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Understanding changes in ecosystem services (ESs) and quantitatively identifying the drivers that influence these changes are essential for achieving sustainable ecosystem development. In this study, multiple data sources and techniques, including meteorological data, land use/cover data, soil data, the InVEST model, and ArcGIS, were used to analyze the spatiotemporal variation characteristics of carbon storage, habitat quality, soil retention, water yield, and crop product supply in Xinghua City from 2000 to 2015. Additionally, we explored the causes of these changes and the interrelationships among these ESs. The results showed that: (1) During the study period, carbon storage and habitat quality declined, water yield fluctuated and increased, and soil retention had small interannual variations. The supply capacity of crop products first increased rapidly and then stabilized. (2) ESs were influenced by multiple drivers, with altitude having the strongest explanatory power for habitat quality and soil retention, and food production having the strongest explanatory power for crop product supply. (3) Relationships between different ESs were variable and changed over time. This study could enrich the understanding of spatial and temporal changes and drivers of ESs in the plain river network area, which has important implications for future land use planning and sustainable development of ESs.
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1 Introduction

Ecosystem services (ESs) are a variety of direct and indirect benefits provided by natural ecosystems to human societies, including provisioning services, regulating services, cultural services, and supporting services. These services are important for human well-being, socio-economic development, and the sustainability of ecosystems (Millennium Ecosystem Assessment (MA), 2005; Costanza et al., 2014; IPBES, 2019). With continuous changes in the natural environment and rapid socio-economic development, factors such as climate, land use change, and other human activities constantly influence the spatiotemporal distribution of ESs. Also, as humans are selective about different ESs, they usually change the supply capacity of a certain ES artificially, so that the dynamic changes among various ESs are manifested as trade-off relationships or synergistic relationships of mutual promotion (Li et al., 2013; Zhong et al., 2020).

Relevant studies have found that different natural-socio-economic drivers affect ESs in different ways (Zhang et al., 2018; Dade et al., 2019;  Dun et al., 2019), e.g. climate change directly induces changes in ESs such as food production, water yield services, net primary productivity, etc. and indirectly affects the capacity to provide services such as soil retention and carbon storage (Grimm et al., 2016; Uniyal et al., 2023). Changes in land use/cover directly reflect the ecosystem composition, patterns, and change processes in an area. This directly influences the spatiotemporal distribution patterns and evolutionary patterns of ESs (Zheng et al., 2019). In-depth research and understanding of the drivers of ESs are important for identifying spatial and temporal changes in ESs, predicting future trends of changes, and developing adaptive and sustainable management strategies. However, most studies have used traditional correlation or regression analyses, which focus mainly on the influence of values on drivers and ignore the spatial heterogeneity of the drivers themselves (Jia et al., 2022). Geographical detector is a new tool for geographic research that can effectively analyse the spatial heterogeneity of geographic phenomena (Han et al., 2015; Wang and Xu, 2017), and this method has been gradually applied to identify the spatially stratified characteristics of land use and landscape patterns, and it can effectively detect spatial differences and major causes in geographic phenomena (Ren and Cao, 2022; Xu et al., 2022).

Relationships between ESs involve trade-offs and synergies (Turner et al., 2014). Trade-off means that increasing or improving one ES leads to a reduction or degradation of other ESs, e.g., research has found that using more land for agricultural production increases food production but may lead to a reduction in ecosystem biodiversity (Zhao et al., 2020). Synergistic effect means that increasing or improving one ES will promote the increase or improvement of other ESs, e.g. synergistic relationship exists between pasture supply and wind and sand control, water conservation, and soil preservation in key ecological function areas in northern China (Zhu et al., 2020). Many scholars have conducted in-depth studies of the trade-offs and synergistic effects of relationships between ESs. Studying trade-offs and synergistic relationships of ESs can provide guidance for future decision-making, which can help policy makers better predict and understand the implications of favouring one ES over another (Rodríguez et al., 2006), thus avoiding potential negative impacts. It also provides a basis for decision making to achieve sustainable management of regional ecosystems, guide the future exploitation of natural resources, and improve human well-being; this is the key to transitioning from theoretical research to practical management of ESs (Fu and Yu, 2016; Zhao et al., 2020; Gao et al., 2022; Xue et al., 2023).

Xinghua is abundant in agricultural resources and is one of the most representative agricultural cities in Jiangsu Province and even in China, and the city’s total grain output has always been at the forefront in China (Cheng et al., 2011). In addition, Xinghua is rich in water resources with lakes and lagoons accounting for half of the total number of Lixia River Basin (Bai et al., 2014). Xinghua possesses ecological redline protection areas that cover one-fifth of the municipal territory. These areas have significant ecological value and require strict conservation measures. In recent years, with rapid economic development, urban land use has been expanding, which encroaches on and destroys a large amount of arable land and other ecological land. In order to pursue higher economic benefits, the trend of non-food production has become more obvious, and the area of lakes and water systems has been decreasing (Zhang, 2022). This irrational land use transition has caused great impacts on ESs, which will exacerbate the reduction of arable land resources, the pressure on water supply, and the weakening of ESs, thus threatening the sustainable development of Xinghua City. However, research on the impact of these issues on ESs in Xinghua has not yet been conducted, and how socio-economic factors will affect ESs and the relationship between ESs is not yet clear. Therefore, five key ESs, carbon storage (CS), habitat quality (HQ), soil retention (SR), water yield (WY), and crop product supply (CP), were selected for this study. The spatial and temporal changes of five ESs in Xinghua from 2000 to 2015 were analysed using Geographic Information System (ArcGIS) techniques and the InVEST model. The main drivers of change in the five ESs and their interactions had been analysed by the geographical detector. Finally, the trade-offs and synergistic relationships of the ESs were investigated using the Statistical Product and Service Solutions (SPSS) platform and correlation analysis. This study aimed to: (1) assess the spatial and temporal distribution characteristics of ESs in the study area; (2) identify the main drivers of spatiotemporal changes in ESs; (3) recognize ESs interrelationships in the study area.




2 Materials and methods



2.1 Study area

Xinghua (32°44′–33°13′ N, 119°43′–120°16′ E) is located on the northern flank of the Yangtze River Delta, between Jiang and Huai; it lies in the hinterland of the Lixia River in central Jiangsu (Peng, 2006). The terrain is low-lying and flat, with a total area of 2393.35 km2, and ground elevations ranging from 1.40 to 3.20 m. The topography is high in the east and south, and low in the northwest, which is the lowest among the three main depressions of Jianhu, Xinghua, and Qintong in the Lixia River area (Ye et al., 2011). Xinghua is characterized by a subtropical humid monsoon climate, with an average annual temperature of approximately 15.5°C and average annual precipitation of 1070.76 mm. The seasonal precipitation distribution is uneven, with rainfall during the flood season (May−September) accounting for approximately 67.4% of the annual precipitation and a multi-year average annual evaporation is approximately 825.97 mm. Special geographic conditions have shaped the natural landscape of rivers and lakes in the territory, with 12,124 small, medium, and large rivers having a total length of 10,526 km and a water surface rate of 14.71% (Figure 1); it is a typical plain river network area.




Figure 1 | Location of the study area.



However, driven by economic interests, enclosures and aquaculture activities have resulted in a reduction of the water area from 26% to 18% of the lake system. At the same time, pollution from aquaculture and other production and domestic activities has posed a significant threat to the water ecosystem (Zhang, 2022). During the process of land transfer, there has been a clear trend of non-food production, with most farmers using arable land to dig ponds for aquaculture or to grow other cash crops, while only a few large grain farmers have continued to grow staple crops. These shifts in land use types have directly led to changes in the layout of arable land and permanent basic farmland, as well as ecological issues such as soil erosion and water pollution (Wang et al., 2019), negatively impacting regional ecosystem services.




2.2 Data sources and descriptions

The data required for this study mainly includes land use type, digital elevation model (DEM) data, meteorological data, soil and socio-economic data. After obtaining the relevant data, vector–grid conversion was carried out and all data were projected to the WGS84 coordinate system. For the land use type data, land resources and their utilization attributes were classified into 11 types according to China’s land use/land cover remote sensing monitoring data classification system: paddy field, dry land, woodland, grassland, canal, lake, reservoir, beach land, urban land, other construction land, and rural land. Details of the multi-source data are shown in Table 1.


Table 1 | Data sources and processing instructions.






2.3 Ecosystem services assessment

The study used the InVEST model, which has been widely used for ESs assessment and which, in combination with ArcGIS, allows the spatial representation of ES and facilitates the observation of the spatial distribution and changes in ESs (Posner et al., 2016; Hu et al., 2023).

(1) Carbon storage (CS)

The Carbon module of the InVEST model was used to estimate the carbon storage service, which mainly includes four carbon pools, including aboveground biomass, belowground biomass, soil carbon density, and carbon density of dead organic matter. The LULC maps and the stocks of the four carbon pools were entered into the model, resulting in the final output of the carbon storage raster. The calculation formula was as follows:



where Ctoil is the total carbon storage (t/hm2), Cabove is the aboveground biomass (t/hm2), Cbelow is the belowground biomass (t/hm2), Csoil is the soil carbon density (t/hm2), and Cdead is the carbon density of dead organic matter (t/hm2). More information about the model can be available in the Supplementary Material.

(2) Habitat quality (HQ)

Habitat quality was evaluated using the habitat quality module of the InVEST model. HQ refers to the ecosystem’s ability to provide resources for survival, reproduction, and population sustainability (Hu et al., 2023). The module calculated habitat quality by inputting LULC maps, threat rasters, the sensitivity of land cover types to each threat, and threat parameters. The calculation formula was as follows:



where j is the cover/use type of some land, Qxj is the habitat quality index for raster cell x in land use type j, Hj is the habitat suitability for land use type j, Dxj is the degree of habitat degradation in raster cell x in land use type j, k is a half-saturation constant, generally taken as half of the maximum value of habitat degradation, and z is the default parameter of the model, usually takes the value of 2.5. Definitions of relevant terms and parameters are given in the Supplementary Material.

(3) Soil retention (SR)

Soil retention is represented by the difference between potential soil erosion and actual soil erosion, that is the difference between soil erosion caused by no land cover or land management measures and soil erosion under current vegetation cover management and soil and water conservation measures. The Sediment Delivery Ratio module in the InVEST model was used to analyze the soil retention capacity in the study area. The calculation formula was as follows:







where USLE is the actual soil erosion (t/hm2), RKLS is the potential erosion of soil (t/hm2). R is the rainfall erosivity, K is the soil erodibility, which was computed through the erosion-productivity impact calculator (EPIC) first proposed by Williams (Williams et al., 1984). LS is the slope length factor (topographic factor), C is the vegetation cover factor, and P is the Soil and water conservation measure factor. More information about the model can be available in the Supplementary Material.

(4) Water yield (WY)

The water yield module in the InVEST model was used to evaluate water production services. Based on the principle of water balance, this module combines climate, topography, vegetation, soil, and other factors to quantitatively evaluate the water yield of each land use in a grid (Yang et al., 2020). WY is defined as the difference between precipitation and actual evapotranspiration of each grid cell. The formula was as follows:



where Yx is the annual water yield of grid cell x (mm), AETx is the actual annual evaporation (mm) from grid x, and Px is the average annual precipitation (mm) for raster x. More information about the model can be available in the Supplementary Material.

(5) Crop product supply (CP)

Food supply is one of the most basic supply services in ecosystem services (Liu et al., 2022). Combined with the crop production of Xinghua, four major production crops: grain, cotton, vegetables, and fruits were used to comprehensively measure the crop supply capacity of each township in Xinghua. Crop yield was calculated by using a yield model with the following formula:



where PRO is the yield of the crop, Ai is the area of each township in Xinghua, Ri is the area proportion of crops in each township, and Pi is the yield per unit area of crops in each township. All data came from Xinghua Statistical Yearbook from 2000 to 2015.




2.4 Impact of land use change on ecosystem services

To analyse the impact of land use change on ESs, we used the land use data downloaded from Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences for the four periods of 2000/2005/2010/2015, and then imported into ArcGIS to be processed to obtain the land use distribution map of the study area for each year. Then, based on the assessment results of the five ESs above, the land use maps of each year and the spatial distribution maps of each ESs of the corresponding year were overlaid in ArcGIS to count the value of ESs on each land use type. The statistical results were divided by the total area of the study area, and the results obtained were taken as the degree of contribution of different land use types to the ESs per unit area.




2.5 Geographical detector and drivers

Geographical detector is a statistical method used to study the spatial differences of geographical phenomena and reveal the drivers behind them (Ge et al., 2021; Ji et al., 2021); it consists of four modules: risk detection, factor detection, ecological detection, and interaction detection. Geographical detector is subject to fewer prerequisite constraints and has significant advantages when dealing with mixed types of data. Factor detection and factor interaction detection modules were used in this study. The factor detector was used to detect the spatial heterogeneity of the dependent variable (ESs), and the magnitude of the q-value was used to describe the strength of spatial consistency between the drivers and ESs, as shown in Equation (8). The interaction detector detected whether the drivers X1 and X2 together enhanced or weakened the explanatory power of the ESs, or whether the effects of these drivers on ESs were independent of each other (Wang and Xu, 2017).



where q denotes the explanatory power of the drivers, n denotes the sum of sample points, σ2 denotes the sum regional variance, h = 1,2,3…L denotes the layer of factor X, nh and σh2 denote the number of sample points and variance of layer h. The q-statistic is between 0 and 1. The larger the q-statistic, the greater the explanation of ESs by the drivers.

Based on previous studies (Jopke et al., 2015; Liu et al., 2019a; Dou et al., 2020; Huang et al., 2022) combined with the target study area and data availability, 11 drivers were selected as independent variable drivers: natural drivers, including elevation, slope, temperature, potential evapotranspiration, and precipitation; and socio-economic drivers, including gross domestic product (GDP), population density, grain production, agricultural machinery power, rural per capita net income, and general financial revenue.




2.6 Quantitative measure of trade-offs and synergies between ESs

This study used the Pearson correlation coefficient method in SPSS 25.0 software to quantify the relationships between ESs. This method identifies ES trade-offs and synergistic relationships by simply quantifying statistical associations between pairs of ESs (Dade et al., 2019); it has been used previously by a large number of scholars (Sun and Li, 2017; Liu et al., 2019b; Fan et al., 2022). A positive correlation coefficient, subject to a 1% significance test, indicates a synergistic relationship between the two ESs; a negative correlation coefficient constitutes a trade-off relationship. The closer the correlation coefficient is to zero, the weaker the trade-off or synergistic relationship is between the ESs (Wu et al., 2021; Chen et al., 2022). The calculation formula was as follows:

	

where Rxy is the partial correlation coefficient between services x and y, Xi and Yi are the values of the x and y services, respectively, i and j are the row and column numbers of raster data elements, respectively,   and   are the average values of the corresponding services, and n is the time series of the raster data.





3 Results



3.1 Spatiotemporal characteristics of ESs



3.1.1 Temporal dynamic of ESs

The average CS, HQ, SR, WY, and CP of the study area over the 15 years from 2000 to 2015 were 2363.16 Mg/c, 698.76 (dimensionless), 1.57 × 105 t/pixel, 8.57 × 105 mm, and 1.00 × 108 t, respectively. The ESs capacity showed different degrees of variability across the four periods. Overall, during the study period (Figure 2), CS and HQ decreased by 1.60% and 0.87%, respectively; SR was lowest in 2005 and varied less in the remaining years; WY increased by 235.18%, and the four-year trend of WY was in line with the trend of mean annual precipitation. CP increased considerably from 2000 to 2010 and varied less from 2010 to 2015, increasing by 33.25% throughout the study period.




Figure 2 | Temporal variation of the five ESs from 2000 to 2015. (A) Carbon storage (CS) variation over time. (B) Habitat quality (HQ) variation over time. (C) Soil retention (SR) variation over time. (D) Water yield (WY) variation over time. (E) Crop production supply (CP) variation over time.






3.1.2 Spatial dynamic of ESs

Figure 3 shows the spatial distributions of CS, HQ, SR, WY, and CP in Xinghua, where it can be seen that there are differences in the spatial distribution of each service. The high-value areas of CS are widely distributed, mainly in the areas of arable land (paddy fields and dry land) and woodland, but with the occupation of arable land by urban land, rural land, and water reservoirs, there is a decreasing trend in carbon stock; the low-value area of CS is mainly concentrated in the northwest. The high-value areas of HQ are scattered in the lake area in the northwest corner, but there is a decreasing trend accompanying the year-on-year decrease in lake area; the low-value areas of HQ are widely distributed. The spatial pattern of SR is similar across the four periods, with medium-value areas widely distributed and low-value areas mainly distributed in lakes, along water systems, and in urban land; a decreasing trend accompanies the expansion of urban and rural land. The high-value areas of WY are concentrated in the urban center and southeast, and low-value areas are widely distributed. The high-value area of CP is concentrated in the southeast, far from the urban center, and the range of the high-value area gradually expands with time; low-value areas are mainly concentrated in urban and rural land.




Figure 3 | Spatial distributions of ESs and changes in Xinghua from 2000 to 2015 (CS, carbon storage; HQ, habitat quality; SR, soil retention; WY, water yield; CP, crop product supply).







3.2 Spatiotemporal characteristics of land use and the contribution of different land use types to ESs

Figure 4 shows the spatial distribution of land use in Xinghua from 2000 to 2015. Paddy fields were distributed most widely, and urban land was mainly concentrated in the northwestern and southeastern corners of Xinghua, mostly near river systems. From 2000 to 2015, the land use type in Xinghua was dominated by paddy fields, accounting for 71.3%−79.21% of the total area. In general, the areas of different land use types changed by different degrees. During the study period, the areas of arable land (paddy fields and dry land), grassland, and rivers (canals, lakes, and beach land) showed different degrees of decrease, among which, paddy fields decreased by 9.89%, dry land decreased by 9.64%, grassland disappeared, canals decreased by 3.65%, lakes decreased by 51.01%, and beach land decreased by 33.01%. Urban land, woodland, reservoirs, and rural land increased significantly, among which urban land showed the largest increase (365.91%), with large areas concentrated in the central, western, and southeastern corners of the city; woodland increased by 271.21%, reservoirs increased by 89.77%, and rural land increased by 13.80% (Table 2). The rapid expansion of urban land was mainly based on arable land (paddy fields and dryland).




Figure 4 | Spatial distributions of land use in Xinghua from 2000 to 2015.




Table 2 | Areas and proportions of land cover in Xinghua from 2000 to 2015.



Figure 5 shows the contribution of different land use types to the five ESs per unit area in Xinghua from 2000 to 2015. The results show that among different land use types, woodland, grassland, and arable land (paddy fields and dryland) have the strongest CS capacity; various river systems contribute the most to HQ; and the SR capacity is similar in different land types, with woodland having the highest contribution value, and woodland and paddy fields having high CP capacity.




Figure 5 | Contribution of different land cover types to multiple ESs per unit area from 2000 to 2015 (CS, carbon storage; HQ, habitat quality; SR, soil retention; WY, water yield; CP, crop product supply).






3.3 Drivers identification



3.3.1 Factor detector

The explanatory power of different drivers for ES in Xinghua City from 2000 to 2015 was explored using the geographical detector (Figure 6). We can see that elevation has the strongest explanatory power for HQ, with a q-value of more than 0.25, followed by general financial revenue and rural per capita net income. The strongest explanatory power for CP is grain production (0.88–0.95), followed by GDP and agricultural machinery power. Overall, socio-economic drivers have a significant impact on the variation of CP. The most dominant driver of SR is elevation (0.24–0.28), while the remaining drivers have low explanatory power. The low explanatory power of all drivers on CS and WY implies that these two ESs may be influenced by several drivers.




Figure 6 | Factor detection results of drivers of ESs changes in Xinghua City from 2000 to 2015. (A) Carbon storage (CS) change drivers detection results. (B) Habitat quality (HQ) drivers factor detection results. (C) Soil retention (SR) drivers factor detection results. (D) Water yield (WY) drivers detection results. (E) Crop production supply (CP) drivers detection results. (Ele, elevation; PE, potential evapotranspiration; Pre, precipitation; Slo, slope; Tem, temperature; GDP, gross domestic product; GFR, general financial revenue; GP, grain production; AMP, agricultural machinery power; RPI, rural per capita net income; PD, population density).



The explanatory power of each driver for ES shows a fluctuating trend over time. The explanatory power of elevation declined for HQ, while the explanatory power of general financial revenue increased. For CP, the explanatory power of grain production and agricultural machinery power declined as a whole, while the explanatory power of general financial revenue and rural per capita net income increased as a whole. This indicates that with an increase in agricultural technology level, the effort of the government to support the agricultural impact on product supply capacity space differentiation gradually strengthens.




3.3.2 Interaction detector

The results of the interaction detection revealed that the combined effect of two drivers had stronger explanatory power than a single driver (Figure 7), with the ESs with significantly stronger explanatory power after driver interaction included HQ, SR, and CP. For HQ, elevation (X1) had the strongest interaction with the other drivers, with q-values ranging from 0.30 to 0.83; again demonstrating the importance of elevation on the explanatory power of HQ. For SR, elevation (X1) and precipitation (X3) had the most significant interaction results, with an explanatory power of 0.55–0.87. For CP, all drivers showed strong interactions, with grain production (X8) interacting significantly with the other drivers, indicating that grain production (X8) occupies a central position in CP.




Figure 7 | Interaction detection results of driver factors of ESs change in Xinghua (X1, elevation; X2, potential evapotranspiration; x3, precipitation; X4, slope; X5, temperature; X6, GDP; X7, general financial revenue; X8, grain production; X9, agricultural machinery power; X10, rural per capita net income; X11, population density; CS, carbon storage; HQ, habitat quality; SR, soil retention; WY, water yield; CP, crop product supply).







3.4 Trade-off and synergy between ESs

The correlation analysis of the five ESs in Xinghua City from 2000–2015 (Table 3) shows that there are both trade-offs and synergistic relationships among them. Carbon storage–habitat quality (CS-HQ), carbon storage–crop product supply (CS-CP), and soil retention–water yield (SR-WY) have synergistic relationships. Trade-off relationships existed for carbon storage–water yield (CS-WY), habitat quality–soil retention (HQ-SR), habitat quality–water yield (HQ-WY), and habitat quality–crop product supply (HQ-CP). Overall, trade-offs dominated the relationships among ESs in Xinghua City during the study period.


Table 3 | Correlation of ESs in the study area.







4 Discussion

This study found that the ESs in the study area changed continuously in time and space during the period 2000–2015. The spatial and temporal heterogeneity of ESs was closely related to land use changes and driven by various socio-ecological drivers. Land use in Xinghua City changed significantly during the study period, with a dramatic expansion of urban construction land and an increase in forested land area. The area of arable land, grassland, and natural waters decreased. This was mainly caused by urban expansion and the conversion of arable land, grassland, wetlands, and natural waters into roads or other construction facilities (Forman, 2014). The results of the study showed that woodland, arable land (paddy fields and dryland), and grassland contributed the most to ecosystem services, and they dominated the local ESs. Especially in terms of regulating and supporting services, the ESs of these three land-use types were generally higher than those of urban land and rural land. This spatial distribution pattern was consistent with the findings in Zengcheng (Sun and Li, 2017), the western region of Suzhou (Zhao and Li, 2022), and the Taihu basin (Bai et al., 2020), which could be attributed to low anthropogenic disturbance and high natural vegetation cover. However, the degradation of CS and HQ with the expansion of the city reflected the negative impact of rapid urbanisation on ESs.

In addition, it was found that the dominant drivers were different for different ESs and that the effect of the interaction of the two drivers on ESs was enhanced, which is consistent with the results of existing related studies (Meacham et al., 2016; Lu et al., 2021; Shen et al., 2021). Among the natural drivers, elevation had the strongest explanatory power for HQ and SR. HQ and SR were relatively low in high-elevation areas, which was because of the low-lying and flat topography of Xinghua City, where urban and rural lands were mainly distributed in high-elevation areas. These areas have undergone extensive development and construction, and the natural ecosystem system has been seriously damaged. Among the socio-economic drivers, food production had the strongest explanatory power for CP, followed by GDP, agricultural machinery, and general financial income. This shows that as the level of socio-economic development increases over time, the core influence on ESs gradually shifts from natural factors to socio-economic drivers.

Understanding the trade-offs and synergies among ESs is important for guiding policy formulation, optimising resource use, and protecting ecosystems (Howe et al., 2014; Cord et al., 2017). After examining the trade-offs and synergies between ESs in the study area, we found that the relationships between ESs showed heterogeneity during the study period. Among them, the most significant changes were CS-CP, CS-WY, and HQ-WY. The degree of synergy between CS-CP weakened over time, which could be attributed to the fact that the rapid development of urbanisation occupied a large amount of arable land, resulting in a decrease in organic carbon fixed by crops. On the other hand, the increase in food production per unit area and the improvement in agricultural mechanisation were conducive to the increase in CP (Long-hui et al., 2020; Zhang et al., 2023). The combined effect of these two factors weakened the synergy between CS and CP. Secondly, the degree of trade-off between CS-WY was increased, mainly due to the expansion of urban land use and the increase in annual rainfall. Combined with Figures 2 and 4, it is suggested that the high value of WY was mainly located in the urban land, which was due to the expansion of urban land that not only increased the demand for water resources but also led to a decrease in evapotranspiration and an increase in water production capacity (Ji et al., 2022; Wu et al., 2022). The expansion of urban land was mainly through the occupation of arable land, and the reduction of arable land led to a decrease in organic carbon, so the degree of trade-off between CS-WY increased. The degree of trade-off between HQ-WY also increased, as the expansion of urban land and the construction of reservoirs led to the occupation of arable land, the destruction of lake systems, and the deterioration of habitat quality (Zhang, 2022), which worsened the trade-off effect between HQ-WY.

Based on these findings, the Chinese government should promote basic farmland protection planning at the municipal level, and rationally plan and maintain a certain proportion of ecological land to limit the expansion of construction land. Balance ecological protection with urbanisation and economic construction to reduce negative impacts on natural ecosystems. In high-elevation areas, soil and water conservation measures should be strengthened, and ecological land should be increased moderately in urban and rural areas. In addition, the protection and sustainable development of ESs should be taken into account in the planning and management of municipal areas, and the trade-off relationship between ESs can be mitigated by ecological compensation measures (Deng et al., 2023).

There are some limitations and uncertainties in this study. The results of the InVEST model depend on the accuracy of the input data as well as the relevant parameters, and the lack of accuracy of the data obtained in the study could lead to uncertainty in the results. In addition, the Pearson correlation coefficient method was used in the study of trade-offs and synergistic relationships between ESs, which has the advantages of being widely applicable, simple, and intuitive. However, it simplifies the complex relationship between ESs and can only study the relationship between two ESs. Therefore, in the future, we will further explore the trade-offs and synergies between multiple ESs and their causes with more adapted methods. This will provide more meaningful recommendations for the coordinated development of regional ESs.




5 Conclusions

Our study explored the characteristics of spatiotemporal changes of ESs, drivers, and trade-offs and synergies between different pairs of ESs in Xinghua City from 2000 to 2015. The results showed that there was spatiotemporal heterogeneity in the changes of different ESs; ESs were affected by multiple drivers, and two interacting drivers had stronger explanatory power for ESs than a single driver; trade-offs and synergies between ESs were complex, and the trend of the degree of trade-offs/synergies varied over time.

To ensure the continuous supply of ESs in the Xinghua area of the Lixia River and realize the coordinated development of economic growth and ecological protection, we suggest that in terms of land planning, relevant departments should clarify the layout arrangements, quantitative indicators, and quality requirements of basic farmland protection, maintain a certain proportion of ecological land, and control the expansion of construction land. In high-elevation areas, attention should be paid to soil and water protection measures. In addition, considering the trade-offs and synergies between different pairs of ESs, policy makers should pay attention to how the short-term demand for certain ESs will affect the supply of other ESs, and policy formulation should minimize the trade-off effect between ESs. We hope that these suggestions can help local policy makers to provide references to better formulate forward-looking and targeted plans.
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