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Abstract

:

Analysis of the driving mechanism of wetland change can help identify the spatial differences in the mechanisms of different elements in order to better scientifically prevent and utilize wetlands. The Beijing-Tianjin-Hebei Plain (BTHP) was selected as the study area, and the dynamic degree model and change intensity index were utilized to examine the spatial and temporal changes of wetlands based on four periods of land use data. After establishing a wetland change evaluation system that included topography, geology, meteorological, and human activities, we utilized a random forest model to study the driving mechanism of wetland change from 1990–2020. Based on the developed zoning map, we then offered specific protection policies. We have four major findings: (1) the wetlands reduced significantly in the BTHP and underwent a change process from decreasing to increasing, and reservoirs and rivers, particularly along the Bohai Rim, were the primary determinants of wetland changes; (2) the impact of topographic factors such as elevation showed a significant gradient effect, the impact of geological factors such as hydrogeological division was low and indirect, the impact of meteorological factors was nonlinear, and the impact of anthropic factors was most significant and showed clear spatial directivity; (3) the urban expansion and agricultural reclamation had significant dominant effects, coupled with the topographical effects of elevation and slope, the geological environmental effects of surface subsidence and hydrogeological division, and the cumulative effects of temperature and precipitation, which resulted in the spatial change of wetlands; and (4) protecting wetland integrity, dynamic monitoring, restricting human activities, and establishing wetland buffer zones should be applied to the general area, natural factors area, anthropic factors area, and significant comprehensive area, respectively.
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1. Introduction


The wetland ecosystem, known as the kidney of the earth, offers humans with a variety of ecosystem services, such as flood regulation, water conservation, and mitigation of the greenhouse effect [1], and is crucial to ensuring sustainable development. Wetlands, which account for 4–6% of the worldwide land surface, are one of the world’s greatest carbon reservoirs, storing more than 30% of the world’s carbon and playing an essential role in both global and regional carbon cycles [2]. With the intensification of human resource utilization over the past century, the interaction between human activities and natural elements has driven the evolution of the surface ecological environment, exacerbated the human–land conflict, and led to a reduction of nearly 50% of the world’s wetland resources [3]. The reduction and destruction of wetland resources have seriously degraded their functions and impeded the coupling development of the man–land system [4]. In order to achieve sustainable development, research on wetlands has steadily increased.



Time series variations in wetland area, quantity, geographic distribution, and landscape pattern are the primary focus of the study on wetland change [5]. The early evaluation of regional wetlands relies heavily on field data, which is time-consuming and geographically and temporally limited [6]. The advent of remote sensing (RS) technologies and geographic information systems (GIS) has facilitated and streamlined large-scale and long-term wetland change studies [7]. Landsat [8], QuickBird [9], SPOT [10], and other remote sensing images have been successfully utilized in wetland-related studies. In addition, model-based quantitative analysis such as the dynamic degree model [11], transfer matrix model [12], and landscape metrics [13] have gradually replaced simple comparative analysis. Current research on the spatiotemporal change of wetlands can be summarized as follows: first, by interpreting remote sensing images or using existing land use data to extract pertinent information such as the type, quantity, and distribution of wetlands; second, by using RS, GIS technology, and quantitative statistics software to develop specific models [14] or originality indices [15], we can reveal the spatiotemporal evolution of wetlands.



Frequently, the transformation of wetlands is the consequence of the cumulative effects of many variables [16]. Generally, natural elements such as temperature, precipitation, and evaporation are regarded as internal driving forces [17]; however, human activities have gradually become the most influential component in wetland evolution [18]. Meanwhile, anthropic factors such as urban expansion, agricultural reclamation, and road construction have distinct spatial ranges of influence [19]. To reflect the comprehensiveness of factor selection, it is necessary to develop distinct factors defining various human activities.



Both qualitative and quantitative methodologies are utilized in the study on the driving force of wetland change. The qualitative method is to determine and discuss the main impact factors of wetland change according to the time-series change characteristics of wetlands [20]. Although this method is simple and easy to implement, it mainly relies on expert experience, which is highly subjective and has shortcomings. Quantitative methods rely on different mathematical models to reveal the influence of different factors by quantifying the correlation between impact factors and wetlands. Early quantitative methods are based on statistical methods—such as traditional canonical correlation analysis [21] or principal component analysis [22], as well as geographically weighted regression [23] and the Moran index [24] to account for spatial characteristics—to describe the relationship between wetland changes and impact factors, which can be less subjective. With the development of computer technology, many data mining methods such as machine learning are gradually being applied in the field of wetlands, which helps researchers break through the limitations of traditional statistical methods. Random forest (RF) overcomes problems associated with complicated modeling processes and weak interpretative ability [25], and has a more stable model performance [26]. However, the application of this algorithm mainly focuses on wetland or land use classification and rarely on regression missions [27]. Some studies only obtained the importance ranking of all factors affecting wetland distribution, but failed to reveal the sensitive range or sensitive category of each factor [28]. Some studies quantified the influence of factors on the expansion of a certain land type, but failed to directly reflect the spatial heterogeneity of impact factors [29].



To achieve regional high-quality development, numerous studies on the driving forces of wetland change in the Beijing-Tianjin-Hebei (BTH) region have been conducted. However, previous studies mostly focused on the entire BTH or its cities. Some studies combined the evolution of wetlands with the changes of impact factors and drew qualitative conclusions, which were relatively shallow and subjective [30]. Some studies used correlation coefficients to quantify the influence of individual factors, but overlooked the interaction between factors [31]. Some studies employed administrative divisions as units, established regression models based on statistics of wetlands and impact factors—which were easily affected by data distribution features—and disregarded the nonlinear link between wetland changes and impact factors [32]. Some studies addressed the nonlinear problem, but the employed model was insufficiently explanatory [33].




2. Materials and Methods


2.1. Study Area


The study area is located in the northern portion of the North China Plain, which is the plain part of the BTH, with the Taihang Mountains in the west, the Yanshan Mountains in the north and southeast, and the Bohai Sea in the east (114°19′–117°22′ E, 36°05′–41°36′ N; Figure 1). It includes two municipalities directly under the Central Government, Beijing and Tianjin, and Tangshan and 8 other cities, with a total area of about 9 × 104 km2 [34]. The elevation ranges from 0–400 m, with a ladder shape from north, west, and southwest to east. The exposed stratum in the study area is mostly derived from Quaternary period, and the lithology is mainly siltstone, fine sandstone, and sandstone. The vegetation types in the study area are mainly artificial vegetation and cropland; the former is conducive to the survival of wetland resources and the latter can directly restrict the number of natural wetlands [35]. It is characterized by a temperate continental monsoon climate, with an average annual precipitation of 505.89 mm and an average annual temperature of 13.26 °C (Figure 2). The fluctuating precipitation and the rising temperature seriously affect the total amount of wetland resources in the BTHP.



The wetland types in the study area can be roughly summarized as natural wetlands and artificial wetlands; the former mainly includes rivers, lakes, and marshlands, while the latter mainly includes reservoirs. Haihe River, Luanhe River, and other rivers are mainly spread as fan-shaped, and marshlands are scattered around lakes. There are several wetland natural preservation zones at or above the provincial level in the study area, including Baiyangdian Wetland and Hanshiqiao Wetland at the national level and Haixing Wetland and Nandagang Wetland at the provincial level. In recent years, the wetland resources in the BTHP have undergone fundamental changes due to intensive development activities [36]. To protect the wetland ecological space, Beijing, Tianjin, and Hebei Province have successively issued a series of regulations and plans, including the Tianjin Wetland Protection Regulations (2016), the Hebei Wetland Protection Regulations (2017), and the Beijing Wetland Protection and Development Plan (2021–2035) (draft), to achieve man–land coupling and sustainable development in the BTHP.



The implementation of regulations and planning has effectively restored some important wetland resources in the study area. The wetland area of BTHP was approximately 4923.70 km2 in 2020, accounting for 5.51% of the study area and about 1.20% of the total national wetland resources. However, conflicting human–land relationships and lagging protection policies have long posed a threat to the healthy development of wetlands. The National Wetland Protection Plan (2022–2030) mentioned that by 2030, China should have established a new pattern of high-quality development of wetlands, considerably improved the functions of wetland ecosystems, and enhanced the comprehensive service functions of wetland ecosystems. Meanwhile, as one of the three national strategies, the coordinated development of Beijing, Tianjin, and Hebei demands a high-quality ecological environment. To preserve the safety of wetland ecosystems in the BTH and to achieve regional sustainable development, it is essential to comprehend the driving mechanism of wetland changes in the BTHP.



The urban area and population of the study area have increased continuously since 1990. By 2020, the urban area of 11 cities had reached about 4071 km2, and the permanent population had reached about 103 million. The continuous population growth and the constant urban expansion had directly occupied a large number of wetland resources [37]. The BTHP is one of the regions with the strongest industrial base in China. In 2020, the total gross domestic product (GDP) of the study area rose to 6.73 times that of 1990, and the economic scale and growth rate of Beijing and Tianjin were much higher than those of other cities. To achieve sustainable high-quality development, the industrial structure had been continuously optimized [38]. The average proportion of the tertiary industry was adjusted from 34.02% in 1990 to 56.47% in 2020. In particular, the proportion of tertiary industry in Beijing even reached 83.87% in 2020, while Tianjin, the largest industrial city in northern China, also accounted for more than 60% in 2020. With the continuous expansion of the economic scale and the persistent adjustment of industrial structure, it is bound to increase the demand for land and change the original land use structure.




2.2. Data


2.2.1. Wetland Data


The land use data was provided by the Institute of Geographic Science and Resources, Chinese Academy of Sciences, including the four years of 1990, 2000, 2010, and 2020, with a spatial resolution of 30 m and a classification accuracy of over 85% (Figure 3). Each period of land use data included six primary land categories: wetland, forest, grassland, cropland, artificial surface, and other. Combined with the definition of wetlands in the Convention on Wetlands and the characteristics of land use data, four types of wetlands including rivers, marshlands, lakes, and reservoirs were considered as the research scope. Among them, rivers, marshlands, and lakes were natural wetlands, and reservoirs (including artificial salt marshes, shrimp ponds, and crab ponds) were artificial wetlands. Then, the data of wetlands from 1990, 2000, 2010, and 2020 were extracted by using ArcGIS 10.2 software.




2.2.2. Impact Factor of Wetland Change


The change of wetlands is often the result of the combined effects of natural and anthropic factors [39]. In our study, based on full consideration of geomorphology and geological condition of the study area, we selected 14 factors of four types, including topography, geology, meteorology, and anthropology, to construct an index evaluation system of wetland change by combining the distribution characteristics of wetlands with previous research [40,41,42,43,44]. The data sources of all factors are shown in Table 1, which are consistent with the wetland data in time and space. In particular, the precipitation data and temperature data include 1990 to 2020, the population density data and night light data include the two years of 1990 and 2020, the road data includes the two years of 2007 and 2020, and the POI (point of interest) data includes the two years of 2012 and 2020. Their processing is described below.



The topographic factor is the key to controlling the distribution of wetlands, which consists of elevation (Figure 4a), slope (Figure 4b), and secondary geomorphic type (SGT) (Figure 4c). Elevation is associated with the flow direction of surface water, and the recharge of groundwater to surface water, which can affect the spatial distribution of wetlands [45]. Slope is also an important factor of wetland distribution, as a steeper slope often represents a higher velocity and lower proportion of surface water [46]. The geomorphic type is the product of the combined action of exogenic force and endogenetic force, which determines the regional natural conditions and further affects the use of land and the distribution of wetlands [47]. Elevation and slope were determined using a digital elevation model (DEM).



The geological factor determines the physicochemical properties of rock stratum and further affects the burial depth and distribution of groundwater, which includes surface subsidence (Figure 4d) and hydrogeological division (Figure 4e). The surface subsidence in the study area is mainly caused by pumping a large amount of groundwater, which can indirectly affect the supply of surface water [48]. Different hydrogeological divisions provide different geological environments for groundwater, thus resulting in differences in water production capacity [49]. The surface subsidence was transformed into continuous data by setting the contour spacing according to the original data, and the hydrogeological division was characterized by the combination of rock group and water-bearing property.



The meteorological factor affects the processing of the wetland ecosystem by restricting the soil temperature and hydrologic rhythm, and directly changes the distribution and quantity of wetlands, which includes temperature (Figure 4f) and precipitation (Figure 4g). Temperature is the most fundamental dynamic factor to control the change of wetlands, which affects the actual vapor flux under the comprehensive effect of climate, soil, and vegetation, and has a certain negative correlation with wetland area [50]. Precipitation provides important water supply for wetlands, has an obvious impact on the hydrological characteristics of wetlands, and directly restricts the number of wetlands [51]. Temperature and precipitation were represented by the annual average value from 1990 to 2020.



The anthropic factor is a key exogenous force that affects the structure of land use, and is represented by change of population density (CPD) (Figure 4h), road construction growth (RCG) (Figure 4i), change intensity of construction land (CICL) (Figure 4j), variability of night light intensity (VNLI) (Figure 4k), change intensity of cropland (CIC) (Figure 4l), change of industrial development (CID) (Figure 4m), and change of tertiary industry development (CTID) (Figure 4n). Population growth not only directly affects urban expansion but also promotes the development of different types of industries, and comprehensively leads to the change of land structure [52]. Road construction encroaches on wetlands and destroys the integrity of wetlands, and further leads to wetland reduction [53]. The urban expansion also encroaches on or divides wetlands, and has more significant irreversibility [54]. Different types of economic activities have different direct or indirect impacts on wetland changes according to their own characteristics [55]. Therefore, it is necessary to use different factors to describe different economic activities. CPD was generated by calculating the difference between 2000 and 2020 and was used to characterize population growth. RCG was created using Formula (3) to calculate the difference between 2007 and 2020, and was used to characterize road construction. CICL and CIC were created by using Formula (3) to calculate the difference between 1990 and 2020, and were used to characterize urban expansion and cropland expansion, respectively. VNLI was generated by calculating the difference between 1990 and 2020 and was used to characterize overall economic activity. POI are geographical entities closely related to human life, such as factories, catering services, scenic spots, and life services, which contain information such as name, category, and coordinates. Based on previous studies, POI were used and split to reveal different types of industrial activities [56]. The higher the POI kernel density, the more concentrated human activities in a region. CID was created by calculating the difference in the kernel density of the corresponding POI category between 2012 and 2020, while CTID was generated by calculating the superposition difference among 11 POI categories such as catering services, scenic spots, and life services between 2012 and 2020, and both were used to characterize the change in the development of secondary industry and tertiary industry, respectively [57]. All of the aforementioned anthropic factors, as calculated by using Formula (3), were represented by the difference between the two years, usually the latter year subtracted by the previous year.



To maintain the consistency of research data, all impact factors were converted into a 1 km × 1 km raster, and a geospatial database was established by combining the data of wetlands. In addition, the coding method of category factors, such as secondary geomorphic type and hydrogeological division was to assign integer values starting from 1 to different categories. In addition, all impact factors were generated and created using ArcGIS 10.2 software, and CICL, VNLI, and CIC were standardized in order to show the rate of change.





2.3. Method


In this study, we used multiple statistical methods and an RF model to examine the wetland changes and its driving forces in the BTHP from 1990 to 2020. We substituted grids for administrative divisions as the fundamental unit, overcame the limitations of prior research on the driving mechanism of wetland change with panel data, and conducted the dimensional equivalence between wetland change and impact factors. Our research mainly consisted of the following four steps (Figure 5). First, we extracted the wetland data and analyzed the temporal and spatial changes of wetlands in the BTHP. Second, we quantified and visualized the change of wetlands and all impact factors. To improve the accuracy of the results, we performed secondary processing, such as continuity normalization and grading, on some impact factors. Third, we constructed an RF regression model based on the data and the logical relationship between them, output the importance and partial dependence of the factors, determined the leading role of anthropic factors, and identified the main action area of different impact factors. Finally, we developed a zoning map and proposed corresponding protection countermeasures based on cause analysis results. We used ArcGIS 10.2 (Environmental Systems Research Institute, Inc., RedLands, CA, USA), R Studio 3.6 (R Studio, Boston, MA, USA), and other software for data calculation and analysis.



2.3.1. Statistical Method


The dynamic degree model is a common method to examine wetland time-series changes and can calculate the dynamic degree of single land use and synthesis land use, respectively [58]. The dynamic degree of single land use is mainly used to study the rate and magnitude of change of a particular land category in the region, which may directly reflect the interannual change rate of the land category. The calculation formula is as follows:


  K =    U b  −  U a     U a    ×  1 T  × 100 %  



(1)




where K is the dynamic degree of single land use,    U a    and    U b    are the proportions of a land category in two different years, and T is the year of the interval.



The dynamic degree of synthesis land use can reflect the interannual change of the overall land category in the region, which is often used to measure the severity of land use change. The calculation formula is as follows.


  L C =       ∑   i = 1  m  Δ L  U  i − j       ∑   i = 1  m  L  U i      ×  1 T  × 100 %  



(2)




where LC is the dynamic degree of synthesis land use,   L  U i    is the proportion of land category i,   Δ L  U  i − j     is the proportion of land category i converted to other land categories in a certain year, and T is the year of the interval.



In addition, the change density of the land category was used to represent the change proportion of particular land categories in the study area, which was also used as the dependent variable in this study. Then, the calculation result was visualized by using the inverse distance weighting method in ArcGIS 10.2 software. The calculation formula is as follows:


  R D =    W n     F n    × 100 %  



(3)




where RD is the change density,    W n    is the change area of certain land categories on the fishing net polygon n,    F n    is the fishing net polygon n with an area of 1 square kilometer.




2.3.2. Random Forest (RF)


Multicollinearity refers to the high correlation between independent variables in the regression model, which makes the model estimation inaccurate and is always tested before the construction of the regression model. Tolerance and variance inflation factor (VIF) are usually used to estimate whether there is multicollinearity between independent variables [59]. Usually, the independent variable with a tolerance less than 0.1 or VIF greater than 7 is redundant and needs to be replaced or removed, while the independent variable with a tolerance greater than 0.1 and VIF less than 7 can be added to the model for calculation. The multicollinearity test was completed in SPSS 20 software.



Random forest (RF) is an integrated algorithm proposed by Breiman to construct multiple decision trees from different data subsets [60]. The basic idea of RF is that several independent decision trees make judgments or predictions on the introduced samples and features, then vote on the judgment results of multiple decision trees, and the class that wins the most votes is the model output [61]. RF breaks through the limitations of the traditional linear regression model, can reflect the nonlinear relationship between characteristic variables and the target, and ignores the normal distribution and independence of data, which is widely used in classification and regression tasks [62].



The mtry and ntree are two primary hyperparameters in RF; the former is the number of factors in each decision tree and the latter is the number of decision trees in the model [63]. Usually, when dealing with regression tasks, the mtry is set to 1/3 of the number of factors, and the ntree is set to 500 to ensure model diversity [64]. As the output of the model, IncNodePurity is usually used to evaluate the importance of impact factors [65]. A larger IncNodePurity indicates that the impact factor has a greater influence. The RF model for this study was implemented by calling the randomForest package in R Studio 3.6 software. In the RF model, the default parameter was set as 10-fold cross-validation (to prevent overfitting), and ntree and mtry were set as 500 and 6, respectively, to calculate IncNodePurity.




2.3.3. Partial Dependence Analysis


Partial dependence analysis is based on the machine learning model itself, and can reveal the relative importance of a certain feature or region of the factor to the target [66]. Different features or regions in a factor have different partial effects, and a higher value of effect indicates that the relative importance of the feature or region is greater [67]. The partial dependence plot in this study was implemented by calling the pdp package in R Studio 3.6 software, and then the partial dependence was visualized by using ArcGIS 10.2 software.






3. Results


3.1. Spatial–Temporal Change Characteristics of Wetlands


The wetlands experienced a change process from a continuous decrease to a slight increase from 1990 to 2020 (Table 2). In 1990–2000, the wetlands were in a significant decrease period with a total reduction of 677.07 km2, and the extensive degradation of rivers and reservoirs was the main reason for the significant decrease in this period. Lakes and rivers showed the most significant degradation rate with the Si of −2.94 and −2.56, respectively, followed by marshland and reservoir. In 2000–2010, the wetlands decreased at a slower rate with a total reduction of about 240.97 km2, and the reduction of reservoirs was the main reason for the decrease in this period. Lakes still showed the most significant degradation rate with the Si of −2.02, reservoirs showed a slightly slower degradation rate, and rivers and marshlands showed significantly declined degradation rates with the Si of −0.19 and −0.15, respectively. In 2010–2020, the wetlands were in a slight increase period with a total increment of 177.01 km2, and the expansion of rivers was the main reason for the increase in this period. The area of the lake and river increased significantly, with the Si rising by 6.44 and 4.56, respectively; the area of marshland further decreased, with the Si rising by about 0.67; the reservoir showed a slowdown trend of reduction with the Si decreasing by about 0.25. The Sy gradually decreased from 0.94 in 1990 to 0.77 in 2020, indicating that under the comprehensive impact of natural and anthropic factors, the change of land types in the study area gradually tended to be stable, which had a positive role in limiting the change or reduction of wetlands.



The reduced density of wetlands was shown to reveal the spatial distribution of wetland reduction in the study area from 1990 to 2020, and was also utilized as the dependent variable of this study (Figure 6). This data was calculated by using Formula (3) and consisted of 86,395 grids with the value ranging from 0 to 1 and the size of 1 km × 1 km. There were 24,798 grids with values greater than 0 and 23,939 grids with values between 0 and 0.5. Particularly, 859 grids had a value larger than 0.5 and were concentrated in the southern region of Tangshan, the eastern region of Tianjin and Cangzhou, and Baiyang Lake in the east of Baoding. The map revealed that, from 1990 to 2020, the deterioration of wetland areas along the Bohai Rim was the most severe; the degradation of wetland areas in other regions did not have a notable areal distribution, and primarily exhibited linear expansion.




3.2. Factor Importance and Partial Dependence


All impact factors passed the multicollinearity test (Table 3). Each factor had a tolerance greater than 0.1 and a VIF less than 7, indicating that the collinearity between different factors was not significant. Then, all 14 impact factors that passed the multicollinearity test were used as independent variables to construct a random forest regression model.



The random forest regression model was constructed based on the generated dependent variable and 14 independent variables, and the optimal parameters were obtained after the error became stable (Figure 7a). Specifically, 86,395 samples participated in the construction of the regression model, the value of mtry was 5, the number of trees was 500, and the overall goodness of fit of the model (%Var explained) reached 80.79%.



As an essential model output parameter, the RF model estimated the importance of factors by the IncNodePurity (Figure 7b). According to the value of IncNodePurity, the ranking of importance was: CICL, CIC, SGT, elevation, temperature, precipitation, VNLI, CTID, CPD, surface subsidence, slope, RCG, hydrogeological division, and CID. In summary, the anthropic factor played an essential role in wetland change and the CICL and CIC ranked first and second in importance, respectively. The impact of the topographic factor was next, and the ranking of importance of SGT and elevation was obviously higher than that of the slope. The impact of meteorological factors on wetland change was greater than that of the geological factor, and the ranking of importance of temperature and precipitation was higher than that of surface subsidence and hydrogeological division.



The partial dependence indicated the overall trend and sensitivity range of the continuous factors, as well as the effect difference and sensitivity category of category factors (Figure 8). The relative importance of elevation continued to decline after reaching the highest value at 0 m and then gradually stabilized after 5 m, mainly acting on the Bohai Rim area. The relative importance of the slope rose first between 0–0.18° then maintained a stable high level between 0.18–4.36°, and mainly acted on the mountain–plain boundary in the northwest of the study area. The relative importance of SGT was highest in the eastern marine plain, second in low-lying land where important protected wetlands such as Baiyangdian were located, and lowest in the western alluvial–proluvial fan. The relative importance of surface subsidence decreased and then increased between 10–150 mm, reached the highest value at 150 mm, and mainly acted on the middle of Beijing and the south of Cangzhou. Among hydrogeological divisions, H1 had the highest relative importance and H7 had the lowest relative importance. The relative importance of temperature first rose between 11.06–12.67 °C, decreased between 12.76–13.71 °C, then rose again between 13.71–14.91 °C, and mainly acted on the north of Beijing, Langfang, and Tianjin. The relative importance of precipitation first decreased slowly between 390.36–535.13 mm, then increased between 535.13–617.27 mm, maintained a stable high level after reaching the greatest value at 617.27 mm, and mainly acted on Tangshan and Qinhuangdao.



The relative importance of CPD first increased between 0–157, maintained a stable high level between 157–546, and mainly acted on the middle of Beijing and Tianjin. The relative importance of RCG first decreased between 0–2.36, then increased between 2.36–13.41, maintained a stable high level between 13.41–25.89, and mainly acted on Beijing and Tangshan. The relative importance of CICL rose continuously between 0–1 and reached the greatest value at 1, and mainly acted on the periphery of the built-up area and the Bohai Rim. The relative importance of VNLI rose continuously between 0–0.95 and maintained a stable high level between 0.95–1, and mainly acted on the urban expansion area. The relative importance of CIC rose continuously between 0–1 and reached the greatest value at 1, and mainly acted on the west of Tangshan and Shijiazhuang, the middle of Baoding, and Tianjin. The relative importance of CID first increased between 0–3.77, then maintained a stable high level between 3.77–23.68, and mainly acted on Shijiazhuang, Tianjin, the east of Baoding, the south of Beijing and Langfang, and the west of Cangzhou. The relative importance of CTID first increased between 0–309.72, then maintained a stable high level between 309.72–811.28, and mainly acted on the built-up area such as Beijing, Tianjin, Shijiazhuang, and other cities.




3.3. Planning Map


The results of partial dependence revealed that the spatial effects of different impact factors varied significantly. In order to effectively address the degradation and reduction of wetland resources and to actualize the man–land coupling and the sustainable development social economy, functional subareas were required and should have been divided. Different protection strategies were then able to be devised scientifically and rationally based on the functional subarea.



The zoning map of wetland protection and restoration was created by combining the established ecological network in the study area and the main driving mechanism of wetland changes in different regions (Figure 9) [68]. Natural wetlands such as marshlands and lakes have multiple values such as ecology and economy, and as important ecological corridors, rivers can provide water supplies for them. The whole study area was divided into four subareas: general area (A1), natural factors area (A2), anthropic factors area (A3), and significant comprehensive area (A4). The general area had the natural value (the average value of the relative importance of all natural factors) of 0.197 and the anthropic value (the average value of the relative importance of all anthropic factors) of 0.199, covered multiple main rivers such as Luanhe River, multiple secondary rivers such as Fuyang River and Zhanghe River, and Baiyang Lake, Hanshiqiao Wetland, and other important nature reserves. The natural factors area had the natural value of 0.251 and the anthropic value of 0.199, covered multiple main rivers such as Nanyun River, multiple secondary rivers such as Jiyun River and Qinglongwan River, and Qilihai Wetland, Nandagang Wetland, Tuanbo Bird Wetland, and other important wetlands and nature reserves. The anthropic factors area had the natural value of 0.205 and the anthropic value of 0.231, covered multiple main rivers such as Ziya River and Beiyun River, multiple secondary rivers such as Wenyu River and Douhe River, and Hengshui Lake, and many important natural wetlands. The significant comprehensive area had the natural value of 0.359 and the anthropic value of 0.211, covered multiple main rivers such as Yongding River, multiple secondary rivers such as Daqing River and Douhe River, and Tanghe Wetland, Changli Gold Coast, and other important wetlands and nature reserves.





4. Discussion


4.1. Analysis of Spatial–Temporal Change Characteristics of Wetlands


In the past 30 years, there has been a gradual shift from a severe decline to a slight increase in the wetland area of the BTHP, while the wetland area as a whole has decreased significantly. The characteristics of this time series shift were consistent with those of the BTH’s wetlands [41]. The significant loss of wetlands was more or less an unavoidable consequence of rising global urbanization, especially in China and other developing nations [69,70]. Consistent with prior studies, 2010 was the point at which the wetlands in the study area shifted from a decline to an increase [71]. Wetland resources were gradually given more consideration as economic development shifted from high-speed to high-quality. The gradually stable land alteration mirrored the changeover of the economic growth stage in the study area, which had a beneficial influence on preventing wetland loss. The changes of rivers and reservoirs were the predominant forms of wetland changes over time and had the greatest impact, which represented the influence of human activities such as farming, fishing, and dredging on regional wetland resources [72]. In addition to the BTHP, the high vulnerability of coastal wetlands was widespread in the Laizhou Bay Coast [73], the Yangtze River Delta Estuary [74], and other parts of the world such as the central coast of Chile [75] and the Atlantic coast of the U.S. [76]. Although a huge number of wetlands had been drastically reduced, the spatial distribution characteristics was not altered considerably, and the Bohai Rim remained highly concentrated in the distribution of wetland resources.




4.2. Cause Analysis of the Spatial–Temporal Variation of Wetlands


Combining the importance ranking of the factors (Figure 7) and partial dependence (Figure 8), our study comprehensively analyzed the causes of wetlands evolution.



4.2.1. Topographic Factors


Topographic factors determine the spatial distribution characteristics of wetlands, which further affects the possibility of wetland reduction. The study area belongs to a part of the North China Plain, the overall elevation range is between 0–400 m, the slope is below 5°, and the terrain is high in the west, low in the east, and relatively flat. As one of the main control factors of wetland distribution, elevation had a significant impact on the Bohai Rim and was related to human activities. The gradually descending elevation from west to east determined the large distribution of wetland resources in the Bohai Rim [77]; in contrast, economic activities such as oil-field development, port construction, fish farming, and salt field production in this area caused the substantial reduction of wetland resources [78]. As another main control factor, slope plays a decisive role in controlling surface water runoff. The high slope along the mountain–plain boundary led to fast surface water runoff and more water loss, which was not conducive to the formation and development of wetlands [79]. In contrast, the remaining low-slope areas provided better water accumulation conditions for the formation of wetlands [80]. In addition, the restriction of slope on human development activities also had an indirect impact on the distribution of wetland resources [81]. The marine plain in the study area was mainly the regressive land after the mid-Holocene high sea level and was the most obvious secondary geomorphic type of wetland degradation [82]. The flat surface in this area provided profitable topographic conditions for the formation of wetlands, while the well-organized sediment and alkaline soil in this area offered favorable conditions for regional aquaculture and salt pan production, and led to the occupation of a large number of wetland resources [83].




4.2.2. Geological Factors


Geological factors are important basic conditions for the formation of wetlands and control the development and distribution of wetland resources. As the main type of geohazard in the study area, surface subsidence promoted the reduction and degradation of wetlands [84]. Since the 1970s, overexploitation of groundwater has led to large-scale surface subsidence and groundwater depression in Cangzhou, Beijing, Tianjin, and other cities [85]. The compression and deformation of the soil layer caused by surface subsidence changed the relevant hydrogeological parameters of the soil layer, destroyed the original pore structure, reduced the soil porosity, permeability, and water storage coefficient, weakened the water supply and storage capacity of the aquifer, limited the recharge of groundwater to surface water, and further restricted the survival of wetlands [86]. In addition, the impact of surface subsidence on the chemical composition of groundwater deteriorated the water quality and reduced the quality of wetland resources [87]. The impacts of different hydrogeological divisions on the formation and persistence of wetlands were significantly different. H1 was distributed in the northwest of Beijing, with an aquifer composed of clastic rocks such as sandstone and conglomerate, unevenly distributed groundwater in rock fissures, heterogeneous and anisotropic permeability, poor hydraulic connection, very weak water-rich and water-yielding capacity, and very limited excretory replenishment for surface water, thus having the greatest impact [88]. H7 was distributed in the north and west of the study area, with the aquifers composed of alluvial and proluvial sediments such as sands and pebbles and separated by clay sand, good bedding permeability and hydraulic connection, extremely strong water-rich and water-yielding capacity; it was conducive to the survival of wetland resources and thus had the least impact [89].




4.2.3. Meteorological Factors


Affected by the cumulative effect, the impact of meteorological factors shows a nonlinear characteristic, which also illustrates the comprehensiveness of the driving mechanism of wetland change. The relative importance of temperature generally decreased from south and north to the middle and showed an N-shaped change characteristic with the rise of temperature, while the relative importance of precipitation decreased first and then rose from the middle to the surroundings and showed a U-shaped change characteristic with the rise of precipitation. A reasonable explanation is that the superposition of multi-year data only reflected the multi-year average value, weakened the interannual fluctuation and spatial difference of meteorological factors, and failed to reveal the time series characteristics of meteorological factors [90]. Therefore, it was necessary to combine the time-series variation characteristics of meteorological factors to supplement their impact on wetland change. From 1990 to 2020, the temperature showed a significant upward trend (Figure 2). The rise in temperature increased evaporation and water loss, caused regional drought under the condition of constant or reduced precipitation, then brought the gradual decline of some wetlands that were strongly dependent on water resources due to the decrease in water content, and eventually led to the reduction of the wetland area [91]. Precipitation had significant interannual fluctuations from 1990 to 2020 (Figure 2). The fluctuating precipitation, especially the precipitation difference between dry years or wet years and normal years, directly affected the water supply of wetlands. The increase in precipitation was conducive to the increase of river runoff and the growth of wetland vegetation, while the decrease in precipitation directly led to insufficient water for wetlands and affected the moisture content of vegetation and soil in wetlands, and eventually restricted the number of wetlands [92].




4.2.4. Anthropic Factors


As the main driving forces, anthropic factors dominate the degradation of wetland resources through different forms in different regions. CPD mainly affected Beijing and Tianjin, and showed a positive correlation with wetland reduction. The population of the 11 cities increased by about 53.64 million from 1990 to 2020 and exceeded 102 million in 2020. In the cities, the growth of population density required more dwellings, infrastructure, and water consumption. The increase in land use was intensive and the utilization of wetlands inevitably caused the reduction or damage of urban wetlands [93]. In suburban and non-urban areas, with the ever-increasing demand for food and the pursuit of quality of life, people reclaimed a large amount of high-quality land to develop agriculture, animal husbandry, and aquaculture, destroyed the structure and hydrological process of wetlands, and affected the survival of wetlands [94]. RCG mainly affected Beijing and Tangshan, and also showed a positive correlation with wetland reduction. According to statistics, since 2007, the roads of different grades in the study area had increased by about 156,400 km, and the roads in Beijing and Tangshan had increased by about 22,100 and 12,600 km, respectively. In addition to directly encroaching on wetlands, road construction, especially road network construction, destroyed the wetland landscape structure, limited the development space of wetlands, and further caused the isolation and degradation of wetland resources [95]. In addition, physical pollution such as noise and light, and chemical pollution such as melted salt, petroleum substances, and heavy metal ions caused by the construction and later operation of expressways and roads that changed the physicochemical conditions along the road, led to soil and water loss and soil erosion, subsequently affecting the quality of wetlands [96]. As one of the main drivers of wetland change, CICL showed a significant negative correlation with wetland change. The necessity of urban expansion and limited land resources led to the conflict between construction land and wetlands [75]. From 1990 to 2020, the transformation area of wetlands to artificial surfaces in the study area was about 1218.15 km2, and the most significant ones were in Beijing and Tianjin. The construction of urban facilities in the periphery of built-up areas and the construction of docks, fishing grounds, and saltworks in the Bohai Rim affected wetlands to varying degrees, leading to the disappearance and degradation of wetlands [97]. In addition, spoils and rocks generated during the construction process also destroyed the structural integrity of the wetlands to a certain extent [98].



The impact factors that represent different types of industries or economic activities have different spatial action areas and are negatively correlated with wetland changes. VNLI mainly acted on the urban expansion area. With the expansion of the city scale, the gradually intensive economic activities in these areas inevitably threatened the wetland resources. In addition, VNLI also showed a high level in many villages and towns. The wetland resources in and around these areas were at higher risk because farming or other economic activities in these areas were based on the principle of proximity to residences rather than planning [99]. CIC was one of the dominant factors leading to wetland change. The good geographical conditions and large population led to the large-scale development of agriculture, and the wetlands became the main target of agricultural expansion because of their good productivity and water storage capacity [100]. From 1990 to 2020, about 1046.21 km2 of wetlands were transformed into cropland. Moreover, trenching during farming changed the hydrological conditions required for wetland maintenance, the construction of reservoirs cut off the hydraulic connection from upper reaches, the massive and unreasonable exploitation of groundwater dropped surface and groundwater levels, and chemical fertilizers and pesticides discharged into the runoff led to the eutrophication of wetlands [101].



The impact of CID showed clear directivity. The BTHP shows strong strength in basic industries and a complete range of industrial systems, especially the petroleum industry, metallurgical industry, and marine industry, and is the largest industrial concentration area in northern China [102]. From 1990 to 2020, the proportions of the secondary industry in Shijiazhuang, Tianjin, Baoding, and Langfang were stable at about 45%. The development of industry inevitably increased the demand for land and water, changed the original land use structure, and the wetlands, as a vulnerable link in the land use structure, became the most obvious type of land use change. Meanwhile, in order to build supporting facilities, the area occupied by the factory was much larger, and the reversibility of transformation between the factory and the wetland was extremely low [103]. In addition, pollutants such as waste gas and wastewater discharged during industrial production not only led to wetland eutrophication, but also destroyed wetland biodiversity [104]. The impact of CTID showed significant spatial differences. Affected by the industrial characteristics and market, the tertiary industry was mostly concentrated in cities. Meanwhile, the difference in urbanization level and economic volume limited the scale of the tertiary industry, and led to significant differences in the impact of the tertiary industry in different cities [105]. As the leader of economic development, the output value of the tertiary industry in Beijing and Tianjin exceeded 60% in 2020 and continued to rise. With the gradual increase of land and water consumption for catering, shopping, accommodation, and other tertiary industries, the integrity of wetlands was bound to be threatened [106].





4.3. Cause-Based Policy Advice


Wetland resources provide considerable ecosystem service functions and are an important guarantee for the implementation of human–land coupling development, which necessitate a high level of care and protection [107]. In the meantime, the primary driving factors of wetland change in different sections of the study area varied significantly (Figure 9). Therefore, distinct levels and scales of protection policies should be created based on the zoning and action intensity of particular impact factors.



Overall, protection policies with different focuses should be formulated in distinct subareas according to the zoning (Figure 9). In the general area, we should focus on protecting the integrity of internal wetland resources, rely on the self-regulation function of the regional ecosystem to achieve wetland development, strengthen the construction and protection of important wetlands such as Baiyang Lake and Hanshiqiao Wetland, and improve the protection of major rivers such as Luanhe River, Fuyang River, and Zhanghe River and their tributaries. In the natural factors area, we should focus on dynamic monitoring, carry out the dynamic monitoring of wetlands, organisms, and real-time climate change in the area, ensure the integrity of wetland ecosystems in Qilihai Wetland, Tuanbo Bird Wetland, and other natural reserves, and strengthen the protection of important wetland corridors such as Nanyun River, Jiyun River, and Qinglongwan River and the ecological restoration of key sections. In the anthropic factors area, we should focus on limiting human activities, ensure the scientific development of social and economic activities, prevent the encroachment and destruction of wetland resources, strengthen the construction and protection of urban wetlands and transit rivers such as Ziya River, Beiyun River, and Wenyu River. In the significant comprehensive area, we should achieve the survival of coastal wetland resources from the two aspects of protection and restoration, use 3S technology to conduct real-time monitoring of the water quality, water volume, biomass, and utilization of wetlands, observe the structure, seasonal change and other features of natural wetlands, build or expand wetland buffer zones to effectively protect the core area of wetlands, optimize the overall development pattern of land-sea integration of the coastal zone, strengthen the construction and protection of nature reserves such as Changli Gold Coast, Tanghe Wetland, and other natural reserves, and reasonably carry out the restoration of damaged wetlands.



Additionally, more tailored protection policies should be developed in different cities. Beijing should limit the construction of urban infrastructure, conduct diverse social and economic activities rationally, and ensure the integrity of urban wetlands. For peripheral areas of Beijing, the ecological compensation mechanism for wetland resources, as well as the utilization of rainwater and wastewater, should be further improved concurrently with economic activities. The protection policies of Tianjin can be expanded based on Beijing. Changes in land type should be rigorously evaluated, and models for intensive and sustainable aquaculture should be actively developed. This proposal is applicable to other Bohai Rim cities as well. Around industrial parks and economic zones in cities such as Baoding, Langfang, and Cangzhou, artificial wetlands should be constructed to filter industrial sewage and improve the local environment. For cities such as Tangshan and Shijiazhuang, the unreasonable agricultural structure must be adjusted comprehensively, water-saving irrigation and pollution abatement technology should be vigorously promoted, the net loss of wetlands caused by agricultural development should be eliminated, and wetlands should be replaced, adjusted, and restored so as to maintain the dynamic balance of the total wetland area.





5. Conclusions


The study on the driving force of wetland change can support wetland prevention efforts in different scenarios and aid in the execution of precise regional wetland prevention and management. Here, we utilized multiple varieties of data to investigate the spatiotemporal change of wetlands and its driving mechanism in the BTHP. Our approach provided a new perspective for the study of the driving forces of wetland change, and our data processing method served as a benchmark for the study of large-scale areas.



We had four major findings. First, the trajectory of wetland loss had steadily halted over the previous three decades, which was mostly influenced by rivers and reservoirs and centered along the Bohai Rim.



Second, topographic and geological factors regulated the spatial distribution of wetlands, whereas meteorological and anthropic factors governed the dynamic changes of wetlands.



Third, the impact of elevation, slope, and land subsidence was linear, the impact of SGT and hydrogeological division reached the highest in the northeast, the impact of temperature and precipitation was nonlinear, and the impact of CPD, RCG, and other anthropic factors displayed clear spatial directivity and was positively correlated with wetland changes.



Fourth, to effectively protect wetlands, the general area should rely on the self-regulating function of the regional ecosystem, while the natural factors area, anthropic factors area, and significant comprehensive area should focus on dynamic monitoring, the restriction of human activities, and the establishment of buffer zones, respectively.



There were some limitations or inadequacies in our study. Our study provided a restricted description of the evolutionary mechanism of wetland ecosystems; therefore, the selection of impact factors may not be comprehensive. The type and scale of wetlands were not specifically considered in this study. In addition, the limited number of samples might hinder the RF model’s ability to recognize categorical factors. All impact factors had two types of continuous data and categorical data, and had differences in data accuracy and data integrity, which might have affected our results. Machine learning algorithms, such as random forest, are more tolerant to continuous data than categorical data, which does not affect the regression results but impacts the factor importance. Due to the geographical scale and differentiation effect, the RF model regressions in some factors might be weakened. A more refined study can be carried out in the future according to the type and scale of wetlands and combine other models or algorithms to synthesize the changes and differences of action intensity of impact factors on wetland change in different periods.
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Figure 1. Map of the study area: (A) location of Beijing-Tianjin-Hebei; (B) geomorphic division of Beijing-Tianjin-Hebei; (C) location and administrative division of the study area. 
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Figure 2. Linear fitting of temperature and precipitation in 1990–2020: (A) annual value and linear trend of temperature; (B) annual value and linear trend of precipitation. 
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Figure 3. Land use data in four periods: 1990 (I); 2000 (II); 2010 (III); 2020 (IV). 
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Figure 4. Thematic maps of impact factors: (a) elevation; (b) slope; (c) secondary geomorphic type; (d) surface subsidence; (e) hydrogeological division; (f) temperature; (g) precipitation; (h) change of population density; (i) road construction growth; (j) change intensity of construction land; (k) variability of night light intensity; (l) change intensity of cropland; (m) change of industrial development; and (n) change of tertiary industry development. 
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Figure 5. Study flow chart. 
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Figure 6. Map of reduced density of wetlands. 
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Figure 7. Results of the model output: (a) error trend chart and (b) importance of impact factors, with a sequence of elevation, slope, SGT, surface subsidence, hydrogeological division, temperature, precipitation, CPD, RCG, CICL, VNLI, CIC, CID, and CTID from left to right. 
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Figure 8. Linear chart and spatial distribution graph of partial dependence: (a) elevation; (b) slope; (c) SGT; (d) surface subsidence; (e) hydrogeological division; (f) temperature; (g) precipitation; (h) CPD; (i) RCG; (j) CICL; (k) VNLI; (l) CIC; (m) CID; and (n) CTID. 
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Figure 9. Zoning map of wetland protection and restoration. 
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Table 1. Data and data sources.
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Type

	
Data Name

	
Data Sources

	
Spatial Resolution






	
Topographic factor

	
Elevation

	
Geospatial Data Cloud (https://www.gscloud.cn/; accessed on 1 May 2022)

	
90 m × 90 m




	
Slope

	
Geospatial Data Cloud (https://www.gscloud.cn/; accessed on 1 May 2022)

	
90 m × 90 m




	
Secondary geomorphic type

	
China Geological Survey (https://www.cgs.gov.cn/; accessed on 1 May 2022)

	
Vector Data




	
Geological factor

	
Surface subsidence

	
China Geological Survey (https://www.cgs.gov.cn/; accessed on 1 May 2022)

	
Vector Data




	
Hydrogeological division

	
China Geological Survey (https://www.cgs.gov.cn/; accessed on 1 May 2022)

	
Vector Data




	
Meteorological factor

	
Temperature

	
National Tibetan Plateau Data Center (http://data.tpdc.ac.cn/; accessed on 2 May 2022)

	
1000 m × 1000 m




	
Precipitation




	
Anthropic factor

	
Population density

	
WorldPop (https://www.worldpop.org/; accessed on 5 May 2022)

	
1000 m × 1000 m




	
Road

	
NAVINFO (https://www.navinfo.com/; accessed on 5 May 2022); OpenStreetMap (https://www.openstreetmap.org/; accessed on 5 May 2022)

	
Vector Data




	
Night light

	
National Tibetan Plateau Data Center (http://data.tpdc.ac.cn/; accessed on 10 May 2022)

	
1000 m × 1000 m




	
POI

	
Gaode Open Platform (https://lbs.amap.com/ accessed on 11 May 2022)

	
Vector Data
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Table 2. Dynamic degree of wetlands in different periods.
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Type

	
1990–2000

	
2000–2010

	
2010–2020

	
1990–2020




	
Area Change (km2)

	
Si

(%)

	
Area Change (km2)

	
Si

(%)

	
Area Change (km2)

	
Si(%)

	
Area Change (km2)

	
Si(%)






	
River

	
−286.22

	
−2.56

	
−14.88

	
−0.19

	
+342.99

	
4.37

	
+41.89

	
+0.133




	
Marshland

	
−102.30

	
−1.22

	
−10.50

	
−0.15

	
−58.29

	
−0.82

	
−171.09

	
−0.73




	
Lake

	
−2.15

	
−2.94

	
−1.00

	
−2.02

	
+1.70

	
4.42

	
−1.45

	
−0.70




	
Reservoir

	
−286.40

	
−0.67

	
−214.59

	
−0.54

	
−109.39

	
−0.29

	
−610.38

	
−0.51




	
Overall

	
−677.07

	
−1.09

	
−240.97

	
−0.44

	
+177.01

	
0.34

	
−741.03

	
−0.42




	
Sy (%)

	
0.94

	
0.87

	
0.77

	
0.77








The Si was the dynamic degree of single land use, and the Sy was the dynamic degree of synthesis land use.
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Table 3. Tolerance and VIF of impact factors.






Table 3. Tolerance and VIF of impact factors.





	Factor Name
	Tolerance
	VIF
	Factor Name
	Tolerance
	VIF





	Elevation
	0.356
	2.811
	CPD
	0.613
	1.631



	Slope
	0.746
	1.341
	RCG
	0.707
	1.415



	SGT
	0.537
	1.861
	CICL
	0. 712
	1.405



	Surface subsidence
	0.751
	1.331
	VNLI
	0.763
	1.311



	Hydrogeological division
	0.576
	1.736
	CIC
	0.972
	1.029



	Temperature
	0.397
	2.520
	CID
	0.894
	1.119



	Precipitation
	0.562
	1.781
	CTID
	0.536
	1.864







The significance (p-value) of CTID and precipitation was 0.567 and 0.018, respectively, and the significance (p-value) of the other 12 factors was less than 0.001.
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