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The Loess Plateau is an important region for soil and water conservation and ecological construction in China. Exploring the spatio-temporal variations in soil conservation and water conservation services and their relationships in Loess Plateau under the background of land consolidation projects is of great significance for ecological protection and quality development in the Yellow River Basin. Taking Yan’an city as the research area, this paper used the InVEST model to quantitatively evaluated spatio-temporal variation characteristics and trade-off/synergy relationship of the soil conservation and water conservation services from 2010 to 2018. According to the implementation data, the relationship between the gully control and land consolidation (GCLC) project in various counties of Yan’an city and soil conservation and water conservation service was analyzed. The results showed that the total amount of soil conservation services in Yan’an City were 4.07 × 106 t and 3.75 × 106 t in 2010 and 2018 with a decrease of 7.76%, and with low spatial clustering characteristic. The total amount of water conservation services were 2.01 × 1010 mm and 2.03 × 1010 mm in 2010 and 2018 with a increase of 0.56%, and with high spatial clustering characteristic. There is a synergistic relationship between soil conservation and water conservation services in most area of Yan’an city. From 2010 to 2018, the effect of the GCLC projects on soil conservation and water conservation services in Yan’an city is not significant. The GCLC project can effectively alleviate the situation of sharp decline of cultivated land area and insufficient food production capacity.
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1 INTRODUCTION
Ecosystem services refer to the biological resources, natural environmental conditions and utility provided for human survival through ecosystems and ecological processes (Costanza et al., 1997). Ecosystem service assessment plays an important role in regional development, ecological protection and human wellbeing. Ecosystem services are mainly divided into four types: supply, regulation, support and cultural services (Costanza et al., 1997; Ouyang and Wang, 2000). Among them, soil conservation and water conservation are two ecosystem service functions, which play important regulating and supporting roles in precipitation storage, runoff regulation, soil erosion prevention and groundwater replenishment, etc. (Costanza et al., 1998; MEA, 2005). It also plays an important role in the energy flow and material circulation of the ecosystem (Li et al., 2013). As different types of ecological services have different emphases on human well-being, and their spatial distribution is unbalanced, there are competition or mutually beneficial relations between ecological components and natural resources, and there are synergistic or tradeoff relations of mutual influence (Jopke et al., 2015). Therefore, exploring the temporal and spatial characteristics of soil conservation and water conservation ecosystem service functions and their relationships can provide scientific basis for the formulation of ecological protection policies and the implementation of ecological projects. A number of scholars have analyzed the characteristics of soil conservation and water conservation services changes and their relationships in different regions. Turner et al. (2014) studied the spatial distribution and interaction of 11 ecosystem services in Denmark, and analyzed the relationship between them and the cultural landscape of Denmark. Mousavi et al. (2023) regarded soil conservation and water conservation services as the two main ecosystem services provided by the rangeland ecosystem, and studied the external costs caused by the loss of rangeland ecosystem services in the central part of Iran. Gao and Zuo (2021) used models to evaluate and simulate the functions of soil conservation and water conservation at various scales in Beijing, China, and analyzed the trade-offs among them.
The Loess Plateau located in the middle of the Yellow River Basin, and it is the region with most serious soil and water loss in the world. According to the “Bulletin on Soil and Water Conservation in the Yellow River Basin (2021)” (Yellow River Conservancy Commission, 2022), the soil and water loss area of the Loess Plateau is 231,300 square kilometers, accounting for 89.2% of the soil and water loss area of the Yellow River Basin. It is also an important area of soil and water conservation and ecological construction in China, which plays a very important role in the ecological protection and high-quality development strategy of the Yellow River basin. Yan’an city is the most representative city on the Loess Plateau in northern Shaanxi province. As the key and demonstration area of “Grain for Green” (GFG) project, the largest ecological environment construction project in China in the 21st century, the vegetation area of the Yan’an city has been greatly increased during this period, effectively curbing soil erosion, greatly improving the natural ecological environment and the value of regional ecosystem services (He, 2015; Han et al., 2021). However, with the further advancement of the project, problems such as the reduction of cultivated land, the tension between people and land, and the prominent contradiction between people and grain in some areas have emerged (Chen et al., 2015). In view of the special geomorphology in the hilly and gully region of the Loess Plateau, in order to increase the cultivated land area and ensure food security, Yan’an city has carried out the The Gully Control and Land Consolidation (GCLC) project, which is a new management model that includes dam system construction, old dam restoration, saline-alkali land transformation, development and utilization of waste and unused land and ecological construction (Han et al., 2021). The comprehensive remediation of mountains, water, forests, fields, trees and villages aims to increase the cultivated land area in the Loess Plateau, ensure food security and solve the contradiction between people and land (Li et al., 2016).
At present, the research on the ecosystem service value in the Loess Plateau and Yan’an city mainly focuses on the period of the GFG projects, which is manifested as the improvement of regional ecosystem service value, such as the increase of soil conservation (Deng et al., 2020) and the synergistic development of relations (Wang et al., 2021). There are also some studies on ecological and environmental changes under the background of the GCLC projects, mainly focusing on soil fertility (Ma et al., 2020), hydrological changes (Jin et al., 2019) and vegetation cover changes (He et al., 2020). However, there are few quantitative studies on ecosystem services of soil conservation and water conservation.
Therefore, taking Yan’an city as the study area, this study used InVEST model and ArcGIS to quantitatively analyze the temporal and spatial distribution and variation characteristics of regional water conservation and soil conservation ecosystem service functions before and after the GCLC project from 2010 to 2018, and revealed their tradeoff/synergy relationship. On this basis, the study analyzes the relationship between the project and the change of two ecosystem services. The aim is to provides scientific basis and decision support for the ecological benefit evaluation, the formulation of ecological protection policy and the implementation of ecological projects of the Loess Plateau.
2 MATERIALS AND METHODS
2.1 Study area
Yan’an city (35°20′39′−37°53′31′N, 107°38′59′−110°34′46′E) is located in the hinterland of the Loess Plateau, in the middle reaches of the Yellow River, and is 256 km wide from east to west and 236 km long from south to north, with a total area of 37,037 km2 (Figure 1). It is characterized by a semi-humid and semi-arid continental monsoon climate, with cold and dry winters and hot and rainy summers. The average annual precipitation is 562.1 mm, and is relatively concentrated in summer (July–September). The annual average temperature is 9°C, and the average frost-free period is 179 days. There is more than one crop but less than two crops a year. Yan’an city is a loess hilly and gully region, with high terrain in the northwest and low terrain in the southeast. The north is dominated by loess hills and gullies, accounting for 72% of the total area. The south is dominated by loess plateau gullies, accounting for 19% of the total area and stone mountains account for 9% of the total area. The main feature of the river system distribution in Yan’an city is a deep trunk with dense branches. There are 20,889 channels over 1,000 m in the territory. The terrain in the area is fragmented, with various gullies and ravines. The gully is strongly cut down by a large slope and serious soil erosion. Yan’an city has 1 district and 12 counties, 16 street offices, 84 towns and 12 townships, with a total population of 2.19 million.
[image: Figure 1]FIGURE 1 | Location and elevation of the study area.
The GCLC project of Yan’an city was first piloted in Baota District, Zichang County and Yanchuan County in 2010. In September 2012, it was listed as a major national land consolidation project and given support. In November 2013, it was officially approved (Liu, 2013). The project involved 13 counties and districts of the city, with a total of 197 subprojects, which were implemented intensively from 2013 to 2017. The construction scale was 36,986.22 hm2, the new farmland area was 7,848.72 hm2, and the high-standard farmland area was 28,233.29 hm2, with an investment of 3.664 billion yuan (Table 1). At the same time, the GFG project in Yan’an city has entered the consolidation stage in 2010. The forest coverage rate of the city reached 36.6%, and the regional ecological environment was greatly restored. In 2013, Yan’an city carried out a new round of the GFG project, planning to gradually return all sloping farmland above 25° to forest, and achieve full afforestation of steep slopes and full forest and grass cover.
TABLE 1 | Implementation scale of GCLC project in various counties of Yan’an city.
[image: Table 1]2.2 Data sources
The basic data used in this study include land use data, elevation data, meteorological data, soil data, and data on the GCLC project. The land use data in 2010 and 2018 are from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn), with a spatial resolution of 30 m. According to the land use/land cover change (LUCC) classification system established by Liu (1996), land use types were divided into 6 primary classifications and 18 secondary classifications. Elevation data were obtained from the Geospatial Data Cloud Platform (http://www.gscloud.cn) (ASTER GDEM data product) with a spatial resolution of 30 m. The DEM was used to fill the depressions, calculate the flow direction, calculate the cumulative amount of convergence and other operations in ArcGIS to extract the vector map of sub-basins. Meteorological data were obtained from the National Scientific Data Center for the Tibetan Plateau (tpdc.ac.cn) -China 1 km resolution Monthly Precipitation Dataset (1901–2020), with a spatial resolution of 1 km. The soil data were from the Harmonized World Soil Database (HWSD) soil dataset (v1.2) of the National Scientific Data Center for the Tibetan Plateau (https://data.tpdc.ac.cn), which included soil texture, soil organic carbon content, vegetation available water content, root depth and other data, with a spatial resolution of 1 km. The data on the GCLC project are from The GCLC project leading group office of Yan’an city.
2.3 Research method
2.3.1 Soil conservation
The SDR (sediment transport ratio) module of the InVEST model is used to calculate potential soil erosion based on terrain, climate and soil data, and actual soil erosion based on the cover-management factor and soil and water conservation factor. The difference between the two is the soil conservation amount on the raster unit. The calculation formulas are Equations 1–3:
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where, RKLSi is the potential soil erosion of pixel i (t/hm2) and USLEi is the soil erosion amount of pixel i under the action of cover-management factors and soil and water conservation factors (t/hm2). SRi is the actual soil retention on pixel i(t/hm2); Ri is the rainfall erosivity factor, calculated by Wischmeier’s monthly scale formula (Wischmeier and Smith, 1958). Ki is the soil erodibility factor estimated by EPIC model (Williams, 1990); LSi is the slope length-gradient factor, which is calculated from DEM data; Ci is the cover-management factor and Pi is the soil and water conservation factor.
2.3.2 Water conservation
Based on the principle of the water cycle, the water conservation module of the InVEST model obtains water yield by calculating parameters such as precipitation, plant transpiration, surface evaporation, root depth and soil depth. The calculation formulas are Equations 4–10:
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where, Yxj is the annual water yield (mm) in pixel x of land use type j; PX is the annual precipitation in pixel x (mm); AETxj is the annual actual evapotranspiration in pixel x (mm). ωX is the ratio of annual water requirement to annual precipitation on vegetation; Rxj is the Budyko dryness index in pixel x of land use type j, and represents the ratio of potential evaporation to precipitation. Z is the seasonal constant between 0 and 30; AWCX is the available water content of vegetation (mm). PAWCx is vegetation available water; SAN, SIL, CLA, and C are the contents of sand, silt, clay and organic carbon (%), respectively. kxj is the evapotranspiration coefficient of vegetation, representing the ratio of vegetation evapotranspiration ET and potential evapotranspiration ET0x at different growth stages. RA is the radiation from the top layer of the atmosphere (MJ/m2/d); Tavg is the average of the mean daily maximum temperature and the mean daily minimum temperature (°C). TD is the difference between the mean daily maximum temperature and the mean daily minimum temperature (°C).
2.3.3 Spatial autocorrelation analysis
Spatial autocorrelation is a quantitative description of the similarity degree and spatial correlation pattern of the attribute values of spatially adjacent regional units, which is used to reveal the spatial distribution characteristics of a certain geographical phenomenon between adjacent regions and the aggregation degree of variables. It is divided into global spatial autocorrelation and local spatial autocorrelation. This paper uses these two methods to further explore the spatial distribution of soil conservation and water conservation services in Yan’an city.
Global spatial autocorrelation analysis can identify the spatial correlation of regional overall ecological quality, which can be used to describe whether soil conservation and water conservation services has agglomeration effect in the whole region. In this paper, Moran’s I index is used to explore the spatial correlation, and the calculation formula is Equation 11 (Moran, 1950):
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where xi and xj are the observed values of coordination efficiency; [image: image] is the weight connection matrix of i and j; The value of Moran’s I is between −1 and 1. A value greater than 0 indicates a positive correlation of spatial unit attributes, otherwise it indicates a negative correlation, and a larger value indicates a higher degree of correlation. If it goes to 0, it indicates that the spatial units are randomly distributed.
Local autocorrelation can identify the association patterns of elements and attributes between local adjacent regions. In this paper, LISA (Local indicators of spatial associations) proposed by Anselin (1995) was used to identify the spatial difference degree and significance level between the soil conservation and water conservation services of each grid and its surrounding grid in Yan’an city, and reveal the agglomeration and dispersion characteristics of the same attribute value in space. The calculation formulas are Equations 12–14:
[image: image]
[image: image]
[image: image]
where: zi and zj are the standardization of the observed values in regions i and j, respectively.
LISA clustering analysis divided the spatial pattern of soil conservation and water conservation services into five types: H-H (high-high cluster), H-L (high-low outlier, high value surrounded by surrounding low value), L-H (low-high outlier, low value surrounded by surrounding high value), L-L (low-low cluster) and NS (not significant, there is no significant spatial clustering phenomenon). Among them, H-H and L-L are positive correlation types, while H-L and L-H are negative correlation types.
2.3.4 Ecosystem service trade-offs and synergies
To further explore the trade-offs and synergistic relationships among the ecosystem services in the study area, correlation analysis was applied to calculate the amount of ecosystem service changes in each pixel between 2010 and 2018 to identify the interrelationships among the two ecosystem services. The formula is Equation 15:
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where, Rxy is the correlation coefficient of two ecosystem services; xi, yi are the ith pixel values of ecosystem services x, y; ‾x, ‾y are the mean values of ecosystem services x, y; n is the time series of raster data. When the correlation result is positive, it indicates that there is a synergistic relationship between the two kinds of ecosystem services, that is, the increase of one kind of ecosystem service will promote another kind of ecosystem service, whereas there is a trade-off relationship, that is, the increase of one kind of ecosystem service will lead to the decrease of the supply of another kind of ecosystem service.
3 RESULTS
3.1 Spatio-temporal variation characteristics of soil conservation service
3.1.1 Spatio-temporal variation
From the perspective of spatial distribution, the spatial differentiation characteristics of soil conservation service in 2010 and 2018 were relatively large. In 2010, the unit soil conservation amount in the eastern and southwestern regions was higher than that in the northwest (Figure 2A). It was higher in Yanchuan, Yanchang, Yichuan, and Huanglong counties in the east and Huangling county in the southwest, while it was lower in Wuqi, Zhidan, Ansai, and Zichang counties in the north. In 2018, the amount of soil conservation in Wuqi, Zhidan, Ansai, and Zichang counties in the northwest was higher than that in other areas (Figure 2B), and the gap between the highest and the lowest amount of soil conservation showed a trend of narrowing.
[image: Figure 2]FIGURE 2 | Spatial distribution of soil conservation services of Yan’an city in 2010 (A), 2018 (B) and the change (C).
From 2010 to 2018, the total amount of soil conservation in Yan’an city showed a decreasing trend. In 2010, the total amount of soil conservation in Yan’an city was 4.07 × 106 t, with an average value of per unit area was 109.86 t/hm2. In 2018, the total amount of soil conservation in Yan’an city decreased to 3.75 × 106 t, with an average value of per unit area was 101.33 t/hm2. That is a decrease of 7.76%.The basic trend of soil conservation value change was increasing in the northwest and decreasing in the southeast. According to grid statistics, 7.57% of the areas where soil conservation value increased by more than 50 t/hm2, 37.76% of the areas where soil conservation value decreased by more than 50 t/hm2, and 54.68% of the areas had small changes between 50 t/hm2. Except for Wuqi, Zhidan, Ansai, and Zichang counties, the amount of soil conservation decreased in all districts and counties. The area with the largest decrease was Huangling County, which decreased by 66.87 t/hm2, and the area with the largest increase was Wuqi County, which increased by 79.03 t/hm2 (Figure 2C).
3.1.2 Clustering characteristics
Moran’s I index of soil conservation service in the study area was calculated by ArcGIS software. The Moran’s I index of soil conservation service in Yan’an in 2010 and 2018 was 0.1047 (p = 0, Z = 443) and 0.0707 (p = 0, Z = 359.17). This indicates that soil conservation service has a small positive spatial correlation, and there was a certain clustering characteristics in Yan’an city. The Moran’s I index in 2018 showed a decrease compared to 2010, indicating a dispersed trend in the spatial clustering of soil conservation.
According to the LISA clustering analysis (Figure 3), in 2010, the area of soil conservation service“H-H” accounted for 1.40% of the city’s area. The proportion of “H-L” area was very small, only 0.04%. The “L-H” area accounted for 5.19%, which was relatively concentrated in the eastern part of Yan’an city and Huangling County. The area of the “L-L” area accounted for 1.94%. More than 90% of the city has no significant clustering effect. From the perspective of time changes, from 2010 to 2018, the “H-H” area decreased by 0.43%, while the “H-L” area increased by 0.20%. The “L-H” area decreased by 0.21%, and the area shifted from the southeast to the northwest. The “L-L” area increased by 1.6%, with a increase in the northern counties.
[image: Figure 3]FIGURE 3 | LISA clustering of soil conservation services of Yan’an city in 2010 (A) and 2018 (B).
3.2 Spatio-temporal variation characteristics of water conservation service
3.2.1 Spatio-temporal variation
The spatial distribution of water conservation service in Yan’an city is greatly affected by rainfall, and the water yield is larger in areas with relatively abundant rainfall. In 2010, the amount of water conservation showed a decreasing trend from south to north (Figure 4A), which was higher in Huanglong, Huangling and Luochuan counties in the south and lower in Wuqi, Zichang and Yanchuan counties in the north. In 2018, the spatial distribution of water conservation service in Yan’an city underwent significant changes, showing a trend of being higher in the southwest and lower in the northeast (Figure 4B). From 2010 to 2018, the amount of water conservation in Yan’an city showed an upward trend. In 2010, the total amount of water production was 2.01 × 1010 mm, with an average value of 489.52 mm per unit area. In 2018, the total amount increased to 2.03 × 1010 mm, with an average value of 492.30 mm per unit area, with an increase of 0.56%. In terms of spatial distribution, it mainly increased in the north and decreased in the south, and the gap between the highest and lowest tended to narrow. According to grid statistics, 25.97% of the areas have increased their water conservation service by more than 50 mm, mainly distributed in the northern counties of Wuqi, Zhidan, Ansai, and Zichang, with the largest increase of 82.46 mm in Wuqi. The decrease area accounted for 22.85%, mainly distributed in the south, and Huanglong County was the most significant, with a decrease of 90.60 mm. 51.18% of the regional change was between 50 mm (Figure 4C).
[image: Figure 4]FIGURE 4 | Spatial distribution of water conservation services of Yan’an city in 2010 (A), 2018 (B) and the change (C).
3.2.2 Clustering characteristics
The Moran’s I index of water conservation service in Yan’an in 2010 and 2018 were 0.8044 (p = 0, Z = 379) and 0.6849 (p = 0, Z = 294.83), indicating a positive spatial correlation in the amount of water conservation in Yan’an city and a high spatial clustering feature. The Moran’s I index in 2018 was lower than that in 2010, indicating a dispersed trend in spatial clustering of water conservation service.
According to the LISA clustering analysis (Figure 5), water conservation service in Yan’an city was dominated by “H-H″ cluster and “L-L” cluster. In 2010, the “H-H” area and the “L-L” area accounted for 36.93% and 36.57% of the city. “H-H” was located in Huangling, Fuxian, Luochuan, and Huanglong counties in the southern while “L-L” was located in Zhidan, Zichang, Ansai, Yanchuan, and Yanchang counties in the northern of Yan’an city. The proportion of “H-L” and “L-H” areas was very small, only 0.04% and 0.006%, and the remaining 26.5% area has no significant cluster effect. From the perspective of time changes, the “H-H” area increased by 14.3%, while the “L-L” area decreased by 16.16% from 2010 to 2018, mainly due to the transformation from “L-L” area to “H-H” area in the northwest of Zhidan, Ansai counties, and Baota District. The changes in the “H-L” and “L-H” areas were not significant.
[image: Figure 5]FIGURE 5 | LISA clustering of water conservation services of Yan’an city in 2010 (A) and 2018 (B).
3.3 Trade-off and synergy relationship analysis
At the spatial pixel scale, the trade-off and synergistic relationship between soil conservation and water conservation services in Yan’an city were quantitatively analyzed. As shown in Figure 6, the area of the synergy relationship accounts for 77.05%, and that of the trade-off relationship is 22.95%. The synergy area is much larger than the trade-off area. In terms of spatial distribution, the trade-off relationship is mainly distributed in the northern of Yanchuan, Yanchang and Baota districts, while the synergy relationship are mainly distributed in other areas of Yan’an city.
[image: Figure 6]FIGURE 6 | Distribution of trade-offs between soil conservation and water conservation services of Yan’an city.
3.4 Correlation analysis between ecosystem service change and implementation data of the GCLC project
Based on Pearson correlation coefficient, SPSS18.0 software was used to analyze the correlation between the implementation scale data of GCLC projects in 13 districts and counties of Yan’an city (Table 1) and the change values of soil conservation and water conservation. The results showed (Table 2) that from 2010 to 2018, there was a positive correlation between soil conservation services and the number of the projects, as well as the newly added cultivated land area. There was a negative correlation between soil conservation services and the construction scale, the construction scale of high-standard farmland, and the investment amount. There was a positive correlation between water conservation and the GCLC projects, but all correlations were not significant.
TABLE 2 | Correlation between implementation index of GCLC project and soil conservation and water conservation service change.
[image: Table 2]According to the change values of soil conservation and water conservation in 13 districts and counties of Yan’an city (Figure 7), from 2010 to 2018, due to different natural conditions and habitat characteristics, each district and county in Yan’an played different roles in ecological protection, food security and economic development, and the implementation priorities of GCLC projects and their impacts on soil conservation and water conservation services changes were also different.
[image: Figure 7]FIGURE 7 | The soil conservation and water conservation services variations in different districts and counties of Yan’an city.
As the municipal government of Yan’an city is located, The rapid urbanization makes a large amount of cultivated land in Baota District occupied by construction land, so it is necessary to implement the GCLC project to develop agriculture intensively and improve the economic and population capacity. Baota District has the largest area of construction scale, and the newly added cultivated land in Yan’an city. The implementation of the project and urban construction made the the amount of soil conservation in Baota District has decreased.
In the east, Zichang, Yanchuan and Yanchang counties have low terrain, which is more suitable for the development of agriculture. Therefore, the implementation of GCLC projects covers a large area. Except for Zichang County, there was a slight decreased of soil conservation in Yanchuan and Yanchang counties.
The southeast and southwest of Yan’an city, especially, Huangling and Huanglong counties are important ecological protection and water conservation areas in the province. So the amount of water conservation and soil conservation has decreased due to the impact of the project. Although the scale and the new cultivated land of the project is small, the human disturbance and landscape fragmentation still cause a large degree of decline in water conservation and soil conservation.
Wuqi, Zhidan and Anseh counties in the north have poor ecological environment background conditions, high altitude and wide distribution of grassland. Although the scale of GCLC projects implemented is not large, they can effectively improve the level of agricultural infrastructure, fully guarantee and improve people’s livelihood, and play a positive role in the restoration of ecological environment. Therefore, the service functions of soil conservation and water conservation have been slightly improved.
4 DISCUSSION
4.1 Changes and synergistic relationship between soil conservation and water conservation services in Yan’an city
From 2010 to 2018, the total amount of soil conservation in Yan’an city decreased by 7.7%, while the water conservation increased by 0.56%. The general trend of both is a decrease in the south and an increase in the north. Studies have shown that large-scale ecosystem service changes and their synergies and trade-offs are mainly caused by climate factors such as temperature and precipitation, while small-scale changes are caused by human activities and land use changes (Wang et al., 2021).
Precipitation is the biggest influencing factor of water conservation services (Wang X. et al., 2022). The spatial variation of water conservation services in Yan’an City was basically consistent with the variation trend of precipitation in Yan’an City during this period (Xu and Zhang, 2020), but the total amount of water conservation in Yan’an City remained stable. It may be that the increase in vegetation cover increased plant transpiration, so the total amount of water conservation did not increase much. In addition to precipitation, soil conservation is also closely related to topography and land use type, which affect soil conservation function by affecting rainfall erosivity (Xu and Zhang, 2020). The overall change of soil conservation service in Yan’an city is greater than that of water conservation service, which may be because human activities have changed the topography and land use types on a small scale, so the amount of soil conservation has decreased to a certain extent.
On the whole, there is a synergistic relationship between soil conservation and water conservation services, which is consistent with the research results of other scholars in the Loess Plateau region (Ren et al., 2022; Lan et al., 2023). Due to the consistent impact of precipitation, land use types, and vegetation cover, as well as relatively similar biophysical linkages and soil hydrological processes, the two services exhibit synergy (Li and Zhang, 2021; Wang S. et al., 2022). However, in the study area, Yanchuan, Yanchang and the northern part of Baota districts in the east of Yan’an city show a certain tradeoff. According to Table 1, the largest area of GCLC projects was implemented in this three areas. Therefore, this may be related to human disturbance. Xue et al. (2024) research in the Loess Plateau region also shows that places with low elevation are more susceptible to human disturbance. The higher the elevation, the stronger the synergistic effect between soil conservation and water conservation services (Xue et al., 2024).
4.2 Effects of the GCLC project on soil conservation and water conservation services
The results showed that the effect of the GCLC projects on soil conservation and water conservation services in Yan’an city is not significant. Many studies have shown that land consolidation has a negative impact on soil and water loss and significantly increases the amount of soil erosion (Evrard et al., 2010; Chartin et al., 2013). On the other hand, the change of slope gradient in land leveling projects can increase infiltration, reduce runoff rate and soil erosion intensity (Gao et al., 2012; Liu et al., 2013; Liu et al., 2015). In terms of ecosystem services, most studies have shown that land consolidation improves food production services of ecosystems while weakening other services and total value (Zhao et al., 2004; Kindu et al., 2016). The Loess Plateau is vulnerable to erosion due to its broken topography and poor impact resistance, and the implementation of land consolidation project has a certain negative impact on soil conservation. Meanwhile, compared with the forest and grass ecosystem, the vegetation coverage of farmland is relatively lower, so the soil conservation service is relatively low (Sun et al., 2014). However, engineering measures such as hydraulic engineering effectively reduced the occurrence of drought and flooding events, promoted the protection of vegetation in the whole basin, and thus prevented soil and water erosion. Therefore, in general, the negative impact of the project on soil conservation is not large, and the changes of soil conservation and water conservation services in Yan’an city during the GCLC project are relatively stable.
Yin’s research shows that Nature-based Solution (NCS) practices can improve multiple ecosystem services. However, unsustainable NCS implementation such as over-afforesting may result in a trade-off of reduced water supply, grassland and farmland (Yin et al., 2023). The GCLC project implemented in Yan’an city after the GFG project can not only increase the quantity and quality of cultivated land, and ensure food security, but also provide relatively stable and coordinated soil conservation and water conservation services in Yan’an city during this period, achieving the effect of “expanding ecosystem area” to “improving ecosystem management efficiency.”
4.3 Limitations and prospects
Based on the InVEST model, this study analyzed the temporal and spatial evolution of soil conservation and water conservation services in Yan’an city under the background of GCLC project. It could not only obtain quantitative analysis results, but also visually analyzed the results of ecosystem service value, providing a basis for the benefit assessment of regional GCLC project. However, the research on its impact mechanism was not deep enough in this paper. In addition, the scale of the study can also affect the results. Due to the influence of climate, terrain, land use and other conditions, the trade-offs among ecosystem services are spatial-heterogeneous and temporal-dynamic, and change with the passage of spatial-temporal scales (Ren et al., 2022). In the next step, on the basis of obtaining the spatial information of the project, the relationship between land consolidation at different scales and ecosystem service function should be further obtained by means of spatial analysis, and the influence mechanism and law of long-term comprehensive benefits after the implementation of the project should be revealed through reasonable model simulation. It provide a more effective theoretical basis for land consolidation technology innovation and ecological protection of the Loess Plateau.
5 CONCLUSION
The total amount of soil conservation decrease of 7.76% in Yan’an city between 2010 and 2018, and the basic trend of spatial variation was an increase in the northwest and a decrease in the southeast. The spatial clustering of soil conservation was relatively low. The total amount of water conservation in Yan’an city remained relatively stable, increasing by 0.56% in 8 years, with the basic trend of increasing in the north and decreasing in the south. There is a high spatial clustering feature in water conservation service. There is a synergistic relationship between soil conservation and water conservation services in most area of Yan’an city. From 2010 to 2018, the effect of the GCLC projects on soil conservation and water conservation services in Yan’an city is not significant. Due to the different natural conditions and habitat characteristics, the implementation focus of GCLC project and its impact on soil conservation and water conservation services are also different.
These results show that the GCLC project can effectively alleviate the situation of sharp decline of cultivated land area and insufficient food production capacity under the condition of maintaining relatively stable and coordinated regional soil conservation and water conservation services, ensure the red line of cultivated land and food security, and balance the conflict between ecological protection and farmers’ livelihood. The balanced between ecological security and food security, high-quality development and ecological protection has been achieved. Our work could be cited as a reference for other comprehensive ecological control projects in the Loess Plateau.
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