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Abstract

:

The ecological environment in loess hilly regions is fragile, and the contradiction between the development of human society and ecological environment protection is becoming more and more prominent with the intensification of human interference. In order to give full play to the role of ecosystem adaptation in ecological restoration, this study seeks natural conditions that are suitable for the stable existence of ecosystems in the Wanhuigou catchment using the reference ecosystem method and uses these conditions as constraints of the GeoSOS-FLUS model for multi-scenario simulation. Based on ecosystem service value and ecological compensation mechanisms, the comprehensive benefits of different scenarios are compared, and economic development is taken into account while ensuring that ecological protection remains a priority. The results show the following: (1) The unstable ecosystems concentrated on a gentle slope (5–15°) at altitudes of 1201–1379 m, 1201–1594 m, 1379–1715 m and 1715–1856 m are suitable for restoration to farmland, shrub, grassland and forest ecosystems, respectively, and the change characteristics of soil and vegetation communities also verify the above conclusions. (2) The scenario of agricultural development from 2020 to 2030 and the early stages from 2030 to 2050 is the best among the three scenarios, while the scenario of ecological protection is the best in the middle and late stages of 2030–2050. Formulating relevant policies and ecological protection measures according to the scenario of ecological protection is more conducive to promoting the harmonious coexistence of humans and nature. (3) Under the scenario of ecological protection, the unstable ecosystem distributed along the gentle slope (5–15°) of 1379–1483 m and 1483–1594 m achieves the most significant improvement in ecosystem service value by focusing on and giving priority to the restoration of natural conditions that are suitable for the stable existence of ecosystems. This study provides ideas and references for the formation of ecosystem restoration and development strategies for small watersheds in loess hilly regions, and it is of great significance for the promotion of a harmonious coexistence between humans and nature.
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1. Introduction


The development mode that sacrifices the environment has led to many serious ecological and environmental problems and has become a bottleneck restricting the development of the social economy. The relationship between the human system and natural ecosystem is both contradictory and unified, and the ultimate goal is to achieve coordination, harmony, order and sustainable development for the two systems [1]. It is necessary to deal with the relationship between environmental protection and economic development, respect nature, comply with nature and protect nature. A development mode based on ecological protection can better preserve ecology and realize the benign interaction between, and mutual transformation of, economic development and ecological protection [2].



Ecological restoration aims to stop human interference in ecosystems in order to reduce load pressure, to rely on the self-regulation and self-organization abilities of ecosystems to allow them to evolve in an orderly direction, or to use the self-recovery ability of ecosystems, supplemented by artificial measures, to gradually restore a damaged ecosystem or help it develop towards a virtuous cycle [3]. The loess hilly region is a key area for large-scale ecological restoration in China. During the process of ecological protection and restoration, it is urgent to explore the internal mechanism of ecosystems, follow the succession law of the natural ecosystem, unleash the self-healing ability of nature, avoid excessive human intervention in the ecosystem and take measures such as protection and restoration, nature and labor, biology and engineering to form the basis of strategies to preserve the natural advantages of ecosystems and promote integrated ecological protection and restoration [4].



Regarding the evolution law of ecosystems, Ouyang et al. [5] used remote sensing combined with a ground survey to obtain the dynamic change information of the national ecological environment from 2000 to 2010 in China, and analyzed the evolution characteristics of the distribution, pattern, quality and ecological service functions over the past 10 years to provide references for the national development strategy and ecological protection supervision. In addition, the relationship between natural factors such as topography, soil and climate, and the evolution laws of ecosystems, are also hot topics for scholars to explore. For example, Fu et al. [6] used canonical analyses (CCA) to study the relationship between a small watershed ecosystem pattern and the slope and soil types in a semi-arid hilly region of the Loess Plateau and pointed out that the farmland ecosystem was mainly distributed over a gentle slope with fertile soil, while grassland and forest ecosystems were mainly distributed over a steep slope with poor soil. Zhao et al. [7] took the Baota District in the middle of the Loess Plateau as the focus of their discussion and used fractal theory to explore the spatial distribution structure characteristics of various ecosystem types. The research showed that the elevation, slope and topographic position were important factors in the formation of an ecosystem distribution pattern. Ecosystem adaptation refers to the process by which ecosystems adjust their structure and function in response to natural environmental changes and biological components interact with environmental factors to continuously adapt to environmental changes [8]. Ecosystem stability is the basis of this adaptation, and the restoration or reconstruction of ecosystems should first maintain their stability [9]. Adaptive restoration means that natural ecosystems give full play to their adaptability and constantly adapt to changes in the natural environment under the premise of long-term stability, thereby achieving a positive evolution.



On the basis of determining the evolution law of an ecosystem and the natural conditions suitable for its stable existence, a simulation analysis of ecosystem evolution in different scenarios can provide scientific support for adjustments to an ecosystem’s structure for different purposes and help to achieve high-quality social and economic development in small watersheds. Scholars usually establish and optimize the ecosystem evolution model based on the combination of a spatial simulation model and quantitative prediction model. For example, Liu et al. [10] embedded the objective optimization model and grey prediction model GM (1, 1) into the non-spatial module of the CLUE-S model in order to optimize land-use types under multi-objective demands. In order to simulate and predict the evolution of land use in the Three Gorges Reservoir area, Zhang et al. [11] comprehensively applied cellular automata based on multi-criteria evaluation (MCE) and the CA-Markov model. Cao et al. [12] took the Jintan District of Changzhou City as the research object, comprehensively considered the sustainable land-use goals such as ecological civilization, rural revitalization and urban–rural integration and set three development scenarios, namely natural evolution, economic priority and ecological priority. Through the combined application of a multi-objective programming model (MOP) and GeoSOS-FLUS model, the land-use pattern was further optimized [13], and they proposed that balancing the urban–rural land use and ecological protection and promoting spatial layout balance should be fully integrated into the future development process of this region.



As an important measure to solve the contradiction between ecological protection and economic development, ecological compensation can be used to compare the advantages and disadvantages of different development scenarios and provide scientific basis and guidance for the formulation of government policies and ecological protection compensation measures. Deng et al. [14] used the method of a modified equivalent factor to estimate the ecosystem service values of 310 counties in the old revolutionary base areas along the Long March, then used the method of regional differential ecological compensation estimation to divide and estimate the priority and amount of ecological compensation in this area and discussed the ecological compensation strategy. Miao and Zhao [15] believed that ecological compensation played an important role in balancing economic development and ecosystem service functions in the important ecological function areas; they calculated the ecosystem service values of the Loess Plateau in Longdong from 2000 to 2020 using the equivalent factor method and calculated the amount and priority of ecological compensation for nine counties on this basis. Lin et al. [16] used the environmental impact assessment method and multi-regional input–output model (MRIO) to construct a framework of inter-regional payments for ecosystem services (PES) estimation, including the regional spillover value of ecosystem services and regional transfer value of pollutants, and estimated the inter-regional payment amount of ecosystem services in the Beijing–Tianjin–Hebei (BTH) region.



Most of the previous studies on the multi-scenario simulation of ecosystems have divided different scenarios based on the development goals, without fully considering the adaptability of the ecosystem itself, only considering the improvement of the total value of ecosystem services in the decision-making of different scenarios [17,18]. By the reference ecosystem method, and based on remote-sensing data and vegetation community survey data, this study determines the suitable conditions for the stable existence of ecosystems and takes these conditions as a basis to divide different simulation scenarios. In scenario analysis, the ecological compensation mechanism is introduced to evaluate the comprehensive benefits of different scenarios, which is not only conducive to the natural restoration of ecosystems but also takes into account both ecology and economic development, thus promoting harmony between humans and nature.




2. Materials and Methods


2.1. Study Area


Wanhuigou catchment is located in Jingle County, in the upper reaches of the Fenhe River, and on the Loess Plateau in the northwest of Shanxi Province. The river system Wanhuigou involves is a primary tributary of the Fenhe River. The geographical coordinates are between 111°48′24″–111°57′28″ E and 38°24′45″–38°34′30″ N (Figure 1), and it is close to the county town, with provincial and county roads connected. It involves 12 administrative villages in 2 townships, including Zhangjiazhuang Village, Maquantan Village, Xincun Village, Chaishui Village, Fumatan Village, Zhuangwanggou Village, Maweigou Village, Yaozhuang Village, Dongmafang Village, Laopo Village in Xincun Township, Xiaogoukou Village and Shizuizi Village in Goose Town. Due to the long-term intense soil erosion, the ground has been cut into pieces, and the gully area accounts for 45% of the basin. It belongs to the temperate semi-arid and semi-humid zone in the physical geographical division, the rainfall fluctuates greatly between years and is unevenly distributed throughout the year, and it is highly concentrated in the months from July to September, which is a drought and rainstorm-prone area. The ground is covered by deep loess, and only bedrock is exposed in the ditch. The average annual soil erosion modulus is more than 16,000 t (km2·a), and the soil erosion is serious [19]. Therefore, following the principle of “overall protection, systematic restoration and comprehensive management” and studying a set of technical systems in line with the comprehensive management of ecological environment in the loess hilly regions based on the concept of adaptive restoration will play an important role for the comprehensive management of the ecological environment in this region.




2.2. Research Framework


Based on the interpreted remote-sensing image data, the stable and variable ecosystems are divided according to the stability connotation and change characteristics of ecosystems (the former has no change in ecosystem type from 1985 to 2020, while the latter has changed at least once). Combined with field investigation, the evolution characteristics of the topography, soil and vegetation communities are explored to obtain the natural conditions suitable for the stable existence of ecosystems.



Taking the results above as the limiting conditions, different development scenarios, including the natural evolution scenario, agricultural development scenario and ecological protection scenario, are set up to simulate the ecosystem evolution through a GeoSOS-FLUS model. And based on the ecosystem service value and ecological compensation mechanisms, the comprehensive benefits of ecosystems under different scenarios are compared to provide a reference and scientific basis for the formulation of future policies and ecological restoration measures and to promote the harmonious coexistence between humans and nature (Figure 2).




2.3. Data Sources


The ecosystem data from 1985 to 2020 is based on Landsat TM/ETM+/OLI images, and generated through visual interpretation and supervised classification, with an interpretation accuracy of over 85% and a resolution of 30 m × 30 m. The ecosystem classification results are revised according to the three land use status surveys, many years of land use change survey data (provided by the local government) and field surveys. The types of ecosystems in this study include farmland, forest, shrub, grassland and urban ecosystems.



The terrain data include elevation, slope and aspect. The elevation is derived from geospatial data cloud ASTER GDEM 30 M resolution digital elevation data (http://www.gscloud.cn/ accessed on 30 March 2020), and the slope and aspect are extracted from the elevation data through ArcGIS 3D Analyst Tools-Raster Surface. The elevation is divided into six gradients using the natural breakpoint method, respectively represented by Elevations 1–6. According to the technical specification for the investigation and assessment of national ecological status, the slope is divided into six grades, namely flat slope, gentle slope, slope, steep slope, sharp slope and dangerous slope, respectively represented by Slopes 1–6. According to the difference in illumination in each aspect, the aspect is divided into five grades: no aspect, shady aspect, semi-shady aspect, sunny aspect and semi-sunny aspect, which are represented by Aspects 0–4, respectively (Table 1).



In the investigation of vegetation community characteristics, the maps of the vegetation community, stable ecosystem, elevation grade, slope grade and aspect are superimposed to determine the location of sample points. In order to make the layout of the sample points represent the whole, the layout covers most of the major vegetation communities, the number and spacing are determined according to the distribution range of vegetation communities and the distance is within a certain range to ensure that the gradient change in environmental factors can be reflected. The survey indicators include species name and number, vegetation coverage, elevation, slope, aspect, soil texture, bulk density, depth, pH, cation exchange capacity, total nitrogen, total phosphorus, total potassium, organic matter content and density. The survey was conducted from April to July 2020.




2.4. Methods


2.4.1. Reference Ecosystem


An ideal reference ecosystem is composed of specific values of a series of key indicators that reflect the quality of the ecosystem under suitable environmental conditions, with no or little human interference, and the key indicators mainly include those that can directly or indirectly reflect the composition, structure and function of ecosystems [20]. Ecosystems in the same ecoregion that are less disturbed by human activities and more affected by climatic factors can be selected as reference ecosystems according to the law that key indicators or parameters of the same ecosystem type are similar under the same or similar natural environment conditions [21].



In this paper, the ecosystem whose type has not changed for many years (i.e., stable ecosystem) is regarded as the reference ecosystem. Based on remote-sensing image data, the topographic characteristics of the stable ecosystem are analyzed, and the characteristics of soil and vegetation diversity are obtained based on vegetation community survey data. The comprehensive characteristics of the topography, soil and vegetation are used to guide the restoration direction of variable ecosystems.




2.4.2. GeoSOS-FLUS Model


This study uses the GeoSOS-FLUS model to simulate the future changes in the ecosystem pattern. It is an effective model for geospatial simulation, spatial optimization and decision-making assistance [13]. Some studies have shown that the simulation accuracy of the GeoSOS-FLUS model is higher than that of CLUE-S, artificial neural networks (ANNs), cellular automata (CA) and other models [22]. The model firstly uses ANN to obtain the suitability probability of various types of land use and then improves the applicability of the model using a coupling system dynamics model (SD) and CA. In the CA model, an adaptive inertial competition mechanism is introduced to deal with the complexity and uncertainty of the mutual transformation of various land-use types under the joint influence of nature and human activities.



In order to explore the development path between humans and nature, according to the principles of unifying economic and ecological benefits, and balancing protection and utilization, with 2030 as the target year, three development scenarios are set to simulate the ecosystems:



Scenario 1: Natural development scenario. Also known as the inertial development scenario, it is based on the change rate of ecosystem pattern from 1985 to 2020, combined with historical natural and human-driven factors, without considering policy planning constraints, and it predicts the future scale of each ecosystem through the grey Markov model and serves as the scale demand parameter for the FLUS model, which is the basis for the other scenarios.



Scenario 2: Agricultural development scenario. With the priority of economic benefits as the objective, the probability of other ecosystems transforming into urban and farmland ecosystems should be appropriately increased with reference to relevant planning and policies under the premise of following the laws of nature, and variable ecosystems suitable for both farmland and grassland should be restored to farmland as much as possible.



Scenario 3: Ecological protection scenario. The priority of ecological benefits is the optimization goal, strengthening the protection of ecological land, and variable ecosystems that are suitable for both farmland ecosystem and ecological protection should be restored to ecosystems that are conducive to ecological protection as much as possible.




2.4.3. Estimation of Ecosystem Service Value


The evaluation methods for ecosystem service value mainly include the functional value method based on the unit service functional price and the equivalent factor method based on the unit area value [23]. This study uses the equivalent factor method to calculate the ecosystem services value, and the basic equivalent scale is updated and improved by Xie Gaodi [24]. The value of various service functions and the total service function value of the ecosystem are calculated based on the area of various ecosystems, and the formula is as follows:


    E S V   i j   =   A   j   ×   V C   i j    



(1)
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    T V   j   =   ∑  i   n      V C   i j     ×   A   j    



(3)






  E S V =   ∑  i   n      E S V   i     =   ∑  j   m      T V   j      



(4)




where     E S V   i j     is the value of the   i  -th ecosystem service function in the   j  -th ecosystem,     E S V   i     is the value of the   i  -th ecosystem service function,     T V   j     represents the value of the   j  -th ecosystem service functions,   E S V   represents the total value of the ecosystem service functions,     V C   i j     is the value coefficient of the   i  -th ecosystem service function in the   j  -th ecosystem,     A   j     is the area of the   j  -th ecosystem,   m   is the number of ecosystem types and   n   is the number of ecosystem service function items.



The functional intensity of different types of services is influenced by different ecological conditions and processes. Therefore, this study used three types of data, namely net primary productivity (NPP), rainfall and soil conservation, to revise the basic equivalent scale of ecosystem service value, so as to accurately reflect the changes in ecological service functions and their value in different regions on spatial dimension. And the values of the ecosystem service functions per unit area in the study area are shown in Table 2.




2.4.4. Ecological Compensation


The ecological compensation mechanism is the internalization of the economic externalities of ecological protection behavior, that is, the cost paid by ecological builders for protecting the ecological environment is compensated by making the beneficiaries of ecological protection achievements pay corresponding fees, so that ecological protectors can enjoy the economic benefits brought by their ecological protection achievements. This mechanism is conducive to improving the fairness between producers and consumers of special “public goods” such as ecological service function, ensuring that investors of ecological function can obtain reasonable returns, positively encouraging the sustainable production of ecological service function products and achieving harmonious coexistence between humans and nature [25].



In order to improve the practical feasibility and operability of ecological compensation standards, this study calculates the total value of regional ecosystem services through the research results of Costanza [23] and Xie Gaodi et al. [24], as well as land-use data, and uses socio-economic coefficients to correct them, thus obtaining a feasible ecological compensation standard. Engel’s coefficient can measure the living standard of human beings, the Pearl growth model has the same changes with humans’ understanding of ecosystem service functions and incorporating Engel’s coefficient into the Pearl growth model can better reflect the level of socio-economic development. The formula is as follows:


    K   i   =   1   1 +   e   −     1     E n   i     − 3        



(5)






  E n =     P   1       P   2     × 100 %  



(6)




where     K   i     is the development stage coefficient of year   i  ,     E n   i     is the Engel’s coefficient of year   i  ,   e   is the base of natural logarithm,     P   1     is the food expenditure of year   i   and     P   2     represents the total consumption expenditure of year   i  .






3. Results


3.1. Natural Conditions Suitable for Ecosystems in Different Situations


Through the factor detection and interaction detection analysis of geographical detectors (GeoDetector), it is found that elevation and slope play a major role in the topographic differentiation of ecosystems. Therefore, a thorough analysis is conducted on the topographic combination conditions of elevation and slope. The area of stable farmland ecosystems distributed in “elevation 1-slope 2” accounted for the largest proportion of stable farmland ecosystems, which is 29.47%. The area proportion of stable forest ecosystems distributed in “elevation 5-slope 3” is the highest, at 20.19%. The proportion of stable shrub ecosystems distributed in “elevation 3-slope 2”, “elevation 2-slope 2” and “elevation 1-slope 2” ranks in the top three, with 18.51%, 17.49% and 11.56%, respectively. The proportion of stable grassland ecosystems distributed in “elevation 3-slope 2”, “elevation 4-slope 2” and “elevation 2-slope 2” ranks in the top three, with areas of 16.28%, 14.40% and 11.55%, respectively. And the proportion of stable urban ecosystems distributed in “elevation 1-slope 2” and “elevation 1-slope 1” ranks in the top two, at 42.73% and 27.28%, respectively (Table 3).



Through the numerical analysis of soil physical and chemical properties (Table 4), it can be seen that the soil properties of the variable ecosystems distributed in “elevation 1-slope 2” are close to those of stable farmland ecosystems. Among them, clay, silt, tk and tp are 15.42 g/100 g, 36.708 g/100 g, 15.719 g/kg and 0.451 g/kg, respectively, which are lower than those of stable farmland ecosystems, sand is 47.846 g/100 g, which is higher than that of stable farmland ecosystems, and the others are basically the same as those of stable farmland ecosystems. The soil properties in the variable ecosystems of “elevation 2-slope 2” are close to those of stable farmland ecosystems, and there is a tendency to shift to the soil physical and chemical properties suitable for constructing stable grassland ecosystems. The soil properties of variable ecosystems distributed in “elevation 3-slope 2” are close to those of stable grassland ecosystems, and the pH is 8.009, which is between stable farmland and grassland ecosystems, while the others are relatively similar to stable grassland ecosystems. The CEC of variable ecosystems distributed in “elevation 4-slope 2” is 181.477 mmol/kg, which is close to the Pinus tabulaeformis community in stable forest ecosystems; clay is 19.335 g/100 g, which is close to the spruce community; tk is 17.716 g/kg, which is between Pinus tabulaeformis community and stable shrub ecosystems; and the others are close to stable shrub ecosystems.



The forest ecosystem at an altitude of 1718–2128 m is suitable for using North China larch as the constructive species, and this community can be restored and constructed based on the rules of high species richness and evenness at altitudes of 1900–2000 m and slopes of 15–20°, low at around 1700 m and 2100 m and on flat and steep slopes and suitable distribution on sunny or semi-sunny aspects. At an altitude of 1660–1980 m, spruce is suitable as the constructive species, and the community can be restored or constructed according to the law of low species richness and high evenness at 1800–1900 m, high species richness and low evenness at 1700 m and 2000 m, high species richness on gentle slopes, low evenness on slopes of 20–25° and high evenness on gentle and steep slopes, as well as suitable distribution on sunny and shady aspects. It is suitable to take Pinus tabulaeformis as the constructive species at an altitude of 1530–1900 m, and the community can be restored or constructed based on the law of high species richness and evenness at 1690–1790 m, low at around 1550 m and 1900 m, high evenness on gentle and steep slopes, small on slopes of 12–16° and suitable distribution on shady and semi-shady aspects. Adaptive shrub ecosystems can be constructed at an altitude of 1403–1879 m, specifically according to the law that species richness and evenness are high at 1600–1700 m, but low at around 1450 m and 1850 m, and it is suitable for distribution on sunny and semi-sunny aspects. Adaptive grassland ecosystems can be constructed at an altitude of 1276–2108 m, specifically according to the law that species richness is low and evenness is high at 1600–1800 m, but it is the opposite at 1300 m and 1900 m, and species richness is low at a slope of 10–15° and high on gentle and steep slopes, and it is suitable for distribution on sunny and semi-sunny aspects (Figure 3).




3.2. Multi-Scenario Simulation Based on GeoSOS-FLUS Model


Based on the ecosystem data of the study area in 2015, the simulation results of the ecosystems in 2020 are obtained. The test results shows that the Kappa coefficient is 0.7740, and the overall accuracy reaches 89.01%. The simulation results are basically consistent with the actual distribution in space, and the simulation effect is good, which can be used to predict the future changes in ecosystem pattern.



With 2020 as the forecast base year, the ecosystem area in 2030 is predicted. The simulation results (Figure 4) show that under the natural development scenario, the spatial layout of the ecosystem is relatively stable and grassland is still the main ecosystem type, with its area increased somewhat. The increase in the urban ecosystem area is mainly concentrated in the surrounding areas of cities, where the level of economic development is high, the demand for production and living land is large and the traffic location advantage is obvious. In both the agricultural development scenario and the ecological protection scenario, the area of forest, grassland and urban ecosystems increases, while those of the farmland and shrub ecosystems decreases. Under the agricultural development scenario, the reduction in the farmland ecosystem area and the increase in the grassland ecosystem area are relatively small. In the ecological protection scenario, there is a significant decrease in the area of farmland ecosystems and an increase in the area of grassland ecosystems, while the area of other types of ecosystems changes little. The decrease in farmland ecosystems is mostly in the steep slope area with a higher altitude, and the increase in the grassland ecosystem area comes partly from areas with higher elevations and steep slopes and partly from areas with lower elevations and gentle slopes. For areas with a low altitude and gentle slope, under the premise of optimizing the ecosystem pattern based on environmental factors, the agricultural development scenario focuses on developing farmland ecosystems, while the ecological protection scenario focuses on developing grassland ecosystems.




3.3. Ecosystem Service Value in Different Scenarios


Through the evaluation of the ecosystem service value and the study of ecosystem pattern change, the ecosystem service values in different scenarios from 2030 to 2050 is obtained (Table 5). Under a natural evolution scenario, the ecosystem service value of the study area increases from CNY 327.96 million in 2030 to CNY 427.27 million in 2050, with a total increase of CNY 99.31 million. Under the agricultural development scenario, the ecosystem service value in 2050 is approximately CNY 427.38 million, which is CNY 100.93 million higher than that in 2030, and the total service value is slightly higher than that in the natural evolution scenario. Under the ecological protection scenario, the ecosystem service value in 2050 is about CNY 442.59 million, an increase of CNY 103.21 million compared with 2030, which is significantly higher than the other two scenarios. The ecosystem service value of ecological protection scenario is CNY 15.21 million higher than that of the agricultural development scenario in 2050.




3.4. Comprehensive Benefits of Different Scenarios Based on Ecological Compensation Mechanisms


By evaluating the ecosystem service value in different scenarios, the comprehensive benefits of different development strategies can be compared and analyzed in combination with ecological compensation mechanisms, which provides a scientific basis for selecting future development strategies and formulating ecological protection measures [26,27].



In 2030, the ecosystem service value of the ecological protection scenario is CNY 12.93 million more than that of the agricultural development scenario. After correction, the compensation difference is CNY 6.99 million, while the economic value generated by a farmland ecosystem in the agricultural development scenario is CNY 7.35 million more than that in the ecological protection scenario. Compared with the natural evolution scenario, the agricultural development scenario is similar in ecological compensation, while the farmland ecosystem produces more economic benefits. Therefore, the agricultural development scenario in 2030 is the optimal scenario.





4. Discussion


4.1. Adaptive Restoration of Ecosystems


Referring to the distribution characteristics of stable ecosystems under different terrain conditions, and superimposing the maps of ecosystem types and terrain factor gradients for many years, it can be seen that the variable ecosystem distributed in “elevation 1-slope 2” is suitable to be restored to a farmland ecosystem, while the variable ecosystem distributed in “elevation 2-slope 2” is suitable for restoration to farmland, grassland and shrub ecosystems, or even a forest ecosystem, and the variable ecosystems distributed in “elevation 3-slope 2” and “elevation 4-slope 2” are suitable for restoration to grassland, shrub, and forest ecosystems (Table 3) [19].



In order to effectively eliminate the area interference of ecosystem types in topographic gradient intervals, the topographic distribution index is used to analyze various stable ecosystems to verify the rationality of pattern adjustment. The dominant ecosystem at Elevation 1 is stable farmland ecosystem, which has greater advantages than other stable ecosystems. At Elevations 2 and 3, the dominant degree of stable ecosystems is similar, with stable farmland, shrub, grassland, and forest ecosystems in descending order. At Elevations 4, 5 and 6, stable forest ecosystems gradually occupy a distribution advantage, followed by stable grassland and shrub ecosystems, and stable farmland ecosystems have the lowest degree of dominance. The characteristics of dominance degree of each stable ecosystem on the slope gradient are similar to those of the elevation gradient, but the difference in the dominance degree compared to the elevation gradient is relatively small (Figure 5) [28]. Through the analysis of the distribution index of stable ecosystems, and combined with the changing patterns of dominant position of ecosystems in different periods, the above adjustment strategies for variable ecosystem types are reasonable [29].



The comparative analysis of soil properties between variable and stable ecosystems under different terrain combinations shows that the soil physical and chemical properties of variable ecosystems are similar to those of stable farmland ecosystems, followed by stable grassland ecosystems, and significantly different from stable shrub and forest ecosystems (Table 4). This indicates that it is easier to transform the variable ecosystems into stable farmland and grassland ecosystems but more difficult to transform them into stable shrub and forest ecosystems. On the basis of suitable terrain combination conditions, soil improvement is a prerequisite for transforming an ecosystem into a stable shrub or forest ecosystem [30].



For specific environmental conditions, after constructing suitable terrain and soil conditions, the biological parts of ecosystems can be further constructed and configured according to the characteristics of community species diversity and the law of vegetation succession [31,32], so as to ultimately realize the restoration and construction of different ecosystems with biodiversity, strong stress resistance and stability [33].




4.2. Comparison of Ecosystem Service Value


4.2.1. Comparison of Comprehensive Benefits of Ecosystems under Different Scenarios


In order to further explore the difference in ecosystem service value in different scenarios, two groups of differences are calculated respectively, that is, A: The difference between the ecosystem service value in the ecological protection scenario and the ecosystem service value in the agricultural development scenario. B: The difference between the ecosystem service value under the natural evolution scenario and the ecosystem service value under the agricultural development scenario. It can be seen that in most years from 2030 to 2044, the ecosystem service value in the natural evolution scenario is higher than that in the agricultural development scenario, and it tends to be consistent around 2035, 2038 and 2040, while the ecosystem service value of the agricultural development scenario tends to be higher than that of the natural evolution scenario from 2045 to 2050 (Figure 6). In addition, the area of the farmland ecosystem under the agricultural development scenario is larger than that under the natural evolution scenario, and its economic benefits are also greater than that under the natural evolution scenario, so the comprehensive benefits under the agricultural development scenario are better than those under the natural evolution scenario [34].



Only when the ecosystem service value under the ecological protection scenario exceeds that of the agricultural development scenario by CNY 13.59 million, and after the correction of the socio-economic coefficient, can the economic benefits generated by a farmland ecosystem under the agricultural development scenario be exceeded [35]. As can be seen from Figure 6, A is less than CNY 13.59 million at the beginning of 2030, and gradually greater than CNY 13.59 million later. In the process of fluctuation, except for a few years below the threshold value, the others are above the threshold value. Therefore, in 2020–2030 and the early stage of 2030–2050, the agricultural development scenario is superior to the ecological protection scenario, and the ecological protection scenario is better in the middle and later stages from 2030 to 2050. The main reason is that compared with the agricultural development scenario, the ecological protection scenario is conducive to the stability of ecosystems in the study area [36], which not only enhances the adaptability of ecosystems to climate change but also ensures the income of farmers on the premise of reducing human interference [37].




4.2.2. Restoration Effects of Different Natural Conditions under Ecological Protection Scenario


In order to further analyze the restoration effects of different natural conditions under the ecological protection scenario, the ecosystem service value under specific natural conditions is compared with that of the agricultural protection scenario, namely A: The difference in the ecosystem service value between the ecological protection scenario and the agricultural development scenario. B: “elevation 1-slope 2” is the ecological protection scenario, and the rest of the terrain combinations represent the natural evolution scenario. B represents the difference in the ecosystem service value in this scenario and in the agricultural development scenario. C: “elevation 2-slope 2” is the ecological protection scenario, and the rest of the terrain combinations represent the natural evolution scenario. C represents the difference in the ecosystem service value in this scenario and in the agricultural development scenario. D: “elevation 3-slope 2” is the ecological protection scenario, and the other terrain combinations are natural evolution scenarios. D represents the difference in the ecosystem service value in this scenario and in the agricultural development scenario. E: “elevation 4-slope 2” is the ecological protection scenario, and the rest of terrain combinations represent the natural evolution scenario. E represents the difference in the ecosystem service value in this scenario and in the agricultural development scenario.



On the whole, the difference in the ecosystem service value of A is the largest, followed by C and D, and the difference in B and E is smaller, with B and C fluctuating sharply, while C and D fluctuate relatively smoothly (Figure 7). The area of “elevation 1 to slope 2” suitable for restoration to a grassland ecosystem is relatively large, due to significant human interference; the restoration of its ecological function is not ideal, resulting in lower ecosystem service value and greater fluctuation [38]. “elevation 4-slope 2” is suitable for restoration to forest or shrub ecosystems with a larger area, less human disturbance and less fluctuation in the ecosystem service value; due to the small restoration area, the ecosystem service value is not high [39]. Compared with “elevation 1-slope 2”, “elevation 2-slope 2” has a larger area suitable for restoration and more suitable for restoration into shrub and forest ecosystems with less human interference, so its ecosystem service value is greater than that of “elevation 1-slope 2”. Although the area suitable for restoration in “elevation 3-slope 2” is not as large as that of “elevation 2-slope 2”, it has a larger area suitable for restoration to shrub and forest ecosystems, and it is less affected by human interference, resulting in a high ecosystem service value and relatively gentle fluctuations. In summary, in the formulation of ecological protection measures, priority can be given to restoring the areas of “elevation 2-slope 2” and “elevation 3-slope 2”.





4.3. Innovation and Uncertainty


Based on the adaptive management strategy of the micro-watershed ecosystem, combined with the ecological compensation mechanism, this study compares and analyzes the comprehensive benefits of ecosystem patterns under different development strategies. It comprehensively considers the restoration or construction of adaptive ecosystems and the socio-economic development of the micro-watershed and attempts to explore the path of harmonious development between humans and nature.



However, there are many factors that affect the evolution and spatial layout of ecosystems, coupled with the complexity of the research object, and there are still some elements that have not been fully considered. Therefore, the selected indicator system for influencing factors will be improved based on the actual monitoring results in the future, so as to further improve the simulation accuracy, make it more reasonable and scientific and better meet the actual needs [40]. In addition, further improvements and modifications need to be made in the correction of the ecosystem service value, measurement of socio-economic level and economic benefits of farmland ecosystems in combination with the actual situation of future changes [41]. Adaptive management can be continuously evaluated, demonstrated, improved, and adjusted to make predictions and research results more accurate and reasonable and provide more scientific guidance and support for government decision-making.





5. Conclusions


Nowadays, the contradiction between human development and environmental protection is becoming increasingly prominent, and it is urgent to seek a path of harmonious development between humans and nature. Based on remote-sensing image and vegetation community survey data, this study has revealed the natural conditions suitable for the stable existence of different ecosystems through the concept of a reference ecosystem. By comprehensively comparing the characteristics of topography, soil and vegetation, it is found that unstable ecosystems distributed along gentle slopes (5–15°) at altitudes of 1201–1379 m, 1201–1594 m, 1379–1715 m and 1715–1856 m are suitable for restoration to farmland, shrub, grassland and forest ecosystems, respectively. A comparison of soil physical and chemical properties in different ecosystems shows that it is easier to transform variable ecosystems into stable farmland and grassland ecosystems but more difficult to transform them into stable shrub and forest ecosystems. On the basis of suitable terrain combination conditions, soil improvement is a prerequisite for transforming into stable shrub and forest ecosystems. For specific environmental conditions, the biological components of ecosystems can be further constructed and configured according to the characteristics of community species diversity and the law of vegetation succession.



Taking the conditions suitable for the stable existence of ecosystems as constraints for multi-scenario simulation of the GeoSOS-FLUS model, the simulation results show that the area of forest, grassland and urban ecosystems increases, while that of farmland and shrub ecosystems decreases in both the agricultural development scenario and ecological protection scenario. By further comparing the comprehensive benefits of the natural evolution scenario, agricultural development scenario and ecological protection scenario combined with an ecosystem service value evaluation and ecological compensation mechanism, it is found that the agricultural development scenario is the optimal among the three scenarios from 2020 to 2030 and the early stage of 2030 to 2050, while the ecological protection scenario will become the best in the middle and late stage from 2030 to 2050. In the long run, it is recommended to choose the ecological protection scenario as the direction for the future development of the study area; this not only helps to enhance the adaptability and stability of ecosystems but also ensures the income of farmers in the study area under the prerequisite of reducing human interference, which is conducive to realizing the harmonious coexistence of humans and nature. Under the ecological protection scenario, the unstable ecosystems distributed along the gentle slope (5–15°) of 1379–1483 m and 1483–1594 m have the most significant improvement in ecosystem service value by focusing on and giving priority to restoration according to the natural conditions suitable for the stable existence of ecosystems.
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Figure 1. Location of the study area. 
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Figure 2. Framework for the study. 
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Figure 3. Variation in species diversity index of different vegetation communities with topographic gradients. (a–c) represent the changes in species diversity indices of different vegetation communities with elevation, slope, and aspect, respectively. R, D, H and J represent four species diversity indices, namely the species richness index, Simpson dominance index, Shannon–Wiener diversity index and Pielou evenness index. 
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Figure 4. Simulation results of ecosystems in different scenarios in 2030. 
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Figure 5. Topographic distribution index of different ecosystem types on topographic gradients. 
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Figure 6. Difference in the ecosystem service value under three scenarios. 
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Figure 7. Comparison of restoration effects of different natural conditions under ecological protection scenarios. 
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Table 1. Classification of terrain factors.
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Elevation (m)

	
Slope (°)

	
Aspect (°)






	
1

	
1201–1379

	
1 (Flat slope)

	
0–5

	
0 (no aspect)

	
−1




	
2

	
1379–1483

	
2 (Gentle slope)

	
5–15

	
1 (shady aspect)

	
337–360, 0–67




	
3

	
1483–1594

	
3 (Slope)

	
15–25

	
2 (semi-shady aspect)

	
67–112, 292–337




	
4

	
1594–1715

	
4 (Steep slope)

	
25–35

	
3 (sunny aspect)

	
157–247




	
5

	
1715–1856

	
5 (Sharp slope)

	
35–45

	
4 (semi-sunny aspect)

	
112–157, 247–292




	
6

	
1856–2144

	
6 (Dangerous slope)

	
Above 45

	

	











 





Table 2. The value of ecosystem service functions per unit area in the study area (CNY/hm2·a).
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Ecosystem Service Functions

	
Farmland

	
Forest

	
Shrub

	
Grassland






	
Supply service

	
Food production

	
1586.50

	
324.78

	
272.43

	
1003.19




	

	
Raw materials production

	
746.59

	
767.66

	
616.55

	
1478.38




	

	
Water resources supply

	
13.42

	
148.92

	
150.56

	
234.92




	
Adjustment service

	
Gas regulation

	
1250.54

	
2509.65

	
2021.70

	
5200.74




	

	
Climate regulation

	
671.93

	
7484.66

	
6065.10

	
7828.31




	

	
Purify the environment

	
186.65

	
2199.63

	
1835.30

	
4540.75




	

	
Hydrological regulation

	
181.16

	
1842.18

	
2292.56

	
2894.81




	
Support service

	
Soil conservation

	
10,725.97

	
12,376.12

	
4133.38

	
9873.60




	

	
Maintaining nutrient cycling

	
223.98

	
236.20

	
186.40

	
475.19




	

	
Biodiversity

	
242.64

	
2775.38

	
2251.11

	
5755.13




	
Cultural service

	
Aesthetic landscape

	
111.99

	
1210.54

	
989.34

	
2534.37




	
Summation

	
15,941.37

	
31,875.70

	
20,814.41

	
41,819.40











 





Table 3. Area proportion of stable ecosystems under different combination conditions of elevation and slope.
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	Ecosystem Types
	Elevation
	Slope
	Percentage (%)
	Ecosystem Types
	Elevation
	Slope
	Percentage (%)





	Farmland
	1
	1
	22.93
	Grassland
	1
	2
	9.85



	
	
	2
	29.47
	
	2
	2
	11.55



	
	2
	1
	9.68
	
	3
	2
	16.28



	
	
	2
	18.38
	
	3
	3
	5.38



	
	3
	2
	5.91
	
	4
	2
	14.40



	Forest
	2
	2
	5.89
	
	4
	3
	8.81



	
	3
	2
	6.33
	
	5
	2
	5.14



	
	4
	2
	7.97
	
	5
	3
	7.15



	
	
	3
	11.42
	Urban
	1
	1
	27.28



	
	5
	2
	8.92
	
	1
	2
	42.73



	
	
	3
	20.19
	
	1
	3
	5.45



	
	6
	2
	7.37
	
	3
	2
	16.36



	
	
	3
	9.75
	
	
	
	



	Shrub
	1
	2
	11.56
	
	
	
	



	
	2
	2
	17.49
	
	
	
	



	
	3
	2
	18.51
	
	
	
	



	
	4
	2
	9.70
	
	
	
	



	
	4
	3
	5.17
	
	
	
	



	
	5
	3
	5.66
	
	
	
	







Data with an area of less than 5% are omitted.













 





Table 4. Comparison of soil properties between variable and stable ecosystems under dominant elevation–slope conditions.
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Soil Properties

	
Units

	
Variable Ecosystems

	
Stable Ecosystems




	
es12

	
es22

	
es32

	
es42

	
Forest

	
Shrub

	
Grassland

	
Farmland






	
bdod

	
g/cm3

	
1.313

	
1.312

	
1.285

	
1.262

	
1.162

	
1.202

	
1.217

	
1.310




	
cfvo

	
cm3/100 cm3

	
16.972

	
16.961

	
16.403

	
15.715

	
15.540

	
13.810

	
14.763

	
16.616




	
sand

	
g/100 g

	
47.846

	
45.967

	
41.964

	
41.898

	
45.253

	
45.870

	
45.820

	
46.229




	
silt

	
g/100 g

	
36.708

	
37.650

	
39.137

	
38.750

	
38.017

	
37.340

	
37.653

	
37.374




	
clay

	
g/100 g

	
15.420

	
16.362

	
18.848

	
19.335

	
16.723

	
16.760

	
16.520

	
16.395




	
ocd

	
kg/dm3

	
11.437

	
11.788

	
13.719

	
17.036

	
47.863

	
33.340

	
30.340

	
11.867




	
soc

	
g/kg

	
7.095

	
8.275

	
11.703

	
14.573

	
43.363

	
29.310

	
25.567

	
8.207




	
pH

	

	
8.151

	
8.115

	
8.009

	
7.783

	
7.120

	
7.640

	
7.790

	
8.114




	
CEC

	
mmol/kg

	
161.145

	
163.085

	
171.211

	
181.477

	
204.467

	
202.500

	
208.800

	
161.747




	
nitrogen

	
g/kg

	
0.893

	
0.917

	
1.017

	
1.210

	
3.840

	
2.833

	
2.578

	
0.918




	
tk

	
g/kg

	
15.719

	
16.303

	
17.038

	
17.716

	
18.338

	
17.365

	
16.465

	
16.324




	
tp

	
g/kg

	
0.451

	
0.460

	
0.471

	
0.468

	
0.522

	
0.483

	
0.508

	
0.463








es12, es22, es32 and es42 stand for “elevation 1-slope 2”, “elevation 2-slope 2”, “elevation 3-slope 2” and “elevation 4-slope 2”, respectively. bdod, cfvo, sand, silt, clay, ocd, soc, pH, CEC, nitrogen, tk and tp represent soil bulk density, gravel volume fraction, sand content, silt content, clay content, organic carbon density, organic carbon content, pH, cation exchange capacity, total nitrogen content, total potassium content and total phosphorus content, respectively.













 





Table 5. Value of ecosystem services in different scenarios. (Unit: ten thousand yuan).
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	Year
	Natural Evolution Scenario
	Agricultural Development Scenario
	Ecological Protection Scenario





	2030
	32,796.40
	32,644.49
	33,937.87



	2031
	33,207.72
	32,963.91
	34,302.51



	2032
	33,627.60
	33,406.12
	34,889.32



	2033
	34,056.10
	33,958.15
	35,471.02



	2034
	34,493.26
	34,534.67
	36,259.23



	2035
	34,939.16
	34,970.43
	36,472.22



	2036
	35,393.86
	35,429.78
	37,139.07



	2037
	35,857.43
	35,575.62
	37,135.22



	2038
	36,329.93
	36,293.32
	37,841.21



	2039
	36,811.45
	36,609.71
	37,869.45



	2040
	37,302.05
	37,297.35
	38,835.11



	2041
	37,801.82
	37,587.40
	39,003.00



	2042
	38,310.85
	38,096.05
	39,421.37



	2043
	38,829.22
	38,621.74
	40,038.84



	2044
	39,357.02
	39,259.07
	40,543.91



	2045
	39,894.34
	40,320.60
	41,680.01



	2046
	40,441.29
	40,567.76
	42,245.38



	2047
	40,997.96
	40,796.64
	42,504.69



	2048
	41,564.45
	41,372.72
	42,992.20



	2049
	42,140.88
	42,294.43
	43,700.26



	2050
	42,727.34
	42,737.89
	44,258.69
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