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Abstract

:

Spartina alterniflora (S. alterniflora) has grown rapidly in China since its introduction in 1979, showing the trend of alien species invasion, which has seriously affected the ecosystem balance of coastal wetlands. The temporal and spatial expansion law of S. alterniflora can be obtained through remote sensing monitoring, which can provide a reference and basis for S. alterniflora management. This paper presents a method for extracting and mapping S. alterniflora based on phenological characteristics. The coastal areas of the Yangtze River Delta Urban Agglomeration are selected as the research area, and the Landsat time series data from 1990 to 2022 on the Google Earth Engine (GEE) platform are used to support the experiment in this paper. Firstly, the possible growing area of S. alterniflora was extracted using the normalized differential moisture index (NDMI), normalized differential vegetation index (NDVI), and normalized differential water index (NDWI); Then, the time series curve characterizing the phenological characteristics of vegetation was constructed using the vegetation index to determine the difference phase of phenological characteristics between S. alterniflora and other vegetation. Finally, a decision tree was constructed based on the phenological feature difference phase data to extract S. alterniflora, and it is applied to the analysis of temporal and spatial changes of S. alterniflora in the study area from 1990 to 2022. The results show that the area of S. alterniflora increased from ~1426 ha in 1990 to ~44,508 ha in 2022. However, the area of S. alterniflora began to show negative growth in 2015 due to the construction of nature reserves and ecological management. The results of correlation analysis showed that the growth of C. japonicum was significantly affected by temperature stress and weakly affected by precipitation. This study verified that Landsat time series images can effectively extract vegetation phenological information, which has strong feasibility for extraction and dynamic monitoring of S. alterniflora and provides technical support for the management and monitoring of invasive plants in coastal wetlands.
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1. Introduction


S. alterniflora is one of the main vegetation types introduced to coastal areas, which is mainly used to protect the beaches and coasts of China’s coastal zones from erosion and damage from waves and has certain economic value [1,2,3,4,5,6,7]. Due to its adaptability to salt and flooding, it usually grows densely on the high-salinity tidal flats in the intertidal zone, meaning it occupies the growth space of mangroves, changing the physical and chemical properties of the soil, altering biodiversity and behavior patterns, affecting the species composition and community structure of benthic animals, etc., leading to the disappearance of large mangroves [8,9,10,11,12,13].



The invasion of S. alterniflora has occurred since its introduction to China in 1979, which has caused great impacts on the coastal wetland ecosystem [14,15,16,17]. At present, it is widely distributed in the tidal flats from Tianjin to Guangxi. In the Yellow River Delta, Chongming Dongtan, Yancheng Wetland, and other important coastal wetlands, the invasion trend is irreversible [4,18]. Accurate monitoring of S. alterniflora growth dynamic information can provide guidance and a basis for the sustainable development of coastal wetlands, and provide multi-level, multi-temporal information and technical support for the research and management of coastal wetlands [19,20].



Remote sensing technology data have the characteristics of being multi-source, practical and economical, real-time and efficient, and having repeatable monitoring, etc., and have gradually become the main means of dynamic monitoring of coastal wetlands [21,22,23,24,25]. The current research methods mainly include three types. One is the extraction of S. alterniflora based on single-temporal remote sensing images. The traditional methods are to visually interpret single or multiple images to generate the spatial distribution dataset of S. alterniflora [26,27]. These methods are labor-intensive and time-consuming. Due to differences in the experience of researchers, the results of visual interpretation will vary greatly [28]. Based on high-resolution images such as Google Earth, SPOT5, and GF-1, Liu used visual interpretation and object-oriented methods to obtain the area distribution of S. alterniflora in the Zhangjiang wetlands, Fujian Province from 2003 to 2015 [29]. However, visual interpretation can only identify coastal wetland vegetation of a single type and with a significant difference in spectral characteristics, which has high cost and limited classification accuracy via human interpretation. The second is the extraction of S. alterniflora based on multi-source and multi-temporal remote sensing images. Some scholars also use multi-temporal hyperspectral and multispectral images to calculate spatial features, vegetation index and image texture information, and apply supervised or unsupervised classification algorithms to obtain the distribution map of S. alterniflora [30,31]. Li et al. used Landsat TM/OLI time series images to draw the distribution map of the flowering plants in Zhejiang Province from 1985 to 2015 based on the expert knowledge threshold method [32]. Wang et al. used Landsat and Spot-6 images to analyze the growth rate and pattern of S. alterniflora in Yueqing Bay from 1993 to 2014 based on support vector machine and object-oriented analysis methods [33]. However, only relying on the object-oriented classification method to extract vegetation information will be strongly interfered with by the vegetation spectrum, and the extraction accuracy needs to be improved. Moreover, due to the lack of data and image quality problems, it is impossible to realize large-scale and long-time dynamic monitoring. The third is the extraction of S. alterniflora based on multi-temporal images and phenological characteristics. In recent years, the algorithm based on pixel and phenology has been applied in many fields such as crops, forest planting, coastal beach, and coastal vegetation. Tian proposed a spectral phenological characterization method of S. alterniflora, which synthesized the growth period of S. alterniflora into two phenological stages and classified them using the support vector machine classifier [34]. Through field investigations, Zhang found that the NDVI of the senescence stage is considered to be an effective datum to identify S. alterniflora salt marshes [35]. Sun proposed a salt marsh vegetation classification method based on the phenological parameters of Sentinel-2 pixel differential time series (PDTS), and used the random forest algorithm for plant species classification [36]. However, the potential of long time series Landsat images in tracking phenological differences between S. alterniflora and other salt marsh vegetation has not been fully evaluated.



Although remote sensing technology has been widely used in wetland vegetation monitoring, the existing remote sensing monitoring research is still insufficient due to the complexity of coastal wetland ecosystems. This is mainly reflected in that S. alterniflora has the same spectrum as other vegetation, which is difficult to distinguish effectively using only one scene image. The machine learning classification method considering phenological characteristics highly depends on the sample quality, so it is necessary to comprehensively consider the relationship between vegetation and geographical habitat factors in the classification method. Based on this, this paper proposes an extraction method of S. alterniflora based on Collaborative Geoscience Knowledge and vegetation phenological feature decision. The purpose of this study is as follows: (1) to obtain a method of extracting S. alterniflora based on phenological feature decision; (2) to analyze the temporal and spatial evolution characteristics of S. alterniflora in the Yangtze River Delta in the most recent 30 years; (3) to explore the phenological differences of S. alterniflora at different latitudes.




2. Materials


2.1. Study Area


The Yangtze River Delta Urban Agglomeration (32°34′N–29°20′N, 115°46′E–123°25′E) is located in the middle and lower reaches of the Yangtze River Plain (Figure 1), adjacent to the Yellow Sea and the East China Sea, with a total administrative area of 212,500 km2. The Yangtze River Delta urban agglomeration is located in the subtropical monsoon climate, the annual average temperature is about 15.7 °C, and the annual precipitation is about 1158 mm. The Yangtze River Delta is the area with the highest river network density in China. Typical wetlands are formed in Yancheng, Chongming Island, and Hangzhou Bay [37].



The total area of wetlands in the Yangtze River Delta region accounts for 10.1% of the country, offshore and coastal wetlands account for 37.4% of the country, and constructed wetlands account for 22.6% of the country. It is unique in the national wetland ecosystem. The coastline in this area is mostly muddy coastline, which provides favorable conditions for the growth of salt marsh vegetation. With the invasion and reproduction of S. alterniflora, it has spread rapidly in the south coast and become a dominant species. In China, Jiangsu Province has the largest area of S. alterniflora. Jiangsu began to introduce S. alterniflora in 1982. Chongming Island in Shanghai is the largest alluvial island, which provides conditions for the growth of S. alterniflora. S. alterniflora was introduced into Zhejiang Province in 1983 [38].




2.2. Dataset


The data used in this study include Landsat time series data, high-resolution images, and field measured data, which are used to obtain training sample points and verification sample points.



2.2.1. Landsat Data and Preprocessing


The study area is covered by five paths/rows (p120r36, p119r37, p118r38, p118r39, and p118r40) of the Landsat worldwide reference system. Based on the Google Earth Engine (GEE) platform, we obtained all available Landsat 5/7/8 surface reflectance (SR) tier 1 products from 1 January 1990 to 31 December 2022. Considering that the growth period of S. alterniflora is from the beginning of April to the end of November, the images of growing season are selected [39,40,41]. Figure 2 shows the image cloud cover and seasonal distribution from 1990 to 2022. Cloud cover less than 20% accounted for 70.5%, cloud cover less than 30% accounted for 80.9%, and cloud cover less than 40% accounted for 89.9%. In order to ensure the existence of images during the growing season and phenological turning point of S. alterniflora, images with less than 5% cloud cover were selected. In addition, some images contaminated by cloud are replaced with the same period images of adjacent years. Due to the failure of the Landsat ETM+ sensor, the image quality of 2012 and 2013 was poor and could not be used. Therefore, the results of 2012 and 2013 were not included in the follow-up spatiotemporal change statistics of S. alterniflora.




2.2.2. Sample Point Data


Based on the field survey of S. alterniflora in typical coastal wetlands of the Yangtze River Delta, we obtained the sample points of Yancheng wetland with coordinate information in 2014 (23 ROIs), Hangzhou Bay wetland in 2016 (32 ROIs) and Chongming Island wetland in 2017 (26 ROIs), respectively. The sampling time occurred during the growing season of S. alterniflora and the sample point size is one pixel unit. Furthermore, field sampling data were utilized as the basis, and high-resolution Google Earth imagery was combined to acquire sample points of S. alterniflora in the coastal wetlands of the Yangtze River Delta. To ensure the random and scientific nature of point selection, ArcGIS 10.2 software was first used to generate a suitable range of random points in the study area. Subsequently, through field investigations and visual interpretation methods, sample points of S. alterniflora and non-S. alterniflora were identified at these random points. These sample points were divided into two groups for training and validation, with each group accounting for 50%. Ultimately, the study obtained the quantity and distribution of sample points as depicted in Table 1 and Figure 1.




2.2.3. Auxiliary Data


Climate as an important factor affects the distribution of vegetation communities. In this paper, bioclimatic data with more ecological significance were used to analyze the effect of S. alterniflora distribution on different phenological factors response. The data are from WorldClim, Berkeley University (https://www.worldclim.org/ (accessed on 30 September 2023)) Download Center. The data resolution is 21 km and includes the annual average temperature, annual precipitation, the seasonal changes, and extreme or restricted climate factors. The obtained bioclimatic data are monthly data from 1990 to 2018, which are used to explore the relationship between climate change and the growth of S. alterniflora. X1-10 are indicated in Table 2.






3. Methods


In this paper, S. alterniflora was accurately extracted based on the selected high-quality Landsat images, and the ground features were classified based on the phenological information of vegetation. Firstly, the possible growth range of S. alterniflora was determined according to the growing environment conditions in the high soil moisture area. Secondly, the NDVI time series curve of vegetation in the high soil moisture area was constructed to determine the optimal phase of the phenological characteristics difference between S. alterniflora and other vegetation. Finally, a multi-temporal decision tree classification model was constructed to accurately extract S. alterniflora. The overall technical process is shown in Figure 3.



3.1. Extracting High Moisture Region


S. alterniflora grows in the intertidal zone, and the growth environment of wetland vegetation is complex. Therefore, extracting the possible growth area of S. alterniflora is the premise of accurate extraction. Considering the growth environment of S. alterniflora, this study uses the normalized difference moisture index (NDMI), normalized difference water index (NDWI), and normalized difference vegetation index (NDVI) to extract the possible growth area. These three indices are calculated using the following equations:


  N D M I =     ρ   N I R     − ρ   S W I R       ρ   N I R     + ρ   S W I R     ,  



(1)






  N D W I =     ρ   G r e e n     − ρ   N I R       ρ   G r e e n     + ρ   N I R     ,  



(2)






  N D V I =     ρ   N I R     − ρ   R e d       ρ   N I R     + ρ   R e d      



(3)




where   ρ  Green,   ρ  Red,   ρ  NIR, and   ρ  SWIR are the surface reflectance values of green (525–605 nm), red (630–690 nm), near-infrared (NIR: 760–900 nm), and shortwave infrared (SWIR: 1550–1750 nm) bands.



The NDVI is used to distinguish vegetation from non-vegetation and vegetation is defined as the value of NDVI greater than 0. The NDWI is used to distinguish water body from non-water body and it is non-water body when NDWI is less than 0. The NDMI can effectively extract the water content of the vegetation canopy and can better reflect the difference in swamp vegetation change. According to the statistics of the index values of each sample point, it is found that the moisture index of S. alterniflora is quite different from other ground objects, which provides a threshold reference for determining the high soil moisture area. The high soil moisture area is determined as shown in Equation (4).


  H - moisture = N D W I ≤ 0 ∩ N D M I ≥ 0.386 ∩ N D V I > 0  



(4)




where H-moisture areas are areas where S. alterniflora may grow. The high soil moisture area of Hangzhou Bay Wetland includes dry land, paddy field, forest land, and S. alterniflora, and the high soil moisture areas of Yancheng Wetland and Chongming Island include paddy field and S. alterniflora.




3.2. Determining the Optimal Time Phase of Phenological Difference


Due to the influence of cloud cover, the available images cannot reflect the complete phenological characteristics in time series, so it is necessary to improve the quality of time series data. At present, a variety of remote sensing image time series reconstruction methods have been proposed at home and abroad. However, since the reconstruction effect is not obvious, we consider using the data information of adjacent years to fill in the missing data and construct the complete vegetation phenological characteristics.



By selecting images of pixels corresponding to sample points in high humidity regions, characteristic indices are computed, and their averages are calculated to construct time series data. Subsequently, the differences in phenological characteristics between S. alterniflora and other vegetation are compared. Figure 4 shows the NDVI change curves of Yancheng Wetland, Chongming Island wetland, and Hangzhou Bay Wetland after data filling. It shows that the vegetation growing season mainly occurs from April to the end of October, and the peak period mainly occurs from July to September. All kinds of NDVI decrease significantly after November. The optimal time phase for the difference between S. alterniflora and paddy field in Yancheng Wetland was the end of April and the end of November. The optimal time phase of the difference between S. alterniflora and paddy field on Chongming Island was reflected in early May and early November. The vegetation growth was not obvious and the vegetation coverage was low in Hangzhou Bay Wetland from January to March, so the difference in NDVI curves among S. alterniflora, dry land, and paddy field was not obvious. From March to April, the curve fluctuates slightly upward. The beginning of May, when the growth difference between S. alterniflora and paddy field is obvious, can be used as the optimal phase. From May to August, the vegetation grows rapidly and the NDVI curve shows a sharp increase trend. At the beginning of the growth season in May, the difference between paddy field and dry land is obvious. The peak value of each ground object in the growth season is reached from July to August, the peak value of forest land NDVI in the growth season is the maximum at the end of August, and the NDVI of various ground objects decreases at the beginning of November. S. alterniflora can be effectively distinguished from forest land in November, and it generally shows late green and wilting characteristics.




3.3. Identifying S. alterniflora


S. alterniflora is a highly competitive invasive plant, which can quickly occupy and replace the local salt marsh vegetation community and form a large area of patches on the ground. Based on 30 m Landsat data, we developed a mapping algorithm of S. alterniflora-based phenology. The algorithm based on phenology adopts two key phenological characteristics of S. alterniflora: late green-up in spring and late senescence in winter. From April to May, S. alterniflora began to turn green later than other vegetation, and its NDVI value was lower. In November, other vegetation begins to wilt and turn yellow, while S. alterniflora can last until the end of November due to its long growth cycle. As can be seen from the line chart, S. alterniflora has the lowest NDVI value in April and the highest NDVI value in early November, which can distinguish it from other vegetation.



Decision tree is a flexible and intuitive nonparametric rule classifier. It is very useful when integrating multiple variables (such as spectral variables and environmental variables) in the mapping process. It is usually used for wetland classification and monitoring [21,42,43]. According to the constructed NDVI time series curve, the optimal phase of phenological difference was selected. Figure 5 shows the multi-temporal decision tree classification model. t1, t2, and tn are the time phases with the biggest difference between S. alterniflora and a single feature. Δ 1, Δ 2, and Δ n in Figure 5 represent the corresponding NDVI threshold when the classification rule is optimal. The selection of threshold varies with different types of features and different study areas.



According to the curve in Figure 4, the optimal phase in the Jiangsu region is 22/04 and 26/10, and the thresholds ∆ 1 and ∆ 2 correspond to 0.4 and 0.6, respectively. The optimal time phases in Shanghai are 10/05 and 02/11, and the thresholds ∆ 1 and ∆ 2 correspond to 0.457 and 0.583, respectively. The optimal time phases in Zhejiang are 01/05, 28/09, and 02/11, and the thresholds ∆ 1, ∆ 1, and ∆ 3 correspond to 0.457, 0.637, and 0.336, respectively. The extraction results are shown in red in Figure 6. The method in this paper accurately extracts the range of S. alterniflora, which is distributed along the intertidal zone in strips or sheets, which is consistent with the growth environment of S. alterniflora.





4. Results


4.1. S. alterniflora Mapping in the Yangtze River Delta from 1990 to 2022


Many scholars have extracted S. alterniflora from the Yangtze River Delta, but most of them are for a single typical wetland, lacking large-scale distribution statistics [42,43]. This study analyzed the spatial distribution of coastal wetlands in the Yangtze River Delta urban agglomeration. According to the mapping of S. alterniflora from 1990 to 2022 (Figure 6), the area of S. alterniflora in Jiangsu, Shanghai, and Zhejiang in 2022 is 16,848 ha, 17,137 ha, and 10,522 ha, respectively. S. alterniflora invasion primarily occurs in Yancheng Wetland, northern Chongming Island, and the southern coast of Hangzhou Bay. S. alterniflora rapidly expands on Zhejiang and Jiangsu mudflats when not subjected to external factors or interference from other species. Due to the utilization and construction of mudflats and the sedimentation rate of Chongming Island, the expansion rate of S. alterniflora in Shanghai is relatively slow. In Zhejiang, the expansion rate is fastest due to the naturally winding mudflat coastlines. Figure 6i–iii clearly illustrates the expansion of S. alterniflora in Hangzhou Bay as the mudflats accumulate towards the sea. We analyzed the area changes of S. alterniflora in each region and the whole area. In the 1990s and early 21st century, S. alterniflora was just introduced into China, and the small area planted could hardly be detected from Landsat images. The S. alterniflora in the coastal wetland of the Yangtze River Delta expanded from 2333 ha in 1990 to 44,508 ha in 2022.



Due to the high invasion rate of S. alterniflora and the obvious interannual variation of its spatial distribution, it is necessary to conduct accurate monitoring every year. However, due to the number of high-resolution images and the number of field samples, we only assessed the accuracy of cartographic results for some years (2014, 2016, 2017, and 2019) (Table 3). For the validation dataset, we generated random sampling points in ArcGIS and converted them into an export keyhole markup language (KML) file to load into Google Earth. We examined each ROI via visual interpretation of VHSR images and geo referenced photos [44]. VHSR images in Google Earth are an effective data source for verifying land classification results [45,46]. The total number of validation samples for S. alterniflora and non-S. alterniflora were 229 and 192 in 2014, 268 and 217 in 2016, 183 and 189 in 2017, and 227 and 169 in 2019, respectively.



The confusion matrix of S. alterniflora mapping was calculated to estimate the accuracy of the extraction results. The overall accuracies (OA) were 0.93, 0.93, 0.90, and 0.92, and the Kappa coefficients were 0.87, 0.87, 0.81, and 0.84 in 2014, 2016, 2017, and 2019, respectively. The S. alterniflora had producer accuracies (PA) of 0.96, 0.97, 0.91, and 0.96 and user accuracies (UA) of 0.91, 0.91, 0.89, and 0.89 in these four maps.




4.2. Spatiotemporal Expansion Characteristics of S. alterniflora


In order to reflect the change in the S. alterniflora landscape pattern and reveal its change law, we adopted the quantitative method of landscape patterning to reflect the landscape structure composition and spatial configuration characteristics. Based on the patch area, patch shape, and patch aggregation degree, three indexes of landscape area, landscape shape index, and landscape fragmentation degree were selected, all of which were calculated using ArcGIS 10.2 software. The formulas for the calculations are as follows:


  L S I = 0.25 E /  A     



(5)




where   E   represents the total length of all patch boundaries in the landscape, and     A   represents the total area of the landscape. The shape index indicates the shape changes of the patches, with a larger value indicating a more complex shape.


    C   i   =   N   i   /   A   i    



(6)




where     C   i     represents the fragmentation of landscape     i  ,     N   i     represents the number of patches in landscape     i  , and     A   i     represents the total area of landscape     i  . The degree of fragmentation represents the degree of landscape separation, reflecting the complexity of the patch structure from the side.



This study analyzed the changes in the landscape index of S. alterniflora invasion from different scales of large scale and three study subareas (Figure 7). The patch area of the three subregions showed an increasing trend. It began to decline in 2015 due to policy and human factors. The same trend was also shown in the large study area. The shape index shows irregular change and fluctuation without obvious regularity. The fragmentation degree is the highest in Zhejiang, which is related to the longest coastline in Zhejiang. The other two areas and the overall fragmentation degree are relatively gentle.



In order to reduce the uncertainty caused by image quality or other factors in individual years, we summarized the annual maps of S. alterniflora in multi-year (5-year) intervals. In Table 4, from 1990 to 2000, S. alterniflora invasion was in the early stage. S. alterniflora expanded rapidly on the beaches of Zhejiang and Jiangsu without the interference of foreign factors and other species. Due to the utilization and construction of beaches and the accumulation speed of Chongming Island, S. alterniflora in Shanghai expands slowly. Zhejiang expands fastest due to the natural tortuous muddy coastline. After 2000, the overall expansion rate was relatively stable. By 2015, S. alterniflora began to show negative growth, and the change rate of S. alterniflora decreased significantly.



The centroid movement direction of S. alterniflora was calculated using the centroid model. Figure 8 shows the movement of the S. alterniflora center in different areas. The centroid of S. alterniflora in Jiangsu Province moved to the northwest in the first period, and expanded to the southeast in the second period, reflecting the trend of expansion to the sea. In the first period, Shanghai expanded to the southwest. In the second period, it expanded to the northwest due to the increase in S. alterniflora area on Chongming Island. In the third period, it moved to the southeast due to reclamation activities. In the first period, the centroid of S. alterniflora in the north of Zhejiang Province expanded to the southeast. In the second period, due to the rapid expansion of S. alterniflora in Sanmen Bay, it continued to expand to the southeast, but the migration distance of the centroid was short. Affected by some local control activities, the centroid expanded to the northwest in the third period.




4.3. Analysis of Phenological Characteristics and Extraction Accuracy of S. alterniflora at Different Latitudes


The suitable growing area of S. alterniflora spans a large latitude range. In the past few decades, many researchers have studied several characters of S. alterniflora at different latitudes of its original and introduced places, such as stem height and diameter, seed setting rate, and yield. These studies lead us to infer that the rapid spread of S. alterniflora under a wide range of environmental conditions in China is realized through growth characteristic adaptation. As a comprehensive index, the phenological characteristics of S. alterniflora on the latitude gradient, especially the budding and senescence of leaves, are still unclear. Some studies have reported the phenological information of S. alterniflora obtained through field observation or satellite derivation at one or several selected sites. However, these phenological estimates come from different data sources or different phenological algorithms and cannot be compared on the basis of latitude. Based on this, the study investigates the phenological traits of S. alterniflora at various latitudes. Due to the impact of cloud cover and image quality, NDVI is calculated for all available images from 2014 to 2019, and NDVI is extracted for training sample points. The average NDVI changes for each month of the year are then statistically analyzed to obtain a comprehensive overview. The selected seasonal parameters of phenological characteristics mainly include the following: (1) Start of the season: starting from the lowest level on the left side of the time series curve, the time when the left edge increases to the user-defined level. The user-defined level usually refers to a part of the amplitude in the season. (2) End of the season: starting from the lowest level on the right side of the time series curve, the right edge increases to the time corresponding to the user-defined level. (3) Length of the season: the duration from the beginning of the growing season to the end of the growing season, which is numerically equal to the difference between the end time of the season and the start time of the season.



To avoid errors or uncertainties in the annual results, this study has included all images from 2014 to 2019 and has illustrated the seasonal and interannual dynamics of NDVI images for three regions (using a 2-degree latitude interval). From Figure 9, it is evident that the NDVI of Jiangsu, Shanghai, and Zhejiang exhibits distinct seasonal dynamics. The confidence interval in Shanghai is broader, which is linked to the lower quality of images in the study area. The peak period of NDVI in Jiangsu occurs in July, earlier than in other areas of Shanghai and Zhejiang, and the end of the growing season also occurs earlier. The results indicate that, with the increase in latitude, the change in the start of the growing season is not significant, the decline period occurs earlier, and the growing season becomes shorter.



The detection accuracy of S. alterniflora in the three areas in different years and different methods had no obvious law (Table 5, Table 6 and Table 7). It is worth noting that the multi-year accuracy of the Jiangsu region is slightly higher than that of Shanghai and Zhejiang, which is related to the smooth coastline and the distribution law of S. alterniflora in Zhejiang, and is consistent with the result that the fragmentation of S. alterniflora in Jiangsu is also the lowest in the change in landscape pattern. On the whole, there is little difference between the regional accuracy of Zhejiang and the overall accuracy, which is maintained at the overall accuracy level. The extraction accuracy of Jiangsu is slightly higher than that of the overall region, while the extraction accuracy of S. alterniflora in Shanghai is slightly lower than that of the whole region. The accuracy has no obvious correlation with latitude, but is more related to the distribution characteristics of S. alterniflora.




4.4. Exploring the Natural Factors Affecting the Growth of S. alterniflora


The climate and bioclimate data of China’s Yangtze River Delta urban agglomeration are obtained by cutting the WorldClim data. Some climate data are completed through band calculation. Subsequently, the correlation between annual forage area changes and multi-year climate change was analyzed. The partial correlation coefficient is a statistical measure used to evaluate the level of correlation between two variables. When dealing with multiple variables, to examine the relationship between any two variables, the other variables are held constant, and the correlation between these two variables is calculated using the partial correlation coefficient. A partial correlation coefficient greater than 0 indicates a positive correlation, less than 0 indicates a negative correlation, and the significance test of the partial correlation coefficient usually adopts the p value test [47]. The partial correlation coefficient between y and X1, as an example:


    r   y   1,2 … 10   =     r   y   1,2 … 9   −   r   y   10,2 … 9     r   1   10,2 … 9        1 −   r   y   10,2 … 9   2         1 −   r   1   10,2 … 9   2         



(7)




where     r   y   1,2 … 10     represents the partial correlation coefficient between   y   and   X 1  , after removing the influences of variables   X 2 ,   X 3 ,   … X 10  . The correlation coefficient formula     r   X Y     between the sample   X =     x   1   ,   x   2   ,   … , x   n       and   Y =     y   1   ,   y   2   ,   … , y   n       is calculated as:


    r   X Y   =     ∑  i = 1   n        x   i   −   X  ¯        y   i   −   Y  ¯           ∑  i = 1   n          x   i   −   X  ¯      2         ∑  i = 1   n          y   i   −   Y  ¯      2        .    



(8)







The formula for testing the partial correlation coefficient is:


  P =     r   y   1,2 … 10      ( 1 −   r   y   1,2 … 10   2   )     n − m − 1   



(9)




where n is the number of samples (n = 27); m is the number of independent variables (m = 9).



Climate is a significant factor influencing the distribution of vegetation communities, and the adaptability of S. alterniflora to temperature is quite extensive. Therefore, this study selects bioclimatic data with greater ecological significance to analyze the response of S. alterniflora distribution to different phenological factors. To explore the natural factors affecting the growth of S. alterniflora, this study selected 10 climate factors such as average annual precipitation, average annual maximum temperature, average annual minimum temperature, and average annual temperature difference for correlation analysis in the study area (Figure 10). The area of S. alterniflora in Zhejiang Province exhibits a highly significant negative correlation with the coldest month precipitation (X7), with a partial correlation coefficient of −0.67406 and a p value of 0.00215. The area of S. alterniflora in Jiangsu Province is significantly correlated with the temperature of the coldest month, with a partial correlation coefficient of −0.48772 and a p value of 0.04005. Overall, with the increase in latitude, there is no significant change in its correlation. The invasion and area changes of S. alterniflora are mainly influenced by human activities.





5. Discussion


5.1. Growth Characteristics of S. alterniflora


There are many reasons for the spread of S. alterniflora, including natural factors and human factors, such as human introduction, climate, soil, reclamation of tidal flats, and so on. However, it is believed that the strong biological reproductive ability is the main reason for this rapid spread [48]. It has good anti-wave interference and anti-sediment burial performance. S. alterniflora can grow normally when soaked in normal saline for more than 6 h, and can reproduce through sexual and asexual reproduction. It is believed that human reclamation activities have promoted the environmental conditions for the growth of S. alterniflora. The development of the intertidal zone promotes the spread of S. alterniflora. With its growth and proliferation, it accelerates sediment deposition in the intertidal zone. With the passage of time, the sediment deposition becomes higher and higher, and the original growth environment will become a bulge, which will reduce the flooding time, fail to meet the salinity and moisture required for the normal growth of S. alterniflora, and S. alterniflora will gradually wither to death.




5.2. The Uncertainty of Monitoring S. alterniflora Using Remote Sensing Images


To achieve large-scale rapid extraction and long-term monitoring of invasive vegetation in coastal wetlands, we propose a S. alterniflora extraction method based on vegetation phenological characteristics. Through the utilization of landscape pattern indices, centroid models, partial correlation coefficients, and other methods, we conducted an in-depth analysis of the spatiotemporal dynamics of S. alterniflora over more than 30 years. Additionally, we explored the phenological differences of S. alterniflora at different latitudes and evaluated the accuracy of water hyacinth extraction in different regions. In summary, the proposed extraction method of S. alterniflora based on phenological features has achieved good results, and the S. alterniflora extracted in this study also has some errors and limitations. Firstly, the implementation of the phenology-based algorithm in coastal wetlands is limited by high-quality observation during the specific phenological stage, which depends on observation frequency (16 day revisit cycle) and data quality (such as cloud and cloud shadow). Sentinel-2A/2B data together constitute time series data with high time frequency (5 days) and high spatial resolution (10-m, 20-m) [49]. Therefore, Landsat and Sentinel-2 images should be combined in the future mapping and monitoring of rice grass salt marsh. In this study, we used all available Landsat images, which helps to reduce the classification error of annual and multi-year S. alterniflora maps. Secondly, the phenomenon of mixed pixels is inevitable in Landsat 30 m spatial resolution images. The invasion of S. alterniflora into a new pixel generally includes four stages: introduction, establishment, expansion, and domination [50]. In the introduction and establishment stage, the canopy of S. alterniflora is often small, and the area within 30m pixels is small. In the field of land cover mapping, pixel classification of mixed vegetation species is a challenge [51,52,53]. In this paper, our goal is to identify the pixels dominated by S. alterniflora, which means that it will be detected only when S. alterniflora reaches high coverage (relative to pixel size), thus affecting the phenological signal. Finally, due to the special growth environment of S. alterniflora, it will be affected by tidal inundation every day. The imaging time of remote sensing image will be accompanied by different tide level information. When extracting S. alterniflora from high tide level images, it will cause inevitable errors. This is also a problem to be solved in future research. The distribution of S. alterniflora should be accurately extracted in combination with tidal level data.




5.3. Ecological Control Measures of S. alterniflora


These include ploughing and filling, burning, harvesting, freshwater irrigation, shading, and so on. Chemical control mainly involves the application of herbicides; although this means is fast and effective, there will be some drug residues, which may cause environmental pollution and indirectly affect human health. Biological control is mainly based on animal feeding preference (such as leafhoppers) or plant allelopathy. In theory, biological control has a very good application prospect, but there is no very successful precedent. In conclusion, compared with chemical control, physical control of S. alterniflora can effectively control small-area invasion, but there is no more effective method than chemical herbicides for large-area quadrats. The former will not cause environmental pollution, but the control cost is high, while the latter will cause biological and environmental pollution in wetlands, but the control cost is low. Biological control is the most promising, but it may cause biological reinvasion. In the management of S. alterniflora, different management methods should be combined in order to achieve the best effect.





6. Conclusions


In this study, we extracted S. alterniflora from selected high-quality Landsat 5/7/8 images. Based on the phenological information of vegetation, the surface features are classified. Firstly, the study determines potential S. alterniflora growth areas in high-humidity regions by computing spectral characteristics of land cover and vegetation indices, in conjunction with habitat conditions conducive to S. alterniflora growth. Secondly, the NDVI time series curve of vegetation in the high soil moisture area was constructed to determine the phenological characteristics of S. alterniflora and other vegetation. Finally, the multi-temporal decision model was constructed. Based on the strategy tree classification model, S. alterniflora was extracted accurately. The results show that the extraction method in this paper obtains high accuracy, and the annual distribution map of S. alterniflora better reflects the temporal and spatial dynamic changes of S. alterniflora from 1990 to 2022. It can be used to study the driving factors of S. alterniflora dynamic change and quantitatively evaluate the impact of S. alterniflora on biodiversity, carbon cycle and ecosystem services. Our proposed method confirms the potential of S. alterniflora based on phenological feature extraction. The algorithm proposed in this paper establishes a decision tree classification method based on vegetation phenological characteristics based on vegetation phenological growth rules and other auxiliary knowledge, which can better extract the information of S. alterniflora.
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Figure 1. Location of the study area and sample points. 
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Figure 2. Cloud cover distribution and seasonal distribution of all images. 
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Figure 3. The workflow for extracting the S. alterniflora cover distribution. 
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Figure 4. Comparison of phenological characteristics between S. alterniflora and other vegetation in different subregions: (a) Yancheng Wetland; (b). Chongming Island wetland; (c) Hangzhou Bay Wetland. Note: the red boxes indicate the optimal phenological phases. 
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Figure 5. Extracting decision tree of S. alterniflora. 
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Figure 6. Mapping S. alterniflora. (A) The change in the total area of S. alterniflora in the Yangtze River Delta. (B) The change in the area of S. alterniflora in each province of the Yangtze River Delta. (a–g) The change in the total distribution of S. alterniflora in the Yangtze River Delta from 1990 to 2022. Local variation map of S. alterniflora: (i) Yancheng; (ii) Chongming Island; (iii) Hangzhou Bay. 
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Figure 7. The expansion dynamics of S. alterniflora during 1990–2022. 
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Figure 8. Centroid movement direction of S. alterniflora in different periods. 
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Figure 9. Phenological characteristics of S. alterniflora at different latitudes. 
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Figure 10. The partial correlation analysis of the S. alterniflora area and climatic factors in different region. Note: * indicates significant correlation at p < 0.05, and ** indicates highly significant correlation at p < 0.01. 
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Table 1. Number of sample points in different years.
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	2014
	2016
	2017
	2019





	S. alterniflora
	229
	268
	183
	227



	Non-S. alterniflora
	192
	217
	189
	169










 





Table 2. Bioclimatic factors.
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	BioClim
	Bioclimate Index





	X1
	Annual Mean Precipitation



	X2
	Annual Mean Maximum Temperature



	X3
	Annual Mean Minimum Temperature



	X4
	Annual Mean Temperature Difference



	X5
	Precipitation of Wettest Month



	X6
	Precipitation of Driest Month



	X7
	Precipitation of Coldest Month



	X8
	Precipitation of Hottest month



	X9
	Temperature of Coldest Month



	X10
	Temperature of Hottest Month










 





Table 3. The accuracy of S. alterniflora and non-S. alterniflora in the Yangtze River Delta was evaluated in 2014, 2016, 2017, and 2019. The table also shows the Kappa coefficient and area.






Table 3. The accuracy of S. alterniflora and non-S. alterniflora in the Yangtze River Delta was evaluated in 2014, 2016, 2017, and 2019. The table also shows the Kappa coefficient and area.





	
Year

	
Class

	
PA

	
UA

	
OA

	
Kappa

	
Area (ha)






	
2014

	
S. alterniflora

	
0.96

	
0.91

	
0.93

	
0.87

	
59,239.46




	
Non-S. alterniflora

	
0.90

	
0.95




	
2016

	
S. alterniflora

	
0.97

	
0.91

	
0.93

	
0.87

	
58,149.93




	
Non-S. alterniflora

	
0.90

	
0.96




	
2017

	
S. alterniflora

	
0.91

	
0.89

	
0.90

	
0.81

	
55,263.36




	
Non-S. alterniflora

	
0.90

	
0.91




	
2019

	
S. alterniflora

	
0.96

	
0.89

	
0.92

	
0.84

	
47,985.74




	
Non-S. alterniflora

	
0.87

	
0.95











 





Table 4. Dynamic changes in S. alterniflora.
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	Year
	1990–1995
	1995–2000
	2000–2005
	2005–2010
	2010–2015
	2015–2022





	Jiangsu
	14.24
	6.21
	2.44
	1.59
	0.16
	−1.19



	Shanghai
	6.37
	7.55
	2.64
	1.56
	5.12
	−0.14



	Zhejiang
	27.58
	15.63
	3.04
	2.47
	1.13
	−2.81



	Total
	12.66
	7.76
	2.61
	1.79
	1.40
	−1.25










 





Table 5. Etraction accuracy of S. alterniflora in Jiangsu Province in different years.






Table 5. Etraction accuracy of S. alterniflora in Jiangsu Province in different years.





	
Year

	
Class

	
PA

	
UA

	
OA

	
Kappa






	
2014

	
S. alterniflora

	
0.96

	
0.96

	
0.95

	
0.89




	
Non-S. alterniflora

	
0.92

	
0.93




	
2016

	
S. alterniflora

	
0.96

	
0.94

	
0.94

	
0.88




	
Non-S. alterniflora

	
0.91

	
0.93




	
2017

	
S. alterniflora

	
0.93

	
0.94

	
0.91

	
0.78




	
Non-S. alterniflora

	
0.85

	
0.83




	
2019

	
S. alterniflora

	
0.95

	
0.96

	
0.94

	
0.85




	
Non-S. alterniflora

	
0.90

	
0.87











 





Table 6. Etraction accuracy of S. alterniflora in different years in Shanghai.






Table 6. Etraction accuracy of S. alterniflora in different years in Shanghai.





	
Year

	
Class

	
PA

	
UA

	
OA

	
Kappa






	
2014

	
S. alterniflora

	
0.84

	
0.90

	
0.89

	
0.78




	
Non-S. alterniflora

	
0.92

	
0.88




	
2016

	
S. alterniflora

	
0.86

	
0.90

	
0.90

	
0.80




	
Non-S. alterniflora

	
0.93

	
0.90




	
2017

	
S. alterniflora

	
0.85

	
0.94

	
0.92

	
0.84




	
Non-S. alterniflora

	
0.97

	
0.92




	
2019

	
S. alterniflora

	
0.94

	
0.94

	
0.92

	
0.83




	
Non-S. alterniflora

	
0.88

	
0.88











 





Table 7. Etraction accuracy of S. alterniflora in different years in Zhejiang.






Table 7. Etraction accuracy of S. alterniflora in different years in Zhejiang.





	
Year

	
Class

	
PA

	
UA

	
OA

	
Kappa






	
2014

	
S. alterniflora

	
0.89

	
0.91

	
0.90

	
0.81




	
Non-S. alterniflora

	
0.92

	
0.89




	
2016

	
S. alterniflora

	
0.94

	
0.91

	
0.92

	
0.83




	
Non-S. alterniflora

	
0.89

	
0.93




	
2017

	
S. alterniflora

	
0.95

	
0.85

	
0.90

	
0.81




	
Non-S. alterniflora

	
0.87

	
0.95




	
2019

	
S. alterniflora

	
0.96

	
0.89

	
0.92

	
0.85




	
Non-S. alterniflora

	
0.89

	
0.96
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