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Jilin Province in China borders other countries in Northeast Asia and is a complex ecosystem of transboundary rivers, varying terrains, and climates, which provides vital freshwater resources to the neighboring countries. Water conservation is one of the ecosystem service functions and is of great significance to maintaining sustainable development of water resources and ecological security. In this study, we analyzed the water conservation function and its variations in Jilin Province from 2000 to 2020 using the InVEST model. Furthermore, we examined the dominant factors governing spatial distribution of the changes in water conservation function over the past two decades using geographical detectors. In addition, a multi-scale geographic weighted regression model was adopted to investigate spatial differences and characteristics of individual drivers across different spatial scales. The study revealed a number of findings. First, between 2000 and 2020, average water conservation in Jilin Province increased by 46.12% overall from 87.14 mm/m2 to 127.28 mm/m2. Second, compared with land use change, climate change had a greater influence on water conservation. However, in some areas, the opposite was true, and the combined impact of both factors was more substantial on water conservation than when each acted independently. Third, except for temperature, the correlation between each driving factor and the change in water conservation function exhibited spatial variations, and the characteristics of each factor also varied across different spatial scales. In the study site, variations in water conservation were positively correlated with forest and grass coverage and negatively correlated with cultivated land and urban-rural and industrial-mining land. This study provides new insights for exploring the driving factors of changes in water conservation function and imparts a more appropriate basis for government agencies to make decisions about ecological and environmental protection and optimization of ecosystem management.
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1 Introduction

Ecosystem services refer to the direct or indirect ways by which natural ecosystems contribute to human well-being. This topic has attracted the interest of many scholars and managers since it serves as the foundation for human survival and development (Reid et al., 2006; Sandifer et al., 2015; Yang et al., 2019). An ecosystem’s capacity for water conservation is demonstrated by its ability to deflect precipitation, control runoff, and preserve water quality, providing a vital reference for other regions (Wenmin et al., 2020; Li et al., 2021). It is not only a necessary attribute for the functional evaluation of ecosystem services, but is also a critical factor in the long-term development of water resources (Xu et al., 2020). Within the extensive studies on ecosystem services, water conservation function has received significant attention from several researchers (Gao et al., 2017; Wang et al., 2021). Therefore, conducting a quantitative assessment of the water conservation function of an ecosystem while evaluating the influencing factors can provide scientific guidance to inform regional ecological policy and local government planning. Such analysis is vital for the long-term development of water resources and the social economy (Du et al., 2022; Fang et al., 2022).

Previous studies on water conservation have primarily focused on quantitative assessment, identification of key factors that influence its spatial patterns, spatiotemporal evolution characteristics, and the investigation of responses to a single factor. Wang et al. (2022a) quantitatively assessed the water conservation function of the Tibetan Plateau and analyzed the impact of two dominant factors—precipitation and normalized difference vegetation index (NDVI)—on the overall water source conservation capacity. Yang et al. (2019) quantitatively assessed water production in the Xiangjiang River Basin and, through sensitivity analysis, showed that precipitation is the most important factor affecting water production. Azimi et al. (2020) quantitatively analyzed the impact of runoff on Iranian pastures and determined the impact of different pasture conditions on water conservation functions. Wang et al. (2019) quantitatively assessed water production and water conservation in the Shiyang River Basin and analyzed the impact of land use transformation on aquatic ecosystem services. Research on the causes of water conservation has progressed using various methods, including principal components, cluster analysis, or scenario simulation methods, which can only be used for analyzing a single factor response, and the geographic detector method that can be used for performing single and interactive factor analysis (Wang and Xu, 2017). The above series of methods provide an in-depth analysis of overall quantitative attribution. Qi et al. (2020) used principal component analysis and cluster analysis to evaluate the trade-off and synergistic relationship between water conservation functions and other ecosystem service functions in Northeast China. Zhao et al. (2022) predicted the spatiotemporal changes in water production, soil conservation, and carbon storage under different land use scenarios in the Heihe River Basin. Zhang et al. (2023) used geographical detectors to conduct single and interactive factor analysis on the driving factors of changes in water conservation functions in the Tumen River Basin. However, several studies have only examined the drivers of variations in water conservation function from the perspective of watersheds or regions, without considering the spatial heterogeneity of influencing factors. Thus, these studies cannot provide a comprehensive understanding of the current situation (Zhang et al., 2020). Geographically weighted regression (GWR) is a localized regression analysis method that has been used in the investigation of elements determining ecosystem services. Sannigrahi et al. (2020) quantitatively assessed the ecosystem service functions of the Sundarbans region of India, and by comparing multiple spatial regression models, concluded that the GWR model is more suitable for studying local influencing factors. Wang et al. (2022b) quantitatively assessed the ecosystem service functions of the Beijing–Tianjin urban agglomeration and used the GWR model to analyze the local impact of natural and social factors on ecosystem service functions. The GWR model addresses the issue of spatial heterogeneity, but does not include the concept of spatial scale. Fotheringham et al. (2017) proposed a multi-scale geographically weighted regression model (MGWR) based on GWR, which is capable of effectively addressing the spatial differences as well as spatial scales of different contributing factors. Liu et al. (2023) used this MGWR model to analyze the local impact of urbanization factors and landscape pattern factors on the habitat quality of the Wanjiang River urban belt. In addition, Wu et al. (2023) analyzed the local impact of natural and economic factors on soil cadmium pollution in Huangpi District, Wuhan City using the MGWR model and explained the relationship between factor change scale and spatial heterogeneity. These studies demonstrate that the MGWR model is an effective means to understand the influence and scale of environmental factors. Currently, only a few studies have combined global quantitative attribution and local factor assessment to comprehensively consider the factors impacting changes in water conservation function. Therefore, in this study, we aimed to combine the geographic detector approach (Hu et al., 2021) with the MGWR model to investigate the driving factors of water conservation function changes from a geospatial perspective. This approach would provide a detailed analysis of the overall response, spatial differences, and spatial scales of the driving factors influencing regional water conservation functions.

There are many mountains and cross-border rivers in Jilin Province in China, and the western plain is the national grain production base. Regional water conservation is of great strategic significance for ensuring the ecological security of Northeast Asia and national food security (Yu and Han, 2016; Zhang et al., 2022). The Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model can be applied on a large temporal and spatial scale and offers the advantages of minimal parameter and characteristic data requirements, allowing its wide applicability (Nelson et al., 2009). This modeling tool has been commonly employed in the assessment of river basins and regional water conservation functions (Ning et al., 2020; Li et al., 2021; Liu et al., 2021; Wei et al., 2022). ArcGIS software can be utilized to visualize and further interpret the calculation results, making it suitable for use in this study. The innovative contribution of this study is that it combines global quantitative attribution with local factor exploration to analyze the driving factors of changes in water conservation functions from a geographical spatial perspective. In addition, the scale of factor change is explained, which is more reasonable than previous local factor exploration. Overall, this study provides an example of exploring relevant environmental factors, generates a more sufficient theoretical basis for local and sub-local governments, and further yields a scientific reference for formulating ecological environment protection policies and optimizing ecosystem management.




2 Data and methodology



2.1 Research area

Jilin Province is located in northern East Asia, in the hinterland of Northeast China (121°38′–131°19′ E, 40°50′–46°19′ N), bordering North Korea and Russia, with an area of approximately 187,400 km2 (Figure 1). There are three cross-border rivers in the easternmost part of the province, namely the Suifen River, the Tumen River, and the Yalu River. The terrain decreases from southeast to northwest. The province is bounded by the Dahei Mountains in the central part and divided into two major landform units: the eastern mountains and the western plains. The southeast region is a southwest–northeast mountainous area including Laoling, the main line of Changbai Mountains, and Laoyeling. The central part of the eastern mountainous area encompasses the southwest–northeastward Jilinhadaling, Zhangguangcailing, and east–west Mudanling. The west region comprises Songnen Plain and Liaohe Plain (Xiang et al., 2023). Jilin Province experiences a temperate continental monsoon climate, with low temperatures and dry weather in spring, a warm and rainy summer, a cool and dry autumn, and winter characterized by long, cold, and dry weather. From southeast to northwest, the climate of the province shifts from humid to semi-humid to semi-arid. The annual average temperature varies between 2–6°C, and the annual average precipitation is 400–900 mm. The zonal vegetation is mainly temperate broad-leaved mixed forest and temperate coniferous broad-leaved mixed forest (Wang et al., 2011; Fan et al., 2016).




Figure 1 | Location, division, and altitude of Jilin Province.






2.2 Data source and description

Table 1 explains in detail the data required for model calculation.


Table 1 | Data used to calculate water yield, water conservation, and influencing factors: watershed boundary, land use, meteorology, NDVI, elevation, plant available water content, root depth, evapotranspiration coefficient, etc.






2.3 Methods



2.3.1 Simulation of water production

In this study, the water production module in InVEST 3.13.0 was used to assess the spatial distribution and changes in water production in Jilin Province. This module is a water balance-based estimation method, where the actual water yield is computed by subtracting evapotranspiration from the precipitation of each grid unit to obtain the water yield for the grid unit (Huang et al., 2023). The model is described by Equations (1)–(6):

 

 

 

 

 

 

Where Yxj stands for the water yield generated by the grid unit’s jth land use type; AETxj represents the annual actual evapotranspiration of the grid cell x of the jth land use type; PETxj denotes the potential evapotranspiration for grid unit x of the jth land use type; Px signifies the annual precipitation within raster cell x; ωx indicates a non-physical parameter of natural climate-soil properties; ET0xj represents the reference evapotranspiration of the grid cell x of the jth land use type; Kj indicates the vegetation evapotranspiration coefficient of the jth land use type; AWCx represents the volume of plant available water content for the grid cell x; Z indicates Zhang’s coefficient, which is a seasonal constant; Rest_layer_depth represents the depth of the root-limiting layer; root_depth represents the depth of the root; and PAWC corresponds to the available water content of the plant.

The input variables to the model include potential evapotranspiration, precipitation, land use, plant available water content, root-limiting layer depth, watershed boundary, vegetation evapotranspiration coefficient, root depth, and Z coefficient. All data were set as unified projection coordinates. The root-limiting layer depth data were obtained from the Soil and Terrain Database (SOTER). Similarly, the available water content of plants was estimated from the soil water bulk density across seven different depths until the withering point provided by the International Soil Reference and Information Centre (ISRIC) data center (Hengl et al., 2017). Vegetation evapotranspiration coefficient and root depth were obtained from the InVEST user manual and other references (Bai et al., 2019; Liu et al., 2019). The value of the Z coefficient corresponded to 9.731, which was obtained through repeated verification of the simulated data on water production and surface water resources in Jilin Province.




2.3.2 Estimation of water conservation

The InVEST modeling tool was utilized to calculate water yield. The extended model of water conservation was employed (Bai et al., 2019) to compute the overall water conservation volume (WR) by subtracting the surface runoff from the water yield. The calculations were performed using Equations (7) and (8):

 

 

Where WRxj represents the water holding capacity of the grid unit x of the jth land use type; Yxj represents the water yield of the jth land use type of the grid unit x; Runoffxj represents the annual surface runoff of the jth land use type grid unit x; Px indicates the annual precipitation of the grid cell x; and Cxj represents the surface runoff coefficient of the jth land use type of the grid unit x. The surface runoff coefficients of various land use types were gathered from the Ministry of Ecology and Environment of the People’s Republic of China’s “Guidelines for the Delineation of Ecological Protection Red Lines” (May 2017 edition) and other references (Bai et al., 2019).

Changes in water conservation as a result of driving factors at the sub-basin level were investigated, with a total of 1648 sub-basins. The dependent variable was the difference between water conservation in 2020 and water conservation in 2000. The “Spatial Analyst Tools”, “Zonal”, and “Zonal Statistics as Table” tools of ArcGIS 10.8 were utilized to further process the calculated grid data of water conservation in the entire province for determining the average value of the variation in water conservation in each sub-basin.




2.3.3 Selection and treatment of driving factors

Representative, easily accessible, and quantifiable driving factors associated with changes in water conservation functions were selected based on three aspects: climate, vegetation, and anthropogenic activities. Precipitation and actual evapotranspiration directly influence water production, while temperature and aridity index (AI) have an indirect effect on water conservation by influencing precipitation and evapotranspiration. AI represents the ratio of potential evaporation to precipitation (Yang et al., 2021a). Vegetation contributes to water conservation by reducing the rate of surface runoff. NDVI, forest land coverage, and grassland coverage were used as parameters for highlighting the status of vegetation. Cultivated land coverage and urban-rural and industrial-mining land coverage were used to represent the impact of anthropogenic activities (Table 2). The variation in each driving factor’s value from 2000 to 2020 served as an independent variable for the analysis of the driving factors of water conservation.


Table 2 | Factors influencing the changes in water conservation function from 2000 to 2020.



The “Spatial Analyst” and “Zonal” tools of ArcGIS 10.8 were employed to determine the average value of each independent variable for each sub-basin. Since geographic detectors can only calculate discrete variables, the K-means clustering method in SPSS 25 was employed to transform the nine continuous independent variables into discrete independent variables. This method is based on the Euclidean distance, where the continuous data is divided into K different categories, resulting in a higher degree of similarity for the same type of data and a lower degree of similarity for different types of data. This method is suitable for the discretization of continuous data (Li et al., 2022; Wu et al., 2022).




2.3.4 Geodetectors

In this study, sub-watersheds were considered as spatially differentiated units, and geographic detectors were utilized to examine the major drivers of changes in water conservation. For this purpose, factor detection and interaction detection of the geographic detector model were predominantly employed. Factor detection was used to assess how well each dependent variable describes the independent variable, whereas interactive detection was used to analyze the influence of the combined effect of two dependent variables on the explanatory power of the dependent variable (i.e., increase, decrease, or no effect) (Chen et al., 2019; Hu et al., 2021). The strength of the explanatory power is represented by the q value (Hu et al., 2021; Yang et al., 2022). The dependent variable and discretized independent variable were loaded into the geographic detector software (http://geodetector.cn/), which was compiled using Excel. The expression for the q statistic is given by Equation (9):

 

Where q represents the explanatory strength of the discretized independent variable to the dependent variable (representing the variation in water conservation). The q value range is [0, 1], and the value of q represents the strength of explanatory power. h = 1, 2, 3 …; L indicates the stratification of the independent variable x;   and   denote the number of samples and variance of layer h, respectively; and N and   represent the overall size of the sample (total number of sub-basins) and variance, respectively.




2.3.5 Multi-scale geographically weighted regression

The local regression model minimizes errors arising from differences in spatial variables and, in doing so, assesses the extent to which various driving factors influence changes in water conservation across diverse locations (Hu et al., 2021). MGWR 2.2.1 software, released by the University of Arizona, was used for regression analysis to examine the spatial differences and spatial scale of the influence of each driving factor on the change in water conservation. GWR is a single-scale local spatial regression model. The parameters needed during the modeling process include the bandwidth and the kernel function. The bandwidth determines the fitting range of the model, whereas the kernel function determines the weight distribution of each spatial position to the surrounding data (Sannigrahi et al., 2020; Wang et al., 2022a). MGWR is a multi-scale local spatial regression model developed to improve GWR. MGWR changes the assumption that a single scale is necessary for the modeling process. The regression coefficient of the driving factor represents the spatial response relationship between the changes in water conservation and the driving factor. The adjusted R2 value describes the fitting effect of the model. Considering the sub-basin as a unit, the regression model expressions for GWR and MGWR are given by Equations (10) and (11), respectively (Shen et al., 2020):

 

 

In Equation (10): yi is the dependent variable of the ith sub-basin;   is the ith independent variable of the jth sub-basin;   is the intercept;   represents the regression coefficient of the jth driving factor in the ith sub-basin; m indicates the number of drivers; n is the number of sub-basins; and   represents the random error term. In Equation (11):   is the regression coefficient after correction of the bandwidth for the jth driving factor in the ith sub-watershed, and bwj in βbwj signifies the bandwidth utilized for calibrating the jth driving factor.

Setting of model parameters: The dependent variable corresponded to the variation in water conservation, and the independent variable corresponded to the variations in nine driving factors. In the software, the “Fixed and Gaussian” feature was selected for kernel space, the “Gloden Section” feature was selected for bandwidth search, “Gaussian” was selected for model type, and “AICc” was used as the optimization criterion. Subsequently, the calculations associated with the GWR and MGWR models were performed.






3 Results



3.1 Changes in land use

The major types of land use in Jilin Province include cultivated land and forest land, followed by grassland, urban-rural and industrial-mining land, water area, and wetland (Figure 2). Iin Jilin Province during the past two decades, the area of cultivated land has increased by 1075.41 km2, the area of forest land has decreased by 553.52 km2, the area of grassland has decreased by 1231.36 km2, the area of water has decreased by 632.13 km2, the area of urban-rural and industrial-mining land has increased by 1474.62 km2, the area of wetland has increased by 324.82 km2, and the area of other land has decreased by 474.05 km2 (Table 3).




Figure 2 | Land use types in Jilin Province from 2000 to 2020.




Table 3 | Area and proportion of different land use types in Jilin Province in 2000, 2010, and 2020.



The increase in cultivated land is mainly attributed to the conversion of forest land, grassland, and urban-rural and industrial-mining land. The decrease in forest land is mainly attributed to the conversion of cultivated land and grassland. The decrease in grassland is mainly attributed to the conversion of cultivated land, forest land, and other land. The reason for the decrease in water area is predominantly attributed to the conversion of cultivated land and wetland. The increase in urban-rural and industrial-mining land is mainly attributed to the conversion of cultivated land and forest land. The increase in wetland is predominantly attributed to the conversion of water area, forest land, cultivated land, and grassland. Additionally, the decrease in other land is mainly due to the conversion of cultivated land and grassland (Figure 3).




Figure 3 | Conversion of different land use types in Jilin Province from 2000 to 2020.






3.2 Changes in water conservation functions over time and space

The total amount of water conservation in Jilin Province exhibited a trend of increase followed by a decrease. The amount was 18.42 × 109 m3 in 2000, 40.73 × 109 m3 in 2010, and 26.91 × 109 m3 in 2020. The increase from 2000 to 2010 was 121.15%, and the decrease from 2010 to 2020 was 33.92%. The water conservation per unit area of the province also exhibited a trend of increase followed by a decrease, with values of 87.14 mm/m2 in 2000, 192.74 mm/m2 in 2010, and 127.28 mm/m2 in 2020 (Table 4).


Table 4 | Water conservation of different land use types in Jilin Province in 2000, 2010, and 2020.



The water conservation per unit area for the forest land, cultivated land, and urban-rural and industrial-mining land exhibited the trend of an increase followed by a decrease. However, in the case of wetland, a trend of decrease followed by a continuous increase was observed. Furthermore, grassland exhibited a decreasing trend, while other land exhibited an increasing trend. From 2000 to 2020, the water conservation per unit area for forest land, urban-rural and industrial-mining land, other land, and wetland increased by 102.34 mm/m2, 0.05 mm/m2, 0.15 mm/m2, and 8.75 mm/m2, respectively, whereas that for grassland and cultivated land decreased by 23.33 mm/m2 and 7.43 mm/m2, respectively. Based on the total water conservation volume, forest land exhibited the highest capacity, followed by cultivated land, grassland, wetland, urban-rural and industrial-mining land, and other types of land. The water conservation capacity was the lowest for the water area (Table 4).

The spatial distribution of water conservation in Jilin Province was uneven. It was predominantly concentrated in the mountainous areas east of the Dahei Mountains, and less concentrated in the western plains. Water conservation was highly concentrated in the Laoling Mountains, along the main line of the Changbai Mountains, Zhangguangcailing Mountains, Mudanling Mountains, and Laoyeling Mountains. Conversely, low values of water conservation were obtained in the western plains (Figure 4A-C). In the last two decades, there has been a significant change in water conservation in the entire province, demonstrating a trend of overall increase, with significant regional differences (Figure 4D). Specifically, a significant increase in water conservation was observed in the Zhangguangcailing Mountains, Laoling Mountains, Mudanling Mountains, and Jilinhadaling Mountains. However, there was a decrease in the amount of water conservation in a large area near the Laoyeling Mountains. The water conservation in the western plains remained relatively stable.




Figure 4 | Spatial distribution and changes in water conservation in Jilin Province in (A) 2000, (B) 2010, (C) 2020, and (D) 2000-2020.



In terms of administrative regions, the spatial variation in water conservation in Jilin Province from 2000 to 2010 primarily exhibited an increasing trend. The average water conservation in all regions, including Baishan City and Tonghua City, Chuanying District, Fengman District, Jiaohe County, Longtan District, Panshi County, Yongji County of Jilin City, Dongfeng County, Dongliao County, and Longshan District of Liaoyuan City increased significantly (increase ≥100 mm/m2). In contrast, the average water conservation in Tumen County, Wangqing County, and Longjing County of Yanbian Korean Autonomous Prefecture decreased significantly (decrease ≤−100 mm/m2). From 2010 to 2020, the spatial variation in water conservation in Jilin Province primarily exhibited a decreasing trend. The average water conservation in all regions, including Baishan City, Dongchang District, Erdaojiang District, Ji’an County, Liuhe County, Meihekou County, Tonghua County, Huinan County of Tonghua City, Dongfeng County of Liaoyuan City, Huadian County, and Panshi County of Jilin City decreased significantly. However, the average water conservation in Shulan County of Jilin City increased significantly. In summary, water conservation in Jilin Province over the last two decades initially increased and then decreased, with an overall increasing trend (Table 4).




3.3 Analysis of driving factors of changes in water conservation

The results of geographic detectors demonstrated that eight out of nine factors had a significant influence on the variation in water conservation function in Jilin Province (p< 0.05). The urban-rural and industrial-mining land coverage had no significant effect on the change in water conservation function (p = 0.06). The contribution of various driving factors of changes in water conservation was different. Precipitation, temperature, and evaporation had the highest q values of 0.3606, 0.1824 and 0.1059, respectively (Figure 5), indicating that these factors were the primary contributors to spatial variation in water conservation. The influence of land use type on alterations in water conservation functions can be summarized as: grassland > cultivated land > forest land > urban-rural and industrial-mining land, with q values of 0.0186, 0.0144, 0.0108, and 0.0057, respectively.




Figure 5 | Single and interactive effects of driving factors on the changes in water conservation. Driving factors refer to the quantity of change from 2000 to 2020; see Table 2 for the meaning of x1–x9.



The interaction among various factors had a more significant influence on the changes in water conservation compared with any single factor, and it was primarily a non-linear enhancement (Figure 5). In the last two decades, the interaction between precipitation and evapotranspiration had the most significant influence on water conservation, followed by the interaction between precipitation and AI, precipitation and NDVI, and precipitation and temperature, with q values of 0.8183, 0.6390, 0.6177, and 0.5339, respectively.




3.4 Spatial differentiation of changes in water conservation in response to driving factors

As shown in Figure 4D, in the last two decades, spatial differences in the changes in water conservation were evident in Jilin Province. The global Moran’s index corresponded to 0.799, and the p-value was<0.001, indicating a significant spatial positive correlation with changes in water conservation. The highest values of water conservation were concentrated in the regions of Laoling Mountains, Jilinhadaling Mountains, and Zhangguangcailing Mountains, while the lowest values were concentrated in Laoyeling Mountains. No significant change was observed in the western plains. We utilized the MGWR model to examine the spatial distribution of the impact of various driving factors on water conservation. A higher value of R2 indicates that the model has stronger prediction ability and higher applicability, and a lower AICc indicates a more concise and reliable regression analysis of the model (Shen et al., 2020). The model results revealed that the parameters of MGWR showed better accuracy than those of OLS and GWR, implying a more accurate representation of the real situation by MGWR (Table 5).


Table 5 | Model fit metrics for ordinary least squares regression (OLS), geographically weighted regression (GWR), and multi-scale geographically weighted regression (MGWR).



Assessment of the MGWR model demonstrated that the nine driving factors selected in this study were able to account for 93.8% of the changes in water conservation. Moreover, under the same bandwidth of different driving factors, the higher regression coefficient indicated a more significant impact of the driving factors on the changes in water conservation. In the last two decades, the variation in water conservation in Jilin Province was positively correlated with precipitation (Figure 6B) and negatively correlated with actual evapotranspiration (Figure 6C). Furthermore, the correlation coefficient was higher along the line from Zhangguangcailing Mountains to Laoling Mountains. The correlation between water conservation and AI varied among different regions (Figure 6E). Among them, the northeast of Laoling Mountains, Jilinhadaling Mountains, and Zhangguangcailing Mountains demonstrated a positive correlation, whereas the main line of Changbai Mountains and Laoyeling Mountains demonstrated a negative correlation. Water conservation was positively correlated with forest coverage and grassland coverage (Figure 6H, I), and the correlation coefficients were higher in the Laoyeling Mountains, Jilinhadaling Mountains, and the main line of Changbai Mountains and Laoling Mountains. Cultivated land coverage and urban-rural and industrial-mining land coverage were negatively correlated with the changes in water conservation (Figure 6G, J), and the correlation coefficient was higher in the Zhangguangcailing Mountains.




Figure 6 | MGWR and local determination coefficients between changes in water conservation and driving factors. Driving factors refer to the changes from 2000 to 2020. Figures 6B, J are the regression coefficient of the driving factor. (A) R2; (B) Precipitation; (C) Actual evapotranspiration; (D) Average temperature; (E) AI; (F) NDVI; (G) Cultivated land coverage; (H) Forest land coverage; (I) Grassland coverage; (J) Urban-rural and industrial-mining land.






3.5 Spatial scale of changes in water conservation in response to driving factors

Table 6 shows that MGWR can describe different variables at different spatial scales, whereas GWR can only indicate the average value of each variable at a given spatial scale. The constant term represents the influence of different regions on the changes in water conservation when the driving factors are determined. The bandwidth of the constant term was 41, accounting for 2.48% of the total number of sub-watersheds. This corresponds to approximately 4662 km2 of area, which is close to the county-level administrative region. Among the various driving factors, the scale of AI was almost close to that of the county scale. The spatial scales of precipitation, evaporation, NDVI, forest land coverage, and urban-rural and industrial-mining land coverage were between the county and city scales, and the cultivated land coverage and grassland coverage were close to that of the city scale. The temperature corresponds to a global scale, with almost no spatial heterogeneity.


Table 6 | Bandwidth of GWR and MGWR.







4 Discussion



4.1 Impact of climate change on water conservation

The assessment in this study was based on the water balance method, that is, the estimated capacity of water conservation, which was obtained by subtracting actual evapotranspiration from precipitation. In previous studies by researchers in China (Gong et al., 2017), water conservation in regions of the Qinghai–Tibet Plateau (Wang et al., 2022b), Shangluo City (Chen et al., 2016), the Han River Basin (Hu et al., 2022), the Jinsha River Basin (Liu et al., 2021), and the Qinling Mountains (Ning et al., 2020) exhibited significant correlation with precipitation, evapotranspiration, and other climatic factors. In this study, the precipitation in Jilin Province exhibited a substantial increase from 2000 to 2010, followed by a decrease from 2010 to 2020, mirroring the fluctuations in water conservation. Our geographic detector analysis revealed that precipitation exerted the most significant impact on water conservation, with a q value of 0.3606 (Figure 5), indicating that precipitation was the most significant driving factor. For example, the large-scale decline in water conservation in Hunchun County and surrounding areas was directly related to the decrease in precipitation. The impact of temperature on water conservation was second only to that of precipitation, with a q value of 0.1824, but the positive and negative relationship and spatial heterogeneity of the impact of temperature on water source conservation were not obvious. Actual evapotranspiration also had a significant influence on water conservation, with a q value of 0.1059. The interaction between precipitation and evapotranspiration directly affected water conservation at a regional scale, with a q value of 0.8183. Among them, Changling County, Qian’an County, and Qianguoerluosimengguzu Autonomous County of Songyuan City exhibited the most significant reduction in water conservation due to an increase in evaporation. The correlation between precipitation and drought was second only to the correlation between precipitation and evapotranspiration, with a q value of 0.6390. Specifically, the reduction in water conservation of Yanji City, Tumen County, and Longjing County of Yanbian Korean Autonomous Prefecture was directly associated with drought aggravation. Therefore, based on previous studies and the results of the geographic detector analysis in this study, it can be concluded that climate change was the predominant factor in the spatial differentiation of water conservation in Jilin Province from 2000 to 2020.




4.2 Impact of land use change on water conservation

The impact of land use type on water conservation changes is relatively complex, but its influence is less significant than that of climate factors (Zeng and Li, 2019; Qiao et al., 2023; Zuo et al., 2023). Changes in land use can lead to variations in soil characteristics and underlying surfaces, thereby affecting surface water infiltration and evaporation. Land use change has a significant influence on hydrological processes such as surface runoff, thereby leading to variations in water conservation functions (Lian et al., 2019; Yang et al., 2021b). The morphology, structure, and root depth of vegetation, as well as the capacity for water conservation, vary among different land use types (Wu et al., 2020; Liu et al., 2022). In this study, the evapotranspiration coefficient of forest land was relatively higher, followed by cultivated land, grassland, and urban-rural and industrial-mining land. Therefore, the water yield of urban-rural and industrial-mining land was greater than that of grassland, cultivated land, and forest land. Forest land was characterized by a low runoff coefficient, followed by grassland, cultivated land, and urban-rural and industrial-mining land. It can be concluded that forest land had higher water conservation capacity, followed by grassland, cultivated land, and urban-rural and industrial-mining land (Table 4) (Ning et al., 2020; Liu et al., 2021; Hu et al., 2022). In the last two decades, the area of urban-rural and industrial-mining land in Jilin Province has experienced the most significant changes, with a change rate of 0.78%, followed by grassland, cultivated land, and forest land (Table 3), with change rates of −0.64%, 0.57%, and −0.28%, respectively. The q value of the geographic detector verified that the change in grassland coverage had the most influence on water conservation, with a q value of 0.0186. Moreover, the change in cultivated land coverage had a larger influence on water conservation compared with the change in forest land, whereas the change in urban-rural and industrial-mining land coverage had the least impact. Although the changes in the area of urban-rural and industrial-mining land are large, they are mainly concentrated in the western plains with smaller water resources, so the overall impact of these changes is limited. In summary, the area and type of land use can significantly impact regional water conservation function, and the impact is greater than that of climate factors in certain areas. For instance, a large area of cultivated land in Kuancheng District, Lvyuan District, Chaoyang District, and Nanguan District of Changchun City was transformed into urban-rural and industrial-mining land. Similarly, a large area of forest land in Huadian County of Jilin City as well as Dunhua County and Antu County of Yanbian Korean Autonomous Prefecture was transformed into cultivated land. Consequently, water conservation in certain areas of Jilin Province has experienced a decline in the past two decades.




4.3 Impact of change in comprehensive factors on water conservation

The variation in regional water conservation function is a complex ecological process that is influenced by multiple factors such as climate, vegetation, and human activities (Gao et al., 2020). For a considerable period, the state has been implementing a project of safeguarding natural forest resources in the Changbai Mountains and key state-owned forest areas. The forest area within the scope of the project has increased significantly. In addition, the water conservation function has improved significantly, demonstrating the huge ecological benefits of the project (Yu et al., 2015; Xiang et al., 2021). However, in a subsequent project, the area of forest land in Jilin Province showed a significant decrease (Li et al., 2018), resulting in reduced water conservation in a few areas. For example, the decrease in water conservation in the southeast region of Zhangguangcailing Mountains is closely associated with the decrease in forest area. Simultaneously, some studies have reported that the degradation of grassland is associated with global warming, aggravated drought, anthropogenic activities, and other factors (Yu et al., 2019; Man et al., 2020). For instance, even though precipitation in the western region of the Laoling Mountains has increased in recent years, local water conservation has decreased. This can be attributed to enhanced evaporation owing to the degradation of local grassland and the increase in forest land. Therefore, the expansion of grassland in the western region of the Laoling Mountains could be more beneficial for improving the water conservation function compared with increasing the area of forest land. This is further supported by the correlation coefficient between the Laoling area and grassland coverage, which is significantly greater than that between the Laoling area and forest land coverage. The results of this study revealed that the variation in water conservation in Zhangguangcailing Mountains had a significant negative correlation with the coverage of cultivated land and urban-rural and industrial-mining land, whereas the variation in water conservation in Jilinhadaling Mountains and Changbai Mountains had a significant positive correlation with forest and grassland coverage. Therefore, improvements in the land use structure, as well as rational restoration of vegetation, can be conducive to improving water conservation functions (Hu et al., 2022; Qiao et al., 2023; Zuo et al., 2023; Zeng and Li, 2019).




4.4 Policy recommendations

Assessment of characteristics at various spatial scales is crucial for research on ecosystem services (Isbell et al., 2017; Yu et al., 2022). Based on the current situation, it can be concluded that there is significant spatial variation in cultivated land in Jilin Province, resulting in relatively low spatial heterogeneity. As the ratio of evaporation to precipitation, aridity reflects the comprehensive changes of both, so its spatial heterogeneity is greater than that of evaporation and precipitation. Based on the results of the MGWR model, the impact of aridity on the changes in water conservation was observed among different counties in this study. There are differences in evaporation, precipitation, urban-rural and industrial-mining land, and forest land coverage between counties and cities, and the influence of grassland and cultivated land coverage varies across cities. Therefore, government agencies should formulate natural protection measures based on the major driving factors that influence water conservation changes at different spatial scales. For example, in the case of Yanji, Tumen, and Longjing counties in Yanbian Korean Prefecture, attention must be paid to the decline in water resources owing to drought and other issues. In the districts of Kuancheng, Lvyuan, Chaoyang, and Nanguan located in Changchun City, the intensity of urban-rural construction and industrial-mining activities should be adequately controlled, and the coverage of forest and grass should be increased. In the Laoling Mountains of Tonghua City, the vegetation restoration model should be optimized, and afforestation should be replaced by grass planting. In the case of Huadian County of Jilin City as well as Dunhua County and Antu County of Yanbian Korean Autonomous Prefecture, it is necessary to restrict the extent of anthropogenic activities such as forest-grain intercropping and transformation of cultivated land to forest area (People's Government of Huadian City, Jilin Province, 2023). Ecological restoration projects need to focus on enhancing the coverage of forests and grasslands. Furthermore, the development of a localized management model is expected to have a significant impact on the stability and sustainability of the water conservation services in Jilin Province.




4.5 Limitations and future prospects

This study provides a novel combination method to investigate the factors influencing the changes in water conservation in terms of geospatial scale. However, errors in model evaluation are difficult to avoid (Wen et al., 2019). For example, land use was classified into seven types and each type was assumed to be homogeneous. This could affect the accuracy of the land use variable in the model. In addition, in the InVEST model used for water conservation evaluation, the input parameters in each region are different, which may lead to certain errors in the model evaluation results. Furthermore, this study considered the sub-basin as the research unit to examine the relationship between the variation in water conservation and various driving factors, which could have an influence on the evaluation of the local regression model. Therefore, further studies are necessary to conduct an in-depth investigation of the changes in water conservation during the transformation of land use, collect additional data of different parameters, and utilize administrative villages as research units to perform local regression analysis; such research should provide decision-makers with a more appropriate reference.





5 Conclusions

The assessment of the driving factors affecting changes in water source conservation functions and their spatial distribution is crucial to ensuring the sustainable development of water resources and ecological security in Jilin Province and surrounding countries. This study investigated alterations in the water conservation of Jilin Province between 2000 and 2020, analyzing the impact of climate change and land use change on these variations at a geographic scale. The Laoling Mountains, Changbai Mountain main line, Zhangguangcailing Mountains, Mudanling Mountains, and Laoyeling Mountains were found to be major areas for water conservation in Jilin Province. Over the last two decades, water conservation in Jilin Province initially experienced an increase but subsequently declined. Climate change emerged as the primary driving factor influencing the variations in water conservation function. However, the impact of land use change on water conservation was more significant than that of climate change in a few areas. The impact of land use changes on water conservation was significant for grassland, followed by cultivated land, forest land, and urban-rural and industrial-mining land. In addition, this study evaluated the influence of various factors on changes in water conservation services at different spatial scales and recommended appropriate measures in the administrative area. In Tumen County, Yanji urban area, and Longjing County, attention should be paid to preventing drought, rationally allocating water resources, and preventing excessive evaporation. In Tonghua City, Kuancheng District, Lvyuan District, Chaoyang District, Nanguan District, Huadian County, Dunhua County, and Antu County, there is a need to reasonably control the extent of anthropogenic activities such as land cultivation and urban-rural and industrial-mining activities. Moreover, optimizing the vegetation restoration model, promoting ecological restoration projects, and increasing the extent of natural vegetation is crucial in these regions. This research provides new insights for exploring the influencing factors of water conservation service functions, and imparts a reasonable basis for decision-making on ecological environment protection and optimized ecosystem management in the region.
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