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Abstract

:

Quantitative analysis of the species composition and succession law of a plant community in a coastal reclamation area is of great significance for revealing the community construction and species coexistence mechanisms, and provides a basis for the rational use and conservation in coastal reclamation areas. Through the investigation of natural plant communities in Dongtai reclamation area and the adjacent national nature reserves in Jiangsu Province, eastern China, the composition and succession of plant communities were studied. A quantitative method was explored to analyze the process of plant succession and its representative species. The results showed that (1) A total of 65 species were found in the vegetation survey. These belonged to 26 families and 61 genera, and Poaceae is the most common plant species. The plant communities in the unreclaimed areas were mainly composed of Poaceae and Cyperaceae. The plant species increased after reclamation, which were mainly composed of Poaceae and Asteraceae; (2) The plant coverage greatly reduced after three years of reclamation, from 80% of the tidal flat to 37.34%, then gradually increased, and remained generally between 50% and 70%; (3) The above-ground biomass of the plant community was sharply reduced after reclamation, from 1.823 kg/m2 in the tidal flat to 0.321 kg/m2 in three years of reclamation, and then maintained at 0.11~0.27 kg/m2; (4)The species succession process of the plant community in the coastal wetland ecosystem that was affected by the reclamation activities transformed from a halophyte community that was dominated by a salt marsh plant community (Suaeda salsa, Spartina alterniflora, Scirpus mariqueter, and Phragmites australis) to a mesophyte plant community that was constructed with pioneer species such as Setaria viridis, Eleusine indica, etc., and eventually succeeded to a xerophyte plant community that was dominated by Humulus scandens and Cyperus difformis, etc. Reclamation activities have a profound impact on the characteristics and succession rules of natural vegetation communities along coastal wetland ecosystems. The period of seven years is presumed to be the tipping point in the succession of the plant community in coastal reclamation areas. The results of this study can provide a basis and reference for ecological protection and restoration in coastal reclamation areas.






Keywords:


coastal reclamation; plant community; species composition; succession process; NMDS












1. Introduction


Coastal wetland ecosystems support abundant biodiversity and supply various products and services, which provide the foundation for regional development and play an important role in the sustainability of the coastal zone [1]. Coastal wetland ecosystems are located in the land–sea interaction zone and have high ecological vulnerability and ecological sensitivity [2]. Coastal reclamation has been launched in many coastal regions and countries worldwide [3,4,5]. Urbanization and land use/cover change that are led by human beings in the coastal wetland ecosystem depleted over 90% of formerly important species, destroyed wetland habitat, and exacerbated many ecological and environmental problems [6,7,8,9,10]. Coastal reclamation activities have massively launched in China [11]. Research indicates that over 7500 km2 of coastal wetlands have been reclaimed from 1985 to 2010 [12]. The booming economy, associated with urbanization and industrial development, and resulting in population growth are the main driving factors of reclamation in China’s coastal region [12]. The public and governments have recognized the importance of coastal wetlands over the past decades and developed coastal restoration projects [13,14,15,16]. The increased conservation and restoration efforts have significantly improved saltmarsh areas and tidal flat areas since 2012 in China [17]. What’s more, China published the Master Plan for Major National Ecological System Protection and Restoration Projects (2021–2035) in 2020, including 9 major projects and 47 specific tasks. The coastal ecological protection and restoration project is one of the nine major projects, which aims to carry out the ecological protection and restoration of the sea and tidal flats, the shoreline, the estuary bay, typical marine ecosystems (such as mangroves and coral reefs), tropical rainforest protection, and the prevention of invasive species such as Spartina alterniflora [18]. Plant species composition and floristic development has long been used to assess the coastal restoration/reclamation success as reported elsewhere [19,20], as this indicator is easy to measure and the measurement of this indicator is associated with low cost and time [21].



In areas with high levels of human disturbance, such as coastal wetland ecosystems, vegetation succession refers to the formation, transformation, and extinction of vegetation that is influenced by natural or anthropogenic factors [22]. Theoretically, disturbances are necessary to sustain ecosystems and are the mechanisms by which diversity in the kinds and ages of species and habitats is maintained [23,24]. However, in coastal reclamation areas, the disturbances from human activities are big, frequent, and irreversible, which have been verified as harmful to the sustainability of the coastal wetland ecosystems [25,26]. Previous research has mainly applied the two-way indicator species analysis (TWINSPAN) to analyze the composition and characteristics of natural plants community in the coastal wetland ecosystem, such as the Fengxian area of the Yangtze River estuary of China and the southwestern coast of South Korea [27,28]. In the coastal reclamation areas, plant communities are gradually transformed from salt-marsh communities to mesophytic communities after reclamation. What’s more, researchers have pointed out that focal species can be bio-indicators of soil properties in coastal wetland ecosystems [29], and focused on finding ecologically representative species to enhance the efficiency of data analysis in the research, which could also be useful for ecosystem assessment and management [30]. However, the representative species in different stages of coastal reclamation areas has not been explored quantitatively.



Yancheng Coastal Wetland is one of the most typical and representative distribution areas of muddy coastal wetlands in China and even the world [31], which is located on the central coast of Jiangsu Province of China. The Yancheng Yellow Sea wetland was listed as a World Natural Heritage site in 2019 [32], which is a key hub on the East Asian-Australian migratory bird migration route with the most endangered species and the highest degree of threat. It is also a stop, molt, and wintering place for millions of migratory birds worldwide. The plant communities in coastal wetlands are especially important for waterbirds, which can provide protection and roosting habitat. Therefore, the species composition and succession rule of the plant community in this area should be comprehensively analyzed and mastered, which is of importance for the coastal protection and restoration. The objectives of this study were to (i) describe the composition of plant communities along with 60-year reclamation chronosequence, (ii) analyze the characteristics of plant communities, (iii) reveal the succession process of plant community, and (iv) quantitatively find the representative species during the different stages of the succession process.




2. Materials and Methods


2.1. Study Area


This study was mainly conducted in the central region of Yancheng Coastal Wetland, which is located in Dongtai County, Jiangsu Province, eastern China (120°45′–120°57′ E, 32°40′–32°52′ N). This area is situated in the coastal plain of the Yangtze River Delta, and its north and east borders are the south Yellow Sea (Figure 1). Jiangsu Province has the largest area of coastal wetlands in China [33]. Dongtai, adjacent to the largest alluvial coastal zone in the mid-latitude region, has a total land area of 3175.67 km2, and the reclamation area in Dongtai accounted for one-fifth of this area. The climate is affected by subtropical and marine monsoons with a mean annual temperature and precipitation of 14~15 °C and 1026~1051 mm, respectively. The Outline of Jiangsu Coastal Reclamation Development Plan has been implemented from 2009 to 2020 [34]. The planned area of cropland, ecological land, and construction land would account for 60%, 20%, and 20%, respectively. Figure 1. The land use and cover change of the study area has been analyzed, which can be seen from Xu et al. (2021) [18]. In a nutshell, the land-use types of the study area with the effect of reclamation activity in the past decades had gradually transformed from being dominated by natural types (e.g., tidal flat, halophytic vegetation) to artificial types (e.g., cropland, aquaculture pond, and construction land). The vegetation community along the coast of Jiangsu Province is successed with a certain pattern from the coast to inland [35]. Specifically, Spartina alterniflora dominates in the bare tidal flats, followed by Suaeda salsa, Phragmites australis, and other xeromorphic vegetation [35,36]. The core area of Jiangsu Yancheng Wetland Rare Birds National Nature Reserve (very low disturbance, close to zero disturbance) and the third core area of Dafeng Elk National Nature Reserve (low disturbance, mostly from elk) had been surveyed and regarded as a comparison with the natural wetland of Dongtai reclamation areas. The Dafeng Elk National Nature Reserve (120°47′–120°53′ E, 32°59′–33°03′ N) is located in the eastern part of Jiangsu province, near the Yellow Sea, and is the largest elk nature reserve worldwide with the largest number of wild elk populations [37]. Jiangsu Yancheng Wetland Rare Birds National Nature Reserve (119°80′–120°60′ E, 32°40′–34°80′ N), a Ramsar wetland in China, is the largest wintering area for the globally endangered red-crowned crane (Grus japonensis) and has the characteristics of a monsoon marine climate with the annual average precipitation of 980~1070 mm [38].




2.2. Vegetation Investigation


The space-for-time substitution method was used to determine the characteristics of the plant community following reclamation. Vegetation investigations were conducted in September 2016 and October 2016. The plant community survey in the coastal reclamation area mainly focused on herbs that can reflect the coastal reclamation success in the natural state. The sampling quadrats were designed based on the random uniform grid method and belt transect method. The plant community was dominated by herbaceous plants. Thus, the plant samples were acquired by a quadrat method (1 m × 1 m) in each reclamation area during the vegetation investigation. The number of plant sampling quadrats in CKM, CKN, 1956 (60-year reclamation area), 1972 (44-year reclamation area), 1980 (36-year reclamation area), 1982 (34-year reclamation area), 1997 (19-year reclamation area), 2005 (11-year reclamation area), 2009 (7-year reclamation area), 2013 (3-year reclamation area), and the tidal flat (natural wetland, as control, CK) was 12, 13, 3, 9, 8, 3, 20, 7, 11, 34, and 3, respectively (Table 1). The information of the plant community in the quadrat (e.g., plant species name, abundance, coverage, height, frequency, aboveground biomass), and the sampling quadrats (e.g., longitude, latitude, reclamation years, land use around) had been recorded in the vegetation investigation. The plant species nomenclature was in accordance with the Flora of China (http://www.iplant.cn/foc, accessed on 24 February 2022) and the database of NCBI (https://www.ncbi.nlm.nih.gov/Taxonomy/, accessed on 24 February 2022).




2.3. Analysis of Characteristics and Succession of Plant Community


2.3.1. Plant Community Characteristics


In this study, the aboveground biomass and species importance value was used to characterize the plant communities. The fresh plant samples were dried in an oven at 65 °C to a constant weight for calculating the biomass. The importance value (IV) can describe the role and importance of plant species in the community, and the calculation formula is:


  R A =  (     A i      ∑   i = 1  S   A i     )  × 100  



(1)






  R C =  (     C i      ∑   i = 1  S   C i     )  × 100  



(2)






  R F =  (     F i      ∑   i = 1  S   F i     )  × 100  



(3)






  I V =  (  R A + R C + R F  )  / 3  



(4)




where RA is relative abundance (%), Ai is the ratio of the number of individuals of species i to the total number of individuals of all species, RC is relative coverage (%), Ci is the ratio of the coverage of species i to the total coverage of all species, RF is the relative frequency (%), Fi is the ratio of the frequency of species i to the total frequency of all species, ni is the number of individuals of species i, N is the total number of individuals of all species, S is the total number of species, and IV is the importance value of certain species.




2.3.2. Plant Community Succession


The reclamation time is an important factor in the variation of the coastal wetland ecosystem [39]. Thus, the reclamation time was applied as the distinguishing sign of different reclamation areas, and also was used to be the clustering object. The method of cluster analysis was used to explore the succession process of the plant community and its inflection point time. Specifically, the reclamation areas with different reclamation times (3a, 7a, 11a, 19a, 34a, 36a, 44a, and 60a), CK, CKN, and CKM. The important values of plant species were used in the cluster analysis. Common hierarchical clustering methods are available through the function hclust of the stats package on the R platform (version 4.1.2, R Development Core Team, Vienna, Austria).



Comparing and choosing clustering methods is the first step. Cluster analysis is an exploratory research method that results in multiple possible scenarios, each of which can provide unique insights. In this study, a variety of clustering methods were selected for comprehensive comparative analysis, including single linkage agglomerative clustering (also called nearest neighbor sorting), complete linkage agglomerative clustering (also called furthest neighbor sorting), and UPGMA (unweighted pair-group method using arithmetic averages, belonging to average agglomerative clustering) and Ward’s minimum variance clustering (referred as “Ward”). The Cophenetic correlation is the Pearson correlation coefficient between the original distance matrix and the cophenotype distance matrix, and the clustering method with the highest cophenotype correlation coefficient can be regarded as the best clustering of the original matrix [40]. Thus, the correlation coefficients of the above four clustering methods were calculated using the function cophenetic of package stats in the R (version 4.1.2, R Development Core Team). The single linkage agglomerative clustering was 0.724, the complete linkage agglomerative clustering was 0.871, the UPGMA was 0.878, and the Ward was 0.740. Therefore, the correlation coefficient of the UPGMA was the highest.



The silhouette width and Mantel comparison methods were used to help identify the optimal number of groups in the four clustering methods. The Mantel correlation is the equivalent of a Pearson r correlation between the values in the distance matrices [40], which can be computed using the function cor of package vegan [41] in the R (Version 4.1.2). The silhouette width is a measure of the degree of membership of an object to its cluster, based on the average distance between this object and all the objects of the cluster to which is belongs, compared to the same measure that is computed for the next closest cluster [40]. It can be calculated using the function silhouette of the package cluster on the R platform (version 4.1.2, R Development Core Team). The silhouette widths range from −1 to 1 and can be averaged over all objects of a partition. In short, the greater the value is, the better the object is clustered. Negative values mean that the corresponding objects have probably been placed in the wrong cluster [40].




2.3.3. The Representative Species in the Process of Plant Community Succession


Mastering the representative species at different succession stages can allow for a clearer understanding of the replacement status of plant community species under the influence of reclamation activities. This study mainly discussed the relationship between species and reclamation areas. Since it only reflects the ordering relationship between the species and reclamation areas, it is not required to preserve the actual distance among the objects to the greatest extent, the nonmetric multidimensional scaling (NMDS) method can be the solution [42].





2.4. Statistical Analysis


The effects of reclamation time on vegetation coverage and aboveground biomass were analyzed with one-way ANOVA using the Student–Newman–Keuls post hoc test or the Games–Howell test with significance defined at 0.05. The homogeneity of variance was examined by Levene’s test before an ANOVA. R (version 4.1.2, R Development Core Team) was used to conduct the analysis and construct the figures. The NMDS analysis was performed using the metaMDS function in the vegan package [41] on the R (version 4.1.2, R Development Core Team).





3. Results


3.1. Species Composition


A total of 65 species were recorded in the study area, belonging to 26 families (Figure 2) and 61 genera. The species list is displayed in Table S1 in the supplementary file.



In the Jiangsu Yancheng Wetland Rare Birds National Nature Reserve (CKN), a total of 5 species were recorded in the 13 plots, namely Spartina alterniflora, Phragmites australis, Suaeda salsa, Salicornia europaea, and Scirpus mariqueter, which belonged to 3 families and 5 genera, including 2 species of Poaceae, 2 species of Amaranthaceae, and 1 species of Cyperaceae.



In the Jiangsu Dafeng Elk National Nature Reserve (CKM), a total of 5 species were recorded in the 12 plots that were surveyed, namely Spartina alterniflora, Phragmites australis, Suaeda salsa, Cynodon dactylon, and Scirpus mariqueter, which belonged to 3 families and 5 genera, including 3 Poaceae, 1 Amaranthaceae, and 1 Cyperaceae.



In the Dongtai reclamation area, A total of 65 species were recorded in the 98 plots that were surveyed, which belonged to 26 families and 61 genera, including 15 species of Poaceae, 10 species of Asteraceae, 6 species of Amaranthaceae, and Fabaceae 5 species, Euphorbiaceae 3 species, Cyperaceae 3 species, Apocynaceae 2 species, Polygonaceae 2 species, Solanaceae 2 species, Plumbaginaceae 1 species, Acoraceae 1 species, Tamaricaceae 1 species, Cucurbitaceae 1 species, Thelypteridaceae 1 species, Acanthaceae 1 species, Rubiaceae 1 species, Rosaceae 1 species, Lamiaceae 1 species, Portulacaceae 1 species, Geraniaceae 1 species, Equisetaceae 1 species, 1 species in Cannabaceae, 1 species in Vitaceae, 1 species in Moraceae, 1 species in Convolvulaceae, and 1 species in Commelinaceae.



Poaceae is the most common species in the study area. The plant community in the unreclaimed area was mainly composed of Poaceae and Cyperaceae, such as CKM, CKN, and CK. After reclamation, the number of plant species increased, and Poaceae and Asteraceae were the dominant species. In terms of the average plant coverage, as shown in Figure 2, the average coverage in CKM and CKN was 65.83% and 73.15%, respectively, which was lower than 80% of the Dongtai unreclaimed area (CK). That was because most of the Dongtai tidal flat was covered mainly by Spartina alterniflora, and the biomass of Spartina alterniflora is large. The plant coverage dropped sharply to 37.34% in the three-year reclamation area, and then gradually increased. The overall plant coverage in the reclamation areas with different reclamation times remained at 50–70%.




3.2. Plant Community Characteristics


The aboveground biomass of the vegetation community greatly reduced after reclamation (p < 0.05), from 1.823 kg/m2 in the CK to 0.321kg/m2 in the three years of reclamation, and then maintained at 0.11~0.27 kg/m2 (Figure 3). There was no significant difference in the aboveground biomass between the reclamation areas with different reclamation years after reclamation (p > 0.05). There was no significant difference in aboveground biomass between CKM, CKN, and CK (p > 0.05).



The results of the species importance values of the main species (top 10) that were classified according to the subareas with different reclamation times are shown in Figure 4. The hygrophyte community gradually succeeded the mesophyte community. Specifically, the main halophytes in the coastal wetland ecosystem were Spartina alterniflora, Phragmites australis, Suaeda salsa, and Salicornia europaea. The main species in CK were Spartina alterniflora and Suaeda salina, and the important value of Spartina alterniflora in CK was as high as 2.21. The main species were Spartina alterniflora, Phragmites australis, and Suaeda salina in CKM, with important values of 1.22, 0.75, and 0.68 respectively. The main species were Phragmites australis, Scirpus mariqueter, Suaeda salina, and Spartina alterniflora in CKN, with important values of 1.12, 0.8, 0.55, and 0.49, respectively. Comparing the importance values of the main species, it could be found that Spartina alterniflora had the highest importance value in CK. It could still grow in the early stage of reclamation (three-year reclamation area) and then did not appear. Suaeda salsa had the highest importance value in the three-year reclamation area, and there was still a small amount of distribution until the 19-year reclamation area. Phragmites australis appeared until the 19-year reclamation area. Non-halophyte species with strong growth, such as Setaria viridis and Eleusine indica, had emerged in the seven-year reclamation area. As pioneer species, they had become the basis for the transformation of soil properties in the reclamation area. According to the above analysis, it can be roughly speculated that the seven years after reclamation is the turning point in the succession of the plant community in the coastal reclamation area from the hygrophyte community dominated by halophytes to the mesophyte community.




3.3. Plant Community Succession Process


The optimal grouping scheme of each clustering method was obtained through the analysis of the Mantel correlation coefficient method. The results showed that the optimal grouping scheme of single linkage agglomerative clustering, complete linkage agglomerative clustering, UPGMA, and Ward was 4, 2, 2, and 2 groups, respectively. Based on the optimal grouping scheme, the clustering trees that were obtained by each clustering method were cut accordingly, and the results are shown in Figure 5. The grouping results of the above four clustering methods (i.e., two groups and four groups) were tested using a silhouette width plot (Figure 6). The average silhouette width value of the two groups and four groups were 0.28 and 0.22, respectively. Therefore, combining the cophenotype correlation coefficient that was calculated above in 2.3.2 and the silhouette width value, the UPGMA clustering should be selected as the final choice, which indicated that CKN, CKM, CK, and the three-year reclamation area were grouped, and the 7a, 11a, 19a, 34a, 36a, 44a, and 60a reclamation area were in the second group.




3.4. The Representative Species in the Process of Plant Community Succession


The representative species of the plant communities in the tidal flat reclamation area during the succession process of different years were further explored by using NMDS (Figure 7). At the same time, the relationship between the species and reclamation areas could be more clearly identified by showing the relationship between the species and reclamation areas in the form of a heatmap (Figure 8). The results showed that sp4 and sp19 were the typical species of CKN, while sp28 mainly appeared in CKM, sp2 was a typical species of CK. Sp50, sp12, sp36, sp26, and sp1 were mainly distributed in the three-year reclamation area. Sp48, sp51, sp57, sp62, sp39, sp17, sp18, and sp21 were mainly distributed in the seven-year reclamation area. Sp61, sp38, sp42, sp27, sp24, and sp14 were the representative species in the 11-year reclamation area. Sp31, sp41, sp47, sp49, sp53, sp54, sp56, sp59, sp20, sp13, and sp30 were mainly distributed in the 19-year reclamation area. Sp63, sp34, sp3, and sp11 were the typical species in the 34-year reclamation area. Sp52, sp55, sp32, sp29, sp16, and sp44 were mainly distributed in the 36-year reclamation area. Sp65, sp58, sp46, sp43, sp33, sp22, sp8, sp5, sp25, and sp35 were the representative species in the 44-year reclamation area. Sp64, sp60, sp45, sp23, and sp15 were mainly distributed in the 60-year reclamation area. The species succession process of plant communities in the coastal wetland ecosystem from sea to land under the influence of reclamation activities could be roughly summarized: Suaeda salina, Spartina alterniflora, Phragmites australis (CK) → Tamarix chinensis, Aster subulatus and Chenopodium glaucum, etc. (3-year reclamation area) → Calamagrostis epigeios, Salicornia europaea, Bolboschoenus planiculmis, and Sesbania cannabina, etc. (7-year reclamation area) → Euphorbia humifusa, Metaplexis japonica, and Tripolium pannonicum, etc. (11-year reclamation area) → Equisetum ramosissimum, Echinochloa colona, Trifolium repens, etc. (19-year reclamation area) → Geranium carolinianum, Acalypha australis, Setaria viridis, etc. (34-year reclamation area) → Amaranthus retroflexus, Bidens biternata, Helianthus tuberosus, etc. (36-year reclamation area) → Vigna minima, Portulaca oleracea, Perilla frutescens var. purpurascens, etc. (44-year reclamation area) → Paspalum distichum, Leptochloa chinensis, Alternanthera philoxeroides, etc. (60-year reclamation area). Combining the above cluster analysis results and further sorting out the succession process of the plant community, it could be seen that the plant community of the coastal wetland ecosystem under the influence of reclamation activities was first composed of salt-tolerant plants (such as Suaeda salsa, Spartina alterniflora, etc.), going through a species transition zone (a mesophytic plant community that was constructed with Setaria viridis, Eleusine indica, etc. as pioneer species), and finally succeeded to the xerophyte plant community that was dominated by Humulus scandens, Cyperus difformis, etc.





4. Discussion


4.1. Species Composition and Characteristics of Plant Community with Coastal Reclamation Activities


A total of 65 species were recorded, belonging to 26 families and 61 genera. Poaceae was the most common plant species in the plant community in the study area. Specifically, the plant communities in the core area of Jiangsu Yancheng Wetland Rare Birds National Nature Reserve (CKN), the third core area of Jiangsu Dafeng Elk National Nature Reserve (CKM), and the unreclaimed area of Dongtai (CK) were mainly composed of Poaceae and Cyperaceae. After reclamation, the plant community was dominated by Poaceae and Asteraceae. The composition of the plant community in this study was consistent with the research of Wu Baocheng et al. (2015) [43] and was consistent with the species composition of the plant community in other coastal reclamation areas of China. For example, a total of 50 species were recorded in the Fengxian reclamation area of Yangtze River Estuary, belonging to 20 families and 50 genera, among which Poaceae and Asteraceae accounted for 46% [28]. A total of 49 species belonging to 20 families and 45 genera were recorded in Dongtan reclamation areas of Chongming Island, Shanghai, among which Asteraceae and Poaceae accounted for about 45% [44]. What’s more, the vegetation survey in the Yueqing Bay and Hangzhou Bay found that the plant species were mostly composed of Spartina alterniflora, Phragmites australis, Tripolium pannonicum, Suaeda salsa, etc., among which Spartina alterniflora and Phragmites australis were the dominant species in the new reclamation area; and the proportion of Asteraceae (Erigeron annuus, Sochus wightianus) and Poaceae (such as Setaria viridis, Cynodon dactylon, and Eragrostis Pilosa) gradually increased [45]. In other countries, the plant community on the coast shows a similar pattern, which was dominated by Poaceae and Cyperaceae in the tidal flat and Poaceae and Asteraceae in the reclamation area. For example, the plant zonation pattern on the coast of South Korea could be described as [Suaeda japonica]–[Phacelurus latifolius]–[Phacelurus latifolius and Phragmites australis]–[Phragmites australis and other xerophyte plants] from the relatively lower to upper tidal zone [46,47]. In Tyrrhenian coastal dunes, central Italy, 61 species were recorded, which mainly were Poaceae and Asteraceae [48].



The characteristics of plant communities by analyzing the coverage, above-ground biomass, and species importance values of plant communities in coastal reclamation areas were further studied. The plant coverage in the reclamation area decreased sharply after three years of reclamation, then gradually increased, and was maintained at 50–70% in the reclamation area. The aboveground biomass decreased significantly after reclamation, from 1.823 kg/m2 in CK to 0.321 kg/m2 after three years of reclamation, and then maintained at 0.11–0.27 kg/m2. As for the importance values, Spartina alterniflora had the highest importance value in CK, while Suaeda salina had the highest importance value in the three-year reclamation area, and Phragmites australis had the high importance value in CKM and the 11-year reclamation area. Considering the importance values, the variation of aboveground biomass could be explained. Spartina alterniflora has many superior traits, such as fast growth, great productivity, and high tolerance to salt [49], which resulted in the high aboveground biomass in CK. Furthermore, many studies have shown that Spartina alterniflora mainly competed with mangroves, Suaeda salina, Scirpus mariqueter, Tamarix chinensis, and other native species in coastal wetlands [50,51]. Thus, Spartina alterniflora occupied the ecological niche of the native species, resulting in the compression of the living space of the native species.




4.2. The Succession Process of Plant Community with Coastal Reclamation Activities


Through the comprehensive comparison of the four clustering methods that were used in this study, the analysis of the succession process of plant communities based on species importance values suggested that the UPGMA clustering method was superior methodologically. Previous studies have shown that the sediments and soils in coastal reclamation areas would gradually transform into arable soils, and the soil property tends to be stable about 30 years after reclamation [39,52]. Therefore, the result of the single linkage agglomerative clustering (four groups) was superior theoretically. Specifically, the 11 subareas in the study area could be clustered into four groups. Group 1 was the distribution area of salt marsh, which mainly included CKN, CKM, CK, and the three-year reclamation area. This area was mainly composed of typical salt-tolerant plants (Spartina alterniflora, Suaeda salsa, Salicornia europaea, Phragmites australis, etc.). Group 2 was the species transition area, including the reclamation area from 7a to 36a, where pioneer species with mesophyte characteristics appeared. At this time, the plant community included salt marshes and mesophytes simultaneously, and the plant community transformed from salt marshes in coastal wetlands to mesophyte communities. The third group was the species-stable area, which mainly included the 44-year reclamation area, and the plant community was completely composed of xerophytes. The fourth group was the community-stable area, which mainly included the 60-year reclamation area, and the plant community biomass at this time (Figure 2) reached a stable state. Combined with the ranking of species importance values (Figure 3), the species succession process showed that seven years of reclamation was a key time point for the transformation of coastal wetland ecosystems to terrestrial ecosystems, and the ecosystems gradually reached a new steady-state along with 60 years of reclamation.



This study applied a quantitative methodology combining cluster analysis and NMDS to explore the process of plant succession and the representative species of different phases. The plant community of the coastal wetland ecosystem was dominated by the halophyte community of salt marshes (such as Suaeda salsa, Spartina alterniflora, Scirpus mariqueter, Phragmites australis, Tamarix chinensis, etc.), then turned to be the mesophytic plant community that was constructed by pioneer species such as Setaria viridis and Eleusine indica, eventually succeeded to the xerophytic plant community that was dominated by Humulus scandens and Cyperus difformis. What’s more, coastal reclamation activity with the sea embankment plays an important role in vegetation succession [22,53]. In general, the succession process of the plant community in the coastal reclamation area is mostly external succession. Specifically, the dynamic conditions of the tidal flat, the elevation gradient, and the soil salinity determine the distribution and composition of the plant community [22,54,55]. Moreover, human activities resulting in different land-use types and soil physical and chemical properties are important factors affecting the growth and succession of vegetation in coastal reclamation areas [18,52,56]. Further analysis should focus on the impact of environmental factors on plant community characteristics and species diversity, and an in-depth analysis of the coupling relationship between human activities, environmental factors, and plant community characteristics, and reveal the effect of reclamation activities on the coastal wetland ecosystems.





5. Conclusions


In this study, a quantitative analysis method combining cluster analysis and NMDS was used to explore the succession process and the representative species of plant communities in a coastal reclamation area. A total of 65 species were recorded in 123 sampling quadrats belonging to 26 families and 61 genera. The plant community from the coast to inland was dominated by a halophyte community of salt marshes, then turned to be a mesophyte plant community, and eventually succeeded to a xerophyte plant community. Under the influence of 60 years of reclamation activities, the plant succession pattern in the coastal ecosystem could be summarized as the salt marsh area, the species transition area, the species-stable area, and the community-stable area. A total of seven years after reclamation may be the tipping point in the succession of the plant community in the coastal reclamation area, which indicated the transformation of coastal wetland ecosystems into terrestrial ecosystems. The results of this study can provide a basis and reference for the ecological protection and restoration in coastal reclamation areas.
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Figure 1. The location of the study area and sampling quadrats. 
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Figure 2. The species composition and coverage of the plant community along with reclamation time in the coastal area. The mean vegetation coverage of each subarea was the absolute value in (A), while it was the relative value in (B). The error bars at the upper and lower ends of each box represent the maximum and minimum values of the data, respectively, the upper and lower ends of the box represent the upper quartile and the lower quartile, and the horizontal line in the box represents the median value. Different lowercase letters mean a significant difference between CKM, CKN, CK, and the reclamation areas at the 0.05 level. The species composition in (B) represents the distribution of the family in each subarea. The exact value of the vegetation coverage of each family in different subareas can be found in Table S2 in the supplementary file. 
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Figure 3. The aboveground biomass of the plant community along with the reclamation time in the coastal area. Different lowercase letters mean a significant difference between CK and reclamation subareas at the 0.05 level. Different capital letters mean a significant difference between CKM, CKN, and CK at the 0.05 level. 
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Figure 4. The species’ importance value. (A–K) respectively represents the important values of species in different plots. If the number of species that were recorded in the sample plot exceeds 10, only the top 10 species are displayed. If the number of species that were recorded in the sample plot is less than 10, all species are displayed. 
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Figure 5. Final dendrogram with boxes around the two or four selected groups of the four clustering methods. Cluster analysis was calculated based on the distance between the sample plots. The "height" of the ordinate is the relative distance between the different subareas, mainly based on the importance value of the different species in the sampling plots to calculate the Bray–Curtis distance. 
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Figure 6. Silhouette plots of the four-group and two-group partition from the four clustering methods. (A) described the silhouette width value of the four-cluster. (B) described the silhouette width value of the two-cluster. In the figure, n is the total number of plots, i is the plot, j is the cluster, nj is the number of plots that were included in the j-th cluster, Si is the silhouette width value of different plots, and ave Si is determined by the average silhouette width value of the clusters composed of the plots. 
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Figure 7. NMDS of vegetation that were based on the Bray–Curtis dissimilarity of important values. sp1: Suaeda salsa; sp2: Spartina alterniflora; sp3: Setaria viridis; sp4: Phragmites australis; sp5: Oplismenus undulatifolius; sp6: Sonchus wightianus; sp7: Erigeron canadensis; sp8: Cyclosorus parasiticus; sp9: Cayratia japonica; sp10: Eleusine indica; sp11: Ipomoea purpurea; sp12: Symphyotrichum subulatum; sp13: Cirsium arvense var. integrifolium; sp14: Tripolium pannonicum; sp15: Humulus scandens; sp16: Festuca elata; sp17: Salicornia europaea; sp18: Bolboschoenus planiculmis; sp19: Scirpus mariqueter; sp20: Achyranthes bidentata; sp21: Sesbania cannabina; sp22: Trichosanthes kirilowii; sp23: Cyperus difformis; sp24: Vicia sepium; sp25: Paederia cruddasiana; sp26: Chenopodium glaucum; sp27: Metaplexis japonica; sp28: Cynodon dactylon; sp29: Potentilla freyniana; sp30: Inula japonica; sp31: Equisetum ramosissimum; sp32: Helianthus tuberosus; sp33: Justicia procumbens; sp34: Acalypha australis; sp35: Echinochloa crusgalli var. mitis; sp36: Erigeron bonariensis; sp37: Euphorbia helioscopia; sp38: Euphorbia humifusa; sp39: Calamagrostis epigeios; sp40: Broussonetia papyrifera; sp41: Echinochloa colona; sp42: Panicum bisulcatum; sp43: Eclipta prostrata; sp44: Miscanthus sinensis; sp45: Alternanthera philoxeroides; sp46: Perilla frutescens var. purpurascens; sp47: Trifolium repens; sp48: Melilotus officinalis; sp49: Acorus calamus; sp50: Tamarix chinensis; sp51: Limonium bicolor; sp52: Amaranthus retroflexus; sp53: Commelina benghalensis; sp54: Polygonum perfoliatum; sp55: Bidens biternata; sp56: Capsicum annuum; sp57: Apocynum venetum; sp58: Portulaca oleracea; sp59: Polygonum lapathifolium var. salicifolium; sp60: Leptochloa chinensis; sp61: Solanum americanum; sp62: Eragrostis minor; sp63: Geranium carolinianum; sp64: Paspalum distichum; sp65: Vigna minima. The following is the same. 
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Figure 8. Heatmap of the relationship between species and subareas based on the cluster tree. In this figure, the abscissa is the sample plot, and the ordinate is the species. The cluster tree that is shown at the top is from the result of the single linkage agglomerative clustering in Figure 4, and the heat map is partitioned based on the optimal grouping result. Based on the analysis results of NMDS, the relationship (relative distance) between the species and sample plot is quantitatively displayed by the value of relative distance. Figure 8 was drawn by using the pheatmap package on the R platform (version 4.1.2, R Development Core Team). 
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Table 1. Basic characteristics of the subareas and sampling quadrats.






Table 1. Basic characteristics of the subareas and sampling quadrats.





	Subarea
	Reclamation Year
	Reclamation Time

(Based on 2016)
	Number of Sampling Quadrats





	A
	1956
	60 years
	3



	B
	1972
	44 years
	9



	C
	1980
	36 years
	8



	D
	1982
	34 years
	3



	E
	1997
	19 years
	20



	F
	2005
	11 years
	7



	G
	2009
	7 years
	11



	H
	2013
	3 years
	34



	CK
	—
	—
	3



	CKN
	—
	—
	13



	CKM
	—
	—
	12







A: Dunmen reclamation zone. B: Changsanjiao reclamation zone. C Xindong reclamation zone. D: Xinsanjiao reclamation zone. E: Sancang reclamation zone. F: Wumingchuan reclamation zone and Cangdong reclamation zone. G: Liangnan reclamation zone. H: Tiaozini 1st reclamation zone. CK: Dongtai coastal tidal flat. CKN: Jiangsu Yancheng Wetland Rare Birds National Nature Reserve. CKM: Jiangsu Dafeng Elk National Nature Reserve.
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