

  land-11-00629




land-11-00629







Land 2022, 11(5), 629; doi:10.3390/land11050629




Article



Spatial-Temporal Variation and Mechanisms Causing Spatial Differentiation of Ecosystem Services in Ecologically Fragile Regions Based on Value Evaluation: A Case Study of Western Jilin, China



Yi Shang 1, Dongyan Wang 1, Shuhan Liu 2 and Hong Li 1,*





1



College of Earth Sciences, Jilin University, Changchun 130061, China






2



School of Humanities and Law, Northeastern University, Shenyang 110169, China









*



Correspondence: h_li@jlu.edu.cn; Tel.: +86-18804310500







Academic Editor: Roger White



Received: 12 March 2022 / Accepted: 22 April 2022 / Published: 24 April 2022



Abstract

:

The concept of Ecosystem Service Value (ESV) is indispensable when balancing the need for economic development and ecological protection, because it can clarify the ecological assets and values provided by a region. The study of spatio-temporal variation of ESV in ecologically fragile regions is helpful when attempting to restore regional ecological function. Taking the ecologically fragile area in Western Jilin as an example, this paper analyzes the spatial distribution and spatial-temporal evolution characteristics of the integrated ecosystem service value (IESV) in the study area by constructing an IESV model. The drivers of spatial differentiation of integrated ESV in the study area and the mechanisms controlling the interaction between various factors are examined using the geographical detector technique. The results showed that the areas of high value with integrated ecosystem services in Western Jilin were mainly distributed in protected areas, and that there has been a downward trend in the past 23 years. Moreover, the explanatory ability of NDVI (Normalized Difference Vegetation Index) was strongest of any of the natural factors considered. Among the socio-economic factors, the explanatory power of the human activity index (HAI) was greatest. Additionally, the interaction between natural factors and socio-economic factors exhibits synergistic enhancement, which affects the degree of spatial differentiation of IESV. The spatio-temporal variation in IESV is the result of the joint action between human activities and natural factors. This study can provide a scientific basis for the optimization of ecosystems and the development of ecological security in Western Jilin.
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1. Introduction


Ecosystem Services (ESs) are the foundation of human survival and development, and are also irreplaceable natural resources and natural assets [1]. ESs are the benefits humans receive from functioning ecosystems, directly or indirectly [2]. ESs not only provide food, pharmaceuticals, and other materials that humans use, but they also create and sustain the Earth’s life support systems, create the environmental conditions necessary for survival, and supply leisure, entertainment, and aesthetic enjoyment for people [3,4,5,6]. Effective ESs play an important role in maintaining regional ecological balance and regional ecosystem health, ensuring territorial ecological security and coping with global climate change [7]; however, according to the Millennium Ecosystem Assessment (MEA), around 60% of the ecosystem services studied have been degraded over the past 50 years [8]. Since the late 1970s, economic reforms and opening-up policies have led to a rapid rural–urban transition and large disparities in economic development across regions in China [9]. This rapid transition has placed tremendous pressure on ecosystems, especially in ecologically fragile areas. The deterioration of water and air quality, deforestation and grassland degradation, or even the loss of service functions of regional ecosystems, can lead to various chain reactions such as climate change, soil erosion, and biodiversity decline, which directly threaten the health and sustainable development of human society and regional and global ecological security; therefore, it is of great significance to evaluate the value of regional ecosystem services and study their temporal and spatial evolution and mechanisms controlling spatial differentiation in order to maintain and improve regional ecosystem services and ensure regional ecological security.



Ecosystem Service Value (ESV) is derived by assessing ESs’ contributions to sustainable wellbeing [10,11]. In 1997, Costanza et al. proposed a number of ecosystem service types and a system to determine their values, providing an effective way to quantitatively evaluate the benefits that humans derive from ecosystems, and coordinate economic development and ecological protection. The United States and Europe have successively carried out the evaluation of the value of ecosystem services in the region [12]. The subject is of great interest within the academic community, and the MEA Project has further promoted the development of ESs research on a global scale. Based on Costanza’s evaluation system, and according to the characteristics of different ecosystems in China, Xie Gaodi, a Chinese scholar, conducted a questionnaire survey on 600 ecologists in 2002 and 2007, respectively. Then, he proposed an equivalent table of ESV in China, along with a correction method (biomass correction method) to take account of the current situation in different regions [13]. This has been widely used in evaluations and related research into ecosystem service function value in China [14]. With the continuous development of ESV calculation methods, approaches based on existing data have emerged, such as the InVEST and GUMBO models [15,16]. Of these, the InVEST model is widely used in many countries and regions because of its user-friendly interface, simple parameter acquisition, and easy data input [17,18]; however, the indirect calculation method based on the value evaluation system and the direct calculation method based on an integrated model have certain limitations [19], so researchers are increasingly turning to the construction of more integrated models. Wu et al. used ESV to represent habitat quality, standardized the range between that based on the value coefficient and the habitat quality based on InVEST, and generated integrated habitat quality evaluation results for the growth triangle of an urban agglomeration, using a multiplicative approach [20]. Peng et al. then integrated the ecosystem service value evaluation model, InVEST habitat quality evaluation model, and habitat quality correction coefficient to construct an integrated model to study integrated ecosystem services in Huangshan city from 1987 to 2017 [21]. The ESV of the study area calculated using an equivalent coefficient method based on a land resource background was used as the foundation, and a habitat quality assessment based on external threat factors was used as the biodiversity correction coefficient to construct the integrated model. This approach not only considers the actual land use situation in the study area, but also the impact of external sources of threat to ecosystem services, so that the evaluation results not only address the benefits for human beings but also nature, which enhances the accuracy of the evaluation results [21]; however, generally speaking, there are relatively few examples of the evaluation of ESV and the analysis of its spatio-temporal variation in ecologically fragile regions using integrated models. Most previous studies examining the drivers of spatial differentiation of ecosystem service functions focus on qualitative and correlation analyses [7]. Su and Fu used correlation analysis and found a positive relationship between the difference in sediment export and water yield, with negative correlations between the difference in NPP and water yield [22]. In recent years, with the proposal of the geographic detector method [23], a new understanding of the factors responsible for ecosystem service function values and the mechanisms controlling interactions between factors has been developed. The approach has been applied using many scales, such as important natural areas [24] and watersheds [25]. On the whole, there have been few studies that have used an integrated model to assess ESV in important ecologically fragile regions and applied the geographic detector method to study the spatial differentiation of ESV.



In recent years, in Western Jilin, a typical ecologically fragile region in China, soil desertification, expansion of saline alkali land, grassland degradation, and wetland water shortages have become increasingly serious [6]. The deterioration of the natural environment is leading to the continuous degradation of ecosystem service functions in Western Jilin. Taking the ecologically fragile area in the west of Jilin Province as an example, the objectives of our study included the following: (1) constructing an integrated model to study the characteristics of spatial differentiation of the IESV over the past 23 years; (2) using spatial analysis to analyze the temporal and spatial evolution of IESV; (3) exploring the spatial differentiation mechanisms of IESV by using the geographic detector method. In the discussion section, we discuss the reasons for the spatio-temporal evolution of IESV, habitat degradation in the study area, and the prospect of future research. The results of this study are intended to provide a scientific foundation for decision-making in relation to ecological environment protection, ecosystem service restoration, and regional sustainable development in the ecologically fragile region of the Western Jilin province.




2. Materials and Methods


2.1. Study Area


Western Jilin (43°59′ N–46°18′ N, 121°38′ E–126°11′ E) is located in the east of the Horqin Grassland and southwest of the Songnen Plain, covering an area of about 46,800 km2. The administrative divisions comprise Songyuan City (Ningjiang District, Qianguo County, Qian’an County, Changling County, Fuyu City) and Baicheng (Taobei District, Taonan City, Da’an City, Zhenlai County, Tongyu County) (Figure 1). Western Jilin has a semi-arid or semi-humid climate. Due to the climate and geological structure, there are a large number of lakes in the study area, of which nearly 30 are quite sizeable, including Moon Bubble, Chagan Lake, and Dabusupao, with a surface area of thousands of hectares. More than 60% of the catchment area of Jilin Province and more than 90% of the catchment area of the Songhua River Basin drains via Songyuan City in the west of Jilin Province, with a total runoff of 39.774 billion m3 and a total drainage area of 8012.74 km2 [26]. In recent years, severe overgrazing, wasteland reclamation and ecosystem destruction associated with rapid population growth have resulted in desertification, alkalization, and grassland degradation [6]. The expansion of saline alkali land has exceeded 1500 km2, the reduction of wetland has been more than 1000 km2, and the reduction in grassland has reached more than 3000 km2.




2.2. Data Sources


The land use data for Western Jilin in 1995, 2000, 2005, 2010, and 2018 was obtained from the Resource and Environment Science and Data Center website (http://www.resdc.cn/, accessed on 15 June 2020). The land use data were remote sensing interpretation data with a spatial resolution of 30 m × 30 m. When calculating ESV based on land resources in Western Jilin, land use types were grouped into seven categories (forest land, grassland, wetland, water, desert, cultivated land, and construction land), in accordance with the classification of Xie et al. (Table 1). The national grain unit price data are from the cost and income of agricultural products in China Rural Statistical Almanacs. Annual average temperature and precipitation data for the cities of Baicheng and Songyuan were from Jilin Provincial Statistical Almanacs. The boundary data for inland wetland nature reserves and wetland parks at all levels are from land survey data.



In this study we selected 10 indicators as driving factors of spatial differentiation in IESV, including NDVI, net primary production (NPP), average annual precipitation (precipitation), average annual temperature (temperature), soil type, soil erosion, population density, land average gross domestic product (GDP), and HAI. The data sources and the results of the raw data processing are shown in Table 2 and Figure 2. The basis for the selection of indicators was explained in Section 2.3.3.




2.3. Methods


This study quantitatively portrayed the spatial pattern of ESs and their evolutionary characteristics in Western Jilin, a typical ecologically fragile region in China, by constructing an IESV model. The geographical detector model was used to investigate the driving factors of the spatial distribution patterns of IESV in Western Jilin, taking into account both natural and socio-economic factors.



2.3.1. Estimation of Integrated Ecosystem Service Value in Western Jilin


The background of regional land resources is the basis for providing ecosystem services, and biodiversity is closely related to the production of ecosystem services. The InVEST model takes habitat quality as a reflection of biodiversity [15]. Integrating the ecosystem service value, based on the background of land resources and the habitat quality value, based on external threat factors to build an integrated ecosystem service evaluation model, is helpful for comparing the spatial patterns of biodiversity and ecosystem services, and to identify areas that are beneficial for both natural ecological protection and human economic development.



(1) Estimation of ecosystem service value based on land resource background.



The estimation of ESV, based on land resource background, uses the equivalent coefficient method. The ESV equivalent factor refers to the potential of the relative contribution of ecosystem services generated by the ecosystem, which is defined as the economic value of annual natural grain yield of farmland with a national average yield of 1 hm2 [13]. Through relevant research and analysis, it has been determined that the economic value of an ESV equivalent factor is equal to 1/7 of the national average grain yield market value in that year [13,14]. In this paper, the unit price of ecosystem services was generated using the average price data for three kinds of grain (rice, wheat and maize) in 2005. The average unit price for the three grains was 8214 yuan × hm−2 × year−1. Moreover, the economic value of the ESV equivalent factor was calculated to be 1173.43 yuan × hm−2 × year−1. Referring to the research of Costanza et al. and Xie et al. the ESV equivalent coefficient per unit area of each land ecosystem was obtained (Table 3), and the total ESV for Western Jilin was finally determined by adding together the ESVs of each land ecosystem. Construction land does not provide ecosystem services due to its impermeability and other attributes; therefore, in this study, the ESV equivalent for construction land is regarded as 0.



The formula used to calculate ESV was


  ESV =   ∑  i = 1  n   (  A i  ×  VC i    )  



(1)




where Ai is the area of the i-th land ecosystem (hm2) and VCi is the ecosystem services value per unit area of the i-th land ecosystem [6,28,29].



(2) Habitat quality assessment based on external threat factors.



Habitat quality generally decreases with an increase in nearby human land use intensity [20]. We used the InVEST model to map and assess the habitat quality in the study area. InVEST is a spatially explicit model that uses habitat quality as a proxy for biodiversity associated with different land use and land cover (LULC) categories [30]. As reported by Terrado et al. (2016; p. 64), “the model is based on the hypothesis that areas with higher habitat quality support higher richness of native species, and that decreases in habitat extent and quality lead to a decline in species persistence” [31]. Habitat quality is directly related to the suitability of each LULC class to provide habitats to support biodiversity [32]. The habitat quality ranges between 0 and 1, where 1 indicates LULC categories with the highest suitability for species [17]. Threat factors and the habitat type sensitivity coefficient need to be set for model operation. Construction land (including urban land, rural residential areas, and industrial and mining land) is the area with the highest concentration of human activities, and therefore, it has the greatest impact on habitat quality. Cultivated land is also associated with concentrated human activities, so these two land types are generally set as the threat sources affecting regional biodiversity. The Western Jilin province is a typical ecologically fragile area, and land salinization and desertification have a great impact on the regional habitat quality; therefore, in addition to construction land and cultivated land, saline alkali land and sandy land were treated as threat factors. The formula used to assess habitat quality was


   D xy  =   ∑  j = 1  R     ∑  y = 1    Y r      (   W r    ∑  r = 1  R    W r     )       r y   i rxy   β x   S jr   



(2)






   i rxy  = 1 −  (     d xy     d rmax     )   (  if linear  )   



(3)






   i rxy  = exp  (    − 2.99  d xy     d rmax     )   (  if exponential  )   



(4)






   Q xj  =  H j   [  1 −  (     D xj z     D xj z  +  k z     )   ]   



(5)




where, Dxy is the habitat degradation degree (degradation risk index) of grid x (grid x and grid y is the basic unit of raster data) in habitat type j; R is the number of threat sources; Wr is the weight of threat source r; Yr is the number of cells containing threat source r; ry is the threat value of grid y; irxy is the threat value of grid y on grid x; βx is the accessibility of each threat source to grid x of each habitat type (in the area protected by law, the value is greater than 0 but less than 1, the stricter the protection, the smaller the value; in other areas, it is 1); Sjr is the sensitivity of habitat type j to threat source r; dxy is the linear distance between grid x and grid y; drmax is the maximum distance to threat source r. Qxj is the habitat quality index of each grid cell containing habitat j; Dxj is the threat level in each grid cell containing habitat type j; k is the half-saturation constant, taking half of the maximum habitat degradation degree (obtained by running the model once); z is the default parameter of the model; Hj is the habitat suitability of habitat type j, having a value between 0 and 1, where 1 represents the best land use category for species conservation [17,33].



The relevant parameters in the model need to be adjusted in light of the specific situation in Western Jilin. The maximum stress distance and weight of each threat source, habitat suitability of different habitat types, and sensitivity to threat factors were assigned on the basis of the examples in the InVEST model and relevant studies (Table 4 and Table 5). To determine the accessibility of degradation sources, six wetland nature reserves and nine wetland parks in Western Jilin were selected, and their accessibility parameters were assigned according to the management and control requirements of different functional zones of various protected areas. The core area of nature reserves and the conservation, restoration, and reconstruction areas in wetland parks were assigned a value of 0; the buffer area of each nature reserve was allocated a value of 0.2; the experimental area within any nature reserve, the publicity and display area, areas required for support activities, and the management service area of wetland parks were assigned a value of 0.6; and the Urban Wetland Park (Zhenlai around the city Wetland Park) was assigned a value of 0.8.



(3) Calculation of integrated ecosystem service value.



The formula used to calculate the integrated ecosystem service value in the study area was as follows:


  Q =  Q 1  ×  Q 2   



(6)




where, Q is the integrated ecosystem service value in the study area; Q1 is the ESV based on the land resource background; Q2 is the habitat quality coefficient based on external threats. This method not only considers the actual situation in relation to land use in the study area, but also takes into account the impact of ESs on external threat sources. In order to facilitate an easy comparison of the changes in IESV, according to relevant studies [21], the value was divided into five levels: low (0), sub-low (0–1000), intermediate (1000–2000), sub-high (2000–3000) and high (>3000).




2.3.2. Analysis of Temporal and Spatial Variation Characteristics of IESV in Western Jilin


Trajectory analysis is often used to analyze the temporal and spatial transfer characteristics of land use [34]. By using statistical spatial analysis of the IESV trajectory for the study area, we can identify the spatio-temporal characteristics of IESV for a defined time period. A change of direction in the time series can be represented by different codes; the letters or numbers of each code represent the different levels of IESV during different time periods. Based on the IESV classification system for the study area, “1” represents “low level”, “2” represents “sub-low level”, “3” represents “intermediate level”, “4” represents “sub-high level”, and “5” represents “high level”. As there are fewer than 10 categories, the trajectory codes for each category can be calculated using the following formula, in the “Raster Calculator” mode within ArcGIS [35]:


   T ij  =   (  G 1  )  ij  × 1  0  n − 1   +   (  G 2  )  ij  × 1  0  n − 2   + ⋯ +   (  G n  )  ij  × 1  0  n − n    



(7)




where Tij is the trajectory code from raster i to j; n is the number of time nodes; and G1, G2,…, and Gn are the IESV levels codes for each time node. When the number of IESV levels is more than 10, a trajectory code is usually replaced by a letter. In this study, the IESV change trajectory was divided into three types: unchanged (e.g., “11”, “2//2”), low→high (e.g., “12”, “13”) and high→low (e.g., “21”, “31”).




2.3.3. Geographical Detection of Spatial Differentiation of Integrated ESV in Western Jilin


The spatial differentiation of integrated ESV is the spatially representative result of the complex coupling of natural, cultural, and socio-economic factors [7]. The geographical detector technique, proposed by Wang et al. does not need a linear hypothesis to reveal the driving factors behind spatially stratified heterogeneity [36,37]. The principle is that if the sum of the variances of subareas which are classified by the factor is less than the variance of the whole area, spatially stratified heterogeneity exists, and the q-statistic can be used to detect influencing factors [23,37]. The geographical detector technique includes a factor detector, interaction detector, risk detector, and ecological detector. Factor detection can identify the extent to which each driving factor explains the spatial differentiation of analytical variables. Interaction detection can identify whether the interaction between different drivers increases or decreases the explanatory power of analytical variables [23]. The formulae used were as follows:


  q = 1 −  [    ∑  h = 1  L     ∑  i = 1    N h        (   Y hi  −    Y h   ¯   )   2  /   ∑  i = 1  N      (   Y i  −  Y ¯   )   2         ]  = 1 −   ∑  h = 1  L    N h       σ h   2  / N  σ 2  = 1 − S S W / S S T  



(8)






  SSW =   ∑  h = 1  L     ∑  i = 1    N h        (   Y hi  −    Y h   ¯   )   2  =       ∑  h = 1  L    N h       σ h   2   



(9)






  SST =   ∑  i = 1  N      (  Y i  −  Y ¯  )  2   = N  σ 2   



(10)




where, h = 1,…, L is the stratification of variable y or factor X; Nh and N are the number of units in layer h and the whole area, respectively; σh2 and σ2 are the variance of layer h and the Y value for the whole region; SSW and SST are the sum of intra layer variance and total variance of the whole region, respectively. The value range of q is [0, 1], and the larger the value, the more obvious the spatial differentiation of Y; if the stratification is generated by the independent variable X, the greater the q value, and the stronger the explanatory power of the independent variable X to the attribute Y, and vice versa.



The spatial pattern of ESV is formed under the combined effect of multiple driving factors [38]. In this study, 10 factors were selected from both natural and socio-economic factors to detect the mechanism of the formation of IESV spatial patterns in western Jilin. Natural elements underpin the spatial pattern of regional ESs. We selected 7 factors mainly from 4 aspects: vegetation factor, climate factor, topography factor, and soil factor. The ability of the same land use type to provide ESs varies depending on the vegetation cover [21], so this study selected NDVI and NPP to detect the influence of vegetation factors on the spatial pattern of ESs. Climatic factors are the most direct and sensitive factors in the evolution of regional ecosystem services, and climatic factors can influence the evolution of regional ecosystem quality at any spatial or temporal scale [39]. In this paper, average annual precipitation and average annual temperature are selected to represent climate factors. Topography factors are one of the decisive factors in the formation of spatial and temporal distribution patterns of ecosystem quality [38]. In this study, elevation was chosen to detect the influence of topography factors on the spatial distribution patterns of ESV. Soil conditions are related to the generation of ESs [40], and soil types and soil erosion levels were selected to characterize regional soil conditions. Socio-economic factors are the most dynamic factors influencing the evolution of the ecological environment. In this paper, we selected population density and land average GDP, HAI, to reflect human socio-economic activities.



Based on the ArcGIS10.6 platform, the study area was spatially gridded and sampled by 3 km × 3 km, generating a total of 5200 sampling points. Each driving factor was sampled using the ArcGIS10.6 multi-value extraction to point function, and sample point values were imported into the geographical detector to produce the results.






3. Results


3.1. Spatial-Temporal Variation Characteristics of IESV in Western Jilin


Using the method described, we derived the IESV for Western Jilin. Figure 3 and Figure 4, respectively, show the spatial distribution of IESV in Western Jilin and the proportion of the area of each level. The results show that the regions with a high IESV are mainly located in Chaganhu, Momoge, Dabusu, Hada Mountain, and Sanjiangkou, whereas the regions with low values are mainly located in central towns and sandy areas. The sub-low level has the highest coverage, at about 85% from 1995 to 2018, and the intermediate level has the lowest coverage, at less than 0.01% in 23 years. The proportion of high-level areas decreased from 8.17% in 1995 to 4.08% in 2010, with a slight increase in 2018. Most of the high-level areas are located in nature reserves. In 1995, large high-level areas not in nature reserves were distributed in the middle of the study area, but they have been significantly reduced over the past 20 years; therefore, more nature reserves should be designated, high-value areas should be included within nature reserves, and the areas with high ecological values should be protected by legislation in order to reduce interference resulting from human development and exploitative activities.



Shannon’s diversity index (SHDI) can be used to describe landscape heterogeneity and reflect land use richness [41]. Here, this was calculated by fragstats4.2. SHDI in Western Jilin continued to decrease from 1995 to 2010 and increased in 2018. The land use in the study area was least diverse in 2010, and was most diverse in 1995, with a relatively high degree of land fragmentation. As can be seen from Figure 4, the variation in SHDI exhibited the same trend as that of high level IESV. During 1995–2010, construction land and saline alkali land in Western Jilin expanded greatly, the degree of land fragmentation was low, the land use became less varied, and the area of high-level IESV kept decreasing. From 2010 to 2018, the Jilin Province began to pay attention to the protection of the natural environment, focusing on the restoration of wetlands and the treatment of saline alkali land. During this period, the degree of land fragmentation in Western Jilin increased, the land use structure became more acceptable, and areas with high-level IESV began to increase.




3.2. Analysis of Temporal and Spatial Variation Characteristics of IESV in Western Jilin


As can be seen from the IESV spatial change data for Western Jilin, IESV change was more obvious during 1995–2000 and 2005–2010 (Figure 5 and Table 6). During 1995–2000, the unchanged area accounted for 89.84% of the total, and the area of change accounted for 10.16%, of which the transfer from high to low level was greatest, accounting for 6.07%. During this period, the low value area increased at the expense of high value land and there was spatial agglomeration, which occurred in the southern central part of the study area, and near the edge of the Momoge reserve. The change from low value to high value land mainly occurred in the southwest of the study area and spread around the Xianghai nature reserve. From 2005 to 2010, the unchanged area accounted for 92.14% of the total area, and the change from high value to low value land accounted for 4.66% of the area, which was higher than the 3.19% change from low value to high value. Most of the change occurred in the southeast of the Momoge reserve, the Ningjiang district, Fuyu city, and the boundary with Heilongjiang Province. The area of IESV change was lowest between 2000 and 2005, but the low-to-high change accounted for a smaller area than the high-to-low change. From 2010 to 2018, the area changing from low value to high value exceeded the area changing from high value to low value. From the perspective of spatial distribution, there is a large area of increased IESV in the Momoge reserve, which shows that the Province focused on ecological restoration in Western Jilin during this period. The implementation of wetland restoration and returning farmland to wetland has played a significant role in improving the ecological quality in Western Jilin.




3.3. Analysis of the Driving Factors of Spatial Differentiation of IESV in Western Jilin


3.3.1. Factor Detector Analysis Based on the Geographical Detector Method


Spatial differentiation is the manifestation of the complex coupling process of natural and socio-economic factors. Human beings can comprehend and cognize natural phenomena through the analysis of spatial data [7]. In this study, we employed the factor detector component of the geographical detector technique in order to evaluate the effect of determinants on the spatial differentiation of IESV. Taking the intermediate year of the study (2005) as an example, covariates (Table 2) were selected to explore the contribution of various natural and socio-economic driving factors to the spatial differentiation of the dependent variable, IESV.



Using the geographical detector technique, we then calculated the power of determinant (q) values. As shown in Figure 6, the q value of the factors was in the range 0.0062 to 0.1263. It can be seen that NDVI, soil type, and HAI contributed more to the spatial differentiation of IESV in Western Jilin, whereas the contribution of the soil erosion degree and elevation was relatively small. The order of factor q statistics was NDVI > soil type > HAI > population density > land average GDP > NPP > precipitation > temperature > soil erosion degree > elevation. The explanatory power of NDVI and soil type, with respect to the spatial differentiation of IESV, was more than 10%, and these were the most significant factors. The explanatory power of HAI, population density, and land average GDP were also relatively high, meaning that they are important factors affecting the spatial differentiation of IESV in Western Jilin. NPP, precipitation, and temperature had relatively little explanatory power in relation to IESV, but they do affect the spatial differentiation of dependent variables to a certain extent. The explanatory power of the soil erosion degree and elevation on the dependent variable was less than 1%, indicating their very limited influence.



Both natural factors and socio-economic factors explain the spatial differentiation of IESV in the study area to varying degrees. The results show that natural factors have a greater impact on the spatial differentiation of IESV in the study area than socio-economic factors. As a typical ecologically fragile area, greater regional ecological restoration, increased conservation of natural resources, and strengthened policy and institutional guarantees of regional ecological protection are required. Moreover, because it is a plain, Western Jilin is also subject to intensive human activities. Social and economic factors such as HAI, population density, and land average GDP do play an important role in the spatial differentiation of IESV. Human beings should take account of natural processes in relation to land use, planning appropriately on the basis of land type without damaging the ecological environment, strictly implementing land use control, optimizing the allocation of land resources, improving the potential for sustainable development in the region, and promoting the coordinated symbiosis of human land use and natural systems.




3.3.2. Interaction Detector Analysis Based on the Geographical Detector Analysis


In the geographical detector, interactions between different risk factors can be identified and evaluated, indicating whether the joint action of different factors will increase or decrease the explanatory power of dependent variables [20]. Our analysis indicated that the interaction between any two factors was greater than the influence of a single factor, with six double-factor enhancements and 39 nonlinear enhancement types (Table 7 and Table 8).



We found that the interaction between NDVI and soil types had the strongest impact on the spatial differentiation of IESV in the study area, with an explanatory power of 21.95%. The other interactions with an explanatory power greater than 20% were land average GDP∩soil type (q value 0.2104), NDVI∩soil erosion degree (q value 0.2030), and population density∩soil type (q value 0.2021). Thus, although the explanatory power of the soil erosion degree on the spatial differentiation of IESV was small, when combined with NDVI, the effect was very high. Similarly, the interaction between soil type and soil erosion had an explanatory power greater than 15%, and the explanatory power of the interaction between NDVI and elevation was 14.74%. The western part of Jilin is a plain, so the effect of the elevation factor is not obvious, and the explanatory power of its interaction with other factors is relatively small, mostly less than 10%; however, it also shows that the interaction of two factors has a higher impact on the spatial differentiation of IESV than that of single factor.



The spatial differentiation of IESV in Western Jilin is the result of the interactions between various natural and social factors, which have synergistic enhancement effects on regional IESV through complex coupling. The synergistic interaction between the socio-economic factors such as land average GDP, population density, HAI, and natural factors such as NDVI, soil type, and temperature is significantly stronger than the internal interaction between socio-economic factors and most natural factors. Western Jilin is a semi-arid region with low annual precipitation, and most soil can be classified as chernozem or meadow soil. Under the constraints of natural and geographical conditions, planned land reclamation and development activities will greatly enhance the spatial distribution of IESV; therefore, in the process of land planning in Western Jilin, it is essential to consider the impact of multi-factor enhancement effects, including both natural and socio-economic factors on the ecological environment, and to plan land development and utilization according to local conditions, to protect natural systems during development work, to enhance protection, increase the sustainability of ecosystems, and avoid damaging regional ecosystems that are subjected to the synergistic effects of natural conditions and intensive human activities.






4. Discussion


4.1. Analysis of the Factors Associated with Spatio-Temporal Changes in IESV


It is widely acknowledged that multiple factors drive the generation, states, and evolution of ecosystem services; these include LULC changes, atmospheric carbon dioxide, biotic changes, warming, nitrogen deposition, pollutants and toxic substances in air, soils, and water [42,43,44,45]. According to the results of geographical detector, spatial differentiation of IESV is the result of the interactions between various natural and social factors. As shown in Figure 5, there was no obvious pattern in the spatial and temporal conversion of IESV in the ecologically fragile area of Western Jilin. Moreover, the driving factors of IESV changes should be considered at the regional scale. Similarly, spatio-temporal variation in IESV is caused by a combination of anthropogenic interventions and natural factors. Su and Fu used the Loess Plateau as an example, confirming that climate change and land use change were the major natural and human factors driving fluctuations in ESs in ecologically fragile area [22].



4.1.1. Land Use and Land Cover Change


Land use change represents the most substantial human alteration of the Earth’s systems for long-term study [22,46]. From the perspective of land use structure (Figure 7), the main land use type in Western Jilin was cultivated land, and the area of cultivated land increased from 50.21% to 54.99% during the period 1995–2018. In addition to cultivated land, the area of desert also increased significantly. The area of grassland of ecological significance decreased from 17.91% in 1995 to 10.00% in 2018, and the wetland with the highest ecological value also decreased by more than 1000 km2 over the past 23 years. These changes in land resource background have substantially reduced the IESV in Western Jilin. Moreover, the expansion of cultivated land and desert will also reduce the region’s habitat quality. Our study demonstrates this, with areas of IESV conversion from high to low values being spatially consistent with areas of desert encroaching on grassland or wetland transfer to other land types (Figure 5 and Figure 7).



The most significant change of human activities on the land surface is the development and utilization of land for construction; its effect and degree of influence can be described by the “construction land equivalent” and human activity intensity [47]. These values were calculated on the basis of previous studies (Figure 8). It can be seen from the results that the equivalent area of construction land increased by 546.95 km2 in Western Jilin from 1995 to 2018, and the intensity of human activities increased by 1.17% during this period. The intensification of human activities and the expansion of construction land will further affect the value of regional ESs.




4.1.2. Precipitation and Temperature


Temperature and precipitation are important drivers of change in ESs [48]. Western Jilin covers a semi-arid and semi humid area. During 1995–2018, the average annual temperature change in Western Jilin is not obvious. The average annual temperature in Baicheng is between 5 °C and 7 °C, and in Songyuan it is between 4.5 °C and 6 °C; however, over 8 years, the rainfall in Baicheng city was less than 400 mm, as was the case in Songyuan City from 1995–2005 (Figure 9). The rainfall was low and the interannual fluctuation was great, which led to the reduced area of bottomland and lakes in Western Jilin. The area of water and wetland decreased by 491.92 km2 and 387.38 km2, respectively. The water shortage and wetland area decrease reduced the IESV of the study area. In addition, low precipitation and high evaporation led to the accumulation of salt dissolved in water on the soil surface, which readily leads to soil salinization. Over the past 10 years, the saline alkali land in the west of Jilin has expanded, with an increase of 2261.56 km2, occupying a large amount of grassland, and further reducing the environmental quality of the study area. From 2005 to 2018, rainfall began to increase in Western Jilin. The area of lakes and rivers in Western Jilin also increased, and this has played an important role in the restoration of the natural environment and the enhancement of IESV.



Regional IESV change is caused by natural factors such as climate change and human activities. The joint action of natural factors and human activities will not only change the background of land resources, but also improve or reduce the external threat to habitat quality. It can be seen from Table 6, that the conversion of IESV from low to high exceeded that from high to low for the first time during 2010–2018. During this period, desert land began to decrease. In addition to the increase in precipitation, the governance of saline alkali land and the restoration of wetlands has been strengthened in Western Jilin. When the regional ecology deteriorates naturally, strengthening human intervention can limit this trend; therefore, regional ecological needs must be addressed in relation to local conditions, enhancing the sustainability of ecosystems and improving the value of integrated ecosystem service functions by a combination of natural and human activities.





4.2. Implications for Improving This Ecologically Fragile Region’s Ecosystem Services


If only habitat quality is used without considering habitat degradation, the impact of threats to habitats will be underestimated [32]. In this paper we also simulated the degree of habitat degradation in the state of no accessibility parameters. The results showed that the highest degree of degradation was the same irrespective of our approach and there will be a small number of areas with increased degradation in the protected area in the latter case. Similarly to the high IESV distribution areas (Figure 3), the interior of the protected areas in Western Jilin experienced levels of habitat degradation, whereas the degradation values in non-protected areas were higher, indicating that they were more vulnerable to human activities, and the protected areas were strictly protected by the state and less affected by human threats. This result is consistent with Zhao’s findings [33]. It can be seen that protected areas play a vital role in preserving biodiversity and maintaining habitat quality. Locations that are not included in protected areas are also at risk of habitat quality deterioration and degradation even if their condition is currently good. Although Western Jilin is an ecologically fragile area, it supports a large number of natural lakes and bottomlands. More areas with high IESV and those facing severe habitat degradation should be included in protected area management systems, with policy tools to enhance the protection of regional ecosystem services. In addition, Western Jilin should plan its land use appropriately, restrict the expansion of construction land and cultivated land so that it does not encroach on ecological land such as wetland and grassland, and strengthen the management of saline alkali land, so as to improve the ability of ecosystems to provide services in ecologically fragile areas.




4.3. Next Steps for Development


It has been shown that an ecosystem services assessment plays an important role in balancing ecological conservation with economic and agricultural development, landscaping, and urban planning [49,50], and thus, further development of ecosystem service assessment methods is necessary. In this study, we found that among natural factors, NDVI, soil type, and NPP have the strongest explanatory power for the spatial differentiation of IESV. These variations need to be acknowledged and a regional ecosystem productivity index model based on NDVI, NPP, and soil types needs to be constructed. In addition, the InVEST habitat quality model placed emphasis on the diversity of plant species [19]; therefore, in future research, more emphasis should be placed on the potential distribution areas of regional animal species, and a biodiversity index model should be constructed. By combining the indexes of each model, we can build a quantitative model that integrates multiple elements at the same time. The foundations of economics and ecology remain dominant [51], but regional ecosystem services are also linked to the physical geography and the human and social environment. We call for more geographers and sociologists to get involved in order to improve the assessment framework. Government policy makers and regional planners should act as the final users of the assessment results, and then use them as a reference point for planning and managing existing regional systems.





5. Conclusions


Taking a typical ecologically fragile area in Western Jilin as an example, in this study, we describe the construction of an integrated ecosystem service value model, analyze the spatio-temporal variation of IESV in the study area from 1995 to 2018, and use the geographical detector method to explore the spatial differentiation mechanism controlling IESV in the study area. The results showed that in the past 23 years, IESV in Western Jilin has shown a downward trend. Both high IESV values and low habitat degradation values were mostly distributed within protected areas; therefore, more areas with high IESVs facing severe anthropogenic interference and severe habitat degradation should be included in protected area management systems to conserve regional ecosystems through policy instruments.



The spatial differentiation of IESV in Western Jilin is the result of the interactions between the enhancement of natural factors, human activities, and socio-economic factors. Similarly, regional IESV changes are caused by natural factors and human activities. The optimization of regional ecosystems needs to adapt to local conditions and consider land use development patterns and ecosystem optimization patterns in combination with the actions of natural factors and human factors, as well as the interaction effects and characteristics of different factors.
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Figure 1. Locations of study area. 
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Figure 2. Spatial distribution of driving factors. 
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Figure 3. Spatial distribution characteristics of IESV from 1995–2018. 
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Figure 4. Area proportion of each level of IESV from 1995–2018. 
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Figure 5. Spatial distribution of IESV change from 1995–2018. 
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Figure 6. Influence of the driving factors. 
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Figure 7. The land use situation in Western Jilin from 1995–2018. 
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Figure 8. Equivalent area of construction land and intensity of human activities. 
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Figure 9. Annual precipitation in Western Jilin. 
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Table 1. Equivalent land use categories between raw data and Xie’s method.
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	Land Categories
	Corresponding Raw Land Use Categories





	Forest land
	Woodland, Shrubland, Open forest land, Other forest land



	Grassland
	High cover grassland, Medium cover grassland, Low cover grassland



	Wetland
	Bottomland, Marshland



	Water
	Canal, Lake, Reservoir



	Desert
	Bare land, Sand, Saline alkali land, Bare rock and gravel



	Cultivated land
	Paddy field, Dry land



	Construction land
	Cities and towns, Rural residential area, Industrial and mining land
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Table 2. The indictor system of geographic detector analysis.
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Primary Indictor

	
Secondary Indictor

	
Driving Factor

	
Resolution

	
Data Source

	
Raw Data Processing Method






	
Natural factors

	
Vegetation factor

	
NDVI (X1)

	
1 km × 1 km

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn, accessed on 15 June 2020)

	
Based on ArcGIS 10.6, the raw data were extracted to the study area size by mask and reclassified into 10 classes using the natural breakpoint method.




	
NPP (X2)

	
1 km × 1 km

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn)

	
Based on ArcGIS 10.6, the raw data were extracted to the study area size by mask and reclassified into 11 classes using the natural breakpoint method.




	
Climate factor

	
Average annual precipitation (X3)

	
1 km × 1 km

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn)

	
Based on ArcGIS 10.6, the raw data were extracted to the study area size by mask and reclassified into 9 classes using the natural breakpoint method.




	
Average annual temperature (X4)

	
1 km × 1 km

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn)

	
Based on ArcGIS 10.6, the raw data were extracted to the study area size by mask and reclassified into 9 classes using the natural breakpoint method.




	
Topography factor

	
Elevation (X5)

	
90 m × 90 m

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn)

	
Based on ArcGIS 10.6, the raw data were extracted to the study area size by mask and reclassified into 5 classes using the natural breakpoint method.




	
Soil factor

	
Soil type (X6)

	
1 km × 1 km

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn)

	
Based on ArcGIS 10.6, the raw data were extracted to the study area size by mask and there were 12 soil types in the study area.




	
Soil erosion (X7)

	
1 km × 1 km

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn)

	
Based on ArcGIS 10.6, the raw data were extracted to the study area size by mask and there were 8 soil erosion types in the study area.




	
Socio-economic factors

	
Demographic and economic factor

	
Population density (X8)

	
1 km × 1 km

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn)

	
Based on ArcGIS 10.6, the raw data were extracted to the study area size by mask and reclassified into 9 classes using the natural breakpoint method.




	
Land average GDP (X9)

	
1 km × 1 km

	
the Resource and Environment Science and Data Center website (http://www.resdc.cn)

	
Based on ArcGIS 10.6, the raw data were extracted to study area size by mask and reclassified into 15 classes using the natural breakpoint method.




	
HAI (X10)

	
30 m × 30 m

	
Calculated based on the previous studies [27]

	
Based on ArcGIS 10.6, the raw data were reclassified into 6 classes using the natural breakpoint method.
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Table 3. Equivalent value per unit area of ecosystem services (yuan × hm−2 × year−1).
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Primary Type

	
Secondary Type

	
Forest Land

	
Grassland

	
Cultivated Land

	
Wetland

	
Water

	
Desert

	
Construction Land






	
Supply services

	
Food production

	
387.23

	
504.57

	
1173.43

	
422.43

	
621.92

	
23.47

	
0.00




	
Raw material

	
3496.82

	
422.43

	
457.64

	
281.62

	
410.70

	
46.94

	
0.00




	
Regulation services

	
Gas regulation

	
5069.22

	
1760.15

	
844.87

	
2827.97

	
598.45

	
70.41

	
0.00




	
Climate regulation

	
4775.86

	
1830.55

	
1138.23

	
15,899.98

	
2417.27

	
152.55

	
0.00




	
Water conservation

	
4799.33

	
1783.61

	
903.54

	
15,770.90

	
22,025.28

	
82.14

	
0.00




	
Waste disposal

	
2018.30

	
1548.93

	
1631.07

	
16,897.39

	
17,425.44

	
305.09

	
0.00




	
Support services

	
Soil formation and protection

	
4717.19

	
2628.48

	
1724.94

	
2335.13

	
481.11

	
199.48

	
0.00




	
Biodiversity protection

	
5292.17

	
2194.31

	
1196.90

	
4329.96

	
4024.86

	
469.37

	
0.00




	
Cultural Services

	
Entertainment and culture

	
2440.73

	
1020.88

	
199.48

	
5503.39

	
5210.03

	
281.62

	
0.00




	
Total

	
32,996.85

	
13,693.93

	
9270.10

	
64,268.76

	
53,215.05

	
1631.07

	
0.00
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Table 4. Threat source and its maximum threat distance, weight, and attenuation type.
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	Threat Factors
	Maximum Influence Distance/km
	Weight
	Attenuation





	Cultivated land
	1.5
	0.6
	linear



	Cities and towns
	8
	1
	exponential



	Rural residential area
	5
	0.6
	exponential



	Industrial and mining land
	8
	0.8
	exponential



	Sand
	3
	0.5
	linear



	Saline alkali land
	2
	0.4
	linear
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Table 5. Habitat suitability and its relative sensitivity to different threat sources.
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	Categories of LULC
	Habitat Suitability
	Cities and Towns
	Rural Residential Area
	Cultivated Land
	Industrial and Mining Land
	Sand
	Saline Alkali Land





	Paddy field
	0.1
	0.5
	0.45
	0
	0.5
	0.1
	0.5



	Dry land
	0.1
	0.5
	0.45
	0
	0.5
	0.2
	0.2



	Woodland
	1
	0.7
	0.65
	0.3
	0.8
	0.2
	0.6



	Shrubland
	0.9
	0.8
	0.6
	0.3
	0.8
	0.1
	0.6



	Open forest land
	0.9
	0.7
	0.65
	0.2
	0.6
	0.3
	0.5



	Other forest land
	1
	0.7
	0.65
	0.2
	0.6
	0.3
	0.2



	High coverage grassland
	0.8
	0.7
	0.6
	0.3
	0.55
	0.2
	0.25



	Medium coverage grassland
	0.7
	0.7
	0.6
	0.4
	0.55
	0.3
	0.3



	Low coverage grassland
	0.6
	0.7
	0.6
	0.5
	0.55
	0.3
	0.3



	Canal
	0.8
	0.8
	0.6
	0.3
	0.8
	0.15
	0.25



	Lake
	0.8
	0.8
	0.6
	0.3
	0.8
	0.15
	0.2



	Reservoir pit
	0.7
	0.8
	0.5
	0.5
	0.7
	0.15
	0.2



	Bottomland
	0.6
	0.8
	0.7
	0.6
	0.7
	0.3
	0.4



	Cities and towns
	0
	0
	0
	0
	0
	0
	0



	Rural residential area
	0
	0
	0
	0
	0
	0
	0



	Industrial and mining land
	0
	0
	0
	0
	0
	0
	0



	Sand
	0
	0
	0
	0
	0
	0
	0



	Saline alkali land
	0.01
	0.1
	0.15
	0
	0.15
	0.1
	0.15



	Marshland
	0.01
	0
	0
	0
	0
	0
	0



	Bare land
	0.01
	0
	0
	0
	0
	0
	0



	Bare rock and gravel
	0
	0
	0
	0
	0
	0
	0
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Table 6. Area of IESV change (km2, %).
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	Period
	Unchanged
	Proportion
	Low→High
	Proportion
	High→Low
	Proportion





	1995–2000
	42,026.62
	89.84
	1911.22
	4.09
	2840.88
	6.07



	2000–2005
	46,079.07
	98.50
	302.18
	0.65
	397.47
	0.85



	2005–2010
	43,104.23
	92.14
	1492.74
	3.19
	2181.75
	4.66



	2010–2018
	45,101.30
	96.41
	955.30
	2.04
	722.12
	1.54
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Table 7. Interactions between the driving factors of spatial differentiation of IESV.
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	Driving Factor
	X1
	X2
	X3
	X4
	X5
	X6
	X7
	X8
	X9
	X10





	X1
	0.1263
	
	
	
	
	
	
	
	
	



	X2
	0.1484
	0.0323
	
	
	
	
	
	
	
	



	X3
	0.1868
	0.0953
	0.0223
	
	
	
	
	
	
	



	X4
	0.1877
	0.0948
	0.0620
	0.0195
	
	
	
	
	
	



	X5
	0.1474
	0.0530
	0.0482
	0.0445
	0.0062
	
	
	
	
	



	X6
	0.2195
	0.1651
	0.1730
	0.1665
	0.1391
	0.1240
	
	
	
	



	X7
	0.2030
	0.1055
	0.0953
	0.0625
	0.0597
	0.1508
	0.0074
	
	
	



	X8
	0.1740
	0.0791
	0.1048
	0.1145
	0.0715
	0.2021
	0.1061
	0.0442
	
	



	X9
	0.1966
	0.1079
	0.1279
	0.1552
	0.0853
	0.2104
	0.1139
	0.1325
	0.0407
	



	X10
	0.1880
	0.0935
	0.1443
	0.1514
	0.0923
	0.1892
	0.1945
	0.1182
	0.1533
	0.0812
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Table 8. Key interactions between driving factors.






Table 8. Key interactions between driving factors.





	
Effect Type

	
Interaction Factor






	
double-factor enhancement

	
X1∩X2

	
X1∩X6

	
X1∩X10

	
X2∩X10

	
X6∩X10

	
X8∩X10

	

	




	
nonlinear enhancement

	
X1∩X3

	
X1∩X4

	
X1∩X5

	
X1∩X7

	
X1∩X8

	
X1∩X9

	
X2∩X3

	
X2∩X4




	
X2∩X5

	
X2∩X6

	
X2∩X7

	
X2∩X8

	
X2∩X9

	
X3∩X4

	
X3∩X5

	
X3∩X6




	
X3∩X7

	
X3∩X8

	
X3∩X9

	
X3∩X10

	
X4∩X5

	
X4∩X6

	
X4∩X7

	
X4∩X8




	
X4∩X9

	
X4∩X10

	
X5∩X6

	
X5∩X7

	
X5∩X8

	
X5∩X9

	
X5∩X10

	
X6∩X7




	
X6∩X8

	
X6∩X9

	
X7∩X8

	
X7∩X9

	
X7∩X10

	
X8∩X9

	
X9∩X10

	
□
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