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Typical black soil regions in Northeastern China (TBSN) are facing problems of degradation of ecosystem services (ESs) and spatial conflicts between cropland and ecological land. Ecological Protection Redline (EPR) policy is one of the first national policies to utilizing multiple ESs. However, there is no standardized framework of delineation and validation for TBSN. In this study, the framework of Ecological Protection Redline delineation was further improved in three aspects of the ecosystem, namely, service function, ecological sensitivity, and biodiversity. Specifically, the framework considered the conflict between high-quality cropland and ecological land in the TBSN. We examined EPR effectiveness by comparing ESs and trade-off/synergistic relationships of different land use scenarios for 2035. The results show that 1) the EPR delineation threshold for each key indicator was determined to be 15%, considering the quality level of cropland. The ecological redline area of 89,593.63 km2 was identified, which was concentrated in the southwestern part of the Mengdong typical black soil subzone and Songnen typical black soil subzone. 2) Compared to the current ecological protection scenario and current ecological protection redline scenario, the optimized EPR scenario was the best solution to guarantee the sustainable development of the TBSN, maximizing ESs, weakening trade-offs, and strengthening synergistic relationships between them. The results of the study provided a theoretical basis for land use planning and the scientific management of ecosystems in the TBSN.
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1 INTRODUCTION
Ecosystem services (ESs) are defined as the benefits that humans derive directly or indirectly from ecosystems (Costanza et al., 2014). They are crucial in forming and maintaining the environmental conditions and the material basis for human survival and development. China has established the concept of “a community of life in mountains, waters, forests, lakes, lakes, grasses, and sands” and has launched major ecological protection and restoration projects at the national and local levels, such as the Three-North Shelter Forest System Project and the Grain to Green Project, with the aim of maximizing one or more types of ESs (Li et al., 2022a). However, with human influence on the natural environment, the goal of diversifying ESs and maximizing benefits is difficult due to people tending to maximize a particular ecosystem service by changing a particular land use type, further exacerbating the trade-off between ESs (Barbier et al., 2008; Carpenter et al., 2009; Fridman and Kissinger, 2018). Spatial heterogeneity in land use change leads to spatial heterogeneity in ESs (He et al., 2023; Yu et al., 2023). Meta-analysis of 89 ecological restoration projects globally has shown that these initiatives can result in 25 percent recovery of ESs, but they do not fully restore ecosystem service to their pre-degradation levels (Wang, 2019). Although ecological protection and restoration projects are continuously implemented, high-intensity human agricultural activities have led to a significant expansion of cultivated land, a reduction in the ability of the root system to hold soil, retain sediment, intercept and filter nitrogen, and a significant decline in soil retention and water purification capacity (Fang et al., 2021; Li et al., 2022b). Decline in vegetation cover due to the expansion of arable land has resulted in a significant decline in carbon storages and habitat quality (He and Jiang, 2023). Therefore, the scientific formulation of the ecological protection policy is significant for maximizing ecological benefits and ensuring the stability of ecosystems.
China is currently facing a huge environmental crisis, with some regions struggling to maintain a stable, coordinated, and sustainable supply of ESs, and land degradation in the form of soil erosion, desertification, and salinization is another serious threat to China’s ecology and food security (Bai et al., 2016; Maron et al., 2017). China has proposed a new strategy called the “Ecological Protection Redline (EPR)” that incorporates ESs to tackle issues such as incomplete coverage, conflicting functions, and overlapping goals in the current planning policies and ecological projects (Zhang et al., 2020; Li et al., 2021a; Zhang et al., 2022). The EPR areas contain essential ecological functions, rich biodiversity, and high ecological fragility, and EPR is one of the first spatial planning approaches to incorporate ESs into land management practices (Jiang et al., 2019). The concept of “community of life in mountain, water, forestland, cropland, lake, grassland, and sand” has further strengthened the influence of the EPR on ecological space management. Although China has made progress in EPR research, the framework of EPR delineation and effectiveness still faces many challenges. First, the region scale of EPR delineation is unscientific. Most of the delineation of EPR focuses on provinces (Feng et al., 2022), cities (Yang et al., 2020a), and watersheds (Chen et al., 2021), with fewer studies conducted on a larger scale in typical regions. Second, the delineation of EPR in all regions is based on consistent indicators, following the Technical Guidelines for Delineating Ecological Redline (Bai et al., 2018). However, this indicator of guideline has no particularity to specific regions. The proportion of thresholds may also vary across regions (city, county, and district) due to differences in ecological importance at spatial scales (Yang et al., 2020b). Finally, however, the current framework lacks the ability to verify whether EPR effectively improves ESs and maximizes ecological benefits. In this background, it is important to consider developing a strategic framework for EPR delineation and an assessment framework for measuring the effectiveness of its implementation for typical regions so as to provide a scientific foundation and a methodological approach for the optimization of the spatial planning.
The typical black soil region of Northeastern China (TBSN) is located in one of the world’s three major black soil areas and serves as a crucial grain-producing region and commercial grain production base (Wang et al., 2022). However, high-intensity human activities have led to a continuous transformation of land use types and patterns. More importantly, the continuous expansion of a large number of cultivated land and built-up land has occupied a large amount of ecological land, such as forestland, grassland, and wetland, resulting in weakening the ecological functions of biodiversity, nutrient maintenance, carbon storage, water purification, and soil retention (Mao et al., 2019; Yang et al., 2021). Research has demonstrated that maximizing the ecological protection capabilities of natural ecosystems such as forestland, grassland, and wetland can control and repair the degradation of the black soil land. At the same time, it can prevent the soil erosion and salinization of the black soil land and thus achieve the goal of sustainable utilization of the black soil land (Zhang et al., 2021). Therefore, it is important to address the conflict between high-quality cropland and ecological land and select guiding indicators to formulate a framework for the EPR delineation in the context of the implementation of the integrated development strategy of “mountain, water, forestland, cropland, lake, grassland, and sand.” In addition, how to incorporate EPR into the establishment of future land use scenarios is crucial for improving the rationality of future land management decisions and realizing sustainable use of black soil land.
The purpose of this study was to construct a guiding framework for EPR delineation in the TBSN and validate the effectiveness of EPR in terms of ESs and their trade-off/synergistic relationships. This study aims at the following detailed objectives: 1) selecting the EPR indicators representing ecological status and problems in TBSN from ESs, ecological sensitivity, and biodiversity; 2) determining EPR indicator thresholds and optimal EPR areas combined with cropland quality evaluation in TBSN; and 3) comparing ESs and their trade-off/synergistic relationship under different scenarios to verify the effectiveness of the EPR of TBSN. The results of this study can provide a reference for promoting comprehensive ecosystem management and land use pattern optimization so as to realize the sustainable utilization of black soil land.
2 MATERIALS AND METHODS
2.1 Study area
Liu Baoyuan et al. referred the concentrated distribution area of black soils and black calcareous soils the “the typical black soil region of Northeastern China” (Liu et al., 2021). The area covers 333,000 km2, accounting for 23.2% of the total area of the Northeast Region and involving 138 county-level administrative districts, and is divided into three sub-areas according to the geographical location from west to east, namely, the Menddong typical black soil subzone (MDTB), Songnen typical black soil subzone (SNTB), and Sanjiang typical black soil subzone (SJTB) (Figure 1). The temperature varies greatly throughout the year, average annual precipitation increases gradually from west to east (311.3–837.5 mm), and altitude decreases gradually from west to east (0–2029 km). TBSN has rich and diverse ecosystems (forestland, grassland, wetland, and cropland), and cropland and grassland are the most dominant land use types, which play a key role in ecological conservation and food security in China (Tian et al., 2020). Since the 1950s, the proportion of natural ecosystems such as forestland, grassland, and wetland has declined after large-scale reclamation, while the proportion of agri-ecosystems has increased significantly, and the original ecological functions have been greatly damaged (Li et al., 2013; Xiang et al., 2022). Intense human activities have led to an imbalance in the water, soil, climate, and ecological environment of the TBSN, seriously threatening the sustainable development of food security.
[image: Figure 1]FIGURE 1 | Geographical location of TBSN and general geographical features.
2.2 Data resources
The LULC maps were provided by the Climate Change Initiative (CCI, https://maps.elie.ucl.ac.be/CCI/viewer). Considering the requirement of the study, 37 LC types were reclassified into seven major LC categories: cropland, forestland, grassland, wetland, water area, built-up land, and barren land. Based on the existing representative research results and the regional characteristics of the typical black soil area in the Northeast, forestland, grassland, wetland, and water body are referred to as the ecological land.
The others sources of data are shown in Table 1. As the study period was short, changes in soil properties, organic carbon, and root depth were assumed to be negligible. All data were converted into a unified projection coordinate system (Albers conical equal-area) and resampled to a spatial resolution of 300 m.
TABLE 1 | Data descriptions and sources used in this study.
[image: Table 1]2.3 Quantification of ecosystem services
Considering the serious ecological problems, stakeholder concerns, and field study results in the TBSN (Zhang et al., 2021; Yang et al., 2020a), water retention (WR), water purification (WP), soil retention (SR), carbon storage (CS), and habitat quality (HQ) are selected. Water yield (For WR), nitrogen export and phosphorus export (For WP), soil retention, carbon storage, and habitat quality were quantified using the InVEST model (Ver 3.11.0). The model and requested data are listed in Table 2.
TABLE 2 | Indicators, data, and methods to assess ESs and sensitivity.
[image: Table 2]We compared the results of water yield from the InVEST simulation with the surface water resources published in the Water Resources Bulletin, and the error was controlled at 0.09, which indicated that the simulation was effective. The results of water purification, soil retention, carbon storage, and habitat quality from the InVEST simulation were compared with the related literature, and the results were more consistent (Mao et al., 2019; Xiang et al., 2022).
2.4 Quantification of the ecological sensitivity index
Ecological sensitivity is the degree to which ecosystems reflect disturbances from human activities and changes in the natural environment, indicating the ease and likelihood of the occurrence of regional ecological problems (Ouyang et al., 2000; Mao et al., 2019). Taking into account the natural and socio-economic realities of the TBSN (Zhang and Huisingh, 2018; Cao et al., 2021; Wang et al., 2022b), TBSN is facing the problems of soil erosion, desertification, and habitat quality degradation. At the same time, with reference to the Interim Regulations on Ecological Functional Zoning Techniques and Guidelines for the Delineation of Ecological RedLines issued by the State Environmental Protection Administration (SEPA), soil erosion, desertification, and habitat are important indicators to characterize ecological sensitivity. The two documents also elaborate on the specific process of assessing ecological sensitivity so as to quantitatively reveal the degree of ecological sensitivity and its spatial distribution pattern. Soil erosion sensitivity was evaluated by selecting soil texture, rainfall erosivity, topography, and vegetation cover; land desertification sensitivity was evaluated by selecting windy days, dryness index, soil texture, slope, and vegetation cover; and habitat sensitivity was evaluated by selecting the normalized vegetation index (NDVI), which reflects the in situ state of vegetation and plant growth.
2.5 Cropland quality evaluation
In this study, the evaluated steps are as follows: 1) Selection of evaluation indicators. Considering the characteristics of TBSN and referring to the related literature (Liu et al., 2020; Song et al., 2022), we selected 11 indicators from three aspects: natural conditions, soil conditions, and soil management. 2) Determination of indicator weights. The AHP method decomposes complex problems into multiple specific indicators and establishes a comprehensive evaluation through the levels of objectives, guidelines, and indicators (Liu et al., 2020). The AHP-entropy method was utilized to determine the weight of the indicators by combining subjective and objective weighting (Table 3). At the same time, the consistency ratios of the distance array construction were all lower than 0.1, which was verified by consistency and had satisfactory consistency. 3) Calculation of the cropland quality score. To avoid dimensional inconsistencies in the assessment process caused by the simultaneous existence of quantitative and qualitative indicators, we quantified the indicators using percentages (0–100). The cropland quality score was obtained through a weighted sum model. 4) Cropland quality grading. The score of cropland was classified into 10 grades by the cumulative frequency curve method (Song et al., 2022).
TABLE 3 | Cropland quality evaluation index system.
[image: Table 3]2.6 Delineation of the Ecological Protection Redline
The EPR delineation in the TBSN aims to protect important ecological function areas, ecologically sensitive areas, and important species habitats without destroying high-quality cropland. The identification of EPR areas in this study consists of three main steps: 1) Selection and assessment of evaluation indicators. Combined with the ecological problems of the TBSN, water retention (WR), water purification (WP), soil retention (SR), carbon storage (CS), and habitat quality (HQ) were selected to characterize ecosystem functions, and soil erosion, land desertification, and habitat were selected to characterize ecological sensitivity. 2) Determination delineation thresholds of indicators. We determined the top 5%, 10%, 15%, 20%, and 25% of the evaluation results of each indicator as extremely important ecological function areas, extremely sensitive ecological areas, and extremely important biodiversity protection areas. Comparison with the results of the cropland quality grade evaluation reveals that the best threshold for the delineation of indicators was 15% under the premise of guaranteeing that high-quality cropland is not destroyed. 3) Identification of EPR areas. The EPR was identified by spatial superposition of the three kinds of extremely important areas to determine the optimal EPR areas.
2.7 Scenario setting
According to the historical land use transfer law of the TBSN, combined with the current development situation and future planning, the following three scenarios are set up: 1) Currently ecological protection scenario (CES): considering the existing ecological protection measures (except ERP), slowing down the pace of urbanization; 2) Current EPR scenario (CRS): under current EPR areas, strict control of the rate of urbanization and agricultural production, and ecological land cannot transfer to others land use types; 3) Optimized EPR scenario (ORS): within the optimized EPR areas, the expansion of cropland and built-up land is prohibited. Outside the EPR areas, the area of ecological land should be increased appropriately in accordance with the policy of Grain to Green Project.
2.8 Scenario simulation
The PLUS model combines the rule mining framework based on the land expansion analysis strategy model (LEAS) and the CA model based on multi-class random patch seeds (CARS) (Liang et al., 2021a). The simulation accuracy of this model is higher than that of different models frequently employed in relevant studies (Li et al., 2021b). Therefore, this study used the PLUS model to simulate land use and a random sampling approach to obtain 20% of the data as training samples based on the land use data in 2005 and 2020. To assess the likelihood of each land use type suitable for TBSN, we chose 12 driving elements of land use change as predictor variables, and the complicated link between each land use type and the driving factors was established using the random forest algorithm. The land demand, transfer cost matrix, and neighborhood weight of the model were set to simulate different types of land use patches under three scenarios in 2035.
Based on the land use type in 2005, the results of the land use simulation in 2020 were obtained. Comparing the 2020 simulation results to the real land use data allowed for the calculation of the overall accuracy and Kappa coefficient. The closer the Kappa coefficient is to 1, the higher the simulation accuracy, with a value greater than 0.8, indicating acceptable model accuracy (Zhou et al., 2022). The overall accuracy and Kappy coefficient are both greater than 0.8, and the overall simulation effect is good.
2.9 Analysis of ecosystem service trade-offs/synergies
Spatial dependence of ecosystem services across regions and land types is due to spatial attributes and distribution patterns of ecosystem services constrained by geographical factors (Wu et al., 2021). In this study, the cities and counties in the TBSN were used as the base unit, and the bivariate global Moran’s I was calculated to determine the overall correlation of the TBSN. A positive value of the Moran’s I index indicates that the ecosystem services as a whole show a synergistic relationship, while a negative value of the Moran’s I index indicates that the ecosystem services as a whole in the study area show a trade-off relationship. The larger the absolute value of the Moran’s I index, the more significant the trade-off/synergistic relationship is, while I = 0 indicates no correlation.
The local Moran’s I index can only reflect the overall relationship of ESs. However, due to the influence of spatial heterogeneity of land use types on the subsurface, the local ecosystem services in the region will show different trade-off/synergistic relationships (Shaikh et al., 2021). Therefore, the bivariate spatial autocorrelation (Moran’s I) in GeoDA was used to analyze the local ecosystem service trade-off/synergistic relationships. According to the local spatial correlation index, homogeneous “high–high” agglomeration and “low–low” agglomeration characteristics indicate synergistic relationships, while heterogeneous agglomerations indicate trade-offs, and the others are uncorrelated (Liang et al., 2021b).
3 RESULTS
3.1 Ecosystem services and ecological sensitivity assessment of TBSN
ESs of the TBSN showed significant spatial differentiation (Figure 2). Both WR and SR output showed a distribution pattern of “high in the west and low in the east,” and NE and PE output showed a distribution pattern of “low in the west and high in the east,” primarily due to the high intensity, irrationality, or utilization of cropland by human beings. The spatial distribution patterns of CS and HQ were similar, with high supply areas concentrated in the central and northeastern parts of the MDTB and SNTB, which had a high degree of vegetation cover. Conversely, low-supply areas are concentrated in the other regions with a high intensity of human activities.
[image: Figure 2]FIGURE 2 | Spatial distribution of ESs and ecological sensitivity in the TBSN.
Areas of high soil erosion sensitivity, land desertification sensitivity, and habitat quality sensitivity were primarily concentrated in the southern part of the MDTB and the southwestern part of the SNTB. The southern part of the MDTB has a greater degree of topographic relief, with rainfall exerting a stronger erosive impact on soil erosion. The region has high evapotranspiration, strong winds throughout the year in winter and spring, and severe drying conditions, resulting in weak resistance to wind and sand erosion. In contrast, the southwestern part of the SNTB had lower topographic relief, but the land use type is dominated by barren land. With a high content of sand particles in the soil, the number and duration of windy days increase, resulting in an increasing effect of wind erosion on the surface soils.
3.2 Delineation of the EPR in the TBSN considering the quality of cropland
The spatial distribution of cropland and cropland quality scores was obtained by overlaying the TBSN (Figure 3). The average cropland quality score of the TBSN was 71.44. High-grade (1.2.3), medium-grade (4.5.6.7), and low-grade (8.9.10) cropland accounted for 9.8%, 63.03%, and 27.12% of the total cropland area, respectively. We found that the quality of cropland was higher in the eastern part of the SNTB and SJTB. However, the quality of cropland in the southwestern part of the SNTB was low. The soil texture in this region has high sand content, low soil fertility, poor water, fertilizer retention capacity, and poor agricultural production conditions (especially irrigation conditions).
[image: Figure 3]FIGURE 3 | Spatial distribution of cropland quality and ecological protection areas.
Compared with the result of cropland quality grade evaluation, 15% was determined as the key indicator threshold, and the EPR area was determined. The EPR area of the TBSN had a total area of 89,593.63 km2, accounting for 24.82% of the total area (Figure 3). The EPR area was mainly located in the southwestern part of the MDTB and SNTB, with forestland and grassland dominating in the MDTB and cropland and wetland dominating in the SNTB. Within this area, ecological barriers should be established, and on the premise of ensuring that ecological functions are not decreased, ecological restoration should be carried out in sensitive and fragile areas. Specifically, the occupation of cropland should be reduced, large-scale human development and construction activities should be prohibited, and the area of ecological land should be increased.
3.3 Spatio-temporal changes in the land use pattern under different scenarios
In this study, taking into account the development trend of the TBSN and the delineation of EPR, 12 driving elements of land use change were selected as predictor variables and inputted into the PLUS model (Figure 4), and the land use patterns under CES, CRS, and ORS were predicted (Figure 5). In general, the land use pattern in each scenario was basically similar, but the trends of the area of cropland, forestland, grassland, and built-up land were different. Different land use types show significant spatial heterogeneity, resulting in spatial heterogeneity in ESs (He et al., 2023; Yu et al., 2023).
[image: Figure 4]FIGURE 4 | Explanatory variables of location suitability.
[image: Figure 5]FIGURE 5 | Land use pattern under three scenarios in 2035.
Under the CES, the area of cropland in the TBSN increased by 489.36 km2, the area of built-up land increased by 789.3 km2, the area of grassland decreased by 1,790.53 km2, and the area of forestland increased by 458.92 km2. Under CES, the area of cropland increased by 807.50 km2, and the rest of the land categories increased or decreased by a small margin, and the expansion of built-up land was better-restrained. In the ORS, under the premise of protecting high-quality cropland, the area of cropland decreased by 1,479.03 km2, the area of forestland and grassland increased effectively by 475.92 km2 and 767.12 km2, respectively, and the built-up land increased by 351.09 km2 under certain constraints.
3.4 Spatio-temporal changes in ecosystem services under different scenarios
The change in ESs under different scenarios showed obvious spatial heterogeneity, and the ES capacity of some rasters under CES and CRS still showed a decreasing trend (Figure 6). The ORS reduced the impact of land use change on ESs, maximized increased ESs, and minimized trade-offs between ESs.
[image: Figure 6]FIGURE 6 | Spatial changes in ESs under three scenarios in 2035.
After optimization, the trade-off and synergistic relationship between ESs under different scenarios did not differ from the base year, while the strength of the relationship changed significantly (Figure 7). Under the ORS, the strength of WR–NE and WR–PE synergies decreased slightly, indicating that the strength of trade-offs between WR and WP weakened. The strength of trade-offs between NE, PE, and other ESs increased, indicating that the strength of synergistic relationship between WP and other ESs increased. Measuring the trade-off relationship at the local scale, the spatial change trend of the trade-off and synergistic relationship under the CES and CRS did not differ much from that of the base year, whereas the number of cities and counties synergistic relationship with each ES under the ORS increased to a high and large extent, especially in the case of the SNTB.
[image: Figure 7]FIGURE 7 | Trade-offs/synergistic relationships under different scenarios in 2035.
4 DISCUSSION
4.1 Optimization of the framework for delineating EPR in the TBSN
In this study, we developed the current EPR delineation framework that relies on traditional rigid delineation and further optimized the selection of an indicator and determination of indicator thresholds. First, we selected and evaluated indicators from the three aspects: ecological function importance, ecological sensitivity, and biodiversity in the TBSN. Due to the large topographic relief, high regional evapotranspiration, and high sand content in the southern part of the MDTB and the southwestern part of the SNTB, soil erosion sensitivity, land desertification sensitivity, and habitat sensitivity were high (Chi, 2015). Due to the high intensity of cropland utilization and irrational cropland occupation, the SR and WP capacity of the SNTB and MDTB were low (Wang et al., 2022a). Second, the EPR area and high-quality cropland cannot coexist due to the conflict of land management objectives in China (Liang et al., 2022). We evaluated the quality of cropland in the TBSN from natural conditions, soil conditions, and soil management and used the level of cropland quality grade as the scientific basis for the indicator threshold of the EPR delineation. The eastern part of the SNTB and SJTB has flat terrain, soil types dominated by black soils, black calcium soils, and meadow soils with a high organic matter content, irrigation conditions that fully meet the demand, and a sound drainage system which results in high-quality cropland (Wang et al., 2022b). In the southwestern part of the SNTB, the soil texture has a high sand content, low soil fertility, poor water and fertilizer retention capacity, and poor agricultural production conditions (especially irrigation conditions), resulting in a low-quality cropland. The results of this study showed that the optimal indictor threshold for EPR delineation in the TBSN was 15% when the high-quality cropland was not destroyed. This approach made the structural conflict between cropland and ecological land use mitigated to a certain extent.
4.2 Effectiveness of the optimized EPR in TBSN
If the area allowed to change is limited, rational land-use pattern optimization will reduce trade-offs between multiple ESs and enhance the synergistic relationship while improving ESs, in order to achieve an overall improvement in ESs and alleviate the pressure on land resource utilization (Zheng et al., 2019). Development planning in TBSN emphasizes the establishment of ecological barriers and the optimization of ES patterns which maintain the stability of multiple ecosystem functions and the synergistic development of multiple ES (Wang et al., 2021). In this study, we compared the levels of each ecosystem service and the trade-off/synergistic relationship under different scenarios to assess whether the optimized EPR can improve ESs and trade-off relationships.
Under the CES, the large areas of wetland and grassland were reclaimed for cropland and built-up land, resulting in reducing nitrogen filtration capacity and water purification capacity. As the vegetation cover decreased, there was a sharp decrease in the aboveground biomass, leading to a decrease in CS and HQ (Tang et al., 2020). A series of policies to benefit agriculture development have been implemented, and the areas of forestland and grassland with high vegetation cover have been reduced so that the surface cover’s ability to retain sediment has been gradually reduced, resulting in weakening the ability of the soil to resist erosion by rainfall and further reducing the ability of soil retention (Mao et al., 2019). The Sanjiang Plain and Songnen Plain had a notable increase in the nitrogen export due to the increased use of fertilizers, pesticides, irrigation sewage, and production and domestic waste. This increase is primarily driven by the demands of agricultural production and human activities in areas with cropland and built-up land (Fang et al., 2021).
We incorporated the optimized EPR into the land-use pattern optimization scenario and further compared ESs and trade-off/synergistic relationships with the land use optimization under the existing EPR. Under the ORS, the high-quality cropland was protected, and the development of built-up land was controlled to a certain extent, which effectively balanced the relationship between urbanization, socio-economic development, and ecological environmental protection. The conversion of cropland to forestland and grassland has led to an increase in vegetation cover, and the large canopy of forestland and grassland vegetation can effectively avoid direct precipitation washing over the ground, and the lush vegetation root system can fix more soil, which has a greater effect on the enhancement of SR (Shi et al., 2019). Forestland and grassland have rich vegetation carbon pools and have high interception and filtration and absorption of N and P, with a subsequent enhancement of WP and CS (Ma et al., 2020). Forestland and grassland are far away from the areas where cropland and built-up land are concentrated, and the influence of roads and other sources of coercion is also relatively limited, with a high degree of habitat suitability. The results of the study showed that the implementation of the EPR was incorporated into the setting of future scenarios, which effectively brought into play the ecological protection of forestland, grassland, and wetland, and achieved a synergistic enhancement of multiple ESs, such as WR, SR, and CS.
4.3 Limitations and future
Although this study optimized the EPR delineation framework and incorporated it into the optimization of future land use scenarios, there are some limitations. Although we determined the indicator threshold for EPR delineation by considering the non-destruction of high-quality cropland for TBSN, we neglected the ecological security pattern that aims at comprehensive protection of ecological patterns and processes. Therefore, we should construct a guiding framework of EPR delineation, considering the ecological security pattern to achieve stability and ecosystem benefits. In addition, future research should pay attention to the long-term feedback mechanism of the conversion of cropland and ecological land in the TBSN and make reference to the study of ecosystem “pattern–process–function” so as to clarify the relationship between pattern and function and promote the coordinated development of cropland and ecological space.
5 CONCLUSION
In this study, ecosystem function, ecological sensitivity, and biodiversity were considered to identify the EPR area (74,397.15 km2), without destroying a high-quality cropland. The EPR area was mainly located in the southwestern part of the MDTB and SNTB, with forestland and grassland dominating in the MDTB and cropland and wetland dominating in the SNTB. At the same time, scenario analysis was used to verify the effectiveness of the optimized EPR. Comparing the ESs and trade-off relationships under different scenarios, the optimized EPR scenario is the best scenario to resolve the conflict between cropland and ecological land and promote the maximization of ecological benefits.
Blindly reclaiming cropland to increase food production does not sustain the provision of ESs. In the future, it is important to focus on coordinating the development of cropland and ecological land in the TBSN to ensure a balance between ecosystem services and food production. Continuous implementation of ecological restoration policies in the ecological redline area is necessary to expand ecological land and enhance ecosystem services synergistically, minimize trade-offs, and achieve sustainable use of black soil. The results of the study provide effective decision-making information for land use and ecosystem management in the TBSN and other black soil areas in the world.
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