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Assessments on the spatial pattern of ecological restoration potential provide insights into the current status of ecosystem health, facilitate the identification of hotspots of ecosystem degradation, and further serves as a link that bridges regional ecological planning with specific restoration efforts. The goal of this study was to reconstruct the ecological restoration pattern, through establishing an ecosystem health assessment model encompassing four elements of vigor, organization, resilience and service of an ecosystem. Siping City, a typical black soil region located in central Jilin Province of Northeast China, was selected as the study area, and ecological protection and restoration units were identified based on temporal changes in ecosystem health levels from 2000 to 2020. Getis-Ord Gi* analysis was adopted to classify the restoration zones and depict the spatial pattern of ecological restoration. From 2000 to 2020, the ecosystem health index of Siping City generally increased from 0.49 to 0.51 due to increases in forestland area and precipitation, but a fraction of suburban areas also experienced decreases. Four different restoration zones were delineated, including the windbreak and sand-fixing zone in the western part, the black soil protection and reclamation zone in the middle part, the Daheishan ecological shelter zone in the central and eastern part, and the water restoration zone in the eastern part, which account for 28.12%, 37.05%, 16.53% and 18.29% of the total area. The protection units covered an area of 1,189.83 km2 and the restoration units covered an area of 2009.83 km2, which could be further classified into 10 types and accounted for 31.24% of the total area. It was suggested that the restoration methods applied to different units should be tailored towards specific restoration objectives. This proposed methodological framework serves as a basis for reconstructing ecological restoration in the black soil region, and a reference for making restoration plans elsewhere.
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1 INTRODUCTION
Degradation of agricultural and urban ecosystems has become an important global issue, hindering the maintenance of food security and sustainable development (King and Hobbs, 2006; Turner et al., 2016). In recent decades, China has seen rapid economic development by relying on high-intensity resource utilization, which has caused increasingly serious environmental problems, as evidenced by accelerated loss of key ecological functions and the encroachment of ecological space (Cui et al., 2021; Deng and Yang, 2021). Based on the ecological civilization development strategy, China has put forward the concept of territorial ecological restoration, which provides solutions to maintaining regional ecological and environmental stability and sustainability. In particular, the restoration of terrestrial ecosystems requires a more comprehensive and systematic planning, with more focus given to searching nature-based development solutions (Fu, 2021). It also explores restoration measures that conform to both the natural ecological integrity and socio-economic development (Gong et al., 2020). A successful implementation of ecosystem restoration measures will contribute to alleviating regional ecological conflicts, restoring damaged ecosystems, and preventing further degradation of ecosystems (Jackson and Hobbs, 2009; Suding, 2011).
Numerous studies have been conducted targeting the assessments of ecological restoration patterns, but much focus have been given to single elements or specific types of ecosystems, which usually aim at promoting local ecological environment, for instance by means of soil remediation (Wang et al., 2016), reforestation (Honig and Fulé, 2012) and habitat improvement (Roilo et al., 2023). For instance, the Ministry of Natural Resources in China has organized 44 “Shanshui Projects” to restore nationwide ecosystem functions from inland mountains to coastal estuaries, by integrating elements and resources of mountain, water, forest, farmland, lake and grassland systems. In this context, multi-aspect assessment on the ecological restoration pattern could be more conducive to realizing coordinated regional resource allocation and to maintaining the ecosystem health at large-scale and from a long-term perspective.
Spatial zoning of territorial ecological restoration offers the possibility to assess ecological degradation from a spatial perspective, and further provides assistance to enhance ecosystem integrity and sustainability (Cao et al., 2019; Peng et al., 2020). A wide variety of approaches for ecological restoration zoning have been adopted, including depiction of landscape ecological pattern, dominant functional partition and ecological security evaluation, with the goal of achieving targeted remediation and management (Cai et al., 2020; Fu et al., 2020; Ni et al., 2020). As an effective method to assess ecosystem status, ecosystem health assessment can help identify ecological problems by detecting “hotspots” of land degradation and biodiversity loss. The concept of ecosystem health originated from the concept of “land health” put forward by Leopold (1941). Rapport et al. (1998) extended the definition from the perspective of ecological economics, which became widely accepted and applied (Li et al., 2021; Wu et al., 2021; Lei et al., 2023). Studies on ecosystem health assessments started emerging in China around 2000. With the increasingly close connection between intensifying human activities and changing ecological environment, assessment on ecological environments has gradually extended from environmental evaluation that relies on physical and chemical indicators to the “health” of an entire ecosystem. The evaluation object has also developed from a single ecosystem to the regional complex ecosystem. Specific models of regional ecosystem health assessment mainly include the Vigor-Organization-Resilience model (VOR) and its derived models (Peng et al., 2017; Xiao et al., 2019), PSR model (pressure-state-response) (Hazbavi et al., 2020; Spiegel et al., 2001), and fuzzy evaluation model (Gu et al., 2002).
The black soil region in Northeast China serves as an important breadbasket for the country, but now is suffering severe ecosystem degradation due to intensive cropland cultivation and urban expansion. To better assess the spatial pattern of ecosystem restoration potential and to assist targeted measures of black soil protection, this study selected Siping city, located in central Jilin Province of Northeast China, as the study area. The spatial pattern of ecological restoration was formulated based on an evaluation index system centering around the concept of ecosystem health. The objective was to demonstrate the status and dynamic changes of the ecosystem health from 2000 to 2020, so as to laying the foundation for regional ecological restoration zoning, and for the identification of ecological protection and restoration units. The research outcome could therefore offer effective reference for detecting local hotspots of ecosystem degradation, and further inform the planning of ecological restoration and the implementation of specific ecological restoration efforts in the study area and beyond.
2 MATERIALS AND METHODS
2.1 Study area
Siping City, consisting of five counties, is located in central Jilin Province of Northeast China, with an altitude of 100–500 m above sea level (Figure 1). It has a temperate monsoon climate, with an average annual temperature of 5.7°C, an average annual precipitation of 567 mm, and an average frost-free period of approximately 130 days. Siping is located in the transition zone between Songliao Plain and low hills of the branch of Changbai Mountain. The overall elevation of the study area is high in the east and low in the west. In the east, hills and alluvial plains interlaced with each other, which are the main source of forest resources in Siping City. The fertile black soils, as characterized by Phaeozems and Chernozems according to the FAO WRB classification, are mainly located in the central part, which plays an essential role in grain production. The western part is adjacent to Horqin Grassland, in which both agriculture and animal husbandry are important.
[image: Figure 1]FIGURE 1 | Geographical location and the digital elevation model of Siping City.
2.2 Data sources and processing
A variety of remote sensing data were downloaded from the Geospatial data cloud (https://www.gscloud.cn/) and subsequently processed for model development. Landsat-5 and Landsat-8 remote sensing images with cloud coverage <10% and a spatial resolution of 30 m in 2000 and 2020 were acquired and processed. Data on precipitation and wind speed was from China Meteorological Data Network (https://data.cma.cn/), while the data on snow depth and evapotranspiration were obtained from the European Meteorological Center ERA5-Land data set (https://cds.climate. copernicus. eu/), with a spatial resolution of 0.1°. Data on potential evaporation was provided by the National Tibetan Plateau Scientific Data Center (https://data.tpdc. ac.cn/home), with a spatial resolution of 1 km. Net Primary Productivity (NPP) and Normalized Difference Vegetation Index (NDVI) data were extracted from the MODIS17A3H data set and the MODIS13A1 data set of NASA (https://www.earthdata.nasa.gov/), and the spatial resolution is 500 m. Soil data was from Harmonized World Soil Database (HWSD) released by the UN Food and Agriculture Organization (https://www.fao.org/soils-portal/en/), with a spatial resolution of 1 km. Lastly, data on grain output was extracted from the Siping City Statistic Yearbook in 2000 and 2020.
Landsat images in 2000 and 2020 were used as the data source for land use classification, which was performed using the supervised classification approach provided in the ENVI 5.3 software. Taking the land use/cover classification system of the Chinese Academy of Sciences for reference, the study area was classified into cultivated land, forestland, grassland, water area, construction land, and unexploited land. The accuracy of the classification was verified by the survey results of land use of Siping City in 2019 and also by high-resolution Google Earth images. The classification accuracy was 87.9% and 89.3% for 2000 and 2020. Raster data for wind speed and precipitation was obtained via ordinary kriging. Maximum NDVI composites during the period of July-September in 2000 and 2020 were also synthesized using ArcGIS 10.7 software. The spatial resolution of all spatial data was resampled to 30 m, and the projection was unified to CGCS 2000_3_Degree_GK_Zone_41.
2.3 Research methods
The methodological framework proposed in this study comprises two key steps: (1) first the assessment of ecosystem health from the four different elements of vigor, organization, resilience and service and (2) the reconstruction of ecological restoration pattern based on the assessment results in the first step. Detailed procedure of the method is given in Figure 2.
[image: Figure 2]FIGURE 2 | Flowchart for reconstructing the spatial pattern of ecological restoration.
2.3.1 Assessment of regional ecosystem health
Ecosystem Service was incorporated into the traditional “VOR” ecosystem health assessment framework, and a new ecosystem health assessment model based on “vigor, organization, resilience and service” (VORS) was established. The ecosystem health of Siping City was assessed from the natural health state and integrated services of ecosystems (equations 1) and 2) (Peng et al., 2017).
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where [image: image] is the comprehensive health index of an ecosystem at the time [image: image] of unit [image: image]; [image: image] is the natural health index of an ecosystem at the time [image: image] of unit [image: image]; [image: image] is the service index of an ecosystem at the time [image: image] of unit [image: image]; and [image: image], [image: image] and [image: image] represent the vigor, organization and resilience at the time [image: image] of unit [image: image].
To eliminate differences in the nature and magnitude of each index, the minimum-maximum method was adopted for standardization (Singh and Singh, 2020). Finally, according to scores of the ecosystem health assessment and the actual characteristics of ecosystems, all the assessed units were classified into five levels, corresponding to very healthy, healthy, normal, unhealthy and very unhealthy ecosystem health status (Table 1).
TABLE 1 | Ecosystem health grading standards.
[image: Table 1]2.3.1.1 Natural index of ecosystem health
The natural index of ecosystem health is represented by vigor, organization and resilience. Ecosystem vigor is used to describe the metabolism and primary productivity of an ecosystem. In this study, NPP and NDVI were selected to represent the ecosystem vigor. Ecosystem organization is mainly used to describe the stability of an ecosystem’s structure, which is generally represented by the landscape pattern index related to landscape spatial heterogeneity, landscape connectivity and habitat connectivity. Using studies of Peng et al. (2018) and Pan et al. (2020) as references, we chose Shannon Diversity Index (SHDI) and area-average weighted patch fractal index (AWMPFD) to represent landscape spatial heterogeneity and used contagion index (CONTAG) and Number of Patches (NP) to reflect landscape connectivity, and applied Class Area (CA) and COHESION index of forestland, grassland and water areas to reflect the habitat connectivity. The above landscape pattern indexes were calculated by the moving window method using the fragstats 4.3 software. Ecosystem resilience is used to reflect the ability of an ecosystem to resist external disturbances and to keep its original structure and functions after being disturbed by external factors, namely abilities of resistance and resilience. We assigned the resistance coefficient (R1) and resilience coefficient (R2) of different types of land use and used area-weighted average for quantification (Peng et al., 2018). Finally, the weight of the assessment index was calculated according to previous studies and experts’ scoring methods (Table 2) (Peng et al., 2017; 2018; Xiao et al., 2019; Pan et al., 2020).
TABLE 2 | Assessment index and weight of the natural health of ecosystems.
[image: Table 2]2.3.1.2 Index for ecosystem services
The ecosystem services was evaluated from water conservation, soil conservation, windbreak and sand fixation, biodiversity protection and food production capacity, considering its natural ecological conditions of Siping City. The specific calculation methods are shown in Table 3. It was assumed that the different ecosystem services contributed equally to the overall ecosystem function of Siping City, so the assessment weight of each index was assigned as 0.2. After the calculation of ecosystem service index, the final statistic was then obtained at 1.5 ⅹ1.5 km resolution.
TABLE 3 | Comprehensive assessment index and weight of ecosystem service.
[image: Table 3]2.3.2 Classification of ecological restoration areas
In order to delineate and classify the ecological restoration areas in Siping City, the hotspot analysis tool (Getis-Ord Gi *) in ArcGIS 10.7 was used to analyze the spatial pattern of the above-mentioned five types of ecosystem service indexes, with the aim to explore their spatial heterogeneity features and spatial distribution pattern. Superposition analysis was then applied to the detected hotspot areas, providing each ecosystem service together with the consideration of the respective land use feature, climate characteristics, and soil types. Finally, spatial classification of the ecological restoration areas was performed.
3 RESULTS
3.1 Spatial and temporal variation of land use
The land use map in 2020 showed that the area of cultivated land was 6,983.32 km2, accounting for 68.19% of the city’s total land area, followed by forestland and construction land, which were 1715.73 km2 and 1,064.73 km2. Forestland was mainly distributed in the eastern hilly area of the city and mostly characterized as natural forests. Grassland concentrated in Shuangliao where natural and artificial grassland coexis. Area of the unexploited land was the smallest, accounting for only 0.83% of the total land area. They are mainly saline-alkali land, distributed in the northwest of Siping City, and most of them are adjacent to grassland (Figure 3).
[image: Figure 3]FIGURE 3 | Land use map of Siping City in (A) 2000 and (B) 2020.
Compared to 2000, water areas increased the most in 2020, followed by construction land and forestland (Table 4), while unexploited land decreased the most (46.09%), followed by grassland (20.99%) and cultivated land (5.65%). Although a small relative change in percentage, the area of cultivated land decreased by 418.47 km2 from 2000 to 2020, due to the conversion into construction land and forestland. The area of unexploited land decreased only by 75.51 km2, which was mainly converted into cultivated land and construction land. Grassland decreased by 49.74 km2 and was mainly transformed into cultivated land and construction land. The large increase in water areas was mainly due to the abundant precipitation in 2020, leading to increase in water storage in the reservoirs. Furthermore, there was a marked increase in the area of construction land due to accelerating urbanization during the past 20 years, particularly in the urban areas of Siping, Shuangliao, Yitong and Lishu. The area of forestland increases because of the construction of the northwest-north-northeast China network of shelterbelts and the policy implementation of returning farmland to forests.
TABLE 4 |  Area of different land use types in Siping City in 2000 and 2020 (km2).
[image: Table 4]3.2 Results of ecosystem health assessment
3.2.1 Natural health changes of ecosystem
The spatial and temporal distribution of the natural health index of the ecosystem of Siping City in 2000 and 2020 is shown in Figure 4. From the spatial perspective, the health index in central and eastern hilly areas was higher than that in the central and western plains and was generally above 0.65. The natural health index was lower than 0.55 in most low-relief areas, especially in the urban areas of Shuangliao, Yitong County, and Lishu, in which the health index was mostly lower than 0.35. This is because the land use type for these areas was homogenous and did not have a diverse structure, which resulted in decreases in the vigor and organization of the ecosystem.
[image: Figure 4]FIGURE 4 | Natural index of ecosystem health in (A) 2000 and (B) 2020, and (C) its temporal changes.
From the temporal perspective, the mean value of the natural health index was 0.51 in 2000 and 0.53 in 2020, indicating that the level of ecosystem health slightly increased. The trend of improvement was obvious especially in western Shuangliao. In this county, the increasing areas of forestland, grassland and water areas tended to be spatially concentrated, resulting in the increase of the ecosystem’s vigor, organization and resilience. The health level in the central part showed little change as a whole, only improving in the areas around the newly added forestland while decreasing in the areas where the construction land expanded. In the eastern part, the natural health of the ecosystem was generally better than other parts and also displayed an increasing trend from 2000 to 2020.
3.2.2 Changes of the ecosystem service index
As depicted in Figure 5, the ecosystem services in Siping City demonstrated substantial spatiotemporal variations. More specifically, the eastern hilly area and the southwest part where forestland and grassland are concentrated provided the best ecosystem service in 2020, and the service index was generally above 0.25. The ecosystem service index in other plain areas was poor (<0.15), especially around the densely populated urban areas and townships and in the northwest where unexploited land was concentrated. Regarding the temporal changes, the average ecosystem service index slightly increased from 0.21 in 2000 to 0.23 in 2020. Improvements in ecosystem services were particularly visible in the central and eastern parts of the city, while in area surrounding key cities and other newly built areas, the ecosystem services declined.
[image: Figure 5]FIGURE 5 | Ecosystem service index in (A) 2000 and (B) 2020, and (C) its temporal changes.
The specific ecosystem service function maps in 2000 and 2020 are shown in Figure 6. In summary, the ecosystem’s functions for water conservation, soil conservation and food production of the study area improved, while the functions for biodiversity protection and wind prevention and sand fixation deteriorated. From the spatial perspective, the eastern part mainly provided services of water conservation, soil conservation and biodiversity protection, while windbreak and sand fixation were the most important service in the western part. For the central part, especially Lishu, food production was the most important function due to its vast areas of cultivated land. Additionally, due to the lack of precipitation in 2000, a considerable difference in soil conservation and grain production was observed between the two periods, indicating that the ability to resist disasters needs to be strengthened in this region (Figure 6).
[image: Figure 6]FIGURE 6 | Assessments of ecosystem services in 2000 and 2020 for water conservation capacity (A, B), soil retention capacity (C, D), wind break and sand fixation capacity (E, F), biodiversity protection ability (G, H), and grain production capacity (I, J).
3.2.3 Changes of comprehensive ecosystem health
The average comprehensive ecosystem health index in the study was 0.51 in 2020 and 0.53 in 2020, showing that both investigated years had a medium level of ecosystem health. The comprehensive ecosystem health index was classified into five levels, I-V, referring to the health status of very healthy, healthy, normal, unhealthy and very healthy. The number of grids of I-V levels were 538, 814, 2594, 755 and 252, accounting for 10.86%, 16.43%, 52.37%, 15.24% and 5.09% of the total number of grids, respectively. In terms of spatial distribution, the grids of level I and level II were mainly distributed in the eastern mountainous area and the southwest artificial shelterbelt area. Level III covered the largest area, including the middle of Yitong, Lishu and the northern plain of Shuangliao. Level IV and level V were mainly distributed in the central and western parts of Siping City, and also concentrated in Yitong (Figure 7).
[image: Figure 7]FIGURE 7 | The comprehensive ecosystem health level in (A) 2000 and (B) 2020, and (C) its temporal changes.
There was a slight increase in the comprehensive health index from 2000 to 2020. More specifically, the number of Level I grids increased by 413, while the level IV and V grids decreased by 466 and 70. The most identifiable increase occurred again in the eastern and western parts of the study area, while the western part mainly improved from level IV to level III. The level of comprehensive ecosystem health in the central part of the city remained basically unchanged, although there were some decreases in ecosystem health in some patches due to the influence of urban expansion.
3.3 Ecological restoration pattern
3.3.1 Ecological restoration zone
Ecological restoration zones were classified based on hotspot analysis, which was used to analyse the spatial pattern of ecosystem services of water conservation, soil conservation, windbreak and sand fixation, biodiversity protection and food production, as can be seen in Figure 8. The hotspots of water conservation service were mainly distributed in Daheishan and its western area, where there were abundant precipitation and extensive river networks, most of which were also hotspots for soil conservation service. The hotspots of windbreak and sand fixation service were distributed in the west of Siping City, most of which were in Shuangliao. The climate in these areas is relatively dry and windy weather is frequent in spring and autumn. The hotspots of biodiversity protection service were found mainly in the east, in accordance with water conservation and soil conservation services. Hotspots of the food production service were mainly located in Lishu, which is a major grain production county, famous for its conservation tillage model known as the “Lishu model”. Based on the analysis of the superposition of the hotspot maps of various ecosystem services, together with the consideration of the climatic conditions of Siping City, the division of ecological restoration areas of Siping City was obtained through smooth processing (Figure 8F).
[image: Figure 8]FIGURE 8 | (A–E) Hotspot distribution of five types of ecosystem services and (F) ecological restoration areas.
Based on the results from hotspot analysis, the entire study area was divided into four ecological restoration zones (Figure 8), including the windbreak and sand-fixing in the western part, the black soil protection and reclamation zone in the middle part, the Daheishan ecological shelter zone in the central and eastern part and the water restoration zone in the eastern part, which account for 28.12%, 37.05%, 16.53% and 18.29% of the total area. Specifically, the black soil protection zone, which was located in central plains, serves as an important grain production base. The ecological shelter zone in the central and eastern part was mainly distributed along Daheishan and has equal importance to biodiversity protection and soil conservation. Precipitation in the water restoration zone in the eastern part is abundant and mainly responsible for water conservation, as well as soil conservation and biodiversity protection.
3.3.2 Ecological protection units
Based on the results of the ecosystem health assessment for 2020, grids with a very healthy state were identified as the ecological protection units. Considering that Erlongshan Reservoir covers a large area and is an important area for drinking water protection in Siping City, grids covered by the reservoir were also identified as ecological protection units. The total area of ecological protection units was 1,189.83 km2, accounting for 11.62% of the total area of Siping City.
Based on the comprehensive consideration of ecosystem services provided by each ecological protection unit, the specific service with normalized value above 0.8 was regarded as the main function for each unit. Erlongshan Reservoir protection unit was directly identified as the protection unit for water conservation, and other units were divided according to their main functions. Based on the aforementioned criteria, the protection units were divided into 5 types, namely, water conservation-biodiversity protection units, soil conservation-biodiversity protection units, soil conservation units, water conservation units and windbreak and sand fixation units, with areas of 534.69 km2, 324.94 km2, 172.59 km2, 68.54 km2 and 89.07 km2, accounting for 5.22%, 3.17%, 1.69%, 0.67% and 8.70% of the total area.
Water conservation and biodiversity protection units are mainly distributed in the eastern part of Yitong County, which has equal important for maintaining water supply and biodiversity. The soil conservation-biodiversity protection units are mainly distributed in the south of Daheishan, which is home to Banla Mountain National Forest Park, thus playing an important role for preserving the biodiversity in this region. Water conservation units are mainly distributed in the area where Erlongshan Reservoir is located, which is the main water supply source of Siping City and is also important for water storage and flood control. The windbreak and sand fixation units are mainly located in the south of Sishuangliao City, where there are plenty of artificial shelter forests formed by the construction of the Three-North Forest Protection System (Figure 9A).
[image: Figure 9]FIGURE 9 | Delineation of (A) ecological protection and (B) restoration zones and (C) the ecological restoration pattern of Siping City.
3.3.3 Ecological restoration units
Contrary to the protection units, grids which were identified to be unhealthy and very unhealthy as well as grids with decreasing health index were identified as ecological restoration units. Its total area was 2009.38 km2, accounting for 19.62% of the total study area.
Considering the causes for the damage of ecological restoration units and degraded ecosystem services, those with the largest normalized value were taken as services that each unit needs to improve. Units located in the built-up area of each county were identified as the urban restoration units, those located in nature reserves and wetland-grassland ecosystems were determined as biodiversity protection units, the units located in the East Liao River region were determined as East Liao River restoration units for water environment protection, and the other units were divided according to functions which are needed to improve. Eventually, restoration units were divided into 5 types, namely, urban restoration units, restoration units for soil conservation, biodiversity protection units, restoration units for windbreak and sand fixing and East Liao River restoration units for water environment protection, with areas of 178.63 km2, 919.83 km2, 178.70 km2, 640.38 km2 and 91.84 km2, accounting for 1.74%, 8.98%, 1.74%, 6.25% and 0.90% of the total area of Siping City, respectively.
Urban restoration units were mainly distributed in the urban areas of Siping, Lishu, Yitong and Shuangliao. The type of land use in these areas was not diverse, the degree of land hardening was high, the degree of vegetation coverage was low, and the ecological space within the city was insufficient. Restoration units for soil conservation were mainly distributed in the central plain and the eastern mountain valleys. In the central area, farmland was cultivated intensively, leading to thinner soil layers with degraded soil physical structure and deteriorated soil fertility. For the eastern mountain valleys, as influenced by terrain and human activities, the degree of vegetation coverage decreased and the service for soil conservation therefore needs improvement. Biodiversity protection units were mainly distributed in the north part of Shuangliao, where there are important wetlands such as Shuangliao Baihe Provincial Nature Reserve and the National Wetland Park of Jiashu Taihu. However, these units are currently facing threats such as soil salinization and insufficient ecological flow of wetland water resources. Restoration units for windbreak and sand fixing were mainly located in Shuangliao and the east of Lishu, the eastern edge of Horqin, and are regarded as the “front position” and the “first line of defence” for the prevention and control of desertification expansion in Jilin Province. Due to the implementation of the “Three-north Forest Protection Project”, there are a large number of shelter forests for farmland planted at present. However, there are still some problems such as the damage of shelter forests in these areas. East Liao River restoration units for water environment protection were mainly along the East Liao River. As an important tributary of the Liao River, affected by agricultural irrigation over the years, the water volume had decreased significantly, most of the buffer zone of the river bank has transformed into cultivated land, and the water pollution was also serious (Figure 9B). Finally, the ecological restoration areas, ecological protection and restoration units were integrated to form the ecological restoration pattern of the entire study area (Figure 9C).
4 DISCUSSION
4.1 Analysis of ecosystem health assessment results
From 2000 to 2020, the ecosystem health of Siping City displayed an overall improvement, which could be largely attributed to the increase in forestland area as well as precipitation. Due to the fourth and fifth phases of the “Three-north Forest Protection Project” and the Grain-to-Green policy (Wang et al., 2017; Wang et al., 2020), the forested area of Siping City increased by 128.82 km2, and the shelterbelt increased as well. More importantly, the landscape connectivity in forestland in Daheishan area enhanced during the past 20 years. In addition, the difference in precipitation between the two investigated periods contributed to the enlarged water area and the abundant reservoir stock, which proved to be beneficial for water conservation, food production and other important ecosystem services (Grizzetti et al., 2019). However, following rapid urbanization, the ecosystem health in rapidly expanded areas was deteriorated, especially around the central urban area of Siping City. These areas experienced large conversions from cultivated or forestland to construction land, and therefore lost significant ecosystem services, thus needing urgent restoration (Jamean and Abas, 2023; Ren C. Y. et al., 2023).
4.2 Selection of specific ecological restoration measures
The delineation of restoration areas and ecological restoration units was achieved by an integrated methodological framework. The windbreak and sand-fixing zone was located in the agro-pasture ecotone where the ecosystems are vulnerable. This area is also characterized by severe soil salinization, grassland degradation and shrinking wetland. Therefore, the principal restoration method should be restoring the ecological functions of grassland and wetland (Kuang et al., 2022), and biodiversity thus could be preserved along with the improvement of habitat quality (Liu et al., 2023). The black soil protection and reclamation zone in the middle part was situated in places where human activities were active with high intensity of agricultural production. It is also plagued by black soil degradation, soil erosion, and other ecological problems (Wen et al., 2021). In this regard, the restoration purpose should be improving soil quality, controlling soil loss, and enhancing water preservation (Du et al., 2023; Wang N. et al., 2023). The Daheishan ecological shelter zone in the central and eastern part was characterized by hilly regions and also experienced soil loss in areas with low vegetation coverage. In the meantime, it was also distributed with abandoned mines in between mountains. The corresponding restoration method should therefore be controlling excessive soil loss, increasing the area of forest land, and pollution regulation (Yevugah et al., 2021). The water restoration zone in the eastern part was fragmented by the mountains, the Yidan, and the Gushan Rivers, which was also an important area for protecting water resources and biodiversity for Siping City. The restoration purpose should be water preservation, controlling soil loss, and conserving biodiversity (Liu et al., 2023; Ren D. F. et al., 2023).
Forestland, grassland, and water sources are the protection priorities in each unit. Production and development should be strictly restricted, and buffer zones should be established to reduce the impact of human activities as well as to maintain and improve ecosystem health (Qi et al., 2023; Wang S. et al., 2023). The target of the urban restoration units was the dispersedly distributed forestland and rivers. Specific measures such as increasing urban parks (Zeng and Liu, 2023), expanding urban green areas (Li F. Z. et al., 2020), restoring natural revetments and building ecological buffers alongside rivers to conserve water resources (Li W. B. et al., 2020). In addition, restoration of ecological corridors such as urban greenways and watercourses is also worthy of attention (Ren D. F. et al., 2023). The restoration target in the soil conservation and restoration units mainly consisted of forests and farmland. Sloping farmland with serious soil loss should be processed with wide field terraces and ecological grass gullies (Taleb and Kayed, 2021). Engineering restoration should be performed for erosion gullies, and for areas characterized by larger slopes, measures such as returning farmland to forest or grassland and afforestation should be further implemented (Wang et al., 2017). As for human-impacted forests with low vegetation coverage, restricted disturbance areas should be delimited to promote the natural restoration (Wang et al., 2020). Seriously damaged areas, such as abandoned mines, appropriate engineering methods should be adopted first to promote vegetation restoration (Yevugah et al., 2021).
In the windbreak and sand fixation restoration unit, targets are mainly forestland and grassland. The construction of windbreak forest belt should be strengthened (Taleb and Kayed, 2021). Also, previously planted forests should be protected. Moreover, in order to restore the ecosystem function of grassland, measures such as artificial grass planting, fences for banning grazing and saline-alkali land regulation should be implemented in the degraded areas according to the underlying causes (Yang et al., 2022). The restoration objectives in the biodiversity restoration unit are wetland and forestland. Nature reserves and monitoring stations should be built for protected species (Zhang et al., 2023). Expanding the water area, forestland and grassland in the protected area is also considered necessary. Ecological corridors should be established to enhance the connectivity of habitats to fulfil migration needs of species.
4.3 Limitations and prospects
The assessment methods proposed in this study made a comprehensive assessment of the regional ecosystem health and could help identify the ecological protection and restoration units in the black soil region. However, limitations of the proposed method include that the selection of vitality indicators did not include water ecosystems, which might have resulted in lower assessment results. Second, due to limited data availability, habitat quality assessment in the InVEST model were adopted to represent the function of an ecosystem to maintain biodiversity, which might be different to the actual situation (Hu et al., 2023). It could be replaced with a species distribution model for better fitting. Third, the ecological protection and restoration units were identified, but the sequence of restoration had not been considered yet. Future studies should therefore try to include the sequence of ecological restoration, in order to better inform the planning of ecological restoration measures.
5 CONCLUSION
The comprehensive ecosystem health based on the VORS concept slightly improved in the study area from 2000 to 2020, with the natural index of ecosystem health increasing from 0.51 to 0.53, and the ecosystem service index increasing from 0.21 to 0.23. Areas with improved ecosystem health were mainly distributed in the east part of Yitong and the west part of Shuangliao, while degraded areas were mainly around the built-up areas Based on hotspot analysis of the ecosystem health, Siping City was divided into four ecological restoration zones, namely, the windbreak and sand-fixing zone in the western part, the black soil protection and reclamation zone in the middle part, the Daheishan ecological shelter zone in the central and eastern part and the water restoration zone in the eastern part, accounting for 28.12%, 37.05%, 16.53% and 18.29% of the total area. Ecological protection units and restoration units were identified, and further sub-classified into 10 units, which can serve as references for targeted soil and water conservation, biodiversity protection and urban restoration measures to improve ecosystem stability and sustainability. This proposed methodological framework serves as a basis for reconstructing ecological restoration in the black soil region, and a reference for making restoration plans elsewhere.
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is half of the maximum degradation degree

GP; = GP; x NDVI/y | NDVI;
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