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Abstract

:

The main stream of the Tarim River in China is typical of ecologically sensitive areas that have been heavily disturbed by human activities; as such, the monitoring of the quality of its eco-environment constitutes an important task for researchers. By using GlobeLand30 data and applying the disturbance degree model and revised ecosystem service value (ESV) model, the study presented in this paper undertook a quantitative estimation of the effects of the disturbance impacts of human activities on the eco-environment of this area in the period of 2000 to 2020. The main conclusions are as follows: (1) disturbance index values, which reflect disturbance to the local ecosystem by human activities, increased over the study period. Further, cultivated land experienced the largest increase, which, in turn, brought about the most significant disturbance to the eco-environment. High disturbance index values presented a patchy distribution in the west of the main stream of the Tarim River and formed bands and dots in the east; the area of land characterized by high and moderate disturbance index values increased, with growth areas taking on a scattered distribution of patches, bands, and dots without significant spatial continuity. (2) The total ESV increased, indicating the quality of the eco-environment improved. The increase of cultivated land offset the increase in ESV, which counteracted the effects of ecological governance measures. Areas with high ESV values were mainly located in the western and central parts of the study area, while low values were found in the middle east and east. Areas with higher increases in ESV were mainly located in the western and the western part of the middle reaches and took on a zonal distribution, while areas of decrease followed a scattered distribution, presenting as dots or patches. Using the quantitative analysis methods and high-resolution remote sensing data to evaluate the changes in the eco-environment was considered as the innovation of this study, and the findings are useful in exploring the influence of human activities on ecosystems and evaluating the eco-environment in the minor watershed of an arid area. This piece of quantitative research contributes to the task of monitoring eco-environmental changes using remote sensing techniques in ecologically sensitive areas.
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1. Introduction


In September 2015, the United Nations (UN) unveiled the 2030 Sustainable Development Goals (SDGs), which include 17 categories and 169 specific goals [1]. The fifteenth category goal addresses “the sustainable use of terrestrial ecosystems,” emphasizing the need for monitoring and protection of typical ecological regions and sensitive regions and highlighting the importance of studying the eco-environmental effects of major land-cover changes [2]. The main stream of the Tarim River in China is typical of the ecologically vulnerable regions mentioned within the SDGs: here, human activities, and, in particular, the excessive and disorderly reclamation of wastelands since the mid-20th century, which consumes a great deal of irrigation water [3] and exacerbates drought [4], have caused considerable disturbances to and destruction of the eco-environment [5]. Having approved a comprehensive governance plan for the Tarim River Area in 2001, China’s State Council engaged in a program of comprehensive governance over the area for more than 10 years; the effects of these controls have attracted much attention within China [6]. In 2009, a research group at the Chinese Academy of Engineering (CAE) carried out a special evaluation of the effects of the Tarim River Area governance program, concluding that, whilst the eco-environment had generally improved, destructive human behavior—in particular, the disorderly reclamation of wasteland—had still not been effectively restrained [7]. In order to further study the effects of governance in relation to the Tarim River Area, researchers have tried to use “earth observation” methods, as well as the concepts of “disturbance” and “ecosystem service value” (ESV) in evaluation indexes, in order to conduct assessment and change monitoring in ways that combine qualitative, quantitative, and positioning research [8]. This previous assessment addressed data from before 2005, and updated research is needed.



“Disturbance” is a concept that has been developed within the field of ecology in order to describe events that affect a given ecosystem beyond its normal range and in such a way that the system cannot recover and the nature of the system changes [9]. Disturbances can be divided into natural disturbances and human disturbances, and it is this latter category—wherein nature is transformed as the result of a purposeful human behavior, such as bringing a wasteland into cultivation, deforestation, grazing, agricultural activities, land-use structure change, and so on—that is addressed in this paper [10]. From a human viewpoint, human activities are productive and are not generally thought of as disturbances, but, for natural ecosystems, “what humans do” clearly constitutes a form of disturbance [11]. Studying the impact of human land-use activities on biodiversity conservation services in a range of different ecosystems, Zhao et al. constructed an integrated human–ecosystem disturbance index, using it to analyze the disturbances wrought by land-use changes in key areas of biodiversity conservation in China during the period of 1990 to 2010 [12]. Using SPOT-5 image data and applying both a landscape pattern index and GIS spatial analysis methods, Xu et al. analyzed dynamic changes in the landscape pattern and the degree of human disturbance in the Pearl River Delta [13]. Further, Grondin et al. [14] and Thiffault et al. [15] both studied the disturbance effects of the natural environment and climate change on forests in Quebec, Canada. In relation to arid areas, we further note the study by Zhang and Wang [16], which analyzed the disturbance characteristics of the background surface processes that occur in desert areas on oasis ecosystems. Whilst these existing studies have mainly addressed natural disturbances, such as fire [17], earthquake [18], and drought [19], less attention has been paid to human disturbances, and, where this has been addressed, researchers have mainly been concerned with the disturbance caused by a single factor rather than undertaking the comprehensive study of several factors [20]. This omission is evident in the existing literature addressing the main stream of the Tarim River, where single-factor natural disturbances have also constituted the main object of research, while comprehensive human disturbance remains under-represented in the research. Chinese research, further, has tended to be concentrated in the central and eastern regions of the country [21] and some other small watersheds [22], while the arid and semi-arid areas have received significantly less attention.



The disturbance brought about by human activities causes changes in a given ecosystem’s “ecosystem services value” (ESV), a measure that refers to the life support products and services obtained directly or indirectly through the structure, process, and function of the ecosystem [23,24]. Increasing ESV levels indicate improvement in the quality of the eco-environment, and vice versa [25]. By using remote sensing measures to extract and reveal land cover changes, ESV change can be estimated; this constitutes an important method in eco-environmental assessment [26]. The basic idea in such an approach is to calculate the ESV of a single land cover category, based on the ESV coefficient of different land cover categories, and then estimate the ESV of the region after weighting. Costanza et al. established ESV coefficients for cultivated land, forest, and other land cover categories and, by applying global land cover data with 1° resolution, were able to calculate global ESV levels for the first time [27]. Whilst this approach pioneered ESV evaluation methods in relation to land cover measures, many scholars have questioned the global use of the same coefficient to study geographically diverse areas. In order to make up for this deficiency, Xie et al. [28] conducted an exercise in downscaling the ESV in response to Chinese conditions using a 1 hm2 national average yield of farmland for the annual economic value of natural grain and then developing an equivalent factor table and revision method in order to enrich the ESV model and make it more suitable for China [29]. In a study addressing the eco-environmental effects of land cover change in the arid area of Xinjiang, Huang et al. applied remote sensing data at a 1-km resolution in order to calculate the correction value of the ESV coefficient in Costanza’s model in relation to the grain yield of the period 1998 to 2008, finding that the transformation of grassland to cultivated land was the primary reason for the deterioration of the eco-environment in Xinjiang [30]. In addition, according to the market value of grain crop production services, Bai et al. [31] revised the “China land ESV coefficient” proposed by Xie et al. [28], finding that the ESV of forest and water bodies was greatest in the main stream of the Tarim River and that the ESV followed a gradient distribution that ranged from high to low as one moved downstream. On the whole, the studies motioned above were conducted under the framework set out by Costanza, with ESV coefficients being revised in relation to the conditions of the given study area. Scholars have faced four main problems in using the ESV method to assess and monitor the eco-environment of the main stream of the Tarim River, namely: (1) the study period failed to cover the time between the start of the ecological governance project and the research survey by CAE (2001–2009) and thus could not evaluate the effectiveness of the governance strategy [31]; (2) most of the study areas have either constituted larger scale arid and semi-arid regions or been located in Northwest China or Xinjiang, neither of which can reflect the specific situation with respect to the ESV of the typical ecological area of the main stream of the Tarim River [32]; (3) a 300-m or 1-km resolution in remote sensing data has restricted the accuracy of the research results [33,34]; and (4) various ESV coefficients were used [31,35].



Based on the above analysis, by applying GlobeLand30 data, the study detailed in the present paper used a disturbance degree model and revised ESV model in order to quantitatively calculate the degree of disturbance caused by human activities on the main stream of the Tarim River and the effects of that disturbance on ESV levels between 2000 and 2020. Using the quantitative analysis methods and high-resolution remote sensing data to evaluate eco-environment change was considered as the innovation of the present paper; it is hoped that our results provide new concepts and means for analyzing and evaluating the effects of governance strategies in relation to the main stream of the Tarim River.



The remainder of this article is organized according to the following structure. In Section 2, the study area, the dataset for model implementation, and the methodology are introduced. In Section 3, the spatiotemporal results of the disturbance of human activities and the influence of human activities on the ESV in the main stream of the Tarim River are analyzed. Section 4 presents a discussion of the data, methods, and the differences of our results compared to those of others. Finally, the conclusions are presented in Section 5.




2. Materials and Methods


2.1. Study Area


The main stream of the Tarim River is located in the southeastern part of Xinjiang in China. Its full length is 1321 km, and it runs from the confluence of the Aksu, Hetian, and Yarkand Rivers in Xiaojiake to the Taitema Lake (Figure 1), making it the longest continental river in China [36]. The river also famously traverses a range of arid and semi-arid regions, making it an important representative object of study for research into ecologically sensitive areas under the framework of the UN’s SDGs. According to the scope delimited by Wu [37], the main stream of the Tarim River passes through all or part of the counties of Ruoqiang, Weili, Kuerle, Luntai, Kuche, Shaya, Aksu, and Awati, taking in a total area of about 34,000 km2. The main stream of the Tarim River belongs to the extreme arid climate of the continental warm temperate zone, with an annual average temperature of 10.7 °C, an annual average precipitation of 17.4–42.8 mm, and an evaporation capacity that reaches 1121–1636 mm, making it an extremely arid area, with a drought index of 28–80 [31]. Desert, grassland, and cultivated land constitute the main categories of land cover in the main stream of the Tarim River. Water resources are limited, and this is the main constraint experienced by the eco-environment.




2.2. Data


Several types of data are referred to in this paper. Firstly, the study used vector data for the boundary of the main stream of the Tarim River [38]. Secondly, we used land cover data for the three baseline years of 2000, 2010, and 2020, which were obtained from GlobeLand30. GlobeLand30 is a recent product with a much higher resolution (30 m) than previous packages [39], which was developed by means of a pixel classification–object abstraction–knowledge check (POK) method. Thirdly, we also used remote sensing images, which were primarily obtained from Landsat Thematic Mapper (TM) and Enhanced TM plus (ETM+) satellites, for the years 2000, 2010, and 2020. Fourthly, we also used images from the Chinese Environmental and Disaster (HJ-1) satellite [40]. This dataset includes ten types of land cover—namely cultivated land, forests, grassland, shrub land, wetlands, water bodies, tundra, artificial surfaces, bare land, and permanent snow/ice—and has been widely used in academic research [41]. Eight categories of land cover are present in the main stream of the Tarim River: cultivated land, forests, grassland, shrub land, wetlands, water bodies, artificial surfaces, and bare land.




2.3. Methods


2.3.1. Disturbance Degree Model


Different human activities evidence different degrees of utilization in relation to different kinds of ecosystems; as such, they also differ in terms of the degree of disturbance that they produce. Land that is “unused” for human activities tends to have a low disturbance degree, land that is “used” has a higher disturbance degree, and land that is “useable” falls between the two other categories [12]. Based on this idea, we undertook an exercise in downscaling that combined the conditions faced in relation to the main stream of the Tarim River with the disturbance degree of human activities to this area [42]. Since human activities have more serious consequences for water and wetland ecosystems, the values of the disturbance grading index were raised (Table 1).



The degree of disturbance caused by human activities to various ecosystems differs throughout the main stream of the Tarim River. Weighted summation was carried out in order to obtain a total value ranging from 1 to 5 [12]. The total value was then standardized to a value between 0 and 1 as follows:


  D =         ∑  i = 1  5    X i  ×  Y i       / 5   /    ∑  i = 1  5    Y i       



(1)




where D is the comprehensive disturbance caused by human activities on ecosystems (referred to as “the disturbance index”); its values range from 0–1; Xi is the disturbance index levels of ecosystem type i; Yi is the area proportion of ecosystem type i. A higher disturbance index value indicates a higher level of human disturbance and, consequently, a higher threat to the local ecosystem in terms of human activities.



The measures “disturbance index change extent” and “disturbance index change intensity” are used to describe human activities’ influence on an ecosystem [12]. In this study, the change extent measure was defined as the change value of the disturbance index within a certain period of time, and change intensity was defined as the change ratio of the disturbance index over a ten-year study period. These were calculated as follows:


   C    i , j     =  D j  −  D i   



(2)






   R    i , j     =    C    i , j      /   D i    × 100 %  



(3)




where Di and Dj are disturbance index values for the years i and j, C(i,j) is the change extent of disturbance index values during the period spanning year i to year j. R(i,j) is the change intensity of disturbance index values during the period from year i to year j.




2.3.2. The Revised ESV Model


We downscaled the ESV model proposed by Costanza et al. [27] and improved by Xie et al. [28], tailoring the model to reflect the characteristics of the main stream of the Tarim River in order to evaluate the ESV of this ecologically sensitive area. The formula for the model is:


Eij = eijEa



(4)







In Equation (4), Eij is the value of ecosystem service function for type i and land cover category j (Yuan/hm2); eij is value of ecosystem service function for type i and land cover category j for the equivalent factor of ecosystem service unit price relative to cultivated land landscape; and Ea is the economic value of unit area cultivated land providing food production services (Yuan/hm2).


  E S V =   ∑  i = 1  9     ∑  j = 1  8   A j E i j      



(5)







In Equation (5), ESV is the total ecosystem service value; Aj is the area (hm2) of land cover category j; Eij is the value of ecosystem service function for type i and land cover category j (Yuan/hm2); i is the type of ecosystem service function; and j is the land cover category.



Referring to the ecosystem services per unit area developed for application in China by Xie et al. [28] and combining this with an ecological system correction coefficient for the different ecological types present in the main stream of the Tarim River [43], which are shown in Table 2, we were able to calculate an equivalent factor table for ESV that accorded with the conditions of the subject site (Table 3).



The ESV equivalent factor refers to the ability of an ecosystem to produce ecological services, and the definition of one equivalent factor is the economic value of average annual grain yield per field of 1 hm2 in the main stream of the Tarim River. We calculated the area of cultivated land for 2000 and 2020 using GlobeLand30 data and combined these values with the local GDP from statistical data to calculate the market value of the cultivated land ecosystem to provide food crop production services in the main stream of the Tarim River (2760.04 Yuan/hm2). We then obtained the unit price of various ecosystem types of ESV for the main stream of the Tarim River (Table 4).






3. Results


3.1. Spatiotemporal Analysis of the Disturbance of Human Activities to the Main Stream of the Tarim River


The disturbance to ecosystems that is brought about by human activities differs in relation to different land cover categories and their degree of utilization. Our analysis reveals that, between 2000 and 2020, human activities exerted a great influence on the subject site, resulting in changes to the area of each land cover category in the main stream of the Tarim River. These changes are particularly clear in the land cover categories that are closely related to human activities—i.e., cultivated land and artificial land, and obvious shifts can be seen in disturbance index values (and their spatiotemporal distribution) within these categories.



3.1.1. Change of Cultivated Land and Its Conversion with Other Land Cover Categories


Disorderly reclamation is known to be the primary reason for ecological deterioration in the main stream of the Tarim River [5]. The momentum of such reclamation, however, has not been effectively curbed despite the implementation of an ecological control project [44]. Using GlobeLand30 data, we found that, of all the land cover categories, cultivated land increased the most in area within the subject site over the study period. This type of change constitutes the most significant disturbance to the ecosystem. Specifically, the category of cultivated land increased in area from 304,850 hm2 (or 8.91% of the total land area) in 2000 to 355,435 hm2 (or 10.42%) in 2010, and then to 465,320 hm2 (or 13.64%) in 2020, with a net increase of 50,585 hm2 and a proportional increase of 16.59% between 2000 and 2010, an increase of 109,759 hm2 or 30.89% between 2010 and 2020, and 160,380 hm2 or 52.61% from 2000 to 2020.



“Roll-in” processes saw a large-scale conversion of other land cover categories to cultivated land between 2000 and 2020. Of the newly added cultivated land, 47.15% encroached on ecological land (that is, on forest, grassland, shrub land, wetlands, and water bodies) and 51.97% encroached on bare land (reaching 53,355.87 hm2). The encroachment of cultivated land on grassland and forest accounted for 33.74% and 4.77%, respectively. Of the areas of cultivated land that were “rolled back,” 55.53% of the decreased cultivated land was converted to ecological land, of which grassland was the greatest winner, reaching 8500.50 hm2 and accounting for 37.30% of the roll-back, whilst the cultivated land that was converted to water bodies accounted for 11.77%, and other land cover categories made up less than 10% (Table 5).



Through a comprehensive analysis of the increase and decrease in the area of cultivated land, we were able to obtain the net conversion between cultivated land and other land cover categories. As a whole, the roll-in of cultivated land was greater than the roll-out; as a result of the net conversion of cultivated land to other land cover categories, the categories of forest, grassland, shrub land, wetland, and bare land all experienced a stronger cultivated land “roll-in” pattern than a cultivated land “roll-out” pattern—that is to say, cultivated land is in a “surplus” state in relation to these five land cover types. The remaining two land cover categories—water bodies and artificial surfaces—experienced less “roll-in” to cultivated land than cultivated land “roll-out,” meaning that cultivated land is in a “deficit” state in relation to these categories.




3.1.2. The Spatiotemporal Distribution and Variation of the Disturbance Index


In order to show the spatiotemporal distribution and variation trend at work in the disturbance index for the main stream of the Tarim River between 2000 and 2020 in greater detail, we visualized the index values using a 1-km grid resolution (Figure 2).



The Spatiotemporal Distribution of the Disturbance Index


From the perspective of spatial distribution, in the year 2000, areas with high disturbance index values within the main stream of the Tarim River were mainly distributed in the western and northeastern regions of the river’s upper reaches, the western part of the middle reaches, and the western part of the lower reaches. Especially in the upper reaches, high values followed a rather patchy distribution, but, in the middle and lower reaches, a distribution made up of bands, patches, or dots is evident. The areas with moderate disturbance index values were mainly distributed in the middle reaches and lower reaches, where a band distribution is evident, while the width of the band in the middle reaches was significantly wider than in the lower reaches. Low disturbance index values were mainly located in the eastern of the middle reaches and the lower reaches. Low values were found to be the most widely distributed of the three disturbance index value categories in the mainstream of the Tarim River. The spatial distribution of the index values indicates that the disturbance of human activities to the ecosystem was mainly concentrated in the upper reaches in the study period, and we were able to discern a spatial distribution law whereby the disturbance index values descend from high to low as one moves from the upper reaches > the middle reaches > the lower reaches. The distribution of the disturbance index values in 2010 presented strong continuity and consistency with the values from 2000, and the year 2020 is a continuation of the previous year.



By comprehensively comparing Figure 2, we found that, despite the evident consistency between years, changes in index values could be determined over the study period. The high value area, which was concentrated in the upper reaches of the river, expanded over time; the moderate value area, which was mainly located in the middle and lower reaches, enlarged slightly; while the low value area became smaller. This indicates that the degree of disturbance brought about by human activities in relation to the main stream of the Tarim River increased between 2000 and 2020, and the gradient differentiation law is apparent within the spatial distribution of the disturbance index values.




Spatiotemporal Variation of Disturbance Index


The disturbance index of human activities increased between 2000 and 2020. It increased from 0.3285 in 2000 to 0.3393 in 2010, and then to 0.3744 in 2020 in the area of the main stream of the Tarim River, with an increase of 0.0459 or 13.96% during the 20 years. This indicates that the disturbance to the ecosystem of the region as a result of human activities became increasingly aggravated.



From 2000 to 2020, about half of the Tarim River main stream area showed changes in disturbance index values; this variation can be divided into two types: positive change (the disturbance index increased) and negative change (index decreased). These two types differ in their spatial distribution. From the perspective of numerical values, the range of positive change was greater than that of negative change; the area of positive change was also larger than that of negative change.



From the perspective of spatial distribution, high positive change values presented as patches, bands, and dots across the whole basin, and there was no obvious spatial agglomeration except in the western part of the upper reaches; the median and low value area mainly appeared as bands and patches. Areas of the negative change were mainly located in the middle and eastern parts of the upper reaches, the eastern part of the middle reaches, and the central and western parts of the lower reaches. Moreover, negative change was widely distributed in space and displayed strong continuity. In addition to the above two changes, a vast area can be classified as “no change”; this indicates areas where human activities have no influence on the ecosystem in terms of the degree of disturbance wrought. This area is large, accounting for about 50% of the subject site.






3.2. The Influence of Human Activities on the ESV in the Main Stream of the Tarim River


Upon conducting a follow-up investigation in 2009, researchers concluded that the ecological control project that started in 2001 had made the local eco-environment better [44]. Using GlobeLand30 datasets and a revised ESV model, we calculated the ESV in the main stream of the Tarim River for the years of 2000 to 2020 using quantitative methods, also calculating the change in ESV caused by changes in the area of cultivated land. ESV was used in this paper as an evaluation index of changes in the eco-environment and taken as a quantitative reflection of the influence of human activities on the eco-environment of the typical ecological area.



3.2.1. Changes in ESV Caused by Changes in the Area of Cultivated Land


Our results indicate that, between 2000 and 2020, the area of cultivated land in the main stream of the Tarim River increased by 160,380.09 hm2, a change that we attribute to the opening up of areas of wasteland (Table 6), which accounted for the largest change increment amongst all the land cover categories. Given this finding, the changes to the eco-environment caused by changes in the area of cultivated land needed to be analyzed in depth. Increases in cultivated land, we found, mainly resulted from encroachments on other types of land cover, which has ultimately led to a decrease in local ESV levels to the equivalent of 579.2 million Yuan. This finding indicates that increases in the areas of cultivated land was an important cause of the deterioration of the regional eco-environment during the study period.



Before and after being occupied by cultivated land, the ESV of different land cover categories in the main stream of the Tarim River increased and then decreased. The reduction was larger than the increase. Before being occupied by cultivated land, the total ESV of the other seven land cover categories (forest, grassland, etc.) was 614.07 million Yuan; after being occupied by the cultivated land, whilst the ESV of the bare land category increased, this increase was less than the decrease seen in relation to forests and other categories. We estimate the new ESV (after this change) to be 34.87 million Yuan, representing a net reduction of 579.20 million Yuan. This decrease, we argue, to a certain extent, offset the achievements of the ecological control project in the area. Before and after being occupied by cultivated land, the ESV level of four of the land cover categories (forest, grassland, shrub land, wetland, water bodies, and artificial surfaces) decreased. Among these, water bodies and grassland decreased the most—by 247.91 million Yuan and 231.27 million Yuan. The ESV of bare land increased after being occupied by cultivated land, with an increase of 250.49 million Yuan from 2000 to 2020.




3.2.2. The Spatiotemporal Distribution of and Variation in ESV


We calculated the ESV of the main stream of the Tarim River using a 1 km × 1 km grid, obtaining the spatial distribution pattern for the years 2000 and 2020, which allowed us to demonstrate changes in the ESV over the study period.



The Spatiotemporal Distribution of ESV


The spatial distribution pattern of ESV in the main stream of the Tarim River was consistent for the years 2000, 2010, and 2020 (Figure 3), with high-value regions of ESV mainly being distributed as bands or patches and most regions experiencing low—and, in the case of one (large) region, even negative—ESV values. The high-ESV-value regions were mainly located in the central and western part of the middle reaches of the river, where the bands were relatively wider and patches relatively bigger, while, in the western and eastern parts of the middle reaches and the eastern part of the study area, the distribution took the form of narrow strips. The periphery of the high-value region was adjoined by small areas of sub-high values. Most of the regions of the main stream of the Tarim River were found to be occupied by low and negative ESV values, which indicates that the ecosystem function of the area was low and the eco-environment fragile.



Through the comprehensive comparison of the results shown in Figure 3, we were able to identify the nature of the evolution of the spatial distribution of ESV in the main stream of the Tarim River between 2000 and 2020. Compared with 2000, the ESV in 2020 showed a narrow band of negative value regions and an enlargement of the positive value regions; the spatial scope of high value of ESV expanded, especially in the western regions of the main stream of the Tarim River where this tendency was more obvious and bands of high ESV values became wider and longer; what is more, the distribution of positive value of ESV in 2020 has become more continuous than in 2000 and 2010, when the distributed was highly fragmented. On the whole, these three changes reflect the improvement of the eco-environment in the main stream of the Tarim River in the 20 years studied.




The Spatiotemporal Variation of ESV


Our results indicate that, during the 20 years between 2000 to 2020, the ESV of the main stream of the Tarim River increased, indicating that the local eco-environment improved. This variation shows significant spatial differentiation (Table 7 and Figure 3).



In 2000, the total amount of ESV in the main stream of the Tarim River reached 14,291.34 million Yuan, and grassland, wetland, and water bodies were the top three land cover categories contributing to ESV. The ESV level of bare land, however, was found to be negative, and this offset the total ESV level for the whole region. In 2010, the total amount of ESV had grown, increasing to 19,970.38 million Yuan, and the top three land cover categories that contributed to this change were water bodies, wetlands, and grassland. In 2020, the total amount of ESV had continued to grow, reaching 40,024.54 million Yuan, and the top three land cover categories that contributed to this change were the same as those in 2010.



From 2000 to 2020, the total ESV value of the main stream of the Tarim River experienced a net growth of 25,733.20 million Yuan, rising by 180.06%; this reflects improvements in the eco-environment in the region across the 20-year study period. Of all eight of the land cover categories in this region, cultivated land, wetland, water bodies, artificial surfaces, and bare land, all witnessed increased ESV levels, with wetland increasing the most, not only in quantity but also in proportion. The substantial increase in the ESV level of the category “water bodies” was also an affirmation of the water conveyance measures introduced in relation to the Tarim River during the process of ecological control; forest, grassland, and shrub land experienced a reduction in their ESV values, and shrub land declined in value the most in terms of both quantity and proportion.



We calculated variations in ESV levels between 2000 and 2020 in the main stream of the Tarim River using a 1 km × 1 km grid, obtaining its spatial distribution in the same way that we did in relation to the results reported in Figure 3. For the 20 years between 2000 to 2020, a significant change can be seen in the spatial distribution of ESV in the mainstream of the Tarim River: we found the ESV levels to increase in most parts of the region, albeit at a relatively low rate. The regions with higher growth rates were mainly located in the western part of the study site and in the western part of the middle region, where they presented as bands, and in the eastern and southeastern regions, where they presented as dots. The growth belt tended to take the form of bands along the river. The regions where the ESV levels decreased presented as scattered as dots or patches.







4. Discussion


The main stream of the Tarim River is very ecologically fragile, not only in comparison to other areas in China but also internationally. Since the mid-20th century, various land-use types in this area have undergone dramatic transformations, so much so that the State Council implemented a comprehensive ecological governance plan to improve the ecological conditions from 2001 [6]. The study area is dominated by bare land and grassland, but, due to the combined effect of global warming and the requirements of social and economic development, a large amount of ecological land (such as grassland) has been transformed into cultivated land. The present study shows that both the disturbance index and total ESV increased in this area during the period of 2000 to 2020, indicating that, while the quality of the eco-environment improved on the whole, human activities increasingly aggravated the local ecosystem, leading to increased disturbances and offsetting some of the growth seen in the ESV values of the area. This shows that, while developing the economy of areas located along the main stream of the Tarim River, attention should be paid to the impact of large increases in cultivated land on this fragile eco-environment. If this does not happen, such increases may cause many ecological problems, including an increased wastage of water resources and shortages of ecological water supply in downstream areas [45]. To increase and protect ecological land in the future, high upfront investment may be required in the short term, but, from a long-term perspective, this will deliver benefits for both humans and the environment. Decision makers should seriously consider trade-offs between land market returns, ecological environment restoration, and biodiversity conservation in the allocation of ecosystem services in the main stream of the Tarim River [46].



By comparing our results with those of other existing studies in the same region, it is clear that the change trend is consistent. For example, we note that some researchers found the ESV to have generally grown between 2005 and 2010 [31] and 2007 and 2016 [47]; the groundwater level increased gradually [48] and the vegetation area continued to increase [49] during this period. These studies are also consistent with the findings of this paper and verify the correctness of the conclusions of this study.



Currently, there is no effective method for examining the disturbances brought about by human activities in relation to the eco-environment. The study detailed in this paper took advantage of the possibilities presented by GlobeLand30 data in order to study changes in the eco-environment of the main stream of the Tarim River over a 20-year period from a quantitative perspective. The study is innovative in two ways. Firstly, we were able to address the existing conditions of the main stream of the Tarim River, revising the disturbance degree model in line with those conditions and calculating and mapping the degree of disturbance brought about by human activities on the ecosystem, including the variation and spatial distribution of that disturbance. Second, we used the correction coefficient of different ecological types in the study area, as well as high-resolution remote sensing data and statistical data, in order to calculate the market value of grain crop production services provided by local units within the cultivated landscape. This allowed us to formulate an “ESV table of different ecological types per unit area” that better reflected the conditions on the site, enabled the downscaling of the ESV coefficient, and provided a more accurate ESV model; it may also provide a case demonstration in evaluating the eco-environment changes in the minor watershed area. Despite these achievements, the study still has one shortcoming that should be addressed in future research efforts: in this study, we only used a single ESV index to measure the eco-environment. In order to be more objective and comprehensive, we propose that indexes for landscape and soil erosion should be introduced in order to produce a comprehensive index capable of reflecting changes in the eco-environment.




5. Conclusions


The UN’s SDGs emphasize the importance of monitoring and protecting typical ecological regions. With this goal in mind, this study focused on investigating the eco-environmental effects of major land cover change. The present paper took the main stream of the Tarim River, which is a typical “arid area” ecological region, introducing the concept of disturbance degree and using ESV levels to compose an index that could, in turn, be used to assess changes in the quality of the eco-environment. Based on GlobeLand30 data and by applying the disturbance degree model and a revised ESV model, we quantitatively measured the level of disturbance produced by human activities in relation to the eco-environment in the main stream of the Tarim River (by looking at the influence of such activities on ESV levels) for the period of 2000 to 2020. We then explored the spatiotemporal variation of this disturbance index (again by looking at ESV levels). The study aimed to advance the study of the eco-environment change in a typical ecological region under the framework of the SDGs by considering the eco-environmental effects of major land cover change. The main findings were as follows:




	(1)

	
The disturbance index values increased over the study period, and the values took on a varied spatial distribution. During the 20 years studied, the disturbance index value of human activities in relation to the main stream of the Tarim River increased from 0.3285 to 0.3744, or by 13.96%. Of all the land cover categories addressed, the area of cultivated land increased the most, and its disturbance to the ecosystem was also found to be the most significant. High disturbance index values took on a patchy distribution in the west and a band or dot distribution in the eastern part of the middle reaches of the river; the level of disturbance to the local ecosystem brought about by human activities was found to decrease as one moves downstream. We note that the areas characterized by high and moderate disturbance index values expanded over the period studied but that the area of low values decreased. The growth areas of lower values were scattered in patches, bands, and dots and did not maintain significant spatial continuity.




	(2)

	
The total ESV levels increased over the study period, and the spatial distribution of the ESV levels was uneven. During the 20 years studied, the ESV levels experienced a net growth of 25,733.20 million Yuan, adopting a growth rate of 180.06%; this indicates that the eco-environment improved in the main stream of the Tarim River. Wetland and water bodies were the land cover categories that contributed most to this observed increase in ESV levels. A substantial increase in the area of cultivated land within the subject site resulted in a reduction in ESV to the sum of 579.2 million Yuan, a decrease that, to a large extent, counteracted the effect of ecological governance measures. The distribution of ESV levels was uneven across the subject site, with the high ESV values mainly being located in the western and central parts of the site as bands, while the low values were mainly found in the eastern part of the middle reaches and in the site’s east. The ESV levels increased in most parts of the site, and the regions with higher growth rates were mainly located in the western part of the study area and the western part of the middle reaches of the river and adopted a distribution in the form of bands, while areas of decrease took on a more scattered form, presenting as dots or patches.
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Figure 1. The spatial distribution pattern of land cover categories in the main stream of the Tarim River in 2020. 
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Figure 2. The spatial distribution and variation in the disturbance index of human activities in relation to the main stream of the Tarim River. 
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Figure 3. The spatial distribution pattern and variation in the ESV in relation to the main stream of the Tarim River (unit: million Yuan/%). 
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Table 1. The disturbance degree of human activities on different ecosystems.
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Use Type

	
Useable Type

	
Used Type




	
Ecological Type

	

	
Hard to Use

	
Easy to Use

	
Renewable

	
Non-Renewable




	
I Type

	
II Type






	
Ecosystem types

	
Bare land

	
Forests, Grassland, Shrub land

	
Wetlands, Water bodies

	
Cultivated land

	
Artificial surfaces




	
Disturbance index levels

	
1

	
2

	
3

	
4

	
5
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Table 2. Ecological system correction coefficient of different ecological types for the main stream of the Tarim River.
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	Ecosystem Types
	Cultivated Land
	Forests
	Grassland
	Shrub Land
	Wetlands
	Water Bodies
	Artificial Surfaces
	Bare Land





	Correction coefficient
	0.37
	0.4622
	0.3334
	0.3918
	1
	0.94
	0.31
	0.16







Source: Ref. [43].
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Table 3. The equivalent factor table of ESV in the main stream of the Tarim River.
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Ecosystem Types

	
Cultivated Land

	
Forest

	
Grassland

	
Shrub Land

	
Wetland

	
Water

Bodies

	
Artificial

Surfaces

	
Bare Land




	
Ecosystem Function

	






	
Gas regulation

	
0.19

	
1.62

	
0.27

	
0.90

	
1.80

	
0.00

	
−0.50

	
−0.60




	
Climate regulation

	
0.33

	
1.25

	
0.30

	
0.77

	
17.1

	
0.43

	
0.13

	
−0.89




	
Hydrological regulation

	
0.22

	
1.48

	
0.27

	
0.96

	
15.5

	
19.58

	
−0.08

	
−0.60




	
Soil formation and conservation

	
0.61

	
0.61

	
0.44

	
0.52

	
18.18

	
17.09

	
0.01

	
0.01




	
Waste treatment

	
0.54

	
1.80

	
0.65

	
1.10

	
1.71

	
0.01

	
0.06

	
0.02




	
Biodiversity maintenance

	
0.26

	
1.51

	
0.36

	
0.87

	
2.50

	
2.34

	
0.29

	
0.34




	
Food production

	
0.37

	
0.05

	
0.10

	
0.04

	
0.30

	
0.09

	
0.02

	
0.01




	
Raw materials production

	
0.04

	
1.20

	
0.02

	
0.20

	
0.07

	
0.01

	
0.01

	
0.00




	
Aesthetic values

	
0.00

	
0.59

	
0.01

	
0.20

	
5.55

	
4.08

	
2.58

	
0.01




	
Total

	
2.56

	
10.11

	
2.42

	
5.56

	
62.71

	
43.63

	
2.52

	
−1.70








Revised from Refs. [27,28].
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Table 4. The ESV of per unit area of different ecological types in the main stream of the Tarim River (unit: Yuan/hm2).
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Ecosystem Types

	
Cultivated Land

	
Forest

	
Grassland

	
Shrub Land

	
Wetland

	
Water

Bodies

	
Artificial

Surfaces

	
Bare Land




	
Ecosystem Function

	






	
Gas regulation

	
524.41

	
4471.26

	
745.21

	
2484.04

	
4968.07

	
0.00

	
−1380.02

	
−1656.02




	
Climate regulation

	
910.81

	
3450.05

	
828.01

	
2125.23

	
47,196.68

	
1186.82

	
358.81

	
−2456.44




	
Hydrological regulation

	
607.21

	
4084.86

	
745.21

	
2649.64

	
42,780.62

	
54,041.58

	
−220.80

	
−1656.02




	
Soil formation and conservation

	
1683.62

	
1683.62

	
1214.42

	
1435.22

	
50,177.53

	
47,169.08

	
27.60

	
27.60




	
Waste treatment

	
1490.42

	
4968.07

	
1794.03

	
3036.04

	
4719.67

	
27.60

	
165.60

	
55.20




	
Biodiversity maintenance

	
717.61

	
4167.66

	
993.61

	
2401.23

	
6900.10

	
6458.49

	
800.41

	
938.41




	
Food production

	
1021.21

	
138.00

	
276.00

	
110.40

	
828.01

	
248.40

	
55.20

	
27.60




	
Raw materials production

	
110.40

	
3312.05

	
55.20

	
552.01

	
193.20

	
27.60

	
27.60

	
0.00




	
Aesthetic values

	
0.00

	
1628.42

	
27.60

	
552.01

	
15,318.22

	
11,260.96

	
7120.90

	
27.60




	
Total

	
7065.70

	
27,904.00

	
6679.30

	
15,345.82

	
173,082.11

	
120,420.55

	
6955.30

	
−4692.07








Revised from Refs. [27,28].
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Table 5. The conversion between cultivated land and other land cover categories (hm2/%).
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Land Cover

Category

	
2000–2010

	
2010–2020

	
2000–2020




	
Roll-In

	
Roll-Out

	
Net Convert

	
Roll-In

	
Roll-Out

	
Net Convert

	
Roll-In

	
Roll-Out

	
Net Convert




	
Area

	
%

	
Area

	
%

	
Area

	
%

	
Area

	
%

	
Area

	
%

	
Area

	
%

	
Area

	
%

	
Area

	
%

	
Area

	
%






	
Forest

	
456.12

	
0.77

	
379.89

	
3.86

	
76.23

	
0.16

	
4436.64

	
8.24

	
366.84

	
1.49

	
4069.80

	
13.90

	
4899.06

	
4.77

	
495.27

	
2.17

	
4403.79

	
5.51




	
Grassland

	
19,395.27

	
32.92

	
5854.50

	
59.44

	
13,540.77

	
27.59

	
18,808.97

	
34.93

	
8436.24

	
34.34

	
10,372.73

	
35.43

	
34,638.49

	
33.74

	
8500.50

	
37.30

	
26,137.99

	
32.72




	
Shrub land

	
2045.34

	
3.47

	
231.12

	
2.35

	
1814.22

	
3.70

	
4313.97

	
8.01

	
158.22

	
0.64

	
4155.75

	
14.19

	
5939.91

	
5.79

	
75.24

	
0.33

	
5864.67

	
7.34




	
Wetland

	
124.74

	
0.21

	
148.14

	
1.50

	
−23.40

	
−0.05

	
1337.49

	
2.48

	
887.58

	
3.61

	
449.91

	
1.54

	
872.46

	
0.85

	
901.35

	
3.96

	
−28.89

	
−0.04




	
Water bodies

	
284.31

	
0.48

	
1209.06

	
12.28

	
−924.75

	
−1.88

	
3294.45

	
6.12

	
2247.93

	
9.15

	
1046.52

	
3.57

	
2058.75

	
2.01

	
2681.91

	
11.77

	
−623.16

	
−0.78




	
Artificial surfaces

	
677.61

	
1.15

	
1756.09

	
17.83

	
−1078.48

	
−2.20

	
729.90

	
1.36

	
9675.54

	
39.38

	
−8945.64

	
−30.55

	
902.52

	
0.88

	
8709.84

	
38.22

	
−7807.32

	
−9.77




	
Bare land

	
35,940.06

	
60.99

	
269.91

	
2.74

	
35,670.15

	
72.69

	
20,926.80

	
38.86

	
2797.11

	
11.38

	
18,129.69

	
61.92

	
53,355.87

	
51.97

	
1425.24

	
6.25

	
51,930.63

	
65.01




	
Total

	
58,923.45

	
100

	
9848.71

	
100

	
49,074.74

	
100

	
53,848.22

	
100

	
24,569.46

	
100

	
29,278.76

	
100

	
102,667.06

	
100

	
22,789.35

	
100

	
79,877.71

	
100








Note: “Roll-in” refers to the roll-in of cultivated land from other category lands, “Roll-out” denotes the roll-out of cultivated land to other category lands, and “Net convert” means net conversion to cultivated land from other category lands.
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Table 6. The change in ESV caused by the change in cultivated land, 2000–2020.
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	Land Cover

Category
	Roll-In of Cultivated Land (hm2)
	ESV before

Conversion

(Million Yuan)
	ESV after

Conversion

(Million Yuan)
	Change in ESV (Million Yuan)
	Proportion

(%)





	Forest
	4899.06
	136.70
	34.62
	−102.09
	17.63



	Grassland
	34,638.49
	231.36
	0.09
	−231.27
	39.93



	Shrub land
	5939.91
	91.15
	0.02
	−91.14
	15.74



	Wetland
	872.46
	151.01
	0.00
	−151.00
	26.07



	Water bodies
	2058.75
	247.92
	0.01
	−247.91
	42.80



	Artificial surfaces
	902.52
	6.28
	0.00
	−6.27
	1.08



	Bare land
	53,355.87
	−250.35
	0.14
	250.49
	−43.25



	Total
	102,667.06
	614.07
	34.87
	−579.20
	100.00










[image: Table] 





Table 7. The variation in ESV.
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Land Cover

Category

	
The Volume of ESV

	
The Variation of ESV




	
2000

	
2010

	
2020

	
2000–2010

	
2010–2020

	
2000–2020




	
ESV

	
Proportion

	
ESV

	
Proportion

	
ESV

	
Proportion

	
Variation

	
Variation Rate

	
Variation

	
Variation Rate

	
Variation

	
Variation Rate






	
Cultivated land

	
2153.98

	
15.07

	
2511.40

	
12.58

	
3287.17

	
8.21

	
357.42

	
16.59

	
775.78

	
30.89

	
1133.20

	
52.61




	
Forest

	
2390.42

	
16.73

	
2032.08

	
10.18

	
2270.80

	
5.67

	
−358.34

	
−14.99

	
238.72

	
11.75

	
−119.62

	
−5.00




	
Grassland

	
6467.46

	
45.25

	
6124.60

	
30.67

	
6270.45

	
15.67

	
−342.86

	
−5.30

	
145.86

	
2.38

	
−197.01

	
−3.05




	
Shrub land

	
748.02

	
5.23

	
700.37

	
3.51

	
335.43

	
0.84

	
−47.65

	
−6.37

	
−364.95

	
−52.11

	
−412.60

	
−55.16




	
Wetland

	
6429.83

	
44.99

	
7959.27

	
39.86

	
23,828.83

	
59.54

	
1529.43

	
23.79

	
15,869.56

	
199.38

	
17,398.99

	
270.60




	
Water bodies

	
5108.42

	
35.74

	
9462.48

	
47.38

	
11,664.86

	
29.14

	
4354.06

	
85.23

	
2202.38

	
23.27

	
6556.44

	
128.35




	
Artificial surfaces

	
37.31

	
0.26

	
40.65

	
0.20

	
115.41

	
0.29

	
3.35

	
8.97

	
74.76

	
183.90

	
78.11

	
209.37




	
Bare land

	
−9044.10

	
−63.28

	
−8860.47

	
−44.37

	
−7748.41

	
−19.36

	
183.63

	
−2.03

	
1112.06

	
−12.55

	
1295.69

	
−14.33




	
Total

	
14,291.34

	
100.00

	
19,970.38

	
100.00

	
40,024.54

	
100.00

	
5679.04

	
39.74

	
20,054.16

	
100.42

	
25,733.20

	
180.06
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