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Seagrasses form a unique group of submerged marine angiosperms capable of both sexual and asexual reproduction. The amounts of sexual and asexual reproduction differ within some species relying on geographic location and environmental factors. Here, we studied the reproductive strategies of different geographic Zostera japonica populations, S1 and S2 at Swan Lake lagoon (SLL), and H1 and H2 at Huiquan Bay (HQB), in northern China. The duration of flowering at SLL was longer than at HQB, whereas flowering initiation at HQB occurred earlier than at SLL. In addition, the timing of seed maturation at HQB occurred earlier than at SLL. The allocation to sexual reproduction at SLL was greater than at HQB. The maximum potential seed production was greatest at S1 (22228.52 ± 8832.46 seeds ⋅ m–2), followed by S2 (21630.34 ± 9378.67 seeds ⋅ m–2), H2 (7459.60 ± 1779.33 seeds ⋅ m–2), and H1 (2821.05 ± 1280.57 seeds ⋅ m–2). The seasonal changes in total shoot density and biomass were small at HQB. There was a relatively large number of overwintering shoots at HQB because of the higher average temperature during winter. The allocation to sexual reproduction was lower than at SLL, and no seedlings were observed at HQB during our study. Thus, the population of Z. japonica at HQB was maintained by asexual reproduction. Compared with HQB, the biomass of overwintering shoots at SLL was less than 30 g dry weight ⋅ m–2. The Z. japonica at SLL relied on asexual and sexual reproduction to maintain the population. The results show the necessity of understanding local reproductive strategies before starting restoration and management projects. The study provides fundamental information and guidance for the conservation and restoration of seagrass beds.
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INTRODUCTION

Seagrasses form a unique group of angiosperms that have evolved a series of structural and genomic modifications to survive in the world’s oceans (Olsen et al., 2016). As important habitat-formers, seagrasses are the basis of one of the most productive and widespread coastal ecosystems worldwide (Costanza et al., 1997; Duffy, 2006; York et al., 2015). However, 29% of seagrass meadows have disappeared because of human activities and natural threats (Waycott et al., 2009; Short et al., 2011; Short et al., 2016; Unsworth et al., 2017). Therefore, effective management programs and active restoration work are becoming increasingly important (Zhou et al., 2014; Unsworth et al., 2015; Cullen-Unsworth and Unsworth, 2016; van Katwijk et al., 2016; Lefcheck et al., 2017). Understanding their reproductive strategies is essential for the conservation, management, and restoration of seagrasses.

Seagrasses are submerged marine angiosperms capable of both sexual and asexual reproduction. It is usually assumed that the recruitment of seagrass populations occurs mainly through asexual reproduction (Williams, 1990; Procaccini and Mazzella, 1998; Rasheed, 2004). The recovery of gaps within seagrass meadows solely by asexual reproduction may be common. In a multi-species Caribbean seagrass meadow, all the recolonization occurred through vegetative propagation (Williams, 1990). Rasheed (1999) found that the recolonization of artificially cleared plots in a seagrass meadow dominated by Zostera capricorni occurred principally by asexual growth from surrounding rhizomes. A microsatellite marker-based study reported that clonal growth is important in the maintenance of Posidonia oceanica populations (Procaccini and Mazzella, 1998). Successful sexual recruitment is limited owing to low pollination rates, restricted pollen and seed dispersal, and low seed and seedling survival rates (Les, 1988; Laushman, 1993; Reusch, 2003). However, sexual reproduction is the only way to maintain the genetic diversity of a seagrass population (Ackerman, 2006; Reynolds et al., 2012, 2013). Sexual recruitment can provide a means for seagrasses to colonize new areas or to establish new patches of seagrasses (Rasheed, 2004; Kendrick et al., 2012). Under highly disturbed conditions, in which there is few remnant seagrass available, initial recolonization may occur by seeding (Marba and Walker, 1999; Greve et al., 2005; Lee et al., 2007).

The amounts of sexual and asexual reproduction differ within some species relying on geographic location and environmental conditions (Rasheed, 2004; Xu S. et al., 2018; Zhang et al., 2020b). Z. capricorni flowering occurs from September to April in Botany Bay, New South Wales (Larkum et al., 1984). However, there is only a low incidence of Z. capricorni flowering at Ellie Point (September and October), northern Queensland (McKenzie, 1994). The flowering duration is longer in the midshore zone (7 months), compared with the offshore (4 months), and inshore (3 months) zones (Conacher et al., 1994). Many local populations of Z. marina are maintained mainly by clonal growth from perennial rhizomes (Phillips, 1972; Tomlinson, 1974), while in other populations, annual seagrass is established each year from seeds (Felger and McRoy, 1975; Keddy and Patriquin, 1978; Bayer, 1979; Harrison, 1979).

Z. japonica is an intertidal seagrass species that is native to the Western Pacific Ocean from Russia to Vietnam (Miki, 1933), and has been successfully introduced to the coastlines of British Columbia (Canada), as well as Washington, Oregon, and northern California (United States) (Shafer et al., 2014). However, it is widely threatened by human disturbances in its native range of China, Korea, and Japan (Lee et al., 2004; Abe et al., 2009; Hodoki et al., 2013; Zhang et al., 2019, 2020a). Thus, conservation and restoration efforts are required urgently for Z. japonica in its native habitat.

Limited studies have been conducted on the reproductive strategy of Z. japonica. Henderson and Hacker (2015) investigated the reproductive allocation of Z. japonica under different sediment disturbance regimes. Flowering biomass was negatively correlated with vegetative biomass as the sediment disturbance increased. Suonan et al. (2017) showed that sexual reproductive effort in Z. japonica tends to be enhanced under disturbed (due to calm harvesting) and inundated environmental conditions for population persistence. Zhang et al. (2019) reported on the temporal and spatial changes in population recruitment in Z. japonica meadows located in the Yellow River Delta, China. The positive effects of Z. japonica’s sexual reproduction on the population’s genetic diversity was confirmed by a microsatellite analysis (Zhang et al., 2020b). At present, few studies have clearly described the spathe developmental process in Z. japonica. Additionally, understanding the differences in Z. japonica reproductive strategies at large spatial scales is essential for the conservation and management of this species.

Here, we studied the reproductive strategies of two different geographic populations of Z. japonica in northern China, Swan Lake (SLL) and Huiquan Bay (HQB). The winter at SLL is relatively cold, and on the coldest days the lagoon is covered with ice. In contrast, the winter at HQB is warmer, with a very low likelihood of snow and ice. Thus, at SLL, the Z. japonica meadow is almost bare in winter owing to the lower temperature, while Z. japonica survives the winter well at HQB. The aims of this study were as follows: (1) to compare the differences in reproductive strategies and determine the causes; and (2) to describe the spathe developmental process in Z. japonica. Our study will provide basic information to clarify the roles of sexual and asexual reproduction in population recruitment and to establish restoration and conservation strategies.



MATERIALS AND METHODS


Study Sites

The SSL (Figure 1; 122°34′E, 37°21′N) is located east of Weihai City, northern China. It is ∼2.1 km long and ∼1.8 km wide, covering an area of ∼4.8 km2 (Xu S. et al., 2018). The lagoon has irregular semidiurnal mixed tides (tidal range = 1.65 m) (Zhang et al., 2020b). The lagoon is shallow (average depth < 1.5 m) and is colonized by Z. marina and Z. japonica (Zhang et al., 2014, 2015; Zhou et al., 2015; Xu Q. et al., 2018; Xu et al., 2019). Z. japonica principally occurs in the narrow mid-upper intertidal zone, which is divided into two parts (Zhang et al., 2015). Thus, two study sites were designed based on Z. japonica’s spatial distribution. The sediment of S1 is mainly sandy, whereas the sediment of S2 is mainly mud.
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FIGURE 1. Zostera japonica study sites in Swan Lake (SLL) and Huiquan Bay (HQB).


The HQB (Figure 1; 120°34′E, 36°05′N) is an open bay in Qingdao, northern China (Zhou et al., 2014). It has regular semidiurnal tides (tidal range = 4.8 m). The sediment of the bay is mainly sandy and two seagrass species (Z. marina and Z. japonica) colonize the southeastern corner of this bay (Xu S. et al., 2018). We surveyed two study sites based on the spatial distribution of Z. japonica (Figure 1). H1 was located in a non-continuous Z. japonica patch area, while H2 was located in the species’ continuous area.



Environmental Parameters

A HOBO Pendant light/temp MX 2202 (ONSET, United States) was used to record water temperatures (°C) at SLL (S1 and S2) and HQB at 15-min interval from June 2018 to June 2019. The average daily values of the water temperatures were calculated, and the daily temperatures were averaged monthly. An ECO-PARSB sensor (Sea-Bird Scientific, United States) deployed in the center of the Z. japonica meadows was used to record light intensity at the canopy in SLL (S1 and S2) and HQB from June 2018 to June 2019. Instantaneous photosynthetic photon flux densities (PPFDs; mol photons ⋅ m–2 ⋅ s–1) were measured every 15 min and daily PPFDs (mol photons ⋅ m–2 ⋅ d–1) were calculated as the sum of the quantum flux within a 24 h period. Three sediment cores (diameter = 10.5 cm and depth = 12 cm) were collected at each site for the determination of the grain size distribution using a laser diffraction analysis (Short and Coles, 2001).



Biological Measurements

During the flowering periods in 2018, seven replicate sediment cores (diameter = 10.5 cm and depth = 12 cm) were collected semimonthly at the four sites. To investigate seedling recruitment, seven replicate sediment cores (diameter = 10.5 cm and depth = 12 cm) were collected semimonthly from March to May in 2019 at all the sites. From June to December 2019, seven replicate sediment cores (diameter = 10.5 cm and depth = 12 cm) were collected monthly at the four sites.

All the samples were sieved (2 mm) with seawater in situ to remove most of the sediment, and the seagrass materials were taken to the laboratory and cleaned using tap water. For each sample, the total number of shoots (including reproductive and vegetative shoots) was recorded to provide shoot density (shoots ⋅ m–2). Next, they were dried to a constant weight at 60°C to estimate total shoot biomass [g dry weight (DW) ⋅ m–2].

During the flowering periods, reproductive shoots and their seed production were investigated using the same cores described above. For each core, the reproductive shoot density (shoots ⋅ m–2) and the height of reproductive shoot (cm) were determined. Flowering frequency (%) was determined as the percentage of reproductive shoot density to total shoot density. The reproductive effort (%) was calculated as the percentage of reproductive shoot biomass to total shoot biomass. For each reproductive shoot, the number of seed spathes per shoot and the number of spathes per shoot were counted. Spathes in which seed development had initiated (“seed spathes”) were distinguished from those that contained flowers. For each spathe, the number of female flowers per flowering spathe or the number of seeds per seed spathe were counted. The potential seed production per unit area (PSP, seeds ⋅ m–2) in each core was calculated using the following equation:
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i: study site (S1 or S2 or H1 or H2),

j: sampling time,

k: core serial number (1–7),

[image: image]: the average number of spathes per shoot in sampling time j at site i,

[image: image]: the average number of seeds per seed spathe at site i,

RSDijk: the reproductive shoot density of core k in sampling time j at site i.

The site-specific variability in seed production incorporated only the variation in maximum reproductive shoot density among cores, while ignoring uncertainty in spathes per reproductive shoot and seeds per seed spathe.

Seedling recruitment was investigated using the same cores described above. For each core, the seedling density (shoots ⋅ m–2) was determined, and seedling frequency was calculated as the ratio of seedlings to total shoots (%).

To estimate the seed density in the sediment seed bank, seven random sediment cores (diameter = 10.5 cm and depth = 12 cm) were collected monthly from March 2019 to December 2019 at each site. The sediment cores were sieved twice using 2 and 0.7 mm and mesh. Larger plant matter and other detritus were retained in the 2 mm mesh, while seeds mixed with small detritus were retained in the 0.7 mm mesh. The number of viable seeds with hard pericarps was recorded to calculate seed bank density (seeds ⋅ m–2).



Data Analysis

The significance levels of the differences in total shoot density and biomass among the sampling times and the four sites were tested using a two-way ANOVA. A one-way ANOVA was used to test the significance of differences in the maximum height of reproductive shoots, maximum reproductive shoot density, maximum flowering frequency, maximum reproductive effort, maximum number of spathes per reproductive shoot, maximum number of seed spathes per reproductive shoot, maximum number of female flowers per flowering spathe, maximum number of seeds per seed spathe, maximum potential seed production, maximum seed density in sediment, maximum seedling density and maximum seedling frequency among the four sites. When these data did not satisfy the homogeneity of variance, a Kruskal–Wallis Test was used to test the significances of differences. Multiple comparisons were performed using the Duncan method or Independent-Samples T-tests, and the level of significance was set at p < 0.05. Statistical analyses were conducted using SPSS 17.0. All values are reported as mean ± SD.

Any data collected at the shoot level (i.e., reproductive shoot height and number of spathes per reproductive shoot), as well as data collected at the spathe level (i.e., seeds per seed spathe) were first averaged to generate core-specific numbers. Thus, a core was the sample in all the statistical tests and in calculations of mean and SD. For maximum-value trait comparisons, data were used from different dates across sites, if maximum values were reached on different dates.



RESULTS


Environmental Parameters

Winter was relatively colder at SLL, and ice formed on the water surface on the coldest days. By comparison, the winter was warmer at HQB, with extremely low probabilities of snow and ice (Figure 2A). The water temperature averaged 3.37 ± 2.81°C at S1, 2.34 ± 3.24°C at S2, and 6.53 ± 2.42°C at HQB in winter. The annual maximum temperature was highest at HQB (28.23°C), and the annual minimum temperature was lowest at S2 (−4.56°C). The negative accumulated temperature was −14.60°C at S1, −37.46°C at S2, and 0°C at HQB. The light increased in spring and summer and decreased in fall and winter at all the study sites (Figure 2B). The sediment particulate size composition at each site is shown in Figure 3. The sediments at all the sites were mainly composed of sand (0.063–2.0 mm), whereas the proportion of silt (0.039–0.063 mm) at S2 (21.55 ± 1.60%) was greater than at the other sites.
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FIGURE 2. Seasonal changes in temperature (A) and light intensity (B) in the study sites from June 2018 to June 2019 (Huiquan Bay is represented by H1 and H2). Values are mean ± SD.
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FIGURE 3. Sediment grain sizes at the four study sites. Values are mean ± SD (N = 3 cores per site).




Temporal Changes in the Density and Biomass of Z. japonica

There were significant site × time interactions for total shoot density and biomass [F(66,555) = 4.981, p < 0.05; F(66,555) = 5.170, p < 0.05, respectively]. At the beginning of spring (early March), the total shoot density was greatest at H2, followed by S1, H1, and S2 [F(3,24) = 24.930, p < 0.05; Figure 4 and Table 1]; and the total shoot biomass was greatest at H1 (114.39 ± 42.82 g DW ⋅ m–2), followed by H2 (78.41 ± 29.69 g DW ⋅ m–2), S1 (27.57 ± 8.48 g DW ⋅ m–2), and S2 [2.64 ± 3.70 g DW ⋅ m–2; Chi-square(3) = 23.499, p < 0.05; Figure 4 and Table 1].
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FIGURE 4. Seasonal changes in total shoot densities (A) and biomasses (B) of Zostera japonica at the four study sites from June 2018 to December 2019. Values are mean ± SD (N = 7 cores per site).



TABLE 1. The total shoot density and biomass of Zostera japonica among the four study sites at the beginning of spring (2019.3.15).

[image: Table 1]


Flowering Characteristics

At SLL, reproductive shoots were observed first in June, and they lasted until November in 2018, while the reproductive shoots at HQB were observed from June to October in 2018. The flowering duration at SLL was longer than at HQB.

The maximum reproductive shoot density at SLL was greater than at HQB [F(3, 24) = 10.123, p < 0.05; Figure 5A and Table 2]. The maximum height of reproductive shoots varied significantly [Chi-square(3) = 19.087, p < 0.05] among the four study sites (Figure 5B). The maximum height of reproductive shoots at S1 (9.85 ± 1.83 cm) was lower than at other sites (Table 2). The flowering frequency at SLL was greatest in August during 2018 (49.32% ± 11.02% at S1 and 59.03% ± 16.58% at S2) and in September during 2019 (35.49% ± 6.62% at S1 and 55.77% ± 20.33% at S2, Figure 5C). At HQB, the flowering frequencies were greatest in July during 2018 (37.29% ± 13.58% at H1 and 57.45% ± 10.55% at H2) and 2019 (29.62% ± 19.47% at H1 and 24.26% ± 9.14% at H2). Therefore, the maximum flowering frequency at S2 was greater than those at other sites [F(3, 24) = 4.003, p < 0.05; Table 2].
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FIGURE 5. Seasonal changes in the reproductive shoot densities (A), reproductive shoot height (B), flowering frequency (C), and reproductive effort (D) of Zostera japonica at the four study sites from June 2018 to December 2019. Values are mean ± SD (N = 7 cores per site).



TABLE 2. Flowering traits of Zostera japonica at the four study sites from June 2018 to December 2019.

[image: Table 2]The reproductive effort at S1 was greatest in September during 2018 (55.31% ± 10.26%) and 2019 (38.08% ± 8.99%). At S2, the reproductive effort was greatest in August during 2018 (61.15% ± 14.57%) and October during 2019 (59.07% ± 9.32%). At HQB, the reproductive effort was greatest in July during 2018 (31.96% ± 11.97% at H1 and 26.46% ± 25.10 at H2) and 2019 (51.90% ± 13.24% at H1 and 17.98% ± 5.77% at H2). Therefore, the maximum reproductive effort at S2 was greater than those at other sites [F(3, 24) = 7.065, p < 0.05; Figure 5D and Table 2].

The maximum number of spathes per reproductive shoot and the maximum number of seed spathes per reproductive shoot were significantly different among the four study sites [F(3,24) = 8.931, p < 0.05; F(3, 24) = 16.994, p < 0.05, respectively; Figure 6]. The values at S2 (3.41 ± 0.48; 2.75 ± 0.50, respectively) were higher than at S1 (2.66 ± 0.40; 2.24 ± 0.40, respectively), H2 (2.45 ± 0.66; 1.75 ± 0.39, respectively), and H1 (2.15 ± 0.28; 1.25 ± 0.34, respectively) (Table 2).
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FIGURE 6. Seasonal changes in the number of Zostera japonica spathes per reproductive shoot (A), and the number of seed spathes per reproductive shoot (B) at the four study sites from June 2018 to December 2019. Values are mean ± SD (N = 7 cores per site).


There were no significant differences in the maximum number of female flowers per flowering spathe among the four study sites [Chi-square(3) = 6.354, p > 0.05; Figure 7A]. The maximum number of seeds per seed spathe varied significantly among the four study sites [Chi-square(3) = 7.984, p < 0.05; Figure 7B]. The value was highest at S2 (4.55 ± 0.48), followed by H2 (3.88 ± 0.67), S1 (3.73 ± 1.03), and H1 (2.70 ± 1.62) (Table 2). Based on a large number of observations, we recorded the spathe developmental process and the morphology of female and male flowers (Figure 8).
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FIGURE 7. Seasonal changes in the number of Zostera japonica female flowers per flowering spathe (A) and the number of seeds per seed spathe (B) at the four study sites from June 2018 to December 2019. Values are mean ± SD (N = 7 cores per site).
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FIGURE 8. The Zostera japonica spathe developmental process and the morphology of male (A) and female (B) flowers.




Potential Seed Production, Seed Density in Sediment and Seedling Data

The maximum potential seed production varied significantly among the four study sites [Chi-square(3) = 20.390, p < 0.05; Figure 9A]. The value was highest at S1 (22228.52 ± 8832.46 seeds ⋅ m–2), followed by S2 (21630.34 ± 9378.67 seeds ⋅ m–2), H2 (7459.60 ± 1779.33 seeds ⋅ m–2), and H1 (2821.05 ± 1280.57 seeds ⋅ m–2) (Table 3).
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FIGURE 9. Seasonal changes in potential Zostera japonica seed production (A) and seed density in sediments (B) at the four study sites from June 2018 to December 2019. Values are mean ± SD (N = 7 cores per site).



TABLE 3. Maximum potential seed production and maximum seed density in sediment of Zostera japonica at the four study sites from March 2019 to December 2019.

[image: Table 3]The maximum seed density in sediment at S2 (2954.65 ± 2549.72 seeds ⋅ m–2) was higher than those at other sites [Chi-square(3) = 18.049, p < 0.05; Figure 9B and Table 3].

The maximum seedling density and frequency varied significantly among the four study sites [Chi-square(3) = 17.709, p < 0.05; Chi-square(3) = 13.478, p < 0.05, respectively; Figure 10]. The maximum seedling density and frequency at S2 were 1,254.49 ± 1,490.83 shoots ⋅ m–2 and 30.90% ± 30.15%, respectively. The maximum seedling density and frequency at S1 were 82.53 ± 114.26 shoots ⋅ m–2 and 3.83% ± 5.79%, respectively. At SLL, seedlings were observed first in early April, were most prevalent in early May and lasted until June (Figure 10). No seedlings were found in situ at HQB.
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FIGURE 10. Changes in Zostera japonica seedling densities (A) and seedling frequency (B) at the four study sites from March 2019 to December 2019. Values are mean ± SD (N = 7 cores per site).




DISCUSSION

In this study, we report the differences in reproductive strategies of Z. japonica under different geographic and environmental conditions in northern China. The seasonal changes in total shoot density and biomass were small in HQB. There was a relatively large number of overwintering shoots at HQB because of the higher average temperature in winter. The allocation to sexual reproduction was lower than at SLL, and no seedlings were observed at HQB during our study. Thus, the population of Z. japonica at HQB was maintained by asexual reproduction. Compared with HQB, the biomass of overwintering shoots at SLL was less than 30 g DW ⋅ m–2. The Z. japonica of SLL relied on asexual and sexual reproduction to maintain its population.

Zhang et al. (2019) reported that Z. japonica located in the Yellow River Delta mainly relied on seedlings for population maintenance owing to the low temperature in winter. In spring, there were more germinated seeds of Z. marina in the area where ice had removed the aboveground tissue of Z. marina on its meadows (Robertson and Mann, 1984). This phenomenon is similar to the seedling recruitment of Z. japonica at SLL.

The flowering frequency at H2 was nearly 20%, while the flowering frequencies at S1 and S2 were both less than 6% in the mid June 2018. Thus, the flowering initiation at HQB might have occurred before mid June 2018. In 2019, reproductive shoots were recorded in the early June at HQB (Figure 5B). Thus, the flowering initiation may occur earlier at HQB than at SLL, while the flowering duration at SLL was longer than at HQB (Figure 5A). In addition, the timing of seed maturation at HQB was earlier than at SLL. Thus, the SLL and HQB populations differed in flowering phenology. Factors that affect the phenology of plants are genes, photoperiod, temperature and precipitation (Forrest and Miller-Rushing, 2010). Because the photoperiod and precipitation at the four sites in the present study were similar, higher temperature is likely the main reason for the difference in flowering phenology. Temperature is a main influencing factor for many plant growth processes, and in many cases, higher temperatures accelerate plant growth, leading to an earlier progression to the next stage (Saxe et al., 2001; Badeck et al., 2004). Qin et al. (2020) observed that the flowering duration of Z. marina in the colder region (5–7.5 months) was longer than in the warmer region (3.5 months). Blok et al. (2018) reported that Z. marina reproductive shoots appeared later in the colder regions.

During the flowering periods, there were differences in the allocation to sexual reproduction at the four study sites. At SLL, the flowering frequency, reproductive effort and the potential seed production were greater than at HQB. In addition, the maximum height of reproductive shoots at S1 was lower than at HQB, while the maximum number of spathes per reproductive shoot at S1 was higher than at HQB. These data indicated that the allocation to sexual reproduction was greater at SLL. During the spathe developmental process (Figure 8), the number of female flowers per flowering spathe should be equal to the number seeds per seed spathe if pollination was 100% successful. However, the number of female flowers per flowering spathe was greater than the number of seeds per seed spathe at the four sites. Pollen limitation is a common reason for this phenomenon (van Tussenbroek et al., 2016). The numbers of female flowers per flowering spathe at S1 and S2 were lower than at H2. However, the potential seed production levels at these sites were greater than at HQB. van Tussenbroek et al. (2016) reported that the pollination success rate of Z. noltei was significant positively correlated with reproductive shoot density (<600 shoots ⋅ m–2). The higher reproductive output at SLL might result from the greater reproductive shoot density compared with at HQB. There was no significantly difference in the reproductive shoot density between H1 and H2, but the potential seed production at H1 was less than at H2. Therefore, isolated patches (H1) have a much lower seed-set than continuous populations (H2).

Although the potential seed production at SLL was relatively high, the seed density in sediment was still at a low level. The ratio of sediment seed banks to potential seed production was less than 10% at all four sites, and no stable sediment seed banks were found at HQB. Similar phenomena have been reported previously. Harrison (1993) reported that a large amount of Z. marina seeds in a seed bank was lost owing to death and that only a limited number of the seeds remained in the persistent seed bank in the sediment. We also observed a large amount of seed coats in SLL. However, we found hardly any seed coat in HQB, which indicates that seeds had disappeared. Their fate is still unknown. We compared the dry weights, wet weights, and moisture contents of Z. japonica seeds at H2 and S1, and there were no significant differences (unpublished data). Additionally, the seeds were similar in size. Fishman and Orth (1996) found that seed predation can decrease Z. marina seeds by 65% in a seed bank. Dispersal is an important process in the life history of nearly all plant species and can be facilitated by both abiotic and biotic mechanisms (Sumoski and Orth, 2012). Therefore, the disappearance of seeds in HQB may be to the result of seed predation and dispersal.

Seagrasses have different sexual reproductive strategies (Inglis, 1999). Some species such as Halodule spp. and Cymodocea spp. form seed banks of small seeds with hard shells that can remain dormant for long periods; whereas other species, such as Posidonia spp. and Thalassia spp., form buoyant fruits with large inner non-dormant seeds (Kuo et al., 1990; Kuo and Den Hartog, 2006; Guerrero-Meseguer et al., 2018). Harrison (1991) showed that recently shed Z. marina seeds may undergo physiological and physical dormancy. We found that Z. japonica seeds also experienced dormancy (unpublished data). Thus, seeds do not germinate immediately after maturity. Therefore, seed banks in sediments are important for the successful sexual recruitment of Z. japonica. Seed germination of Z. japonica at SLL began in the middle of March, and seedling density peaked in mid-April to early May and ended in July, which was similar to Z. japonica in the Yellow River Delta (Zhang et al., 2019). No seedlings were found in situ at HQB in the present study; and no seedlings have been observed in monospecific meadows of Z. japonica on the southern coast of Korea (Suonan et al., 2017).

In conclusion, we showed that SLL and HQB populations adapted to their habitats and maintained different reproductive strategies. The population of Z. japonica in HQB is maintained by asexual reproduction, whereas the Z. japonica of SLL relies on asexual and sexual reproduction to maintain its population. The results indicate the necessity of understanding local reproductive strategies before starting restoration and management projects. This will help us to choose effective methods for seagrass bed restoration. Owing to the disappearance of seeds in HQB, they should not be used to restore this seagrass meadow. Our research provides fundamental information and guidance for the conservation and restoration of seagrass beds.
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