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Abstract: Seed germination in response to fire-related cues has been widely studied in species from
fire-prone ecosystems. However, the germination characteristics of species from non-fire-prone
ecosystems, such as the saline-alkaline grassland, where fire occasionally occurs accidentally or is
used as a management tool, have been less studied. Here, we investigate the effects of different
types of fire cues (i.e., heat and smoke water) and their combined effect on the seed germination of
12 species from the saline-alkaline grassland. The results demonstrated that heat shock significantly
increased the germination percentage of Suaeda glauca and Kochia scoparia var. sieversiana seeds.
Smoke water significantly increased the germination percentage of Setaria viridis and K. scoparia seeds.
However, compared with single fire cue treatments, the combined treatment neither promoted nor
inhibited seed germination significantly in most species. These results suggest that fire cues can be
used as germination enhancement tools for vegetation restoration and biodiversity protection of the
saline-alkaline grassland.

Keywords: seed germination; fire cues; saline-alkaline grassland; salt-tolerant species; smoke water;
heat shock

1. Introduction

Fire is a fundamental ecological process that profoundly affects many terrestrial
ecosystems, including forest and grassland ecosystems [1–3]. Fire affects the distribution
of global biomes and acts as a natural selection force to drive the evolution of species [4,5].
In the Mediterranean climate zone, savannas, and coniferous forests in the northern hemi-
sphere, fire has become an important ecological factor to maintain the stability of these
ecosystems [6].

Fire can affect seed dispersal, germination, seedling establishment, flowering, and
other stages of plant growth and development [7]. Seed germination is an important
life-history stage, and it is also the main route for vegetation restoration following fire [8].
The immediately post-fire habitat is an advantageous environment for seed germination
and seedling establishment, with low competition and high available resources [9].

In addition to creating a favorable external environment for seed germination, the
vegetation combustion process produces smoke, heat, and a series of fire cues associated
with smoke that play critical roles in promoting seed germination [10–13]. Heat shock can
trigger germination by destroying the thick impermeable seed coat, allowing for water
uptake [14]. Plant-derived smoke contains karrikins (KARs), a family of compounds
produced by wildfires known to stimulate the germination of dormant seeds of at least
1200 Australian species [15–18]. Although seed germination in response to fire cues has
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been extensively studied in fire-prone ecosystems, their effects on seed germination of
species from non-fire-prone ecosystems are poorly understood [19,20].

The Songnen plain (121◦27′–128◦12′ E, 43◦36′–49◦45′ N) experiences a temperate
semi-humid and semi-arid continental monsoon climate [21]. The dry and windy weather
that prevails in winter and spring increases the risk of natural fire [22]. As a typical
interlaced farming–pastoral zone, farmers commonly burn straws before seeds are sown
each spring [23,24]. The germination stimulants in smoke are volatile and water-soluble
and can influence the surrounding habitats [25]. The Songnen plain is one of the world’s
major saline-alkali areas and is typically ecologically fragile [26]. Salt-alkali stress can
inhibit seed germination and seedling growth [27]. Grassland degradation due to climate
change and human activities has become a serious environmental problem in the Songnen
plain [28]. Therefore, salt-tolerant species, such as Leymus chinensis (Trin.) Tzvel and
Suaeda glauca (Bunge) Bunge, play an important role in the ecological restoration and the
sustainable development of animal husbandry [29,30]. Fire cues, especially smoke, provide
opportunities for the development of germination tools to promote seed germination and
seedling growth in ecological restoration efforts [15,31]. However, less attention has been
paid to the effects of fire cues on seed germination of salt-tolerant plants typical of the
Songnen plain.

In order to provide theoretical support for the vegetation restoration of degraded
habitat and sustainable development of animal husbandry, we selected 12 representative
salt-tolerant species in the Songnen saline-alkaline grassland to explore the response of
seed germination to different fire cues, alone and in combination, to address the following
two questions: (1) Does seed germination of species from Songnen non-fire-prone saline-
alkaline grassland respond to fire cues? (2) Is there a combined effect between smoke water
and heat shock on specific species?

2. Results
2.1. Germination Response to Different SW Concentrations

Germination responses to different smoke water (SW) concentrations greatly differed
among species (Figure 1). Germination percentages of Chloris virgata Sw., Suaeda corniculate
(C. A. Mey.) Bunge, Lepidium densiflorum Schrader, and Plantago depressa Willd. were higher
than 90% (Figure 1D,F,I,J), while the germination percentages of Setaria viridis (L.) Beauv,
Setaria pumila (Poiret) Roemer & Schultes, Lespedeza bicolor Turcz., and Hibiscus trionum L.
were less than 10% (Figure 1B,C,K,L). Of the 12 tested species, the germination percentages
of 11 species did not differ significantly among different SW concentrations (p > 0.05,
Figure 1). Only the germination of Kochia scoparia var. sieversiana (Pall.) Ulbr.ex Aschers.et
Graebn significantly increased, reaching a maximum germination percentage of 86.75% at
the SW concentration of 1%, which was 54.25% higher than the control (df = 5, χ2 = 150.29,
p < 0.001, Figure 1G).
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(G) Kochia scoparia var. sieversiana, (H) Chenopodium acuminatum, (I) Lepidium densiflorum, (J) Plantago depressa, (K) Lespedeza 

bicolor, and (L) Hibiscus trionum. Bars show means ± SE (n = 5). Different letters mean significant differences in germination 

percentage among the concentrations (p < 0.05). 
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= 0.074; df = 5, F = 10.255, p = 0.068, Figure 2A,C). For C. virgata and L. densiflorum, the MGT 
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SW concentration of 1.0% (Figure 2D). The MGT of K. scoparia under control treatment 

was significantly shorter compared to those under other SW concentrations, as the germi-
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Figure 1. Germination percentage of 12 species in response to different concentrations of smoke water at 16/28 ◦C with
a 12/12 h dark/light diurnal cycle. The numbers (0, 0.5, 1, 1.5, 2, 3) represent the concentration degrees of smoke-water
dilution. (A) Leymus chinensis, (B) Setaria viridis, (C) Setaria pumila, (D) Chloris virgata, (E) Suaeda glauca, (F) Suaeda corniculate,
(G) Kochia scoparia var. sieversiana, (H) Chenopodium acuminatum, (I) Lepidium densiflorum, (J) Plantago depressa, (K) Lespedeza
bicolor, and (L) Hibiscus trionum. Bars show means ± SE (n = 5). Different letters mean significant differences in germination
percentage among the concentrations (p < 0.05).

The mean germination time (MGT) of five species differed significantly among differ-
ent SW concentrations (p < 0.05, Figure 2), while the MGT of L. chinensis and Suaeda glauca
(Bunge) Bunge was not significantly different from the controls (df = 5, F = 10.03, p = 0.074;
df = 5, F = 10.255, p = 0.068, Figure 2A,C). For C. virgata and L. densiflorum, the MGT was
significantly longer at 3% SW than at lower concentrations (Figure 2B,F). The MGT of
C. virgata and P. depressa increased with the increasing SW concentration (Figure 2B,G).
Compared to controls, the MGT of S. corniculata differed significantly among different SW
concentrations (df = 5, F = 4.732, p < 0.01), and the shortest MGT reached 3.02 days at the
SW concentration of 1.0% (Figure 2D). The MGT of K. scoparia under control treatment was
significantly shorter compared to those under other SW concentrations, as the germination
percentage was low and the germination was concentrated in the first five days (Figure 2E).
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On the third day after the seed germination test, five seedlings were taken from each Petri dish to measure the lengths of 
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Figure 2. MGT of 7 species in response to different concentrations of smoke water at 16/28 ◦C with a 12/12 h dark/light
diurnal cycle. Species with germination percentages lower than 25% were not analyzed. The numbers (0, 0.5, 1, 1.5, 2, 3)
represent the concentration degrees of smoke-water dilution. (A) Leymus chinensis, (B) Chloris virgata, (C) Suaeda glauca,
(D) Suaeda corniculate, (E) Kochia scoparia var. sieversiana, (F) Lepidium densiflorum, and (G) Plantago depressa. Bars show
means ± SE (n = 5). Different letters indicate significant differences in MGT among the concentrations (p < 0.05).

The root length and shoot length responses to different concentrations of SW varied
among species (Table 1). The root lengths of P. depressa first increased and then decreased
with the increasing concentration of SW, reaching a maximum at 1% SW concentrations.
The root length of S. glauca did not significantly differ among different SW concentrations,
while the root length of other species was significantly inhibited by 3% SW. Compared
with the root length responses to different SW concentrations, a high SW concentration
only inhibited the shoot length of C. virgata, S. corniculate, and K. scoparia.

Table 1. Root and shoot length (cm) in response to different concentrations of smoke water.

Species Length 0 0.5% 1% 1.5% 2% 3%

L. chinensis
root 5.70 ± 0.24 a 5.21 ± 0.21 ab 4.37 ± 0.26 b 5.21 ± 0.19 ab 5.07 ± 0.28 ab 4.32 ± 0.51 b
shoot 5.13 ± 0.13 a 4.90 ± 0.12 a 5.09 ± 0.11 a 5.19 ± 0.13 a 5.32 ± 0.18 a 5.00 ± 0.24 a

C. virgata root 7.01 ± 0.41 a 5.72 ± 0.32 a 4.16 ± 0.43 b 2.89 ± 0.28 bc 2.38 ± 0.30 c 2.81 ± 0.50 bc
shoot 2.48 ± 0.08 a 2.48 ± 0.22 a 1.91 ± 0.10 b 1.85 ± 0.08 b 1.95 ± 0.11 ab 1.75 ± 0.33 b

S. glauca root 3.21 ± 0.28 a 2.66 ± 0.26 a 2.73 ± 0.32 a 2.47 ± 0.25 a 3.43 ± 0.30 a 2.74 ± 0.25 a
shoot 3.05 ± 0.25 a 3.20 ± 0.20 a 3.17 ± 0.17 a 3.31 ± 0.27 a 3.29 ± 0.15 a 3.10 ± 0.16 a

S. corniculata
root 2.02 ± 0.09 a 0.99 ± 0.08 b 0.68 ± 0.10 bc 0.52 ± 0.11 cd 0.24 ± 0.05 d 0.33 ± 0.05 cd
shoot 1.05 ± 0.03 ab 1.09 ± 0.02 ab 0.99 ± 0.04 ab 1.50 ± 0.35 a 0.81 ± 0.06 b 0.59 ± 0.05 b

K. scoparia root 4.81 ± 0.62 a 4.59 ± 0.47 a 4.42 ± 0.34 a 3.33 ± 0.43 ab 2.78 ± 0.39 b 1.10 ± 0.32 c
shoot 1.87 ± 0.19 a 1.23 ± 0.07 b 1.22 ± 0.05 b 1.07 ± 0.06 bc 1.34 ± 0.07 b 0.83 ± 0.06 c

L. densiflorum root 4.18 ± 0.16 a 4.03 ± 0.18 a 2.23 ± 0.19 b 0.33 ± 0.21 c 1.01 ± 0.21 c 0.61 ± 0.07 c
shoot 0.51 ± 0.01 a 0.85 ± 0.24 a 0.67 ± 0.24 a 0.33 ± 0.02 a 0.43 ± 0.02 a 0.70 ± 0.23 a

P. depressa root 3.51 ± 0.22 ab 4.05 ± 0.17 a 4.28 ± 0.22 a 2.98 ± 0.31 bc 2.23 ± 1.31 c 0.34 ± 0.08 d
shoot 0.70 ± 0.03 a 0.67 ± 0.02 a 0.93 ± 0.20 a 0.68 ± 0.04 a 0.87 ± 0.27 a 0.46 ± 0.02 a

On the third day after the seed germination test, five seedlings were taken from each Petri dish to measure the lengths of roots and shoots.
Species with germination percentages lower than 25% were not analyzed. Numerical values show means ± SE (n = 5). Different letters
mean significant differences in the lengths of roots and shoots among the concentrations (p < 0.05).
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2.2. Germination Response to Heat, SW, and Their Combined Effects

Overall, the germination percentages of four species were significantly affected by
heat, SW, and their combined treatments (p < 0.05, Figure 3). Compared to the controls,
SW significantly increased the germination of S. viridis and K. scoparia by 25% and 46.44%,
respectively (Figure 3B,G). Heat shock significantly increased the germination percentages
of S. glauca and K. scoparia by 33.92% and 22.5%, respectively, while it inhibited the ger-
mination of C. virgata, which decreased by 13.91% (Figure 3E,G,D). The combined effects
of SW and heat shock significantly promoted the germination of S. viridis, S. glauca, and
K. scoparia by 22%, 30.92%, and 59.5%, respectively, while it inhibited the germination
of C. virgata, which decreased by 12.92% (Figure 3B,E,G,D). The germination percentage
of C. virgata, treated with both heat shock and SW, was significantly lower than those
treated with SW alone, which indicated that their combined effect was negative (Figure 3D).
However, compared with a single fire cue, the combined effect had no significant positive
or negative effect on other species.
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Figure 3. Germination percentage of 12 species in response to different fire cues at 16/28 ◦C with a 12/12 h dark/light
diurnal cycle. CK, control; H, heat shock at 80 ◦C for 10 min; S, 1% smoke water; H + S, the combined treatment of heat
shock and smoke water. (A) Leymus chinensis, (B) Setaria viridis, (C) Setaria pumila, (D) Chloris virgata, (E) Suaeda glauca, (F)
Suaeda corniculate, (G) Kochia scoparia var. sieversiana, (H) Chenopodium acuminatum, (I) Lepidium densiflorum, (J) Plantago
depressa, (K) Lespedeza bicolor, and (L) Hibiscus trionum. Bars show means ± SE (n = 5). Different letters mean significant
differences in germination percentage among fire cues (p < 0.05).
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Overall, the MGT of six species was significantly affected by heat, SW, and their
combined treatments (p < 0.05, Figure 4). The MGT of L. chinensis and S. viridis was not
significantly changed by fire cues (df = 3, F = 2.677, p = 0.444; df = 3, F = 0.214, p = 0.885,
Figure 4A,B). The MGT of S. corniculata reached a minimum value of 3.02 days under
SW treatment, which was significantly shorter compared to the controls (Figure 4E). Heat
shock significantly prolonged the MGT of C. virgata and P. depressa by 0.49 and 1.00 days,
respectively, and shortened the MGT of S. glauca and L. densiflorum by 2.00 and 1.99 days,
respectively (Figure 4C,H,D,G). The combined treatment of SW and heat shock significantly
shortened the MGT of S. glauca and L. densiflorum while prolonging the MGT of C. virgata,
K. scoparia, and P. depressa (Figure 4D,G,C,F,H). Because the germination percentage of
K. scoparia was very low under the control treatment, all fire cue treatments significantly
increased the germination of K. scoparia but also prolonged the germination time.
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Figure 4. MGT of 8 species in response to different fire cues at 16/28 ◦C with a 12/12 h dark/light diurnal cycle. Species with
germination percentages lower than 25% were not analyzed. CK, control; H, heat shock at 80 ◦C for 10 min; S, 1% smoke water;
H + S, the combined treatment of heat shock and smoke water. (A) Leymus chinensis, (B) Setaria viridis, (C) Chloris virgata, (D) Suaeda
glauca, (E) Suaeda corniculate, (F) Kochia scoparia var. sieversiana, (G) Lepidium densiflorum, and (H) Plantago depressa. Bars show
means± SE (n = 5). Different letters mean significant differences in MGT among fire cues (p < 0.05).

3. Discussion

Plant-derived smoke has been demonstrated to act as a germination cue in a large
number of species [8,18,32]. The germination stimulants in smoke, such as karrikinolide
(KAR1) and glyceronitrile (SP1), are responsible for promoting seed germination in some
plants from fire-prone or non-fire-prone ecosystems [15,16,33]. Çatav et al. [34] found that
the germination percentage of Satureja thymbra from the Mediterranean region increased
from 57% to 86.5% after treatment with 50% SW [34]. Our results show that SW promoted
the germination of K. scoparia, S. viridis, and other representative species in the non-fire-
prone saline-alkaline grassland. In another study on a non-fire-prone ecosystem, Daws
et al. [35] found that seed germination of eight weed species from non-fire-prone ecosystems
significantly improved after KAR1 treatment, indicating that KAR1 has wide applicability
as a germination stimulant. However, most seeds with physiological dormancy respond to
smoke cues only after a period of after-ripening. In this study, under the same treatment,
the germination of S. viridis in the combined heat shock and SW experiment was higher
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than that in the SW gradient experiment. The reason for this result was that S. viridis seeds
underwent a month of after-ripening at room temperature after the end of the SW gradient
experiment, which led to a decrease in the physiological dormancy (PD) level. Notably,
smoke contains substances that not only stimulate germination but also inhibit it [36].
The composition of plant-derived smoke is complex, and there are still some unknown
germination stimuli in smoke cues [37]. Therefore, more experiments on the effects of
smoke on seed germination are needed in the future, especially in selecting representative
species from different habitats, which will help to identify new specific chemicals in smoke
that affect seed germination.

Heat shock breaks the physical dormancy of seeds by destroying the thick imper-
meable layer of the seed coat to promote seed germination. It has been reported that the
physical dormancy of two legumes (Harpalyce sp. and Mimosa leiocephala) was broken by
heat shock, promoting seed germination [38–40]. However, in this study, we found that
heat shock significantly promoted seed germination of S. glauca and K. scoparia, which are
representative plants in saline-alkaline grassland with PD. This means that heat shock is
not the exclusive cue for physically breaking dormancy in dormant seeds. Previous studies
have shown that some species with PD also respond to heat shock by germination, e.g.,
Drosophyllum lusitanicum, Darwinia diminuta, and Darwinia fascicularis [41,42]. In addition
to PD, heat shock can also promote the germination of seeds with morphophysiological
dormancy (MPD), e.g., Anigozanthos flavidus [43].

A high concentration of SW inhibits seed germination and seedling growth. We
found that high concentrations of smoke increased the MGT and inhibited the seedling
growth of some species. The results are consistent with Chou et al. [44] and Van Staden
et al. [45], who showed that high concentrations of SW inhibit germination and seedling
growth. As a representative inhibitor, trimethylbutenolide (TMB) has been proven to have
the ability to inhibit seed germination in smoke [36]. Therefore, the inhibitory effects of
high concentrations of SW on seed germination are probably caused by the influence of
germination-inhibiting substances that override the effects of KARs [44]. Temperature and
the duration of exposure are two important heat-shock-associated variables that affect
seed germination. In this study, we found that heat shock at 80 ◦C for 10 min significantly
inhibited the germination of C. virgata and prolonged the MGT of C. virgata and P. depressa.
This indicates that the heat shock intensity exceeded the tolerance threshold of these
species. Previous studies have shown that the germination of Melica ciliate reached a
maximum under heat shock at 110 ◦C for 5 min, but it was completely inhibited at 150 ◦C
for 10 min [13]. To better simulate the effects of fire cues on seed germination, it is necessary
to investigate the fire regime of different ecosystems, such as forests and grasslands, which
can vary greatly.

The combined treatment of heat shock and SW may show positive, negative, or no
effect on seed germination [43,46]. The effects of combined treatment may be related to
many factors, such as seed dormancy type and fire cue intensity. In this study, the combined
treatment of heat shock and SW significantly inhibited the germination of C. virgata, while
there was no significant positive or negative effect on other species. This indicates that the
combined intensity of SW and heat shock exceeds the seed germination requirements of C.
virgata. For species with combinational dormancy, heat shock breaks the physical dormancy
barriers of seeds, and subsequent addition of SW could promote the release of seeds from
their physiological dormancy to achieve a higher germination percentage [42]. Seeds with
physical dormancy are usually unable to respond to smoke due to the impermeability of
the seed coat.

As a typical ecological fragile region, saline-alkaline stress is the main limiting factor
of seed germination in the Songnen saline-alkaline grassland [27,47]. The soil seed bank is
an essential part of degraded vegetation dynamics, which directly impacts the resilience of
the ecosystem [48]. In nature, germination-promoting substances of smoke penetrate into
soil with rain and stimulate the germination of seeds in the soil seed bank [49]. Therefore,
the responses of seed germination of salt-tolerant plants to fire cues, such as S. glauca, K.
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scoparia, suggest that fire cues could be used as germination enhancement tools to help
vegetation restoration in degraded ecosystems.

4. Materials and Methods
4.1. Seed Collection

Mature seeds were collected from at least 20 individuals of each of the 12 species in
Songnen saline-alkaline grassland. All individuals were located in the same location, with
each individual approximately 0.5 m from any other study plant. Seeds were dry stored in
paper bags at room temperature (~22 ◦C) until the experiments commenced in November
2020 (Table 2).

Table 2. Information on the test species.

Species Family Collection time GD (days)

L. chinensis Poaceae July 2020 28
S. viridis Poaceae November 2020 26
S. pumila Poaceae September 2020 26
C. virgata Poaceae September 2020 8
K. scoparia Chenopodiaceae October 2020 25
S. glauca Chenopodiaceae October 2020 10
S. corniculata Chenopodiaceae September 2020 10
C. acuminatum Chenopodiaceae September 2020 10
L. densiflorum Brassicaceae July 2020 10
P. depressa Plantaginaceae July 2020 10
L. bicolor Fabaceae October 2020 9
H. trionum Malvaceae October 2020 9

GD: duration of germination experiment from start to end.

4.2. Germination Experiment

One kilogram of dried plant material from native vegetation of Western Australia
(i.e., Proteaceae, Fabaceae, Rutaceae) was fully burnt to produce smoke, which was subse-
quently pumped through 5 L of distilled water for 2.5 h to produce a 100%, fully saturated
concentration of smoke water [50]. Deionized water was used to dilute the saturated SW
to 0.5%, 1%, 1.5%, 2%, and 3% concentrations, representing 5 different treatment concentra-
tions of SW [50,51]. Deionized water (0% SW) was used as the control. For the germination
experiment, seeds were placed in the germination medium containing 0.7% agar and used
with the above-mentioned SW concentrations.

In the heat shock treatments, seeds were put in an oven and heat-shocked at 80 ◦C for
10 min [52]. Heat-shock-treated seeds were placed in Petri dishes (9 cm in diameter) with
0.7% agar medium. In the experiments testing the combined effects of heat shock and SW,
seeds were first put in an oven and heat-shocked at 80 ◦C for 10 min and then placed in the
0.7% agar medium containing 1% SW concentration for germination experiments.

For all experiments, 25 seeds were placed in each Petri dish, and each treatment was
repeated four times. Petri dishes were kept in an incubator (Harbin, China) at 16/28 ◦C
with a 12/12 h dark/light diurnal cycle [47,53]. Germination was checked once a day, and
the experiment was stopped when no germination was observed for three consecutive
days. On the third day after the seed germination test, five seedlings were taken from
each Petri dish to measure the lengths of roots and shoots. The tested species that had
germination percentage <25% were excluded from root length and shoot length analysis.

4.3. Statistical Analysis

Germination percentage and mean germination time (MGT) were calculated using the
following formulas [54,55]:

Germination percentage =
n
N
×100%; MGT =

∑ it
∑ i
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where n is the number of final germinated seeds, N is the total number of seeds, i is the
number of seeds newly germinated on the day t, and t is the number of days counted from
the beginning of the germination experiment. The tested species that had germination
percentage <25% were excluded from MGT, root length, and shoot length analyses.

We used generalized linear models (GLMs) with binomial error structure and the
log link function to evaluate the effects of different treatments on germination. The linear
model was used to analyze the effects of different treatments on MGT, root length, and
shoot length. Tukey’s test was used for multiple mean comparisons. All statistical analyses
and figures were carried out in R 3.6.3.

5. Conclusions

In conclusion, our results show that fire cues significantly promoted the germination
of some salt-tolerant species, e.g., S. viridis, K. scoparia, and S. glauca, which are representa-
tive plants in the saline-alkaline grassland. The seed germination responses to different
types and intensities of fire cues varied among species. Since salt-tolerant plants are the
key species involved in vegetation restoration in degraded saline-alkali grassland, under-
standing the response of seed germination to fire cues is of great significance for future
restoration of degraded grassland and sustainable development of animal husbandry in
these ecologically fragile areas.
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seed germination of the potentially invasive species Paulownia tomentosa Steud. Plant Species Biol. 2010, 25, 193–202. [CrossRef]
8. Fernandes, A.F.; Oki, Y.; Fernandes, G.W.; Moreira, B. The effect of fire on seed germination of campo rupestre species in the

South American Cerrado. Plant. Ecol. 2020, 1–11. [CrossRef]
9. Kemp, K.B.; Higuera, P.E.; Morgan, P.; Abatzoglou, J.T. Climate will increasingly determine post-fire tree regeneration success in

low-elevation forests, Northern Rockies, USA. Ecosphere 2019, 10, e02568. [CrossRef]
10. Zuloaga-Aguilar, S.; Briones, O.; Orozco-Segovia, A. Seed germination of montane forest species in response to ash, smoke and

heat shock in Mexico. Acta Oecol. 2011, 37, 256–262. [CrossRef]

http://doi.org/10.1111/1365-2745.13403
http://doi.org/10.1017/S0960258520000288
http://doi.org/10.1002/ajb2.1345
http://doi.org/10.1016/j.tree.2005.04.025
http://www.ncbi.nlm.nih.gov/pubmed/16701401
http://doi.org/10.1111/brv.12544
http://doi.org/10.1093/nsr/nwx041
http://doi.org/10.1111/j.1442-1984.2010.00293.x
http://doi.org/10.1007/s11258-020-01086-1
http://doi.org/10.1002/ecs2.2568
http://doi.org/10.1016/j.actao.2011.02.009


Plants 2021, 10, 2675 10 of 11

11. Moreira, B.; Tormo, J.; Estrelles, E.; Pausas, J. Disentangling the role of heat and smoke as germination cues in Mediterranean
Basin flora. Ann. Bot. 2010, 105, 627–635. [CrossRef] [PubMed]

12. Reyes, O.; Trabaud, L. Germination behaviour of 14 Mediterranean species in relation to fire factors: Smoke and heat. Plant. Ecol.
2009, 202, 113–121. [CrossRef]

13. Dairel, M.; Fidelis, A. How does fire affect germination of grasses in the Cerrado? Seed Sci. Res. 2020, 30, 275–283. [CrossRef]
14. Baskin, J.M.; Baskin, C.C.; Li, X. Taxonomy, anatomy and evolution of physical dormancy in seeds. Plant Species Biol. 2000, 15,

139–152. [CrossRef]
15. Flematti, G.R.; Ghisalberti, E.L.; Dixon, K.W.; Trengove, R.D. A compound from smoke that promotes seed germination. Science

2004, 305, 977. [CrossRef]
16. Flematti, G.R.; Merritt, D.J.; Piggott, M.J.; Trengove, R.D.; Smith, S.M.; Dixon, K.W.; Ghisalberti, E.L. Burning vegetation produces

cyanohydrins that liberate cyanide and stimulate seed germination. Nat. Commun. 2011, 2, 1–6. [CrossRef]
17. Keeley, J.E.; McGinnis, T.W.; Bollens, K.A. Seed germination of Sierra Nevada postfire chaparral species. Madrono 2005, 52,

175–181. [CrossRef]
18. Mojzes, A.; Kalapos, T. Plant-derived smoke stimulates germination of four herbaceous species common in temperate regions of

Europe. Plant. Ecol. 2014, 215, 411–415. [CrossRef]
19. Carthey, A.J.; Tims, A.; Geedicke, I.; Leishman, M.R. Broad-scale patterns in smoke-responsive germination from the south-eastern

Australian flora. J. Veg. Sci. 2018, 29, 737–745. [CrossRef]
20. Daibes, L.F.; Pausas, J.G.; Bonani, N.; Nunes, J.; Silveira, F.A.; Fidelis, A. Fire and legume germination in a tropical savanna:

Ecological and historical factors. Ann. Bot. 2019, 123, 1219–1229. [CrossRef]
21. Ma, H.; Li, J.; Yang, F.; Lü, X.; Pan, Y.; Liang, Z. Regenerative role of soil seed banks of different successional stages in a

saline-alkaline grassland in Northeast China. Chin. Geogr. Sci. 2018, 28, 694–706. [CrossRef]
22. Liu, X.; Zhang, J.; Cai, W.; Tong, Z. Information diffusion-based spatio-temporal risk analysis of grassland fire disaster in northern

China. Knowl.-Based Syst. 2010, 23, 53–60. [CrossRef]
23. Huang, X.; Li, M.; Li, J.; Song, Y. A high-resolution emission inventory of crop burning in fields in China based on MODIS

Thermal Anomalies/Fire products. Atmos. Environ. 2012, 50, 9–15. [CrossRef]
24. Song, Y.; Liu, B.; Miao, W.; Chang, D.; Zhang, Y. Spatiotemporal variation in nonagricultural open fire emissions in China from

2000 to 2007. Glob. Biogeochem. Cycles 2009, 23. [CrossRef]
25. Staden, J.V.; Brown, N.A.; Jäger, A.K.; Johnson, T.A. Smoke as a germination cue. Plant. Spec. Biol. 2000, 15, 167–178. [CrossRef]
26. Zhao, W.; Zhou, Q.; Tian, Z.; Cui, Y.; Liang, Y.; Wang, H. Apply biochar to ameliorate soda saline-alkali land, improve soil function

and increase corn nutrient availability in the Songnen Plain. Science Total Environ. 2020, 722, 137428. [CrossRef] [PubMed]
27. Ma, H.; Yang, H.; Lü, X.; Pan, Y.; Wu, H.; Liang, Z.; Ooi, M.K. Does high pH give a reliable assessment of the effect of alkaline soil

on seed germination? A case study with Leymus chinensis (Poaceae). Plant. Soil 2015, 394, 35–43. [CrossRef]
28. Wang, L.; Zheng, S.; Wang, X. The Spatiotemporal Changes and the Impacts of Climate Factors on Grassland in the Northern

Songnen Plain (China). Sustainability 2021, 13, 6568. [CrossRef]
29. Nikalje, G.C.; Srivastava, A.K.; Pandey, G.K.; Suprasanna, P. Halophytes in biosaline agriculture: Mechanism, utilization, and

value addition. Land Degrad. Dev. 2018, 29, 1081–1095. [CrossRef]
30. Liu, L.; Wang, B. Protection of Halophytes and Their Uses for Cultivation of Saline-Alkali Soil in China. Biology 2021, 10, 353.

[CrossRef] [PubMed]
31. Rokich, D.P.; Dixon, K.W. Recent advances in restoration ecology, with a focus on the Banksia woodland and the smoke

germination tool. Aust. J. Bot. 2007, 55, 375–389. [CrossRef]
32. Moreira, B.; Pausas, J. Shedding light through the smoke on the germination of Mediterranean Basin flora. S. Afr. J. Bot. 2018, 115,

244–250. [CrossRef]
33. Dixon, K.; Merritt, D.; Flematti, G.; Ghisalberti, E. Karrikinolide–a phytoreactive compound derived from smoke with applications

in horticulture, ecological restoration and agriculture. Acta Hortic. 2009, 813, 155–170. [CrossRef]
34. Çatav, S.S.; Küçükakyüz, K.; Akbas, K.; Tavsanoglu, C. Smoke-enhanced seed germination in Mediterranean Lamiaceae. Seed Sci.

Res. 2014, 24, 257. [CrossRef]
35. Daws, M.I.; Davies, J.; Pritchard, H.W.; Brown, N.A.; Van Staden, J. Butenolide from plant-derived smoke enhances germination

and seedling growth of arable weed species. Plant Growth Regul. 2007, 51, 73–82. [CrossRef]
36. Lee, I.; Kim, E.; Choi, S.; Kim, D.; Hong, W.; Choi, J.; Choi, H.; Kim, J.; Sable, G.A.; Markkandan, K. A Raf-like kinase is required

for smoke-induced seed dormancy in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2021, 118, e2020636118. [CrossRef]
37. Downes, K.S.; Light, M.E.; Pošta, M.; Kohout, L.; van Staden, J. Comparison of germination responses of Anigozanthos flavidus

(Haemodoraceae), Gyrostemon racemiger and Gyrostemon ramulosus (Gyrostemonaceae) to smoke-water and the smoke-derived
compounds karrikinolide (KAR1) and glyceronitrile. Ann. Bot. 2013, 111, 489–497. [CrossRef]

38. Zirondi, H.L.; Silveira, F.A.; Fidelis, A. Fire effects on seed germination: Heat shock and smoke on permeable vs impermeable
seed coats. Flora 2019, 253, 98–106. [CrossRef]

39. Tsuyuzaki, S.; Miyoshi, C. Effects of smoke, heat, darkness and cold stratification on seed germination of 40 species in a cool
temperate zone in northern Japan. Plant. Biol. 2009, 11, 369–378. [CrossRef]

40. Baskin, C.; Baskin, J.M. Seed Ecology, Biogeography, and Evolution of Dormancy and Germination, 2nd ed.; Elsevier/Academic Press:
San Diego, CA, USA, 2014; pp. 1–1586.

http://doi.org/10.1093/aob/mcq017
http://www.ncbi.nlm.nih.gov/pubmed/20181568
http://doi.org/10.1007/s11258-008-9532-9
http://doi.org/10.1017/S0960258520000094
http://doi.org/10.1046/j.1442-1984.2000.00034.x
http://doi.org/10.1126/science.1099944
http://doi.org/10.1038/ncomms1356
http://doi.org/10.3120/0024-9637(2005)52[175:SGOSNP]2.0.CO;2
http://doi.org/10.1007/s11258-014-0311-5
http://doi.org/10.1111/jvs.12657
http://doi.org/10.1093/aob/mcz028
http://doi.org/10.1007/s11769-018-0966-2
http://doi.org/10.1016/j.knosys.2009.07.002
http://doi.org/10.1016/j.atmosenv.2012.01.017
http://doi.org/10.1029/2008GB003344
http://doi.org/10.1046/j.1442-1984.2000.00037.x
http://doi.org/10.1016/j.scitotenv.2020.137428
http://www.ncbi.nlm.nih.gov/pubmed/32197168
http://doi.org/10.1007/s11104-015-2487-4
http://doi.org/10.3390/su13126568
http://doi.org/10.1002/ldr.2819
http://doi.org/10.3390/biology10050353
http://www.ncbi.nlm.nih.gov/pubmed/33922035
http://doi.org/10.1071/BT06108
http://doi.org/10.1016/j.sajb.2016.10.008
http://doi.org/10.17660/ActaHortic.2009.813.20
http://doi.org/10.1017/S0960258514000142
http://doi.org/10.1007/s10725-006-9149-8
http://doi.org/10.1073/pnas.2020636118
http://doi.org/10.1093/aob/mcs300
http://doi.org/10.1016/j.flora.2019.03.007
http://doi.org/10.1111/j.1438-8677.2008.00136.x


Plants 2021, 10, 2675 11 of 11

41. Cross, A.T.; Paniw, M.; Ojeda, F.; Turner, S.R.; Dixon, K.W.; Merritt, D.J. Defining the role of fire in alleviating seed dormancy in a
rare Mediterranean endemic subshrub. AoB Plants 2017, 9, plx036. [CrossRef]

42. Auld, T.D.; Ooi, M.K. Heat increases germination of water-permeable seeds of obligate-seeding Darwinia species (Myrtaceae).
Plant. Ecol. 2009, 200, 117–127. [CrossRef]

43. Ma, H.Y.; Erickson, T.E.; Walck, J.L.; Merritt, D.J. Interpopulation variation in germination response to fire-related cues and
after-ripening in seeds of the evergreen perennial Anigozanthos flavidus (Haemodoraceae). Int. J. Wildland Fire 2020, 29, 950–960.
[CrossRef]

44. Chou, Y.-F.; Cox, R.D.; Wester, D.B. Smoke water and heat shock influence germination of shortgrass prairie species. Rangeland
Ecol. Manage. 2012, 65, 260–267. [CrossRef]

45. Van Staden, J.; Jager, A.; Light, M.; Burger, B. Isolation of the major germination cue from plant-derived smoke. Aust. J. Bot. 2004,
4, 654–659. [CrossRef]

46. Cao, D.; Baskin, C.C.; Baskin, J.M. Dormancy class: Another fire seasonality effect on plants. Trends Ecol. Evol. 2020, 35, 1055–1057.
[CrossRef] [PubMed]

47. Ma, H.; Lv, B.; Li, X.; Liang, Z. Germination response to differing salinity levels for 18 grass species from the saline-alkaline
grasslands of the Songnen plain, China. Pak. J. Bot. 2014, 46, 1147–1152.

48. An, H.; Zhao, Y.; Ma, M. Precipitation controls seed bank size and its role in alpine meadow community regeneration with
increasing altitude. Glob. Chang. Biol. 2020, 26, 5767–5777. [CrossRef] [PubMed]

49. Quintana, J.R.; Cruz, A.; Fernández-González, F.; Moreno, J.M. Time of germination and establishment success after fire of three
obligate seeders in a Mediterranean shrubland of central Spain. J. Biogeogr. 2004, 31, 241–249. [CrossRef]

50. Collette, J.C.; Ooi, M.K. Investigation of 18 physiologically dormant Australian native species: Germination response, environ-
mental correlations and the implications for conservation. Seed Sci. Res. 2021, 31, 30–38. [CrossRef]

51. Collette, J.C.; Ooi, M.K. Germination ecology of the endangered species Asterolasia buxifolia (Rutaceae): Smoke response depends
on season and light. S. Afr. J. Bot. 2017, 65, 283–291. [CrossRef]

52. Clarke, S.; French, K. Germination response to heat and smoke of 22 Poaceae species from grassy woodlands. Aust. J. Bot. 2005,
53, 445–454. [CrossRef]

53. Zhao, D.-D.; Ma, H.-Y.; Wang, L.; Li, S.-Y.; Qi, W.-W.; Ma, M.-Y.; Xia, J.-B. Effects of Water and Nitrogen Addition on the Seed
Yield and Germination Characteristics of the Perennial Grass Leymus chinensis (Trin.) Tzvel. Front. Environ. Sci. 2021, 9. [CrossRef]

54. Ganatsas, P.; Tsakaldimi, M.; Damianidis, C.; Stefanaki, A.; Kalapothareas, T.; Karydopoulos, T.; Papapavlou, K. Regeneration
ecology of the rare plant species Verbascum dingleri: Implications for species conservation. Sustainability 2019, 11, 3305. [CrossRef]

55. Ganatsas, P.; Tsakaldimi, M.; Zarkadi, P.; Stergiou, D. Intraspecific differences in the response to drying of Quercus ithaburensis
acorns. Plant. Biosyst. 2017, 151, 878–886. [CrossRef]

http://doi.org/10.1093/aobpla/plx036
http://doi.org/10.1007/s11258-008-9437-7
http://doi.org/10.1071/WF19195
http://doi.org/10.2111/REM-D-11-00093.1
http://doi.org/10.1016/S0254-6299(15)30206-4
http://doi.org/10.1016/j.tree.2020.08.004
http://www.ncbi.nlm.nih.gov/pubmed/32958365
http://doi.org/10.1111/gcb.15260
http://www.ncbi.nlm.nih.gov/pubmed/33463902
http://doi.org/10.1111/j.1365-2699.2004.00955.x
http://doi.org/10.1017/S0960258520000422
http://doi.org/10.1071/BT17025
http://doi.org/10.1071/BT04017
http://doi.org/10.3389/fenvs.2021.704097
http://doi.org/10.3390/su11123305
http://doi.org/10.1080/11263504.2016.1219415

	Introduction 
	Results 
	Germination Response to Different SW Concentrations 
	Germination Response to Heat, SW, and Their Combined Effects 

	Discussion 
	Materials and Methods 
	Seed Collection 
	Germination Experiment 
	Statistical Analysis 

	Conclusions 
	References

