the relief and induc-
tion of secondary physiological dormancy. The threshold temperature for the relief and
induction of seed secondary physiological dormancy in some herbaceous plants is approxi-
mately 15 °C (Bewley and Black 1994; Brindel and Schiitz 2003; Briandel 2004). However,
there has been little research conducted to estimate the effects of temperature on secondary
physiological dormancy of the seeds of woody species, especially pine seeds. Addition-
ally, to obtain secondary dormant seeds, researchers incubated nondormant seeds in a high
temperature environment that disfavors germination (Miura and Araki 1996; Jones et al.
1997; Brindel 2004). However, the soil temperature that induces secondary physiologi-
cal dormancy gradually changes after seeds are dispersed in soil under natural conditions.
Therefore, the results of these studies cannot accurately identify the process of induction
and release of secondary physiological dormancy affected by natural temperature.

In the forest nursery industry, cold stratification is a common method used to release the
primary physiological dormancy of Korean pine seeds. The specific procedures are as fol-
lows. At the beginning of winter, the freshly harvested seeds are soaked in water for 7 days.
These imbibed seeds are then mixed with wet sand and buried in a cellar (3x1.0x 1.0 m
length X height X width) for approximately 6 months (Zuo 2011). However, the optimal
cold stratification temperature and the length of time required to completely release pri-
mary physiological dormancy have not been accurately assessed. In the present study,
the complete release of physiological dormancy refers to the high percent of germina-
tion (> 80%) and fast germinate rate. To effectively break the primary physiological dor-
mancy of Korean pine seeds, it is necessary to determine the optimal low temperature and
its duration during cold stratification treatment. In addition, to prevent Korean pine seeds
in natural conditions from completely entering secondary physiological dormancy in the
second late-summer season following dispersal, we can apply embryo growth-promoting
measures (e.g., preincubating seeds at 25 °C, application of gibberellin acids to seeds) to
release primary morphological dormancy in the second spring and early summer seasons.
However, the temperature required for the induction of secondary physiological dormancy
in seeds of Korean pine has not been determined quantitatively. It seems that this informa-
tion is important for successful regeneration of Korean pine. However, to the best of our
knowledge, no studies have addressed these questions to date.

To determine the optimal low temperature and the length of cold stratification time,
both dry and imbibed seeds were stored at 1 °C and 5 °C for 1, 2, 4 or 6 months under
laboratory conditions. These two temperatures were selected because natural soil tem-
perature above-zero varies between 0 and 5 °C in winter (Song and Zhu 2016), and
higher soil temperatures in winter may result in faster primary physiological dormancy
release compared lower soil temperatures. These two seed water content levels were
selected for the following two reasons: first, high seed water content contributes to the
release of physiological dormancy during cold stratification (Baskin and Baskin 2014).
Thus, we used imbibed seeds in the present study. Second, rainfall that occurs in autumn
following seed dispersal may also lead to imbibition. For example, the primary dormant
Korean pine seeds are completely imbibed following long-term heavy rainfall. If freshly
dry seeds can absorb enough water from the surrounding moist soil environment to
release the physiological dormancy component of MPD, then dry seeds can be utilized
directly during cold stratification without needing to be presoaked. Furthermore, we
may also directly sow freshly dried seed in the forest to promote regeneration, reducing
the cost of raising seedlings in forestry production. Thus, dry seeds were also selected
in the present study. Cold stratification duration is a key factor influencing the release of
dormancy (Kildisheva et al. 2019). In addition, the duration of cold stratification that is
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applied in forestry to release the primary physiological dormancy of Korean pine seeds
is approximately 6 months (Yao 1966). Therefore, we selected four different lengths of
cold stratification time to accurately investigate the dynamics of primary physiological
dormancy release.

Previous studies showed that the soil temperature gradually increased from late
spring to late summer (April to August) and then decreased in the following autumn
(September and October) (Song et al. 2018). Korean pine seeds also gradually enter
secondary physiological dormancy during the period from April to August, and then are
progressively released from secondary physiological dormancy during September and
October. It can be inferred that the induction of secondary physiological dormancy is
related to the increasing summer soil temperature. Therefore, MPD seeds released from
primary physiological dormancy were incubated under gradually increasing tempera-
ture conditions in the laboratory to determine the threshold temperature needed for the
induction of secondary physiological dormancy of Korean pine seeds.

Materials and methods
Seed collections

In September 2013 and 2014, fresh seeds were gathered from a Korean pine plantation
forest in Qingyuan Forest CERN at the Chinese Academy of Sciences (CAS) in Liaon-
ing Province, northeastern China (41°51.102'N, 124°54.543'E, 456-1116 m a.s.1.). The
water content of seeds collected in 2013 and 2014 were 12% and 10%, respectively.
Seeds were stored at — 20 °C. Seeds collected in 2013 were used to determine the thresh-
old temperature for the induction of secondary physiological dormancy. Seeds collected
in 2014 were used to determine the optimal low temperature and duration for the release
of primary physiological dormancy.

The release of primary physiological dormancy following different cold
stratification conditions

Two seed water content levels (dry and imbibed), two cold stratification temperatures
(5 °C and 1 °C) and four durations of cold stratification (1, 2, 4 and 6 months) were
used for these experiments. In April 2015, seeds collected in 2014 and stored at— 20 °C
were taken out of storage and cold stratified either dry or after imbibition (soaking dry
seeds in water for 7 days). To stratify, seeds were mixed with moist sand and incubated
at either 5 °C or 1 °C for different durations (1, 2, 4 or 6 months). Specifically, one
hundred seeds were mixed with saturated moist sand and placed in a box. For a dura-
tion of 6 months at each cold stratification temperature, three sample boxes containing
the seeds were exhumed after 1, 2, 4 or 6 months of cold stratification for evaluation of
germination in the laboratory. Each exhumed box corresponded to one replicate at the
tested temperature. These seeds in boxes were used for the germination test. Distilled
water was added as required during cold stratification to ensure that moisture was not a
limiting factor for the release of primary physiological dormancy.
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The induction of secondary physiological dormancy under gradually increasing
temperature conditions

In late October 2013, seeds collected in 2013 and stored at—20 °C were taken out of stor-
age and cold stratified. Seeds were soaked in running water for 7 days and then kept moist
for 6 months of cold stratification. After cold stratification, seeds were subjected sequen-
tially to a set of temperature regimes that are widely used in research on seed dormancy:
5 °C, 10 °C, 15 °C, 20 °C and 25 °C (Miura and Araki 1996; Jones et al. 1997; Brin-
del 2004). Cold stratified seeds were moved from 5 to 10 °C, where they were kept for
1 month, then moved to 15 °C for 1 month and so forth. When seeds were moved from
one temperature to the next in the sequence, some seeds were left at the lower temperature
for monthly germination tests. The germination test was also conducted at the end of each
month when seeds were moved to a higher temperature in the sequence (Fig. 1).

Germination tests

Germination tests were conducted in a growth chamber (MGC-450HP-2, Bluepard, Shang-
hai, China) with a regime of 25 °C/14 h light alternating with 10 °C/10 h dark. Three rep-
licates of 20 seeds each were used for germination tests. Seeds were placed on filter paper
moistened with deionized water in 9-cm Petri dishes. To ensure that adequate moisture was
maintained inside the Petri dishes, deionized water was added as required, and dishes were
sealed with Parafilm. The process of germination was monitored at two-day intervals for
56 days (incubation period). Seeds were considered germinated when the radicle protru-
sion was greater than 2 mm (Bai et al. 2004). Germination percentages, mean germination
time (MGT) and the germination rate index (GRI) were calculated as follows.

Germination percentage = number of germinated seeds/total number of

viable seeds with white and firm embryos X 100% M

MGT(days) = ' (n; xd;)/N )

where n, is the number of germinated seeds on day i, d; is the number of days after begin-
ning of the experiment, and N is the total number of seeds germinated (Ellis and Roberts
1981).

GTUI gl
GRI="2 3o ©)

where G,,, is the total number of germinated seeds at the end of the germination test, p is
the total number of seeds, and g; is the number of seeds germinated between time #;_; and ;
(h) (Steinmanus et al. 2000).

Statistical analyses
One-way ANOVA and LSD tests were used to test the differences in germination per-

centage, MGT and GRI among different storage temperatures and different storage peri-
ods (P <0.05). When the data did not exhibit a normal distribution and the variance was
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Fig.1 Design scheme of the controlled laboratory experiment. Cold stratified seeds were stored under
gradually increasing temperatures prior to being placed at 25/16 °C for germination test. Meanwhile, when
seeds were moved to the next storage temperature, some of these seeds remained at this storage temperature
and were also used for germination tests

heterogeneous, the data were transformed. Specifically, the GRI of dry seeds stratified at
1 °C was log;, (1/GRI)-transformed. The variance was still heterogeneous after trans-
formation; therefore, nonparametric tests (Mann—Whitney Test) were used to test the
difference in MET of imbibed seeds stratified at 1 °C among different storage periods.
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The differences in MET and GRI of MPD seeds released from primary physiological
dormancy among different storage temperatures (5 °C, 10 °C, 15 °C, 20 °C and 25 °C)
were also determined by the Mann—Whitney test.

Results
Germination of seeds at 25/10 °C following cold stratification

After imbibed seeds were cold stratified at either 1 °C or 5 °C for 1 month, their germina-
tion percentages reached approximately 85% at 25/10 °C (Fig. 2a). As stratification time
was extended, imbibed seeds still displayed high germination percentages (87-91%) at
25/10 °C, but the MGT reached a minimum (17 days) only after 6 months of cold stratifica-
tion (Fig. 2b). Moreover, regardless of whether imbibed seeds were cold stratified at 1 °C
or 5 °C, the GRI did not show significant changes for the first 1-4 months of stratification
but drastically increased to a maximum at 6 months (Fig. 2c).

As the cold stratification times of dry seeds at 1 °C increased, the germination percent-
ages gradually increased from 57 to 88% (Fig. 2a). Dry seeds that were cold stratified at
5 °C for 4 months reached maximum germination (89%) (Fig. 2a). After 6 months of cold
stratification at either 1 °C or 5 °C, dry seeds showed a minimum MGT and a maximum
GRI (Fig. 2b, ¢).

Induction of secondary physiological dormancy following storage at gradually
increasing temperatures

After 1 month of stratification at 5 °C, the germination percentage was 78% at 25/10 °C.
As the storage temperatures increased, the germination percentage subsequently decreased
to 72% (1 month of storage at 10 °C), 55% (1 month of storage at 15 °C), 10% (1 month of
storage at 20 °C) and 8% (1 month of storage at 25 °C) (Fig. 3A). There were no significant
changes (P> 0.05) in either MGT or GRI (Figs. 4A, 5A).

Although seeds still had a high germination percentage (72-85%) (Fig. 3B) as the stor-
age duration at 5 °C was extended, GRI progressively increased (Fig. 5B). Moreover, MGT
was also significantly (P <0.05) reduced to 17 days (Fig. 4B). The germination percentage
decreased to 52% after 2 months of storage at 10 °C, but significantly (P <0.05) increased
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Fig.2 Germination (a), mean germination time (b) and germination rate index (c) of seeds cold stratified
for different durations at either 1 °C or 5 °C
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to 78% following 4 months (Fig. 3C). Seeds stored at 10 °C for 2 months exhibited a maxi-
mum GRI (Fig. 5C) and a minimum MGT (Fig. 4C). The germination percentages of

seeds stored at 15 °C significantly (P <0.05) decreased to

13% (Fig. 3D) as storage dura-

tion was gradually extended. Furthermore, the MGT of these seeds progressively increased
(Fig. 4D), and GRI gradually decreased (Fig. 5D). Seeds kept at 20 °C only exhibited 8%

germination (Fig. 3E).
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Discussion

The results of the present study suggested that after imbibed seeds were stratified at either
1 °C or 5 °C for 1 month, the germination percentage had already reached approximately
85%. However, those seeds germinated more slowly. In contrast, imbibed seeds strati-
fied at 1 °C or 5 °C exhibited more than 90% germination at a range of incubation days
from 18 to 20 only after 6 months of storage. These results indicate that stratifying the
imbibed seeds at 1 °C or 5 °C for 6 months can completely release primary physiological
dormancy in seeds of Korean pine. Our findings correspond with a previously documented
study that found low soil temperature in winter (0-5 °C) effectively release primary physi-
ological dormancy in seeds of Korean pine (Song and Zhu 2016). The germination rate
of the imbibed seeds cold stratified at 5 °C (2.43) was two times that of the imbibed
seeds cold stratified at 1 °C (1.20), indicating that stratifying the imbibed seeds at 5 °C
was more effective. It has also been reported that cold stratification at 5 °C is favorable
for the release of primary physiological dormancy in seeds of Douglas fir (Pseudotsuga
mengziesii var. menziesii [Mirb.] Franco) (Corbineau et al. 2002), smoke tree (Cotinus cog-
gygria var. Cinerea Engler) (Deng et al. 2016) and the seeds of most annual and perennial
herbs in southern Wisconsin (Struik 1965). The germination percentage of dry seeds strati-
fied at 1 °C or 5 °C gradually increased with increasing storage duration. After 6 months
of storage at 1 °C or 5 °C, these dry seeds also exhibited a high germination percentage
(77-88%) within 16—18 days of incubation. Therefore, it can be concluded that stratifying
dry seeds under cold and moist conditions for 6 months can also release primary physi-
ological dormancy in seeds of Korean pine.
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This finding may be observed in part because dry seeds absorb water from surrounding
moist conditions, thereby leading to the release of primary physiological dormancy. Addi-
tional studies have also revealed that the germination percentage increases with increas-
ing water content of cold stratified seeds of Aesculus hippocastanum L. and Douglas fir
(Tompsett and Pritchard 1998; Gosling et al. 2003).

The germination percentage of seeds significantly decreased with increasing storage tem-
perature, demonstrating that the gradually increasing temperature induced secondary physi-
ological dormancy in seeds of Korean pine. Induction of secondary physiological dormancy
by high temperature has also been reported for seeds of Picea sitchensis [Bong.] Carr. (Jones
et al. 1997). In some species, secondary physiological dormancy was induced as seeds were
incubated at high temperatures that disfavor germination for a certain period of time (Pekrun
et al. 1997; Kepezyniski and Bihun 2002). However, our research suggested that the second-
ary physiological dormancy in seeds of Korean pine was induced by gradually increasing
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temperatures. Several studies on herbaceous plant seeds have reported that the threshold tem-
perature for the induction of secondary physiological dormancy was approximately 15 °C
(Brindel 2004). Nevertheless, little is known about the temperature threshold for the induc-
tion of secondary physiological dormancy in gymnosperm seeds. The germination percentage
significantly decreased from 78 to 55% following the transfer of seeds from 10 to 15 °C for
1 month of storage. Approximately 10% of seeds germinated following their transfer from 15
to 20 °C for 1 month of storage. Moreover, when the seeds remained at 15 °C for 2 months
and an additional 3 months, the germination percentage significantly decreased to 15% and
13%, respectively. In addition, the MGT significantly increased to 19 days, and the GRI sig-
nificantly decreased to approximately 1.06. Thus, it seems likely that secondary physiologi-
cal dormancy in seeds of Korean pine was induced by high temperatures > 15 °C. Tempera-
tures that vary between 15 and 20 °C appear to be critical to the induction of seed secondary
physiological dormancy in many species (Steadman 2004). For example, moist seeds of Sitka
spruce (Picea sitchensis [Bong.] Carr.) kept at 15 °C and 20 °C cycle between the second-
ary dormant state and the released secondary dormant state (Jones et al. 1997). The induction
of secondary physiological dormancy in imbibed seeds of Orobanche spp. occurs at 15 °C
(Kebreab and Murdoch 1999).

In addition, the induction of secondary physiological dormancy may also depend on the
period during which imbibed seeds were kept in unfavorable germination conditions. Many
studies focused on the effect of the duration of unfavorable germination conditions on the
induction of secondary physiological dormancy in herbaceous plants seeds. For example,
Larsen and Eriksen (2004) reported that a period of more than 5 days at 25 °C is required to
induce the secondary physiological dormancy of Berberis thunbergii seeds. Secondary physi-
ological dormancy in rice seeds was induced when the seeds were imbibed at 10 °C and 15 °C
for more than 10 days (Miura and Araki 1996). Brindel and Schiitz (2003) also observed that
the secondary physiological dormancy in seeds of Rumex species was induced after seeds
were stratified at 10 °C and 15 °C for 2 weeks. However, the effect of the duration of unfa-
vorable germination conditions on the induction of secondary physiological dormancy has not
been reported in conifer trees seeds. In our study, the germination percentage decreased from
55 to 13-15% after seeds were stored at 15 °C for 2 to 3 months. Therefore, it appears that the
longer the duration of the high-temperature period, the deeper the secondary physiological
dormancy (the germination percentage, MGT and GRI were used to indicate dormancy depth
in the present study).

Breaking seed physiological dormancy in many species is achieved by incubating imbibed
seeds in moist and cold (0-10 °C) conditions (i.e., cold stratification) (Baskin and Baskin
1998; Yamauchi et al. 2004; Einali and Sadeghipour 2007). Although cold stratification is
widely used to release the primary physiological dormancy, little is known about whether it
was also effective in the release of secondary physiological dormancy. The induction of sec-
ondary physiological dormancy in many species occurs in early summer (May—July) and is
released in November/December (Benech-Arnold et al. 2000; Bréindel 2004). For all species
mentioned above, low temperatures are also effective at releasing secondary physiological
dormancy. To the best of our knowledge, the range of effective temperature suitable for sec-
ondary physiological dormancy release had not been determined as accurately as that for the
primary physiological dormancy. In the present study, for the seeds stored at 10 °C, 72% of
seeds germinated after 1 month of storage, but their germination percentage decreased to 52%
after 2 to 3 months of storage. However, as the storage duration was extended to 4 months at
10 °C, the germination percentage significantly increased from 52 to 78% once more, but the
MGT and GRI did not change significantly. We suggest that storage for 2 months or more at
10 °C can be used for the release of secondary physiological dormancy in Korean pine seeds.
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Conclusion

Cold stratification of imbibed or dry seeds at 1 °C or 5 °C for 6 months can completely
release primary physiological dormancy in Korean pine seeds. Once primary physiological
dormancy is released, gradually increasing temperature can induce Korean pine seeds into
secondary physiological dormancy. The induction of secondary physiological dormancy in
Korean pine seeds occurs at temperatures above 15 °C. Secondary physiological dormancy
in Korean pine seeds can be prevented by wetting stratified seeds at 10 °C for 2 months or
more.
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