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Abstract

:

Worldwide, most ecosystem services have declined. However, the theoretical and analytical frameworks for the ecological risk assessment of ecosystem services are still lacking. Here a framework for the risk assessment of ecosystem services was developed based on the formation, changes, risk, and management of ecosystem services. The framework was tested in Ganzi, the upstream area of the Yangtze River Basin, for the regional ecological warning of ecosystem services. Ecosystem services in the form of soil retention and sandstorm prevention and ecological risks including soil and wind erosion were modelled. The results showed that with the increase in area and quality of natural vegetation (forest and grassland), the soil retention service and sandstorm prevention service increased by 66.92% and 8.59% between 2000 and 2015, respectively. Correspondingly, the ecological risk of soil erosion decreased by 8.8%, and wind erosion remained stable. Despite the negative impacts from agricultural development on sandstorm prevention, the increase in vegetation and improvement in ecological quality led to a decrease in the ecological risks of soil erosion and sandstorm erosion by improvement of ecosystem services. This research provides a new perspective for ecological risk assessment, as well as direct management information on ecological risks, by incorporating ecosystem services.
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1. Introduction


Ecosystem services, the benefits that people receive from nature, have been degraded or are being used in an unsustainable way [1]. Furthermore, it is projected that ecosystem services will face greater degradation risks over the first half of this century due to land-use change, invasive species, over-exploitation, pollution, and climate changes [2]. One of the greatest challenges is assessing and understanding the ecological risks of ecosystem services [3] in order to determine a viable way in which to manage human interactions with ecosystems and maintain the sustainable supply of ecosystem services [4].



Degradation of ecosystem services cause or aggravate ecological problems such as soil erosion and desertification, which further increase ecological risks. Ecological risk assessment is a process that estimates the potential adverse effects and risks that human activities and human-induced stressors pose on ecosystems or their components [5]. Traditional ecological risk assessment focuses on the assessment of adverse effects by toxic chemicals [3]. A series of methods of ecological risk assessment have been developed and are widely used throughout the world, such as the ‘three-step method’ [6], PETAR (procedure for ecological tiered assessment of risk) [7], and RRM model (relative risk assessment model) [8]. Great progress has been made on the classification, evaluation, and mapping techniques of ecosystem services. However, the theoretical and analytical frameworks for the ecological risk assessment of ecosystem services are still lacking [3]. Furthermore, the linkage between ecological mechanisms and the ecosystem services that create the end products (i.e., final ecosystem services) remains understudied [9,10,11]. It is necessary to quantify the ecosystem service provision (i.e., empirical ecosystem service measurements) [11] and the possible adverse effects from human activities [12,13].



Ecosystem services are the bridge that link nature and society and, as such, are suitable objectives for ecological risk assessment. On the one hand, ecosystems provide diverse products and services to improve human well-being [14]. For instance, marine ecosystems produce secure and adequate fishery products to support our everyday lives, and the service of soil and water retention from terrestrial ecosystems can decrease the risk of drinking water being polluted. Researchers have tried to understand the economic value of nature to global stakeholders through the approach of ecosystem services [15]. By assessing the economic value of ecosystem services, it is beneficial for policymakers to weigh the advantages and disadvantages (i.e., tradeoffs) of economic development and environmental protection. Economic value assessment can provide useful information about the importance of different types of ecosystem services, benefits to multiple stakeholders involved, and program costs of economic development and environmental protection. This is important for determining ways of increasing investment in natural resources protection for enhanced human welfare [14,16]. On the other hand, the degradation of ecosystem services can cause a series of adverse effects or ecological problems, such as sandstorms [17] and soil erosion [18]. Therefore, the ecosystem services approach may provide important insights to strengthen the utility of ecological risk assessment. In particular ecological models have a great deal of potential to address the problems that are limiting ecological risk assessment [3]. Ecological thresholds are a key issue in developing an ecosystem services approach. Climate change and human activities (including ecological conservation) have greatly altered ecosystem composition, pattern, and quality. Ecosystem changes have influenced the delivery of ecosystem services, which has led to a series of environmental problems, such as soil erosion [19], sandstorms [17], water pollution, flooding, etc. When environmental problems exceed ecological thresholds, meaning ecological tipping points, a relatively small disturbance or change in external conditions may cause a rapid change in an ecosystem [20]. When an ecological threshold has been passed, the ecosystem will probably not return to its previous state (often the “desirable state” for human welfare), thereby impacting its resilience to disturbances. Crossing an ecological threshold often leads to rapid changes in ecosystem health. Ecological thresholds represent the non-linear nature of the responses in ecological or biological systems to pressures caused by human activities or natural processes [21]. Therefore, detecting the ecological threshold and reducing ecosystem changes are critical to sustaining ecosystem health and enhancing the sustainable delivery of ecosystem services.



Generating a warning system on ecological risks is important in order to limit ecosystem changes within ecological thresholds. Such a system should integrate internal connections among ecosystem changes, ecosystem service changes, ecological problems, and ecological risks. In this study, a framework for regional ecological risk warming was proposed, and the framework was used on a case study in Ganzi, which is located in the upstream of the Yangtze River. Ganzi provides valuable ecosystem services of soil retention and sandstorm prevention. The specific aims of this study are (i) establishing a new assessment framework for ecological risk assessment using the ecosystem services approach; (ii) testing the framework by assessing the regional ecological risks and their changes between 2000 and 2015 in Ganzi; (iii) understanding the effect of ecosystem change on ecosystem services and ecological risks. The new framework can help in devising useful methods for regional ecosystem management to control ecosystem changes within ecological thresholds.




2. Study Area and Methods


2.1. Study Area


In this study, the Ganzi Tibetan Autonomous Prefecture was selected as the study area. Ganzi is located in the east of the Qinghai-Tibet Plateau; it covers about 150,000 km2 (Figure 1). The main landform types of Ganzi include hilly plateau, mountain plain, and alpine valley. The average elevation is over 3.50 km, and the relative elevation difference between the highest elevation and the lowest elevation is 6.56 km. Ganzi is located in the upper reaches of the Yangtze River and is considered a global biodiversity hotspot region [22]. Ganzi contains a huge number of rare and indigenous species, consisting of more than 5223 higher plants, 652 terrestrial vertebrates, 436 birds, 31 reptiles, and 30 amphibians [23].



Forest, shrub, grassland, farmland, and wetland are major landcover types in Ganzi. However, Ganzi’s natural ecosystems are sensitive and vulnerable, and are presently suffering from land desertification [19] and soil erosion [24]. Furthermore, increased intensity of human activities [19,25] has led to greater ecological risk. Furthermore, in 2015, 25.5% of Ganzi’s GDP (i.e., gross domestic product) came from agriculture and 85% of Ganzi’s population engaged in agriculture; thus, there exists a significant contradiction between agricultural development and ecosystem conservation.



Since 2000, the Ganzi government has implemented a series of ecological projects, including a natural forest protection program, sloping cropland conversion program, desertification prevention program, comprehensive management of soil erosion program, natural grassland restoration and protection programs, and grazing land restoration program. The goals of these policies and ecological projects are to improve ecosystem services and control ecological risks.




2.2. Methods


2.2.1. Framework for a Regional Warning System on Ecological Risks


The framework on establishing a regional warning system on ecological risks includes several steps focused on integrating internal connections among ecosystem changes, ecosystem service changes, ecological problems, and ecological risks together (Figure 2). First, the changes of ecosystem types and quality are analyzed. Second, the changes of important ecosystem services due to ecosystem changes are assessed. Third, from the changes of ecosystem services, the changes in the types of ecological problems are evaluated. Based on the thresholds for specific ecological problems, the state of the ecological risks is determined in order to provide information on ecological vulnerability. Finally, the driving forces that impact ecological risks are analyzed, and the information on the relationships among the changes of the ecosystem, ecosystem services, ecological problems, and ecological risks are provided to decisionmakers.




2.2.2. Ecosystem Classification and Quality Assessment


Based on the climate, topography, and other bio-geographic parameters in Ganzi [26], Ganzi’s ecosystems were classified into seven types: forest, shrub, grassland, wetland, farmland, urban, and barren land. According to the first step of the framework, ecosystem changes were first estimated, and in this study the ecosystem types and their associated changes were also analyzed between 2000 and 2015 in Ganzi in terms of area and quality.



Analysis of the changes in forests, shrubs, and grasslands were carried out, since the area of these three ecosystem types account for 90.5% of the total area of Ganzi. The relative biomass density (RBD) is used as the ecosystem quality indicator of forest, shrub, and grassland ecosystems. First, the pixel binary model was used to obtain the vegetation coverage data of Ganzi’s forest and shrubs by MODIS (i.e., Moderate Resolution Imaging Spectroradiometer) image inversion. Second, the aboveground biomass of the forests and shrubs in Ganzi was obtained [27,28]. Third, Ganzi’s grassland ecosystem quality was evaluated by using the cumulative Net Primary Production (NPP) method [29] to calculate the aboveground biomass of the grasslands within the grass-growing period [30].



Forest, shrub, and grassland ecosystem quality index (Equation (1)) was calculated as follows:


   R B  D i  =    B i     B  c c     × 100 %   



(1)




where RBD means relative biomass density; Bi means the biomass of ecosystems (forest, shrub, or grassland) in pixel i; and Bcc means the biomass of ecosystems (forest, shrub, or grassland) in one pixel in the climax community. The ecosystem quality was classified into excellent, good, medium, low, and poor, in terms of RBD ≥ 80%, 60 ≤ RBD < 80, 40 ≤ RBD <60, 20 ≤ RBD < 40, and RBD < 20, respectively [29].




2.2.3. Soil Retention and Soil Erosion Assessment


Two ecosystem services, soil retention and sandstorm prevention, were estimated. Soil retention, in quantitative terms, is the difference between potential soil erosion and actual soil erosion [31]. The Universal Soil Loss Equation (USLE) was used to calculate soil retention (SR) and actual soil erosion (SEa), which is strongly influenced by rainfall, soil, topography, and vegetation. The model can be expressed as follows [31]:



Potential soil erosion:


   S  E p  = R × K × L S   



(2)







Actual soil erosion:


   S  E a  = R × K × L S × C   



(3)







Soil retention:


   S R = R × K × L S ×  (  1 − C  )    



(4)




where   S  E p    is the potential soil erosion;   S  E a    is the actual soil erosion; SR is soil retention capacity (expressed in tons per hectare per year); R is the rainfall erosivity factor (MJ·mm·ha−1·h−1·yr−1), which is determined in terms of the kinetic energy (megajoules) of raindrops and the intensity of rainfall (in hectare-millimeters per hour) over one year; K is the erodibility of soil, or the amount of soil lost through erosion from unit area following rainfall of a given intensity (t·ha·h·ha−1·MJ−1·mm−1); LS is the topographic factor and represents the effect of the length of slope; and C is the vegetation cover factor. The model was described and validated by Kong et al. [32].




2.2.4. Sandstorm Prevention and Wind Erosion Assessment


The second ecosystem service estimated is sand storm prevention, which refers to the amount of sand retained in an ecosystem within a certain period (one year for this study). The Revised Wind Erosion Equation (RWEQ) model was used [33,34] to estimate the sand storm prevention service and wind erosion.



The RWEQ combines empirical and process-based modeling and has been extensively tested under broad field conditions. To simulate sand/soil loss at a regional scale over varying vegetation cover and patterns, the RWEQ in PC Raster [35] was modified. PC Raster is an environmental modeling language embedded in ArcGIS, providing spatial and temporal functions that can be used to construct regional models.



The RWEQ model estimates sand/soil loss at a specific point (SL; kg m−2) as a function of several factors: weather (WF); soil erodibility (EF); soil crust (SCF); surface roughness (K’); and vegetation cover (C), which permit estimation of the maximum transport capacity by wind (Qmax) as follows (Equations (5)–(7)):


    Q  max   = 109.8  [  W F × E F × S C F ×  K ′  × C  ]    



(5)






   S = 150.71 ×    (  W F × E F × S C F ×  K ′  × C  )    − 0.3711     



(6)






   S L  =   2 × z    S 2     Q  max   ×  e  −    (  z / s  )   2     



(7)




where    Q  max     (kg m−1) is the maximum transport capacity, S (m) is the critical field length, z (m) is the distance from the upwind edge of the field, and SL (kg m−2) is the soil loss caused by wind erosion. The identification of above parameters was described in detail by Ouyang et al. [26].




2.2.5. Ecological Problem Assessment and Ecological Risk Warning


Based on the estimation of soil erosion and wind erosion intensity from the USLE and RWEQ, the ecological problems were classified into different levels of soil erosion and wind erosion according to the ‘Classification Criteria for Soil Erosion’ [36]. In this study, the soil erosion can be classified into four levels (slight, low, medium, high), while the wind erosion can be classified into three levels (slight, low, medium).



When conducting the ecological risk assessment, the ecological thresholds were first identified. According to the soil erosion level criteria in the ‘Classification Criteria for Soil Erosion’ [36], Ganzi’s allowable soil loss amount per unit area from wind erosion is 200 (t·km−2·yr−1), and the threshold is 500 (t·km−2·yr−1) for water erosion. The two values are the estimated threshold levels for ecological risk warning. The ecological risk can be further classified into four levels (i.e., low, medium, high, and extremely high) according to different threshold values (Table 1).




2.2.6. Statistical Analysis and Data Source


Changes in the provision of ecosystem services from 2000 to 2015 are the result of changes in biophysical factors and socioeconomic development. Here, a broad set of biophysical and socioeconomic variables were considered. The main biophysical variables are the initial level of ecosystem composition and quality, and the changes of ecosystem composition and quality. The main socioeconomic variables are total human population, agricultural population, agricultural output value, grain yield, and livestock inventories, which can reflect the human activity influences on land-use changes or grassland degradation.



A correlation analysis and multiple general linear model (GLM) regression were performed in order to identify the relationships between four types of ecosystem services and the above socioeconomic impact factors. All the statistical analyses were conducted using the software Stata (version 13.0; StataCorp, College Station, TX, USA).



The data for this study were obtained from the different sources listed below.




	(1)

	
Ecosystem classification images for the years of 2000 and 2015 were obtained from the Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences. The images are environmental and disaster monitoring and forecasting of small satellite constellation (HJ-1A/B) and Landsat OLI (resolution 90 m) images. The images were classified using object-oriented multi-scale segmentation and decision tree procedures [32]. The ecosystems were categorized into forest, shrub, grassland, wetland, farmland, urban, and barren land.




	(2)

	
Data on vegetation cover for the years of 2000 and 2015, in the form of moderate resolution imaging spectroradiometer (MODIS) data (250 m resolution), were also obtained from the Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences.




	(3)

	
The Digital Elevation Model (DEM) was from the U.S. Geological Survey (USGS) with the resolution of 90 m [37].




	(4)

	
Soil maps (1:1,000,000) and data on associated soil attributes (e.g., the mass percentages of clay, silt, sand, and soil organic matter) were from the Second National Soil Survey of China [38].




	(5)

	
Average annual rainfall erosivity data were obtained from Beijing Normal University. Monthly average rainfall, wind speed, and temperature data were obtained from the Chinese Ecosystem Research Network (CERN) (http://www.cnern.org.cn/) and the Institute of Geographical Sciences and Natural Resource Research in China. Spatial interpolation was conducted on the meteorological station data to get weather raster data.




	(6)

	
County-level socio-economic and agriculture data were from the Agricultural Information Institute of the Chinese Academy of Agricultural Sciences. They contained crop yield (e.g., annual grain yield of rice, wheat, maize, and oil from oilseed crops) and the total population in each county in the years of 2000 and 2015 [38].












3. Results


3.1. Ecosystem Type and Quality Changes


The main ecosystem types in Ganzi are grassland, shrub, and forest, which account for 47.6%, 21.5%, and 21.4% of the total area in Ganzi in 2015, respectively. The ecosystem types changed greatly, where the areas of farmland and barren lands decreased by 1.1% and 3.5%, respectively. The areas of forest and grassland increased by 0.4% and 0.3%, respectively, whereas shrub area decreased by 0.2%. Areas classified as town had the greatest increase rate (202.9%) during the past 15 years (Figure 3).



The quality of natural vegetation increased gradually between 2000 and 2015 (Figure 4a). The areas of forest with excellent and good grades increased by 199.21% and 78.26%, respectively, while the areas of forest with medium, low, and poor grades decreased by 3.57%, 51.71%, and 9.87% respectively. The area of grassland with an excellent grade increased by 263.77%, while the area of grassland with other quality grades decreased (Figure 4b).




3.2. Ecosystem Service and Ecological Problems Assessment


The region with higher soil retention was mainly located in central and southeastern Ganzi. Between 2000 and 2015, the soil retention service increased by 66.9%. The sandstorm prevention region is mainly in northern and southwestern Ganzi. The sandstorm prevention service increased by 8.6% (Figure 5).



In 2015, only 1.9% of the area in Ganzi was identified as having a high grade of soil erosion. The slight, low, and medium grades were 80.3%, 16.1%, and 1.7%, respectively (Figure 6a). From 2000 to 2015, the area with decreasing soil erosion accounted for 24.2% of Ganzi’s total area. However, 8.1% of the area represented an increase in soil erosion (Figure 6b).



In Ganzi, 0.1% of the total area was identified as being representational of low and medium desertification in 2015, and the desertification degree of other areas was slight (Figure 6c). From 2000 to 2015, 0.8% the area had decreased desertification, however, 1.3% of the area had increased desertification (Figure 6d).




3.3. Ecological Risk Assessment


According to the water erosion intensity, the areas with no, low, medium, high, and extremely high ecological risk were 72.86%, 8.71%, 4.67%, 3.18%, and 10.57%, respectively, in 2015 (Figure 7a). This indicated that 27.14% of the study area was in ecological risk caused by water erosion. From 2000 to 2015 (Figure 7b), the total area of ecological risk decreased by 8.8%. Among this area, the area with extremely high risk decreased by 13.95%, followed by high (9.55%), medium (6.67%), and low (2.68%). In contrast, low and medium ecological risks caused by wind erosion accounted for 0.08% and 0.002% of the study area, respectively, in 2015, and 99.91% of the land was not in ecological risk (Figure 7c). From 2000 to 2015, the percentages of different ecological risk grades almost remained unchanged (Figure 7d).




3.4. Impact Factors of Ecological Risk Changes


The changes in the provision of soil retention service and sandstorm prevention service from 2000 to 2015 are the result of changes in biophysical factors, and socioeconomic development (Table 2). Overall, the results suggest that natural vegetation changes contributed significantly to the increases in the two key ecosystem services in Ganzi. For the soil retention service, the coefficient for the aboveground forest biomass per unit area in 2000 is positive and statistically significant. Coefficients for the proportion of forest area in 2000, proportion of grassland area in 2000, and changes in the proportion of shrub area from 2000 to 2015 are negative and statistically significant. For the sandstorm prevention service, coefficients for the proportion of grassland area in 2000 and changes in the density of agricultural output are negative and statistically significant. Coefficients for the aboveground grassland biomass per unit area in 2000 and changes in the proportion of forest area from 2000 to 2015 are positive and statistically significant (Table 2).





4. Discussion


Ecosystems provide a series of goods and services essential for human well-being [1]. However, climate changes and human activities are damaging the ecosystem services, especially the regulating services [1]. These impacts have created many ecological problems (e.g., soil erosion, sandstorms, flooding) [26]. The main goals of regional ecosystem management are to identify the ecological risks of ecosystem services and their drivers and maintain the sustainable delivery of ecosystem services through effective warning systems of ecological risk [3,4]. A framework for ecological risk assessment was constructed using the ecosystem services approach in this study. The framework clarifies the methodological linkages between ecosystems, ecosystem services, ecological problems, ecological risks, and warning/management. The ecosystem services approach quantifies the risk changes and their drivers causing the loss of ecosystem services.



Based on the framework, the ecosystem changes were identified (Figure 3 and Figure 4), including ecosystem types and natural ecosystem quality (forest, shrub, and grassland), and their impacts on important ecosystem services (Figure 5). The increase in forest and grassland, and the decrease in farmland and barren land (Figure 3), in conjunction with improvements in forest and grassland quality (Figure 4), have greatly improved soil retention and sandstorm prevention services (Figure 5). Correspondingly, the ecological risks of ecosystem service degradation decreased gradually (Figure 6). By identifying the thresholds of ecological risks [39,40,41], the condition of the different ecosystem services relative to their stressors can be categorized [20]. The results also showed that changes of ecosystem types and quality influenced the ecological risks of ecosystem services [42].



The framework in this study links the changes of ecosystem services and their drivers, which could help inform regional ecological risk management. In this study in Ganzi, for soil retention, the coefficients of the proportion of forest area and grassland area in 2000, and the change in the proportion of shrub area from 2000 to 2015, were significantly negative. This shows that natural vegetation restoration, as well as the conversion from shrub to forest, was likely contributing to the improvement of ecosystem services. However, for sandstorm prevention, the coefficient for changes in the density of agricultural output was significantly negative (Table 2), which suggests that agricultural development is impairing the sandstorm prevention service; however, grassland restoration decreased the ecological risk of the sandstorm prevention service. These changes may mainly result from the implementation of the slope cropland conversion program and natural forest conservation program since 2000 [26] as well as the grassland conversion program [43]. Any improvement in the natural vegetation would likely further decrease the ecological risk to these ecosystem services. Complexities of ecological risk mitigation may exist due to the time-lag effect of ecological protection and restoration projects, as well as the linkages between ecosystems, ecosystem services, ecological problems, and ecological risks. In this study, the soil retention service and sandstorm prevention service increased by 66.92% and 8.59%, respectively, between 2000 and 2015, but ecological risk of soil retention decreased by 8.8%.



Therefore, the framework proposed in this study provides a new perspective (i.e., ecosystem services) for linking ecological problems and ecological risks. Different to the other studies on ecological risks [6,7,8], in this study changes in ecosystem services caused by ecosystem changes were regarded as a major reason of ecological risk. Also, according to the framework in this study, the driving factors for ecological risks were easily identified to provide a basis for risk prevention and control. In the Ganzi case study, forest and grassland areas increased and their quality improved, thereby enhancing the soil retention service, which further reduced the ecological risk of soil erosion. Thus, measures on forest and grassland protection and restoration will be the key factors controlling the ecological risk of soil erosion.



In the future, the framework of regional ecological risk assessment using the ecosystem services approach could prove to be quite helpful to the management of large landscapes. First, to make ecosystem service-based risk assessment feasible, the relationships between ecological mechanisms and ecosystem services should be further clarified [9,10,11] in order to provide causal information on ecological risk, which could then be used for the direct management of problems driving ecosystem service degradation. Second, more robust models for the ecological risk assessment of ecosystem services based on ecological mechanisms and ecosystem services provision to quantify the risks are needed [3]. Third, specific thresholds causing ecosystem services degradation for regional risk assessment should be measured [39,40,41]. It is also needed to strengthen the ecological risk prediction of ecosystem services based on future possible scenarios.




5. Conclusions


Traditional ecological risk assessment focuses on the assessment of adverse effects by toxic chemicals. Different from that, a framework for ecological risk assessment was constructed using the ecosystem services approach in this study and tested in Ganzi. The results showed that with the increase in area and quality of forest and grassland, the soil retention service and sandstorm prevention service increased by 66.92% and 8.59%, respectively, from 2000 to 2015. Correspondingly, the ecological risk of soil erosion decreased by 8.8%, and wind erosion remained stable. This indicated that the increase in vegetation and improvement in ecological quality cause a decrease in ecological risks of soil erosion and wind erosion by improvement of ecosystem services. Therefore, this research can contribute to improving the current understanding of the relationship among ecosystem changes, ecosystem services, and ecological risks. Additionally, the framework proposed in this study provides a new perspective for ecological risk assessment, and it can be applied to the management of large landscapes in the future.
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Figure 1. Location of Ganzi in China and landcover types in Ganzi. 
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Figure 2. Framework for a regional ecological risk warning system based on the ecosystem services approach. 
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Figure 3. Area of ecosystem changes between 2000 and 2015 in Ganzi. 
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Figure 4. Changes of forest and grassland ecosystem quality. (a) Distribution of improved and degraded forest and grassland ecosystems. (b) Proportion of area change of different qualities of forest and grassland ecosystems. 
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Figure 5. Changes in the soil retention service and sandstorm prevention service between 2000 and 2015. (a) Soil retention service in 2015. (b) Soil retention service change. (c) Sandstorm prevention service in 2015. (d) Sandstorm prevention service change. 
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Figure 6. Intensity changes of water erosion and wind erosion between 2000 and 2015. (a) Water erosion intensity in 2015. (b) Water erosion intensity change. (c) Wind erosion intensity in 2015. (d) Wind erosion intensity change. 
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Figure 7. Ecological risk changes between 2000 and 2015 caused by water erosion and wind erosion. (a) Ecological risk caused by water erosion in 2015. (b) Ecological risk changes caused by water erosion. (c) Ecological risk caused by wind erosion in 2015. (d) Ecological risk changes caused by wind erosion. 
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Table 1. Thresholds for ecological risk warning of ecosystem services.
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	Ecological Risk Grade
	Thresholds for Water Erosion (t·km−2·yr−1)
	Thresholds for Wind Erosion (t·km−2·yr−1)





	No
	[0, 500]
	[0, 200]



	Slight
	(500, 1000]
	(200, 400]



	Medium
	(1000, 1500]
	(400, 600]



	High
	(1500, 2000]
	(600, 800]



	Extremely high
	>2000
	>800
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Table 2. Factors associated with increases in soil retention and sandstorm prevention services.
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	Independent Variable
	Soil Retention Service Increase (t∙km−2)
	Sandstorm Prevention Service Increase (t∙km−2)





	Aboveground forest biomass per unit area in 2000 (t∙km−2)
	0.431 * (0.167)
	-



	Aboveground grassland biomass per unit area in 2000 (t∙km−2)
	-
	0.735 *** (0.143)



	Proportion of forest area in 2000 (%)
	−0.928 ** (0.248)
	-



	Proportion of grassland area in 2000 (%)
	−1.098 *** (0.202)
	−1.08 *** (0.128)



	Changes in proportion of forest area from 2000 to 2015 (%)
	-
	0.457 ** (0.105)



	Changes in proportion of shrub area from 2000 to 2015 (%)
	−0.513 ***(0.073)
	-



	Change in density of agricultural output value (104 Yuan km−2)
	-
	−0.251 * (0.104)



	R2
	0.942
	0.881



	N
	18
	18







Notes: * p < 0.05; ** p < 0.01; *** p < 0.001. Standardized coefficients and robust standard errors are reported respectively outside and inside parentheses. Dependent variables are increases in per-unit-area soil retention and sandstorm prevention, respectively. Standardized coefficients and robust standard errors are reported outside and inside parentheses, respectively. Model results passed standard regression diagnostics. Variance inflation factors (VIFs) were tested to be <5.
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