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Abstract

Lysimachia mauritiana Lam. (Primulaceae), a biennial maritime plant, is widely distributed in East Asia, the Philippines,
Micronesia, Polynesia, and the Indian Ocean. Because of this species’ wide distribution in Japan, we hypothesized that
it could germinate and grow even in the bare coastal areas damaged by the tsunami caused by the Great East Japan
Earthquake. Thus, we aimed to evaluate the seed germination of L. mauritiana under different sowing depths,
temperatures, and salinity soil conditions. The highest germination rate was obtained by sowing L. mauritiana seeds
near the soil surface, with germination rate decreasing as the seeding depth increased. Lysimachia mauritiana
germinated even at relatively low temperatures. Moreover, we found that L. mauritiana seeds could germinate in less
than 1% salt water and in salt-accumulated soil, using soil soaked in 5% or 10% salt water. Our results therefore suggest
that L. mauritiana seeds could germinate by sowing on the bare soil surfaces damaged by the tsunami.
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1. Introduction

The biodiversity of coastal environments is valuable at the global scale, as these environments have high endemism
rates of plant species that occur as a result of the unique environments, with strong persistence of shore winds carrying
sand and salt spray that dries leaves and soil (Hassani et al., 2021; Nakajima & Yoshizaki, 2018). Plant species in
coastal areas have traits adapted to coastal environments (Kumekawa et al., 2013; Ohga et al., 2013; Shiba et al., 2022;
Sunami et al., 2013; Takizawa et al., 2022; Tunala et al., 2012); therefore, the conservation and sustainable use of
coastal forests require close attention (Cori, 1999; Schlacher et al., 2008).

Coastal forests reduce the energy of tsunami, but they cannot completely stop the tsunami itself (Tanaka, 2009).
Previous studies on the effectiveness of coastal forests (e.g., Dahdouh-Guebas et al., 2005; Danielsen et al., 2005;
Dengler & Preuss, 2003; Hiraishi & Harada, 2003; Tanaka & Yagisawa, 2009) have shown that it depends on the
magnitude of the tsunami, forest width, and vegetation structure (Shuto, 1987; Tanaka et al., 2007; Tanaka & Yagisawa,
2009). Coastal forests in large areas of the Tohoku and Kanto districts of Japan were destroyed by the tsunami after the
Great East Japan Earthquake on March 11, 2011. The regeneration of these coastal forests is essential in the
post-earthquake recovery process, and it is desirable that these forests be regenerated not only to restore coastal forests
to their condition before the tsunami but also to improve them. However, salt accumulation on coastal soils continues
even as waves, storm surges, tides, and currents interact with various components of the coastal environment after
earthquakes. The low rainfall in coastal areas of the Tohoku and Kanto districts prevents efficient drainage of salinity
from the soil, which results in poor desalination. Moreover, many areas have not yet begun succession into coastal
forests, and many of them remain bare (Ono et al., 2014).

Primary succession of coastal forests typically occurs very slowly when site conditions are unfavorable to most plants,
with only few unique plant species being able to thrive; therefore, selecting and sowing plant species adapted to such
environments could encourage primary succession (Ito & Yoshizaki, 2013; Yoshizaki, 2011). Nevertheless, as many
species exhibit genetic variations in Japan (Fujii et al., 2002; Fukuda et al., 2011a, 2011b; Hayakawa et al., 2012, 2014;
Iwasaki et al., 2010, 2012; Matsumura et al., 2009; Saitou et al., 2007; Sakaguchi et al., 2017; Yamaji et al., 2007,
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Yokoyama et al., 2003), the use of species from other regions could lead to genetic pollution, in which the original
genes are swamped out by hybridization with introgression sources (Fischer & Matthies, 1998; Lynch et al., 1995). This
would result in a loss of endemic alleles and the dominance of the introduced genotypes over coastal areas (Hufford &
Mazer, 2003; Saltonstall, 2002). Therefore, plants with a wide distribution in coastal areas, including the Tohoku and
Kanto districts, were considered the most effective in starting succession from bare ground.

Lysimachia mauritiana Lam. (Primulaceae) is a biennial maritime plant that grows to approximately 50 cm tall, with
spathulate to obovate leaves, and is widely distributed in East Asia, the Philippines, Micronesia, Polynesia, and the
Indian Ocean islands (Yamazaki, 1993). Its white flowers are small (Figure 1A), blooming of this species occurs with
the greatest intensity in late spring and early summer, and the dehiscent fruits containing many small seeds (ca. 1 mm)
are 3-5 mm in diameter (Figure 1B, 1C). In Japan, the populations of L. mauritiana are frequently seen in rocky places
in seacoasts from north to south in the Archipelago (Yamazaki, 1993). As L. mauritiana germinates under saline
conditions, it may be a candidate plant for seeding in the early succession period in poorly desalinated areas of the
Tohoku and Kanto districts. However, the conditions for germination of this species remain unclear. Germination
experiments were conducted on L. minoricensis J. J. Rodr., which is related species of L. mauritiana. Rossello and
Mayol (2002) reported that seed germination of L. minoricensis, a Mediterranean endemic species, was not inhibited in
the dark and a high germinability was recorded in most experiments, with the exception of those performed at low
temperatures, indicating no highly specific requirements for seed germination. Germination requirements and rates are
among the most important seed traits associated with plant fitness and are important factors in the ecology and
evolution of plant life histories (Donohue, 2005; Dwyer & Erickson, 2016). Knowledge of the performance of these
stages may help determine whether the species could contribute to early succession in the bare ground of Tohoku and
Kanto districts. These data are essential not only for improving the recovery of coastal forests in these areas but also for
determining reproductive strategies for this species.

Figure 1. Lysimachia mauritiana Lam
(A) gross picture, (B) dehiscent fruits (bar = 30mm), (C) seed (bar = 0.5mm).

Seed germination is a sensitive stage in the life cycle of plants because it plays a major role in determining the final
plant fitness, and factors such as gene control, seed size, viability, depth of planting, soil moisture, and temperature
influence germination and seedling emergence (Baskin & Baskin, 1985; Rajasekaran et al., 2002; Shafii & Price, 2001;
Windauer et al., 2007). Temperature is the most important driving force influencing germination and seedling
emergence, and its effects are the basis for models used to predict germination timing (Kamkar et al., 2008). A distance
of approximately 800 km extends the coastal areas from north of Tohoku to south of Kanto district, and temperatures
are very different within these areas; therefore, clarification of the temperature required for germination of L.
mauritiana would indicate the areas adequate for sowing. In addition, the seed of L. mauritiana is very small (ca. 1 mm)
(Figure 1C), and a shallow depth is considered the best for sowing; however, the surface layer tends to dry out in the
coastal areas because of the wind, and it is not necessarily better to sow seeds at a shallower depth. However, some
studies have reported that increased seeding depth reduces seedling emergence and emergence rates (Gul & Allan,
1976; Sepaskhah & Ardekani, 1978). It would be interesting to clarify whether the germination of small seeds of L.
mauritiana could be affected by changing the planting depth in coastal areas. Therefore, the aim of this study was to
elucidate and compare seed germination of L. mauritiana under different salinity soil conditions, temperatures, and
planting depths.
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2. Method

Seeds of Lysimachia mauritiana were collected from the coastal areas of Kyonan-machi, Awa-gun, Chiba Prefecture,
Japan (35°06'05" N, 139°49'33" E) in September 2021. Seeds were manually separated from inflorescences, and
healthy seeds were selected and placed in envelopes. Baek et al. (2021) reported that dormancy could lead to efficient
germination in L. coreana Nakai. A temperature of approximately 5<C is generally optimal for seed dormancy and is
thus often used as a pre-chilling treatment; however, in some cases, temperatures below 5<C are more effective (Baskin
& Baskin,1985). Therefore, the germination tests were stored in a refrigerator (MPR-312D, SANYO, Japan) at 4C
until their use.

First, to clarify the optimal depth of seed germination for L. mauritiana, we used four flower pods (10 cm depth <10
cm diameter) three-quarters full of sea sand from the seed collection site. We buried 30 seeds at depths of 0 mm
(surface), 5 mm, 10 mm, and 20 mm from the surface, and added 10 mL of distilled water daily in an incubator (A5501,
AS ONE, Japan) set at 25°C. The percent germination was recorded daily for three weeks. Tukey’s multiple comparison
test was used to determine significant differences in germination among the different incubation periods of low
temperature for all parameter means (p < 0.05). The same trial was performed twice to verify the reproducibility of the
experiment.

Second, to determine the effect of temperature on L. mauritiana germination, we put cotton in four petri dishes with a
diameter of 15 cm and placed 30 seeds in each, adding 10 mL of distilled water daily, in incubators at four temperature
regimes: 4<C, 15<C, 20<C, and 25<C (4<C: MPR-312D, SANYO, Japan; 15<C and 20<C: THS-020DB, ADVANTEC,
Japan; 25<C: A5501, AS ONE, Japan). The percent germination was recorded daily for about three weeks. Tukey’s
multiple comparison test was used to determine significant differences in germination among different incubation
periods for all parameter means (p < 0.05). The same trial was performed twice to verify the reproducibility of the
experiment.

Third, to clarify the germination ability of L. mauritiana in salt water, we used different concentrations (0%, 0.5%, 1%,
2%, and 3.45% [3.45%: seawater concentration]) of saline (NaCl solution). We placed cotton in five petri dishes with a
diameter of 15 cm and placed 30 seeds in each, adding 10 mL of saline water daily at different concentrations in an
incubator (A5501, AS ONE, Japan) set at 25<C. The percent germination was recorded daily for about three weeks.
Tukey’s multiple comparison test was used to determine significant differences in germination among different
incubation periods for all parameter means (p < 0.05). The same trial was performed twice to verify the reproducibility
of the experiment.

Finally, additional experiments were conducted to analyze the germination rate of L. mauritiana in salt-soaked soils. We
submerged sea sand collected from the seed collection site in different concentrations of salt water (5% and 10%), and
then removed it to create dry soils, including salts. Moreover, we used two flower pods (10 cm depth <10 cm diameter)
three-quarters full of dry soil and placed 30 seeds on the surface of each pod, adding 10 mL of distilled water daily in an
incubator (A5501, AS ONE, Japan) set at 25<C, respectively. The percent germination was recorded daily for about
three weeks. Tukey’s multiple comparison test was used to determine significant differences in germination among
different incubation periods for all parameter means (p < 0.05). The same trial was performed twice to verify the
reproducibility of the experiment.

3. Results and Discussion
3.1 Optimal Depth of Seed Planting

Planting seeds at the right depth improves their chances of developing into hardy seedlings and increases germination
rates, and the appropriate depth varies with the size and type of seeds. Previous studies have reported the effects of seed
size and sowing depth on various stages of plant growth, development, and establishment (Bockstaller & Girardin,
1994; Graven & Carter, 1990; Gubbels, 2010; Hunter & Kannenberg, 1972; Nafziger, 1992; Varga et al., 2012),
indicating that there is no consistent trend, but that it rather varies with species and habitat (Umeoka & Ogbonnaya,
2016). Additionally, the particle size composition of surface sediments significantly impacts seed germination (Shiono
& Mochida, 2012), affecting seed entrapment, water holding capacity, and inter-space of soil particles, which in turn
affects root elongation (Chambers et al., 1990, 1991). The smaller the particle size, the higher the water retention
capacity and the seed germination (‘Yabashi et al., 1995). Kuramoto et al. (1993) reported that there was more bare land
on gravelly sites than fine-grained soil sites. Considering the seeding of L. mauritiana in coastal areas, we herein
analyzed sand collected from coastal areas. The results of the first and second trials on the depth of seed planting
indicated that the highest germination rate was obtained by sowing L. mauritiana seeds near the soil surface layer, and
the germination rate decreased as the seeding depth increased (Figure 2), suggesting that it was more effective to sow
seeds of L. mauritiana on the soil surface than burying them in the soil. This species has buoyant capsules suitable for
sea dispersal, and Kono et al. (2016) suggested that its distribution has been expanded by long-distance sea dispersal.
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Therefore, we suggest that this species germinates immediately at the place where the seed was washed ashore by
oceanic currents. However, surface soil temperature exhibits spatial variability along coastal areas, and temperature
regimes on coastal areas are complex because of the interaction with the properties of the land
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Figure 2. Cumulative seed germination rate of Lysimachia mauritiana versus days in different depth of planting

Each depth indicates as follows; near surface: solid circle, 5mm: solid triangle, 10mm: solid diamond, 20mm: solid
square. (A) first trial, (B) second trial.

surface, atmosphere, and coastal waters and the role of hydrology in controlling daily or seasonal variations (Chen et al.,
2017; Cohen et al., 2021; Huang & Li, 2017; Osland et al., 2019). Therefore, whether L. mauritiana has a wide
optimum germination temperature was the question. In addition, soil salinization is expected to occur on the soil surface
in coastal areas because of the process during which the salt in the deep soil and groundwater rises to the surface via
evaporation and then accumulates in the topsoil (Marsack & Connolly, 2022). Haraguchi and Sakaki (2020) indicated
that hot spots of sea salt deposition on the soil surface were observed at hollows of the ground surface, slope-facing
coastal lines, or sites with an abrupt increase in height where the canopy faces the coast. Based on these facts, we
analyzed the optimal germination temperature and soil salinization for germination of L. mauritiana.

3.2 Comparison of Germination Rates Under Different Temperatures

Germination rate is mainly affected by temperature because of its relationship with water absorption by seeds
(Benech-Arnold et al., 2000; Batlla & Benech-Arnold, 2015). Our experiments at multiple temperature settings showed
that the germination rate in L. mauritiana decreased with temperature, with no germination occurring at 4<C (Figure 3).
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Figure 3. Cumulative seed germination rate of Lysimachia mauritiana versus days in different temperatures
Each temperature indicates as follows; 25<C: solid circle, 20<C: solid triangle, 15<C: solid diamond, 4 <C: solid square. (A)
first trial, (B) second trial.

Our previous germination study indicated that Canavalia lineata (Thunb.) DC. (Fabaceae) did not germinate below
20<C, possibly explaining why this species does not spread to the Tohoku north of Kanto districts (Ishii et al., 2022).
Hughes (2000) reported that a 3<C change in mean annual temperature results in a shift in isotherms from 300 to 400
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km in latitude, and our results indicated that L. mauritiana germinated at even lower temperatures than C. lineata. These
results indicate that L. mauritiana maintains a certain germination rate even at relatively low temperatures; therefore, L.
mauritiana could extend its distribution to the Tohoku district, which is farther north than the northern limit of C.
lineata. In general, the base temperature for germination in field species is more than 5<C (Lonati et al., 2009), and the
optimum temperature for germination of most species adapted to cooler climates was reported to be 10-30<C (Lonati et
al., 2009; Odabas & Mut, 2007; Schellenberg et al., 2013; Zhang et al., 2013). Interestingly, more than 30% of the seeds
germinated even at 15<C; however, it is unlikely that L. mauritiana is adapted to cool areas because Butler et al. (2017)
indicated that the temperature for optimum germination was 10-20<C for most annual plants adapted to cool areas, and
15-20<C for most perennials, suggesting that L. mauritiana is not particularly adapted to cold climates. What is the
significance of the relatively wide range of temperatures required for L. mauritiana germination? Brar et al. (1991)
reported that adaptability and germination of seeds under a broad range of temperatures are important for early seedling
emergence and establishment. McGraw et al. (2003) suggested that it could be critical for a species to germinate quickly
in areas with variable rainfall patterns and amounts when competition for resources is high and the window of
opportunity for growth and development is small. Sea water of coastal areas may significantly increase sodium levels in
soil, thereby elevating the level of soluble salts. The soluble salt elevation could come from multiple sources such as sea
spray, storm surge, and saltwater intrusion into shallow groundwater in growing areas of L. mauritiana on the shoreline
side of the coastal forest. In this case, significant rainfall could bring an influx of salt and dilute or flush salt out of soils,
whereas low rainfall would leave sodium accumulation and relatively dry conditions in the growing areas of L.
mauritiana. Ono et al. (2014) reported that a large amount of salt remains in the coastal areas of the Tohoku and Kanto
districts because of the low rainfall in these areas, indicating that the effect of salt on the germination of L. mauritiana

needs to be clarified.
3.3 Effect of Salt Water and Salinity Condition on Seed Germination

Seedling emergence constitutes the most critical stage in the life cycle of plants because it determines whether seedlings
can survive in the local environment (Bajji et al., 2002). High soil salinity inhibits seed germination because of the low
osmotic potential created around the seed, which prevents water uptake (Welbaum et al., 1990). Moreover, high
concentrations of sodium and chloride ions in the soil may be toxic to seeds (Khajeh-Hosseini et al., 2003). Therefore,
soil salinity seriously influences the growth of coastal plants, especially during seed germination and seedling stages.
Thus, illuminating the responses to salt stress during the seed germination, post-germination, and seedling stages would
be useful for sowing seeds in the coastal areas of the Tohoku and Kanto districts. Recent studies of salt stress effects on
the germination of coastal trees showed that most tree species germinate or decrease their germination rate at elevated
salinity levels that accompany saltwater intrusion, affecting future forest community composition (Ito & Yoshizaki,
2017, 2019; Middleton, 2016; Nakajima & Yoshizaki, 2010; Woods et al., 2020). Our study showed that seeds of L.
mauritiana germinate in less than 1% salt water in both trials (Figure 4), suggesting that L. mauritiana germinates even
if the salt in the soil of the tsunami-affected area is not completely removed by rainfall.
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Figure 4. Cumulative seed germination rate of Lysimachia mauritiana versus days in different salt concentrations
Each concentration indicates as follows; 0%: solid circle, 0.5%: solid triangle, 1%: solid diamond, 2%: solid square,
3.45%: cross. (A) first trial, (B) second trial.

Also, our results indicated that germination was significantly delayed as salinity increased (Figure 4). Several studies
have found that high-salinity stress retards germination and inhibits the growth of radicles and seedlings (Ito &
Yoshizaki, 2017; Kandil et al., 2012; Karim et al., 1992; Mahdavi & Sanavy, 2007; Meloni et al., 2008). Therefore, we
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hypothesized that L. mauritiana also has significant differences in germination timing with respect to salinity
conditions.

Previous studies have reported that increased evapotranspiration rates and alterations in precipitation patterns in coastal
areas reduce soil leaching efficiency and consequently increase salinity in the surface soil layer (Karmakar et al., 2016;
Yeo, 1998), implying that analyzing the increased salt concentration in the soil is necessary. Considering the sowing of
L. mauritiana in salt-accumulated soil, we performed germination experiments using soil soaked in 5% or 10% salt
water and then dried; both experiments indicated that L. mauritiana could germinate by continuously adding distilled
water, although germination was significantly delayed compared to that in the non-immersed soil (Figure 5).
Germination of L. mauritiana occurred until 4 days after seeding in the control soil [0%], whereas germination occurred
6 days after seeding in both cases in the salt-accumulated soil (Figure 5). This difference in germination time was
considered to correspond to the time required to lower the salt concentration of the soil by adding distilled water.
Moreover, our results indicated that L. mauritiana has a very slow rate of germination in soils soaked in 10% salt water
(Figure 5), showing that the salts in the soil could not be easily removed, and that poor desalinization would prevent the
germination of L. mauritiana.
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Figure 5. Cumulative seed germination rate of Lysimachia mauritiana versus days using soil soaked in 5% (solid circle),
and 10% (solid triangle) salt water

(A) first trial, (B) second trial.
4. Conclusion

Our study indicated that high germinability of L. mauritiana was recorded by sowing on the soil surface, supporting the
high germination rate even in closely related species (Rossello & Mayol, 2002; Baek et al., 2021), but the germination
rate of this species decreased significantly with increasing seeding depth. Alternatively, we found that L. mauritiana had
a relatively wide range of germination temperatures and germinated under a certain salt concentration, even though the
soil surface of the coastal areas tended to accumulate salt. Finally, our results suggest that L. mauritiana can germinate
in the areas of the Tohoku and Kanto districts left bare by the tsunami after the Great East Japan Earthquake on March
11, 2011. We sincerely hope that our results will help in recovery from the tsunami damage in areas of the Tohoku and
Kanto districts.
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