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Estuarine wetlands provide an especially ecological home for various flora and fauna, with fragile ecological structures and functions easily affected by the external disturbances of both anthropogenic and natural activities. Recently, wetlands (such as water and marsh) of the Bohai Rim region have been, and continue to be, lost or altered under the influence of both local urbanization and economic development. There is an increasing need for crucial essential wetland change detection as one of the most critical works for relevant research. The paper’s objective focuses on detecting the annual and interannual changes at a large spatial scale for understanding the mainly changed cover type of estuarine wetlands and measuring its impact on coastline ecological factors. Two typical study areas, including the Shuangtai Estuary wetland and Yellow River Delta, are selected for the assessment of changes to wetlands in Bohai Rim region, China. Additionally, Landsat TM/OLI images between 2005 and 2015, as the standard years for change detection, are used as the experimental data resources. To realize the rapid and automatic detection of change to wetland at a larger scale, a method is constructed to extract the change information from satellite images integrating the dynamic ratio and the max-difference algorithm. Based on the remote sensing base ecological index (RSEI), three ecological indexes include water body index, vegetation index, and soil index, calculated the annual maximum difference and the inter-annual dynamic rate of change to wetland. Furthermore, wetland changes are graded and evaluated five significant levels from the annual yearly and interannual scales. Results show several significant findings: (1) from 2005 to 2015, the ecological change with an overall improvement trend was in two monitoring areas of Bohai Rim region. The annual change of ecological factors in the positively changed area (improve) was more and more significant, with the mainly converted type of the expansion of paddy field. In the negatively changing area (degrade), annual ecological change was more and more insignificant, with the main expansion of bare land. (2) The significantly increased accumulation of normalized difference vegetation index (NDVI) was the main ecological change feature of the Shuangtai Estuary wetland. The significant regional changes in the Yellow River Delta were the interaction of ecological factors, included modified normalized difference water index (MNDWI), NDVI, and normalized difference soil index (NDSI). The study on the change detection of wetland and its influence on ecological factors in Bohai Rim region between two different periods enriches remote sensing monitoring technology of change to wetlands, betters quantitative evaluation of ecological factors, and provides updated data support for the wetland natural resource inventory at the various scales.
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Introduction

Ecological change to wetlands is a spatio-temporal accumulation process of ecological factors under the external disturbance, which occurs with human economic development (Qin et al., 2013). Improving the rate and accuracy of wetland change monitoring is advantageous to environmental protection and the scientific management of wetland resources. It ultimately contributes to coordinating the human-earth relationship (Xu H. et al., 2019; Yu et al., 2020). Over the past 20 years, with the rapid economic development in coastal areas of the Bohai Rim region, wetland ecology has been, and continue to be, degraded or altered at the large-scale under the process of industrialization and urbanization (Xu W. et al., 2019). Due to land reclamation and urbanization, coastal wetlands with outstanding ecological value have significantly been occupied as the construction land. Therefore, it is urgent to monitor wetland changes in real-time and dynamically. However, due to the fluctuation of seawater level and the complexity of wetland vegetation ecological restoration, remote sensing monitoring of coastal wetland has always been a hot topic (Mao et al., 2018).

Estuarine wetland in the Bohai Rim region belong to the coastal wetland ecosystem in the temperate monsoon climate zone, such as the Yellow River Delta (YRD) and Shuangtai Estuary wetland. Estuarine wetland, which is generally located in the delta area downstream of the river with obvious geographical location advantages, not only has the demand for ecological protection and the driving force of high-quality development but also own a good foundation for local economic development (Bai, 2020). Recently, the terrestrial ecology of the YRD has undergone drastic changes. Reclamation activities, in particular, led to the degradation of wetland ecosystem in the YRD, as the increasing intensity of interference activities (Yang et al., 2020). Specifically, the vegetation succession activity is under the direct and indirect influence of both seawater erosion and invasive species, which can result in a large number of deaths of the original salt-tolerant vegetation in coastal wetlands (Yang et al., 2017). The decrease of incoming water and sediment from rivers leads to regional water shortage, and wetland in the estuary delta shrinks due to water shortage (Xu et al., 2014). In the Shuangtai Estuary wetland, the increasing expansion of agricultural land aggravates the salinization and secondary salinization of estuarine wetland (Liu, 2018). River–ocean–land interaction forms a unique geographical environment of coastal wetland (Yang et al., 2019; Wang et al., 2021). At the same time, under the river–land–ocean interactions of the YRD, especially the interaction of various environmental factors and the exchange of material and energy, the coastal wetland changes dramatically (Ouyang et al., 2020). In general, how ecological factors (such as water, soil, and vegetation) in the study area affect the structure and function of estuarine wetland ecosystem, and thus change its landscape pattern, which needs to be analyzed and evaluated by integrating multi-scale data of ecosystem and watershed for wetland ecological changes. It is of great theoretical significance to select the estuarine wetland in the YRD and Shuangtai Estuary wetland as the vital area for wetland ecological change detection and its influence research.

Under the tremendous potential development of remote sensing detection technology, the innovation of change detection methods is gradually put on the agenda. Spatial change detection for real-time tracking of wetland ecological status is one of the essential setups for the ecological restoration and health assessment of wetlands in eastern China (Mao et al., 2020). Therefore, how to automatically and quickly extract change information of wetland, which provide the updated data support for the wetland inventory, is a challenge faced environmental remote sensing that needs to be resolved. Geographic ecosystem reflects the spatial pattern and relationship of terrestrial resources, including climate, topography, water, soil, and vegetation. Terrestrial cover types in similar ecological communities are relatively stable in a certain period.

Meanwhile, the dynamic variation of multi-ecological factors such as water, vegetation, and soil most directly reflect terrestrial ecological changes. More methods based on multi-ecological indexes are proposed for the rapid automatic detection of terrestrial ecological changes: remote sensing base ecological index (RSEI) to quantify surface ecological status in Changting country, Fujian (Xu H. et al., 2019), and a newly developed stress indicator (rapidly assessed wetland stress index, RAWSI) for rapidly assessing wetland ecological change by combining Landsat 8 and Sentinel SAR data (Walter and Mondal, 2019). To improve the monitoring accuracy of change to wetland, the ecological factors of wetlands (such as temperature, humidity, vegetation, altitude, slope, etc.) in the study areas are selected as the primary research data and used to construct a reasonable rule database for the change detection process (Zhu et al., 2019). The change detection study, applied in the geographical and ecological research field, mainly focuses on surface feature change and varying ecological conditions in the study areas. The normally applied research of surface ecological change is mainly to evaluate the regional ecological status based on a single time-phase image (Coppin et al., 2004; Lu et al., 2004). This paper focuses on using the multi-temporal dataset and the comprehensive multi-dimensional ecological index (remote sensing based ecological index, RSEI) to jointly quantify the change to wetland at the level of the wetland class, improving the extraction accuracy of wetland change information.

Based on the remote sensing detection technology of change to wetland and Landsat TM/OLI images, the study aims to discover significant ecological change areas of coastal wetlands in north China. Under the combination between the ecological change detection method and the principal component analysis (PCA), the changed areas were divided into the positively/negatively changed areas, corresponding to the improvement and degradation of change to wetland, respectively. Meanwhile, according to the change direction of ecological factors, we further explore the specific terrestrial transformation types caused by the significant ecological changes and their impact on the spatial accumulation of ecological factors such as water, vegetation, and soil.



Study area and materials


Study area

In this study, two typical wetland-cover areas in the Bohai Rim region were selected to detect new change features of wetland ecological factors. All study areas are located in the temperate monsoon zone of Eastern Asia and include new economic development hotspots and coastal development zone.


The Shuangtai Estuary wetland

The Shuangtai Estuary wetland in the southern Liaohe alluvial plain occupies around 1,942 km2 and lies between 40°41′N-41°27′N latitude and 121°31′E-122°28′E longitude (Figure 1). The main wetland types include reed marshland, salt flats, and paddy fields. The study area is a temperate continental monsoon climate zone, with an average annual temperature is 8.6°C and a mean annual precipitation of 631 mm (Wang et al., 2015).
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FIGURE 1
Distribution of the study area: (A) Shuangtai River Estuary, and (B) Yellow River Delta.




The Yellow River Delta

The YRD (36°48′N-38°24′N, 117°59′E-120°36′E), located to the north of Shandong Province, includes the eastern section of Binzhou and Dongying cities and has an area of 2,928 km2 (Figure 1). The climate feature of this region is a temperate continental monsoon climate, with an annual average temperature of 12.1°C and annual average precipitation of 551.6 mm. Due to the flat terrain and high groundwater table, this region is composed of wet and saline soil. Thus, the natural vegetation in this area consists of salt-tolerant herbs, grasses, and shrubs (Su et al., 2020).




Data processing

Routinely available Landsat imagery provides an effective way to detect ecological change over large scales and at regular intervals. In this study, we employed Landsat multi-temporal surface reflectance composites between 2005 and 2015. These Landsat TM/OLI images were provided by the United States Geological Survey (USGS)1 and the Earth Resources Observation and Science center (EROS) are used in this study. In total, 16 Landsat images (8 Landsat-5 TM and 8 Landsat-8 OLI), path/row 120/032, and 121/034 acquired from 2004 to 2016 are used to cover the Shuangtai Estuary and YRD in north China (Table 1).


TABLE 1    Acquisition dates of Landsat images.

[image: Table 1]

The monthly dataset from April to October of every year was collected for extracting the change information of wetland-covers in the growing season. The available images in different years should be gathered in the same month as much as possible. Considering the actual collected condition of satellite images (Table 1), 2005 and 2015 are determined as the best base years for the classification of land cover in the Bohai Rim region. Most clear and available satellite data is from the growing season from April to October. To reduce the influence of single time-phase images on the classification results of the base years, cloud-free (<10% cloud cover) TM and OLI images, with a 2-year time-span, are used as the time-serial data before and after the base years (2005 and 2015).

Satellite imagery processing involved radiometric calibration, atmospheric correction, geometric precision correction, and relative radiometric correction. Notably, radiometric correction involved the conversion of an original image’s digital number (DN) into the top of atmosphere reflection (TOA) at the sensor to reduce the reflection difference between images in different years. The FLAASH model from ENVI 5.3 software (Exelis Visual Information Solutions, Inc., Boulder, CO, USA) was used to calculate surface reflectance for Landsat images acquired between 2005 and 2015. Meanwhile, to maintain the consistency of reflected values of bi-temporal and multi-temporal images, we adopt the relative radiation correction method, carried out by referencing samples that were used as the pseudo-invariant feature points, such as bare land and construction land (Xiao et al., 2016). The quadratic polynomial method and nearest neighbor resampling algorithm are used for geometric correction between different time-series images. Ultimately, the square root error of the results is less than 0.5 pixels. Furthermore, the map parameters of images were transformed into the World Geodetic System 1984 (WGS-84) geographic coordinate system and the Universal Transverse Mercator (UTM) projection, with the zone 50N of the YRD and the zone 51N of the Shuangtai Estuary, respectively.




Methodology


Construction of the wetland change detection scheme

The normalized first principal component (PCA-1), extracted by the imagery transformation and base-pixel calculation such as the annual max-difference and the inter-annual dynamic ratio, is used for quantitatively measuring the annual and inter-annual ecological change range and direction based on modified normalized difference water index (MNDWI), NDVI, and NDSI.

The main monitoring contents of change to wetland-cover types include (1) the inter-annual change direction and range; (2) the inter-annual spatial pattern of the primary wetland-cover types such as reed marsh and water; and (3) the significant levels of the annual terrestrial ecological variation. The implementation process of the change detection method is shown in Figure 2:
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FIGURE 2
The flowchart of the change detection.




Surface ecological feature indexes


Calculation of normalized difference vegetation index

The normalized difference vegetation index (NDVI) represents surface greenness in the study area. It is the most widely used vegetation index for measuring vegetation productivity due to its simplicity and robustness. The NDVI is calculated using the following equation (Rouse et al., 1973):
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where Red represents the red band and NIR is the near-infrared band. The NDVI is mainly used for monitoring vegetation ecological status, ranging from −1 to 1; positive values indicate the strong signal of vegetation coverage while negative values indicate weaker vegetation, or interference from clouds, water, snow, rocks, etc.



Calculation of normalized difference water index

The MNDWI quantifies important attributes of water bodies and soil moisture. The MNDWI is calculated using the following equation (Xu, 2006):
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where Green denotes the reflection of the green band and SWIR1 is the shortwave-infrared spectrum of Landsat.



Calculation of normalized difference soil index

The ecological status is greatly affected by human activities. The normalized difference soil index (NDSI) is more sensitive to land degradation and development caused by the impervious surface. The NDSI is known as the conventional soil index, which was used for extracting the impervious surface distribution (Zha et al., 2003; Deng et al., 2015). NDSI negative values are non-bare land information, but they usually contain soil moisture information.
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The ratio is based on the NIR and the short-wave infrared (SWIR1) bands of remote sensing image data.




The annual change detection


The maximum difference of the annual ecological variation

To shrink the difference of three ecological indicators from two time periods, the histogram matching and the relative radiation correction method was considered to selected the method for constructing the consistent relationship between Landsat-5 TM and Landsat-8 OLI band data (Jiao et al., 2003; Xiao et al., 2005). Meanwhile, the changing trend based on the Max-Difference-MNDWI/NDVI/NDSI reflects the seasonal variation characteristics of surface ecological factors in the study area. Finally, the integrated ecological index (EI) includes the surface water body index (MNDWI), the terrestrial vegetation index (NDVI), and the land soil index (NDSI).
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where, Max-Differencei represents the maximum difference of the ecological factors in the study area from April to October. The EIi,j is the i-th ecological factor (MNDWI/NDVI/NDSI) data in the j-th month.



The significant levels of the annual variation

The RSEI is an integrated value that is used to evaluate local ecological quality via PCA of the superposition results, which includes the vegetation, water body, and soil. In general, the RSEI is converted into an 85-point or 100-point scale and further divided equally into five gradients corresponding to five ecological levels: very poor, poor, normal, good, and very good (Xu H. et al., 2019).

The first principal component (PC-1) of the max-difference based on the monthly MNDWI/NDVI/NDSI dataset is normalized to the interval ranging from 0 to 1. Then, PC-1 is further divided into the wetland change levels: [0, 0.2), [0.2, 0.4), [0.4, 0.6), [0.6, 0.8), and [0.8, 1), which represent extremely insignificant change (L-1), insignificant change (L-2), relative stability (L-3), significant change (L-4), and extremely significant change (L-5), respectively.




The inter-annual change detection


The dynamic ratio of change to wetland ecology

According to the discernment ability of remote sensing data and the ecological condition of land-cover types, the mean value of ecological indexes of bi-temporal images are used to represent the constant status at the same location, and the difference of data sets represent the variation range of ecological situations.
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where EI1 and EI2 denote the ecological status of wetlands in different periods. Finally, the algorithm used for monitoring the surface ecological change is described as the dynamic ratio method. The EIi is the i-th ecological factor extracting the first principal component (PC-1) of the annual max-difference based on the monthly MNDWI/NDVI/NDSI dataset.



The inter-annual change significance

The dynamic ratio of bi-temporal images was used to measure and analyze the change direction and the significant variation levels of ecological factors. Based on three ecological factors (MNDWI, NDVI, and NDSI) in 2005 and 2015, the first principal component of the dynamic ratio, as the primary monitoring method, was used to quantitatively measure the inter-annual change direction of ecological factors in the study area. And then the significant levels were further divided into the ecological change levels: [−1, −0.6), [−0.6, −0.4), [−0.4, 0.4], (0.4, 0.6], and (0.6, 1], which represent significant negative change direction, negative change direction, stability, positive change direction, and significant positive change direction, respectively. Finally, the significant change range included [−1, −0.6) and (0.6, 1] were the positively/negatively changed area, respectively.




The superimposed map of wetland changes and the classification


The classification scheme and wetland types

Land-cover types in the study area are identified and determined based on China’s National Standard of Land Classification (GB/T 24708-2009), as well as auxiliary data that includes the global surface coverage remote sensing data products (GlobeLand30) and Google Earth high-resolution images. The main wetland classes are seen in Table 2, including marsh, water, salt-flat, pond, shoreline, and paddy.


TABLE 2    The main change detection types of land-cover types.

[image: Table 2]

A multi-dimension-feature dataset is constructed to interpret remote sensing data from wetland types based on three indexes (NDVI, MNDWI, and NDSI), representing the surface vegetation information and water body information and soil information, respectively. The specific design scheme is as follows: monthly NDVI’s mean value + NDVI’s max value + NDVI’s SD + month-NDSI’s mean value + NDSI’s max value + NDSI’s SD + month-MNDWI’s mean value + MNDWI’s max value + MNDWI’s SD in the growing season + DEM + the object-oriented SVM.



Classifier training and accuracy evaluation

In total, 214 samples were obtained by field sampling or visual interpretation of personnel who did not participate in the training sample collection (97 and 117 samples). Test samples obtained from a field investigation in 2016 and 2019 used global positioning systems (GPS), a camera, and a laptop. These samples were used to construct the error matrix and calculate the detection accuracy index. The wetland types recorded by two field sampling processes were typically water bodies, marsh, paddy, and aquaculture ponds in the four typical study areas. Samples include longitude, latitude, altitude, and land cover types.

Quantitative evaluation of the change detection result includes the overall accuracy (OA), Kappa coefficient (KC), false detection rate (FDR), and missed detection rate (MDR). FDR is the proportion of the unchanged samples taken as changed samples and therefore reflects the probability of false change in the results. The false detection ratio is the proportion of the changed samples detected as unchanged ones, which reflects the probability of missing the changed samples in the change detection results (Zhuang et al., 2018). The selected samples are randomly divided into two parts: 70% of the samples are used for classification, and 30% are used for the accuracy evaluation.

The classification accuracy of results is evaluated through the confusion matrix calculated by the ENVI5.3 platform (Exelis Visual Information Solutions, Inc., Boulder, CO, USA). The OA and KC of the classification results reached 80.69 and 0.78, respectively (Table 3).


TABLE 3    The accuracy assessment of classification in north China.
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Calculation of the transformation to land types

By combining the mapping of land cover types, which are made using the bi-temporal remote sensing images, we obtained the grid transformation diagram of land types. Using DRM, we calculated the regional change in studied wetlands:

[image: image]

where Y represents the conversion results of major land cover types. The T1 and T2 represent the land cover-types between the T1 and T2 stage by the type-coding, respectively.





Results and analysis


The inter-annual changes of ecological factors


The spatial distribution of ecological changes and accuracy assessment

The results show (Figure 3) that the total area of mainly monitoring region which is 1,942.18 and 2,928.16 km2, respectively. Meanwhile, different percentages of ecological changed areas accounted for 11.18 and 18.3% of the total area in the Shuangtai River Estuary (STEST) and YRD, respectively.
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FIGURE 3
The assessment of inter-annual changes to Ecological factors in (a) Shuangtai Estuary, and (b) Yellow River Delta, 2015.


Generally, ecological changes in this area are characterized by negative and positive changes, corresponding to the improvement and degradation of wetland, respectively. The terrestrial ecological changes in the Shuangtai Estuary are stable on the whole. Meanwhile, the tidal flat of the YRD has mainly been used to a reclaimed area of both farmland and paddy fields. Notably, the urban expansion of the Shuangtai Estuary and the loss of the tidal flat in the YRD are characterized by ecological degradation, highlighted in the red label.

The results were obtained by the change detection method-DRM (Table 4), with the highest detection accuracy (94.02%). Therefore, the classification results can represent the actual changes of land-cover types in the study area.


TABLE 4    The classification accuracy analysis based on DRM methods.

[image: Table 4]



The percentage of different ecological changed areas

The rate of different ecological changed areas is corresponding to the improvement (positively change) and degradation (negatively change) of wetland, respectively, and the final results showed that (Table 5):


TABLE 5    The percentage of different ecological changed areas.

[image: Table 5]

The drastic changes of ecological factors during the observation period between 2005 and 2015 were the YRD, with the changed areas of 536 km2. Meanwhile, the positive changes of terrestrial ecological factors were the main change feature, accounting for 62.16 and 60.69% of changed areas in the YRD and Shuangtai Estuary, respectively.




Correlation between the changes and the annual ecological variation


The rational analysis of annual variation detection

Principal component analysis is a classical and generally mathematical statistical analysis method. According to the contribution percent of each factor, to determine the weight of the principal component is used to avoid unnecessary errors caused by manual weighting. Correlation analysis between the annual maximum difference of three ecological indexes (MNDWI, NDVI, and NDSI) and the first principal component is conducted to be shown in Table 6 and Figure 4.


TABLE 6    The principal component analysis of three ecological factors.
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FIGURE 4
The correlation matrix of PC-1 and three factors. 1-, Shuangtai Estuary; 2-, Yellow River Delta.


The first principal component based on the maximum difference of land ecological indexes (MNDWI/NDVI/NDSI) in the study area that has the following analyzed results: (1) the contribution rate of PC-1 is greater than 80.00%, with a high correlation between the PC-1 and three ecological indexes (the correlation coefficient >0.70), which represent the PC-1 retains most of the annual variation information of three ecological factors. (2) The positive correlation between the NDVI/MNDWI and the PC-1 indicates that these ecological factors such as NDVI and MNDWI had positive contributions to the annual variation of the ecological status in the study area. The soil index showed negative value, which indicated that the bared-land can accelerate the land degradation.



The significant levels of ecological variation in changing area

According to the analysis of the ecological fluctuation level from 2005 to 2015 (Figure 5), the percentage of the annual-variation range belong to the highly significant change (L-5) accounted for 84.2% in the improved area of the Shuangtai Estuary wetland, in 2015; the percentage of change area belong to the relative stability (L-3) is 55.2% in the ecological degradation area of the Shuangtai Estuary wetland, in 2015. The changing area in the YRD with the max-percentage (63.4%) in the improved range belongs to the highly significant change (L-5); meanwhile, the annual-change area in the degraded ecological range belongs to the relative stability (L-3) accounted for 35.3%, in 2015. Compared to 2005, the annual-variation of wetland in the degradation area decreased significantly in 2015, with the relative stability level (L-3). The obviously enhanced seasonal variation of terrestrial ecological factors in the improved region belongs to the highly significant change (L-5) in 2015, excepted the Figure 5B which represented a relatively stable ecological improvement area between 2005 and 2015.
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FIGURE 5
The percentage of wetland at the annual-variation level, in the changed terrestrial region. Panels (A,B) are an ecological fluctuation grade of the Shuangtai River Estuary. Panels (C,D) are in the Yellow River Delta. Additionally, Panels (A,C) are the significant analysis results of wetland ecology in the degradation (negatively change) area. Compared to 2005, the ecological status of the study area showed a trend of significant improvement in 2015; meanwhile, Panel (D) is the significant analysis results in the improvement (positively change) area; in particular, Panel (B) is always a relatively stable ecological improvement area between 2005 and 2015. The X-axis is the annual change grades, including L-1, -2, -3, -4, and -5, corresponding to the highly insignificant level, insignificant level, normal level, significant level, and extremely significant level. The Y-axis is the percentage (%) of the changing area with a certain variation level.


Moving down from the normal level to the extremely insignificant level in the negatively changed area in 2015 indicates that the monthly differences of ecological indicators (MNDWI/NDVI/NDSI) are getting smaller and smaller, which further represents the degradation of terrestrial ecology. However, the ecological fluctuation, which shifts from the normal level to the highly significant level in the positively changed area, is an improvement of wetland ecology, with the more and more obviously month-differences in 2015. Within the ecological change region, the more significant the annual fluctuation is, the more obvious the seasonal changes are. The terrestrial vegetation and soil moisture have obvious seasonal variation in the improved coastal wetland area in the Bohai Rim region.



The spatial accumulation of ecological indicators in the changing area

In the monitoring duration from 2005 to 2015, the decreased accumulation of MNDWI (−0.6, 2015) mainly represents the annual-change feature of ecological factors in the Shuangtai Estuary, especially the change of water bodies in ecological degradation area (−1.51, 2015) (Table 7). The increased NDVI (2.38, 2015) is in the negatively changed area. Meanwhile, the decreased accumulation of NDVI in the positively changed area belongs to the local change.


TABLE 7    The spatial accumulation of ecological indicators in the changing area.
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Over the past 10 years, the changes to ecological factors in the positively changed area of the YRD included the increased accumulation of MNDWI (0.88, 2015), the decreased accumulation of NDVI, and the increased accumulation of NDSI (−1.24, 2015). Meanwhile, the ecological factors in the negatively changed area show obvious opposite characteristics, with the decreased MNDWI, and the increased NDVI, and the decreased NDSI.

In conclusion, the hydrological fluctuation was one of ecological change factors in Shuangtai Estuary and YRD, with the obvious regional difference such as the increased MNDWI in the positively changed area and the decreased MNDWI in the negatively changed area. The terrestrial vegetation was one of the main changing ecological factors in the Shuangtai Estuary wetlands, with the obvious local change feature.




Correlation between the changes and inter-annual transformation types


Land-cover types

The multi-dimensional dataset is constructed with land-surface ecological indexes such as MNDWI, NDVI, and NDSI, which were conducted to extract the land-cover types in 2005 and 2015. SVM algorithm is used as the classification method based on the multi-dimensional dataset. The classification results and classification accuracy are shown in Figure 6. From 2005 to 2015, the constructed area in the Shuangtai Estuary wetland increased to 16.25%, mainly contributed by reclaiming land from the sea. The main wetland types included paddy and marsh, the spatial distribution areas of which were relatively stable, accounting for 24 and 32%, respectively. The wetland cover types in the YRD were relatively complex, and the main change form was the large-scale expansion of the paddy field area from 1.7 to 6.39%.


[image: image]

FIGURE 6
Classification results of (A) Shuangtai Estuary and (B) Yellow River Delta. (A1,B1) and (A2,B2) represents 2005 and 2015, respectively.




The inter-annual transformation types of land-covers and the ecological change

Combining the inter-annual significant level analysis and land-cover classification between 2005 and 2015, the superposition map of land-cover transformation is finally determined. To facilitate statistical analysis of the inter-annual transformation types of land-cover in the study area, the actual transformation of land-cover types is divided into four categories: the change of land-cover types converted into bare land (i.e., construction land, bare land, and salinized land), the change of land-cover types converted into forest/grassland, the change of land-cover types converted into water/wetlands (including marsh wetlands, reed wetlands, shoreline, and constant water bodies such as rivers and lakes), the change of land-cover types converted into farmland (rain-fed lands), and the change of land-cover types converted into paddy (Figure 7).
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FIGURE 7
The inter-annual transformation types of land-cover from 2005 to 2015 in the (a) Shuangtai Estuary and (b) Yellow River Delta.


The changing area of land-cover in STEST was 217 km2. The main changed land type was the expansion of the urban area, accounting for 69.15% of the total change area. The changing area in the YRD was 536 km2. The expansion of natural water areas and the variation of soil dry-wet degree are the main driving factors for the change of land cover type in the changing area. The expansion of both water and paddy accounted for 43.93% of the total change area.

The S-1, -2, -3, and -4 is a percentage of land-cover types in the STEST and YRD, represents the change of land-cover types converted into bare land, converted into forest/grassland, converted into water/wetlands, and converted into farmland (rain-fed lands and paddy), respectively. The change in 2005 represents the transfer-out type of a land cover in the changing area; 2015 represents the transfer-into type of a land cover.

The mainly transferred land-cover types converted into constant water bodies, and marsh accounted for 91.08% of the negatively changed areas in the Shuangtai River Estuary wetland (Figure 8).
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FIGURE 8
The percentage of transferred land-cover types in the changing area.


The expanded constant-water areas were the mainly changed form of land-cover types in the positively changed areas of both the STEST and YRD, with the percentage of 86.93 and 27.94%, respectively. In addition, the expanded constant-water areas of marshland accounted for 12.61 and 66.29% of the positively changed areas, respectively (Figure 8).



The spatial accumulation of ecological indicators and the transferred land-cover types

Combined with the transformation results of land-covers from 2005 to 2015 (Figure 8), the improvement of wetlands between the STEST and YRD have significant form. The expansion of reed wetland in the STEST is the mainly changed form of wetland, with the decreased accumulation of MNDWI (−0.52 ± 0.84, 2015) and the increased spatial accumulation of NDVI (1.92 ± 0.54, 2015) (Table 8). However, the expansion of constant water bodies in YRD is the mainly changed form of wetland, with the increased accumulation of MNDWI (1.42 ± 1.27, 2015) and the decreased spatial accumulation of NDVI (−0.41 ± 0.93, 2015). The increase of paddy field is the common characteristic of the study area, and its impact on the ecological environment is also very consistent, with the increased spatial accumulation of MNDWI (−0.13 ± 0.49, STEST; −0.37 ± 0.47, YRD) and the decreased accumulation of NDVI (1.69 ± 0.27, STEST; 1.43 ± 0.29, YRD). The expansion of the paddy field in the study area increased the spatial distribution and accumulation of MNDWI to a certain extent. It is worth mentioning that the expansion of forest/grassland significantly increased the surface biomass (2.07 ± 0.36, YRD), especially in the YRD.


TABLE 8    The spatial accumulation of ecological indicators and the transferred land cover-types in the changing area.
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Discussion


Driving forces of the coastal wetland dynamics

All coastal provinces and metropolises in China have experienced severe ecological degradation of coastal wetland, related to land ecological security caused by rapid economic growth and urbanization (Tian et al., 2016). Ren et al. (2018) confirmed the conversions from mudflat to aquaculture ponds led to the loss of natural wetland, accounting for 30% of the coastal zone in China. And then, the growing rate of aquaculture ponds varied, with a particularly rapid increase occurring between 2010 and 2015, from 11 to 16% of the total area and being 93.5 km2 per year. Meanwhile, natural wetlands were the largest cover type that was changed to the aquaculture ponds and accounted for 55% of the gain area of aquaculture ponds in the Yellow River Estuary. Ma et al. (2015) reported that aquaculture ponds in the coastal region of the YRD kept rising from 1983 to 2015 with an average speed of 42.70 km2 per year (Ren et al., 2019). Previous studies and our study have found a similar change feature in the increase of coastal farmland area and also validated that the duration of rapid expansion at hotspots was consistent with national scale statistics (Ma et al., 2015). Under the development policy of national agriculture, advances in irrigation further altered regional hydrological conditions and facilitated the expansion of paddy fields in Inland alluvial plains, China (Zou et al., 2018a,b). Therefore, paddy field reclamation accounted for 9.15 and 18.3% of the total change area in STEST and YRD, respectively.



The complexity and uncertainty of wetland change detection

This study, together with current works (Ge et al., 2016; Zhang et al., 2022), to a certain extent, is a contribution to the coastal wetland resource study. However, we must also recognize that the species invasion resulted in the complexity and uncertainty of wetland change detection to some extent. For example, Spartina alterniflora is an invasive species of coastal wetlands that can expand to 40°N latitude, causing a decrease in both native population diversity and ecosystem function. In contrast, the rapid expansion of S. alterniflora would make it the leading contributor to primary production in the coastal marshes, especially because they have higher photosynthesis efficiency, higher LAI, and longer growing season (Pekel et al., 2016; Wang et al., 2020).

In addition, the image quality and the amount of Landsat data remain to be a concern. Due to Landsat’s 16-day revisit cycle, it is uncertain whether to be detected some instantaneous wetland change events, such as intertidal wetland (Ge et al., 2016; Zhang et al., 2022). Some wetland changes are smaller than the resolution of 30 m and thus could not be mapped by Landsat. For this reason, the areas of seasonal and ephemeral wetland changes are likely to be underestimated.



Impact of coastal wetland loss

It is found that different conversions of land cover types have different effects on the accumulation of MNDWI, NDVI, and NDSI in the study area. The influence of wetland change on ecological environment factors is far more than that. The coastal wetland loss will also cause great changes in soil physical and chemical properties due to the destruction of the habitat (Musseau et al., 2017; Spivak et al., 2019). Bai et al. (2013) found that the EC of the paddy field was significantly higher than that in other land cover-types, possibly because the application of irrigated water from adjacent ditches led to an increase in and accumulation of soil salinity in surface soils. Additionally, the pH of the wetland is sensitive to land management techniques such as fertilization (Kalbitz et al., 2012). Increasing the pH of wetland that occurs during coastal reclamation normally hurts soil organic matter. This is because high wetland pH, only observed in reed marsh and rain-fed farmland, usually limits the plant growth, leading to a decrease of plant carbon source into soils (Zhang et al., 2016).

The phenological information in the wetland change detection has been increasingly concerned (Wiski and Pennings, 2014). The significant changes in the phenological information of wetlands are mainly caused by invasive species. For example, earlier emergence, later senescence, or both, which often result in a longer growth period (Liao et al., 2007; Fridley, 2012). Additionally, Zhang et al. (2022) quantitatively studied wetland changes caused by plant invasion from the perspective of phenological information. In the invasion of S. alterniflora into the intertidal zone, the ecological changes of coastal wetland showed significant zonal patterns in latitudinal phenology variation with the increase of accumulated biomass.

A study highlights that the population of shorebirds in Austria declines is occurring despite high levels of intertidal habitat protection (Dhanjal-Adams et al., 2016). These findings pointed out that the impact of wetland degradation on the ecological environment was far-reaching and even difficult to change for a while, and it is not easy to achieve protection effect (Song et al., 2020). So that immediate and concerted effort is needed both nationally and internationally to effectively habitat conservation.




Conclusion

Terrestrial land-cover annual change detection is achieved by the combination of the maximum difference, which was used to calculate the annual variation of ecological factors in the study area and the analysis of the normalized PC-1. The inter-annual change detection is divided into ranges calculated by the dynamic ratio, and the change direction was determined through PCA. The inter-annual transformation type of land cover is obtained by combining classification results and the dynamic change range.


(1)The OA and KC of the classification results in Shuangtai Estuary and YRD reached 84.433% (0.8175) and 75.616% (0.7245), respectively. The ecological environment in the study area is affected by human activities and natural factors. It has complex land-cover types, which is ideal for the accuracy verification of ecological change detection methods. The Shuangtai Estuary is a reed marsh and a rice-producing region and the main coastal economic development zone in north China. The YRD is one of the fastest-growing wetlands in the world.

(2)From 2005 to 2015, the ecological change of two monitoring areas in northern China was an improvement trend on the whole. The percentage of the positively changed areas in the Shuangtai Estuary and the YRD accounted for 60.69 and 62.16%, respectively. Meanwhile, the annual ecological fluctuation grades were significantly enhanced in the improved range of ecological factors in the study area, with the obvious seasonal variation characteristics of ecological factors.

(3)In this change detection between 2005 and 2015, conversing from non-wetland into the natural wetland positively affects the ecological environment, such as the increased accumulation of MNDWI and NDVI. Meanwhile, the changes converted into farmland (rain-fed lands and paddy) negatively affect the ecological environment in the study area, with the decreased accumulation of NDVI. The increased accumulation of water/vegetation related to the conversion from land cover-types into natural wetlands to a certain extent, but which was far less than the effect of forest and grassland on the ecological factors in the study area. At the same time, the cumulative effect of wetland on ecological factors was significantly different in various regions. Different wetland changes have different effects on terrestrial MNDWI, NDVI, and NDSI.



The dynamic ratio method provides improved accuracy and efficiency during large-scale resource inventories and environmental surveys. DRM provides improved accuracy and efficiency during large-scale resource inventories and environmental surveys.
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