

  remotesensing-14-01894




remotesensing-14-01894







Remote Sens. 2022, 14(8), 1894; doi:10.3390/rs14081894




Article



Ecological Impacts of Land Use Change in the Arid Tarim River Basin of China



Yifeng Hou 1,2, Yaning Chen 2,*, Jianli Ding 1,3, Zhi Li 2, Yupeng Li 2 and Fan Sun 2[image: Orcid]





1



College of Geographical Sciences, Xinjiang University, Urumqi 830046, China






2



State Key Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urumqi 830011, China






3



Key Laboratory of Oasis Ecology, Xinjiang University, Urumqi 830046, China









*



Correspondence: chenyn@ms.xjb.ac.cn; Tel.: +86-0991-7823174







Academic Editor: Conghe Song



Received: 29 January 2022 / Accepted: 13 April 2022 / Published: 14 April 2022



Abstract

:

Land use/cover change has become an indispensable part of global eco-environmental change research. The Tarim River Basin is the largest inland river basin in China. It is also one of the most ecologically fragile areas in the country, with greening and desertification processes coexisting. This paper analyzes the evolution of land-use/cover change in the Tarim River Basin over the past 30 years based on remote sensing data. The research also explores the contribution of conversion between different land types to the ecological environment by selecting methods, such as transfer matrix and ecological contribution rate. Results indicate that grassland and barren land are the main land types in the region, accounting for 72.46% and 18.87% of the basin area, respectively. From 1990 to 2019, cropland area increased from 33,585.89 km2 to 52,436.40 km2, an increase of 56.13%, while barren land areas decreased from 781,380.57 km2 to 760,783.29 km2. Most of the land-use conversion was grassland to other land types and other land types to barren land. Since 1990, the conversion of barren land to grassland and cropland in the basin has led to ecological improvement, whereas the conversion of grassland to cropland has caused deterioration, but with a generally improving trend. It is anticipated that, over the next decade, changes in land types will involve increases in grassland and woodland area, decreases in barren land and cropland, and an overall improvement in the ecological environment in the watershed. Since agriculture and animal husbandry are the main industries in the Tarim River Basin and the land-use structure is dominated by cropland and grassland, several key measures should be implemented. These include improving land use, rationalizing the use of water and soil resources, slowing down the expansion of cropland, and alleviating the contradiction between humans and land, with the ultimate aim of achieving sustainable development of the social economy and ecological environment.
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1. Introduction


The ecological environment, defined as the sum of various natural forces affecting society, is the foundation for human survival [1]. With the recent rapid development of society and the economy, the vulnerability of the ecological environment has increased significantly, resulting in resource depletion and environmental pollution [2,3]. Due to the constraints on harsh natural conditions, the ecological fragility and increased coverage of arid zones compared to other regions will directly lead to an increasing range of ecologically fragile areas around the world [4,5].



Land, as the main carrier of human social production and life, is an important part of global change [6]. Under the influence of climate and human activities, the ecological environment in arid areas is particularly vulnerable. The first two decades of the 21st century have seen land-use activities become more intense globally, with rapid economic development leading to a continuous increase in the demand for land and land resources [7]. At the same time, the unprecedented demand for land has further aggravated the contradiction between socio-economic and ecological water use. This has led to an imbalance in the structure and function of the ecosystem [8].



Several studies have analyzed land-use change by selecting indicators, such as biodiversity, vegetation quantity and structure, ecosystem service value function, and landscape ecological security risk [9]. Earlier research on land use mainly focused on analyzing the driving mechanisms, gauging the ecological and environmental impact, and reporting on the soil and soil erosion [10,11,12,13,14,15,16]. In the process of exploring the relationship in depth, land-use change and ecological effects have received extensive attention of late [17,18]. Other major studies in recent years include the ecological effects of urbanization [19], regional landscape ecological risks [20], and the value of ecosystem services and carbon emissions [21].



Considering the above, there is a clear need to carry out research related to land-use change and its ecological and environmental effects. The primary aim in conducting the present research is to locate regional patterns of land-use change, as well as trends of ecological and environmental changes. These findings will promote the coordinated development of water and soil resources, thus helping to alleviate conflicts between humans and land [22].



The Tarim River Basin is the region chosen for the present study. The basin is located in an extremely arid part of China, with scarce water resources resulting in a fragile ecological environment. Despite the lack of water resources in this region, oasis agriculture is the primary industry, due in large part to the conversion of various land types into cropland to increase food production. Because of the area’s rampant land reclamation, the natural vegetation has been severely damaged. This is occurring at the same time as climate change, and when human production activities have over-cultivated land and over-pumped the groundwater. The resulting serious ecological problems include groundwater depletion, decreasing ecological functioning of local rivers and lakes, shrinking woodland areas, degradation of grasslands, and declining biodiversity [23].



Given the continued socio-economic development of the Tarim River Basin, along with the construction of the national Silk Road Economic Belt, it is crucial to explore the ecological conditions of the region. The present paper analyzes the impact of land-use /cover change on the ecological environment, with the aim of maintaining ecological security and promoting the coordinated development of the economy and environment [24,25]. To that end, we analyze the basin’s ecological environmental changes in conjunction with land-use change by combining the China Land Cover Dataset (CLCD) remote sensing data products from 1990–2019. Specifically, we analyze scientific issues, such as the evolution of spatial and temporal patterns of land use, land-structure changes, and ecological environment quality to explore the relationship between land development and the ecological environment in the context of efficient socio-economic development. Our hope is to promote the synergistic development of the area’s society, economy, and environment while charting a feasible course for the region’s sustainable development.




2. Materials and Methods


2.1. Study Area


The Tarim River Basin is located between the Tianshan and Kunlun Mountains, far from the sea (Figure 1). It forms a large portion of the mid-latitude Eurasian continental hinterland [26]. The basin consists of nine major water systems and about 144 rivers that surround it, with a total watershed area of 1.02 × 106 km2 and a surface runoff of about 39.8 km3 [27]. At present, the only major rivers that are connected with surface water are the Aksu, Yarkand, Hotan, Kaidu-Kongque, and Tarim. The average annual precipitation in the region is about 51.2 mm, and the evaporation potential is as high as 2000–3000 mm, making it a resource water-scarce zone with fragile ecosystems and slow urbanization [28].




2.2. LUCC Data Sources and Classification


Land-use/cover data are obtained from the China Land Cover Dataset (CLCD). Data for 1990, 2000, 2010, and 2019 with a spatial resolution of 30 m × 30 m are selected. The CLCD data are based on 5463 visual interpretation samples with an overall accuracy of 79.31%. In addition to visual interpretation samples, the Geo-Wiki [29] and the Global Land Cover Validation Sample Set (GLCVSS) [30] are used to comprehensively verify the quality of CLCD. The validation results are CLCD (54.57%) > MCD12Q1 (51.97%) > ESACCI_LC (50.87%) > FROM-270 GLC (49.23%). In another GLCVSS validation result, CLCD has an accuracy of 65.64%, which is better than that of ESACCI_LC (57.16%), MCD12Q1 (61.66%), and GlobaLand30 (63.12%), respectively [31]. The CLCD dataset presented in this paper is available for free at the CLCD website (http://doi.org/10.5281/zenodo.4417810 accessed on 11 April 2022). The water and elevation information comes from the Resources and Environment Data Center of the Chinese Academy of Science (http://www.resdc.cn accessed on 11 April 2022).



The confusion matrix is the most popular method for evaluating the accuracy of remote sensing interpretation [32]. Therefore, this study randomly selected 150 samples from the Tarim River Basin oasis in 2019. The samples included cropland, grassland, woodland, built-up land, watershed, and barren land. The Kappa index is used to verify the accuracy of remote sensing data (Table 1). A higher Kappa index means a better model simulation.




2.3. Land-Use Transfer Matrix


The land-use transfer matrix reflects the dynamic process of the mutual transformation of the area of each land-use type during the study period. After calculating the area conversion of different land-use types in the Tarim River Basin, we analyzed the conversion process among different land-use types and explored the evolution process of land use further [22].


   S  i j   =  [       S  11      ⋯     S  1 n        ⋮   ⋱   ⋮       S  n 1      ⋯     S  n n        ]   



(1)




where S denotes area i, j (i, j = 1, 2, …, n) land-use types before and after transfer; Sij denotes the area of land-use change from type i to j; and n denotes the number of land-use types before and after transfer.




2.4. CA-Markov Model


The CA-Markov model is a method for predicting the probability of temporal occurrence based on the theory of Markov chain processes. The model is commonly used to predict geographical events without subsequent features [33]. The evolution of land use has the nature of the Markov process. At the same time, the land-use type corresponds to the “possible states” of the Markov process and the ratio of the mutual conversion of land-use types in the state transfer probability. We apply the CA-Markov model to simulate future land use in the Tarim River Basin [34] and express this relationship as:


   S   (  t + 1  )    =  P  i j   ×  S t   



(2)
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  [ 0 ≤  P  i j   < 1 ,    and      ∑   j = 1  n   P  i j   = 1  (  i . j = 1 , 2 ⋯ n  )  ]  



(4)




where S(t+1) is the system state in period t + 1, and Pij is the state transfer probability matrix.



In this study, land-use data from 1990 and 2000 are used to predict the land use of the Tarim River Basin in 2015 through the CA-Markov module in Idrisi17.0 software. The results are compared with actual land-use data for 2015 to verify the reliability of the CA-Markov model simulation. Finally, the spatial data of land use in 2030 are predicted, with 2010 as the starting year (Figure 2). All images processed in Idrisi software are raster data. The size of the land raster used in this paper is 30 m × 30 m, and spatial data processing is completed in ArcGIS software.




2.5. Ecological Environmental Quality Index/Ecological Contribution Ratio


The Eco-environment Quality Index (EQI) is one of the indicators typically used to characterize the quality of the regional ecological environment quantitatively. The larger the value, the higher the quality of the ecological environment [35]. According to the change characteristics of different land types, the quantitative and spatial characteristics of regional ecological environment change were analyzed.


  E  V t  =   ∑   i = 1  n  L  U i  ×  C i  / T A  



(5)






  L E I =  (  L  E  t + 1   − L  E t   )  L A / T A  



(6)




where LUi and Ci are the area of a certain land-use type and the relative ecological value of type i (Table 2), n is the number of land-use types, and LEt+1 and LEt denote the ecological quality index at the end and beginning of a certain land-use type change, respectively. LA is the area of that change type, and TA is the total area of the region [36,37].





3. Results


3.1. Evolution of Dynamic Land-Use Patterns


3.1.1. Land-Use/Cover Change


During 1990–2019, significant changes in land use occurred in the Tarim River Basin (Figure 3). There was an increase in cropland area of 18,850.51 km2, with a growth rate of 56.13%. The main areas of increase are as follows: the middle and upper reaches of the Tarim River Basin, the lower reaches of the Kashgar River, the lower reaches of the Aksu and Weigan–Kuqa rivers, and the middle and lower reaches of the Kaidu–Kongque River, with a small portion in the Hotan River. The barren land area decreased by 20,597.29 km2; the decrease was especially obvious in the middle reaches of the basin. Meanwhile, the woodland and construction land area increased by 1015.36 km2 and 2772.21 km2, respectively, mostly in the upper and middle reaches of the basin, and grassland and water body area decreased slightly (The changes in area of different land use types were shown in Table S1 in the Supplementary Material). Overall, the ranking of different land-use/cover types in the study region, except for woodland and construction land (two land types with a small area base), has remained relatively constant, showing barren land > grassland > cropland > water bodies (Figure 4).




3.1.2. Analysis of Land-Use Structural Changes


As can be seen from the land-use type transfer matrix of the Tarim River Basin from 1990–2019 (Figure 5), there were frequent area transformations between land-use types. The period has been divided into four stages (1990–2000, 2000–2010, 2010–2019, and 1990–2019) for the analysis of land type interconversion.



(1) Interconversions between cropland, grassland, and barren land were very prominent from 1990 to 2000. The increase in cropland area was mainly due to conversions from grassland and barren land. In fact, the conversion of grassland to cropland accounted for 74.35% of the increase in cropland area during the period. This change was particularly evident in the middle and lower reaches of the Aksu and Kashgar rivers and the lower reaches of the Yarkand River. The conversion of barren land to cropland accounted for 36.67% of the increase in cropland, and mainly occurred near the middle and lower reaches of the Weigan–Kuqa and Kaidu–Kongque rivers. Increases in the area of woodland converted from cropland and grassland were also found in the upper reaches of the Weigan–Kuqa River and the middle reaches of the Kaidu–Kongque River, accounting for 16.55% and 70.22%, respectively. During the same 10-year period, 4.18% of water bodies were transformed into barren land, mostly in the upstream areas of the Yarkand and Hotan rivers, while 11.12% of grassland was interconverted to 3.18% of barren land.



(2) Cropland expanded considerably from 2000 to 2010. Most of this land was converted from grassland (77.28% of the area) in the downstream locations of the Weigan–Kuqa and Aksu rivers. The rest was converted from barren land (5.13%) concentrated near the downstream of the Kaidu–Kongque River. The conversion between grassland and other land types is also significant, with 7.14% of grassland converting to barren land, primarily in the Kaidu–Kongque and Qarqan rivers, and a small portion of grassland converting to woodland (0.09%) and water bodies (0.29%), mainly in the upper reaches of the Kaidu–Kongque and Weigan–Kuqa rivers. Barren land, on the other hand, was converted into grassland (2.87%) and water bodies (0.89%), mostly in the upstream location of the Tarim River Basin.



(3) The conversion between land types remained relatively stable from 2010 to 2019. As in the previous two periods (1990–2000 and 2000–2010), grassland and barren land continue to be converted to cropland, mainly in the lower reaches of the Kaidu–Kongque, Weigan–Kuqu, and the Yarkand rivers. Overall, the conversion area of grassland and barren land accounted for 74.13% and 24.44% of the increase in the area of cropland, respectively. There was also conversion of grassland to cropland in the upper reaches of the Weigan–Kuqu River, as well as the conversion of grassland to woodland (0.16%) and construction land (0.34%), while 0.69% of barren land was converted to grassland. The significant decrease in the area of water bodies is the result of their conversion to barren land and grassland, mainly in the upper reaches of the Aksu and Yarkand rivers, with a share of 11.89% and 0.26%, respectively.



(4) Throughout the entire study period (1990–2019), the area of grassland and barren land saw a major reduction, as these two land types transformed into other types. The main conversions that took place in the Tarim River Basin were of grassland to cropland, construction land, and woodland, along with the continuous development and utilization of barren land into cropland, grassland, and construction land. The encroachment of cropland on grassland and barren land, and the transformation of barren land into grassland and cropland, occurred simultaneously throughout the region, especially in the oasis area in the middle and upper reaches of the basin. The main reason for these transformations is the large-scale development of the oasis.





3.2. Impact of Land Use on Ecological Environment


3.2.1. Spatial and Temporal Characteristics of the Ecological Environment


The overall EQI of the Tarim River Basin showed an increasing trend during 1990–2010. The EQI of the entire study area rose from 0.1196 to 0.1250, with most of the increase occurring in 2000–2010. However, the index showed a slight downward trend from 2010 to 2019. This is mainly due to the significant increase in cultivated land caused by population expansion, large-scale development of unused land, and surging demand for water. This further aggravated the competition for water between humans and the land, resulting in grassland degradation. The decrease in water bodies due to the demand on water resources and the degradation of grasslands caused by cropland expansion may have contributed to the decline in the ecological quality of the basin after 2010.



Although substantially more areas experienced improvement than deterioration in ecological quality from 1990 to 2010, the opposite was true from 2010 to 2019 (Figure 6). The interconversion between land types was particularly frequent throughout the study area from 2000 to 2010, resulting in significant changes in the ecological environment across the entire region. Even so, the overall ecological quality level of the Tarim River Basin tended to improve, with notable differences among different areas.



From 1990–2000, several areas of the basin improved in ecological quality, such as the Kaidu–Kongque, Weigan–Kuqu, and Kriya rivers and the middle reaches of the basin, while areas that deteriorated were located in the Yarkand and Hotan rivers. From 2000 to 2010, the ecological environment quality in the region as a whole was in a trend of continuous improvement, particularly the Hotan and Kriya rivers and the upper reaches of the Yarkand River. Areas of deterioration could be found in the lower reaches of the Yarkand, Aksu, and Weigan–Kuqu rivers. From 2010 to 2019, areas that previously saw improvements in ecological environment quality decreased significantly, while areas that saw deterioration increased their decline. This was mainly due to the relatively stable transformation between land types during this period, causing areas of deterioration to exceed areas of improvement. The trend posed a significant threat to the overall improvement of the ecological environment of the entire region.



Since 2010, the main reason for the deterioration of the ecological environment was that a large amount of grassland and water bodies transformed into cropland and barren land. Areas of prominent deterioration were mainly in the upper reaches of the Kashgar and Aksu rivers, and the lower reaches of the Weigan–Kuqa River. Areas of improvement were the middle reaches of the Qarqan, Kaidu–Kongque, and Yarkand rivers. In general, although the ecological and environmental quality of the study area was charting an upward trend during 1990–2019, it is currently in a downward trajectory. Therefore, it is still imperative to accelerate the process of improving the land-use structure by developing different land types in a balanced manner and optimizing various resources for sustainable development.




3.2.2. Impact of Different Land Use Conversions on the Ecological Environment


In analyzing the interconversion between different land types and the changes in the ecological environment in the region, we found that land-use changes during the period are closely related to ecological environment changes. The ecological contribution of land-use change was calculated to analyze the impact of interconversion between land types on the ecological environment during different time periods (Figure 7). To do so, we divided the study period into three stages. The first stage (1990–2000) showed six land type conversion processes that led to the improvement of the regional ecological environment quality. Of these six, the conversion of barren land to grassland saw the highest percentage of contribution (74.32%), while the conversion of barren land to cropland saw the next highest percentage (15.10%). The remaining conversion processes had only small contribution rates. These changes indicate that the conversion of barren land to grassland and cropland improved the quality of the ecological environment, while the conversion of grassland to cropland (32.41%) and construction land (4.04%), and of water bodies to barren land (63.55%), resulted in a quality deterioration.



Moreover, the conversion of barren land to grassland and water bodies is the main reason for improvements in the study area. The conversion of barren land to cropland was also advantageous, but accounted for only 6.46%. The primary cause of deterioration is the conversion of grassland to cropland, with a contribution of 84.40%, followed by the conversion of grassland to barren land (12.58%). Although there were many land type conversion processes that caused a deterioration in the ecological quality of the region in 2010–2019, only four processes led to its improvement. These four were dominated by the conversion of barren land to grassland and cropland, with the conversion to grassland accounting for 80.09%.



Furthermore, seven land type conversion processes led to the deterioration of the regional ecological environment. Our results show that the conversion of water bodies to barren land and the conversion of grassland to cropland mainly account for a higher proportion (64.59% and 29.23%, respectively), while the remaining conversion processes account for a relatively small proportion. These data clearly show the impact of the rising population and increasing demand for land during this period, coupled with the over-exploitation of water resources. The remaining conversion process accounts for a relatively small proportion of the total, indicating that the rising population and increasing land demand, along with the over-exploitation and unreasonable distribution of water resources, have led to the expansion of cropland, the degradation of grassland, and the scarcity of water resources in the region. The outcome of these events has been the deterioration of the ecological environment, unbalanced land-use structure, and extreme instability in the oasis.



In general, however, the EQI of the Tarim River Basin has shown an increasing trend since 1990. Among the interconversion of various land types, the conversion of barren land to grassland and cropland played a key role in improving the regional ecological environment, especially the conversion to grassland (contribution of 69.64%). The main factors leading to the deterioration were the conversion of grassland to cropland and construction land, along with the conversion of water bodies to barren land. Specifically, the conversion of grassland to cropland accounted for 73.80%, while the remaining two processes only accounted for 10.72% and 13.62%, respectively. Overall, the continuous development of barren land into grassland has had a positive effect on the ecological environment in the region. Nevertheless, the rapid development of society and subsequent excessive expansion of cropland (including from grassland), coupled with the increasing shortage of soil and water resources and the deterioration of the ecological environment, may seriously affect the sustainable development of the local ecology.





3.3. Future Changes in Watershed Ecosystem Patterns


Land-use structure is strongly linked to regional ecosystems, which means that changes in this structure can have a significant impact on the regional ecology. We analyze changes in land-use structure in the Tarim River Basin by selecting land-use data from 2010 and 2019 to apply to simulation projections for 2019 to 2030. Based on the impact of land-use type conversion on the ecological environment, we discuss the relationship between future land development and ecological environment in the watershed (Supplementary Material Figure S1 and Table S2 showed simulated and actual land use changes and error results in 2015).



We found that the transformation between various land types in the Tarim River Basin is quite frequent during different periods, and that the main feature is the mutual transformation of cropland, grassland, barren land, and other land types (Figure 8). From 2019 to 2030, we anticipate that most of the cropland will transform into woodland, grassland, and barren land, and that most of these changes will occur in the Kaidu–Kongque, Weigan–Kuch, and Kashgar rivers, as well as in the lower reaches of the Yarkand River. Furthermore, a significant reduction in grassland area may occur mainly in the lower reaches of the Kaidu–Kongque River and the middle and lower reaches of the Qarqan River, with a conversion rate of 20.43% to barren land and a small portion of grassland to woodland and water bodies. The conversion of barren land to grassland, woodland, and water bodies will likely be significant in the Weigan–Kuqu, Kashgar, Yarkand, Hotan, and Kriya rivers.



At the same time, we anticipate that cropland, grassland, and barren land will become the three most active land types from 2019 to 2030. The transformation of cropland in the oasis will be very obvious, but the transformation magnitude will decrease significantly. Additionally, the transformation of cropland and barren land to grassland will mainly be concentrated in the middle reaches of the Tarim River Basin, while the areas transforming into barren land will primarily include the Kaidu–Kongque, Aksu, and Qarqan rivers. The transformation of all three land types to woodland, water bodies, and construction land may occur as well, leading to an increase in the area of the other three land types, with the conversion process to other land types expected to be extremely intense.



The future EQI of the Tarim River Basin shows a continuous upward trend at a relatively fast rate of 7.17%, indicating that the areas where improvement occurs in the basin are significantly much larger than areas where deterioration occurs (Figure 9). In comparing past ecological environment changes (1990–2019) with future changes, we find that during 2019–2030, more areas of improvement will occur near the middle and upper reaches of the Kaidu–Kongque River, the upper reaches of the Kashgar River, the lower reaches of the Yarkand River, and the Qarqan River basin in general. Areas where deterioration will occur are mainly located in the middle and lower reaches of the Weigan–Kuqa River, the middle reaches of the Aksu River, and the middle and upper reaches of the Hotan River. However, we anticipate that there will be more areas with improved ecological environment quality than areas with deteriorating quality.



Based on our projections, the basin’s ecological environment is clearly developing in a positive direction. Specifically, the areas of improvement are much larger than the areas of deterioration, probably due to factors, such as slow development and use of cropland and barren land. On the other hand, since the main characteristics of the ecological environmental changes are similar to those of the previous stage, they can also indicate that after 2019, all land types in the basin will develop in a balanced way and the ecological environment will enter a steady improvement stage [38].



In comparing and screening numerous land-use transfer processes, we found that five conversion processes had a positive effect on the improvement of the ecological environment. The conversion of barren land to grassland is the dominant factor in improving the regional ecological environment, followed by the conversion of unused land to woodland. The ecological degradation processes in the watershed caused by land transfer during the period all included the conversion of cropland to construction land, but the dominant factors were different, with the conversion of cropland to barren land (89.21%) and the conversion of grassland to cropland (90.62%) being the main factors causing regional ecological degradation in the two stages, respectively. Thus, the large amount of barren land developed into grassland and woodland throughout the period is the main reason for improvements in the ecological environment and for the occurrence of ecological decline and deterioration. Hence, we need to fundamentally reduce the abandonment of a large amount of farmland and maintain the sustainable use of soil and water resources [25]. As well, we need to protect the function and structure of grassland resources and ecosystems, and maintain the synergistic development of the regional economy and ecological environmental development.





4. Discussion


4.1. Policy Reasons for Land Use Change


We selected CLCD remote sensing data products to explore land-use changes in the Tarim River Basin from 1990 to 2019, analyzing the evolution of spatial-temporal patterns of land use and changes in land structure in the basin. During 1990–2019, land-use/cover changes in the Tarim River Basin were mainly characterized by a significant expansion of cropland and a reduction in the area of barren land. The encroachment of cropland on grassland and barren land and the conversion of barren land to grassland and cropland occurred simultaneously throughout the region, especially in the oasis areas in the middle and upper reaches of the basin. New cropland mainly came from grassland and barren land, whereas the growth rate of construction land area was more stable and had a tendency to increase. This latter characteristic was due to the continuous rise of local economic development and accelerated urbanization [22]. Among these changes, the growth in cropland was primarily the result of a substantial growth in population and economic development, which led to a surge in the demand for land to meet development needs [7].



In addition, under the dual role of policy support and interest-driven development, the cropland area in the basin has shown continuous expansion marked by three accelerated development characteristics. The first of these is the implementation, since 1995, of economic policies under the “one black, one white” strategy of large enterprises and groups. The policies are promoted by the people’s government of the Xinjiang Uygur Autonomous Region, with the aim of restructuring regional industry [39]. The second characteristic, implemented since 2001, is the increased investment of national and autonomous regions in poverty alleviation and the tilting of central policies on poverty alleviation in Xinjiang. The third characteristic, introduced in 2010, is the implementation of comprehensive national aid work, which has proven crucial for the continuous expansion of regional cropland area [28].



Analyzing land-use change from the perspective of policy factors, we found that preferential policies stimulate agricultural development, and that agricultural development is inseparable from the implementation of policies. Current policies support accelerating the expansion of cultivated land and developing the oasis, which means that the amount of irrigated area will also rise, along with the excessive consumption of water resources. As the modern management level of water resources is still low, it is critically important to strengthen the ability of relevant departments to monitor and control water resources.




4.2. Ecological Status Change Problems


To explore changes in the quality of the ecological environment in the Tarim River Basin, we selected transfer matrix and ecological contribution rate, combined with the CA-Markov model, to analyze current and future land-use change. We also analyzed the ecological effect of land-use change from the perspective of different land type transformations. In looking at the historical development process of the basin, we can see that the problems related to “treating while opening up land, and wasting while saving water” have become widespread practices due to a lack of environmental protection, as well as a lack of awareness of the need for such protection [27]. The current level of development and allocation of soil and water resources is highly detrimental to the ecological security and sustainable development of soil and water resources in the basin [40]. In recent years, in order to meet the needs of population growth and economic development, the oasis has constantly expanded. The resulting ecological problems have arisen mainly through large-scale development of cropland, reclamation of barren land, vigorous promotion of urbanization, and large-scale planting of crops [41].



At the same time, decades of over-exploitation and misuse of natural resources have led to increasingly prominent conflicts between ecological and agricultural water usage. The result has been a decline in the water table in the desert-oasis transition zone, a reduction in natural vegetation, and widespread damage to ecosystem structures, among other ecological and environmental problems [42]. The intensification of the global warming process has led to an acceleration of snow and ice melt in the mountains, increasing the runoff in these locations [43]. However, due to the expansion of regional cropland, the irrigated area of the oasis has expanded, along with agricultural water consumption. Hence, because agriculture has significantly increased, actual water intake has not.



According to the results, the main reasons for the improvement of the ecological environment in the current and future periods are the conversion of unused land to grassland and cropland, and the conversion of unused land to grassland and woodland, respectively. However, whether at present or in the future, excessive expansion of cropland and encroachment on grassland will lead to deterioration of the ecological environment. Therefore, the ecological degradation of the Tarim River Basin leaves the region to face the very great challenge of restoration [44]. With the ongoing development of urbanization and industrialization, the land structure of the basin will become the main problem affecting the ecological environment and thus hindering regional stability and development. The scarcity of water resources will further limit the basin’s socio-economic progress. In arid locations where water resources are scarce, balancing the area of cultivated land, grassland, and woodland is more conducive to the improvement of the ecological environment and sustainable development.




4.3. Watershed Ecological Risks and Management Suggestions


Since 1990, rapid economic development in the Tarim River Basin has resulted in a large amount of land being reclaimed for development. At the same time, the increase in agricultural crops that depend on irrigation for growth has led to the over-exploitation of groundwater, causing water scarcity, increased soil salinization [45], reduced soil fertility, and diminished cropland quality. These outcomes have inhibited crop metabolism and adaptation, resulting in reduced crop yields and massive vegetation mortality [46]. In addition to agricultural problems, the over-exploitation of land and water resources has contributed to the disappearance of many native species. With the simplification of species structure, biodiversity will decrease and grassland degradation will intensify. The current trend of desertification poses a serious threat to the stability of watersheds and the ecology of oases [41].



Despite these negative effects, there have also been improvements to the ecological environment brought by the impact of land-use changes. In particular, the recent obvious expansion of woodland and grassland area has had a positive effect on the regional ecological environment. Moreover, with the continuous promotion of urbanization, the increase in construction land is more conducive to adjusting and improving the local land-use structure [47]. Other improvements include the implementation of the ecological water transfer policy, which has effectively restored the ecology of the basin. The ecological water transfer project of the lower Tarim River Basin for the purpose of “ecological restoration” has shown a positive impact on the ecological protection and reconstruction of the region [48].



In conclusion, although the current phase of cropland expansion also implies rapid economic development, the sensitivity of ecological environment is still an important issue that cannot be ignored [49]. Since agriculture and animal husbandry remain the dominant industries in the region, changes in land-use structure mostly concern cropland and grassland area. Accordingly, the relevant departments need to improve the degree of land use through more effective measures, such as rationalizing the use of land resources, slowing down the expansion of cropland, controlling soil salinization, and speeding up the modernization of agriculture.





5. Conclusions


This paper investigated changes in current and future land-use patterns in the Tarim River Basin, with the transition matrix and ecological contribution rate being selected to analyze the ecological impacts of the transformations between different land-use types. The following are the key findings:



During the study period (1990–2019), grassland and barren land were the main land types in the Tarim River Basin, accounting for 72.46% and 18.87% of the basin’s area, respectively. The most prominent features of land-use/cover change in the basin were the continuous expansion of cropland and decrease in barren land, with cropland increasing by 18,850.51 km2 and barren land decreasing by 20,597.29 km2. The most significant decrease occurred during 2000–2010.



Furthermore, there were frequent conversions of land types. These conversions were dominated by grassland converting to cropland, followed by construction land converting to woodland. Barren land converted to cropland, grassland, and construction land. The simulation of the land-use patterns for 2019 to 2030 showed an increase in grassland, woodland, and water bodies. The decrease in barren land and cropland were mainly concentrated in the Kaidu–Kongque, Aksu, and Kashgar river basins. The land transformation process during the proposed period is mostly based on the interconversion of cropland, grassland, barren land, and other land types.



Despite ongoing issues, the ecological environment in the Tarim River Basin is on an upward trend, with a particularly significant increase occurring between 1990 and 2010. The main reason for this improvement is the conversion of barren land to grassland and cropland, respectively. The conversion of barren land to grassland contributed 69.64%. However, the conversion of grassland to cropland (73.80%) and construction land, and water bodies to barren land, were the main factors contributing to the deterioration. In fact, the over-expansion of cropland and its encroachment on grassland has led to a massive decline in the ecological environment and hindered the sustainable development of the ecology. Nevertheless, based on the prediction results of the CA-Markov model, the ecological environment in the watershed is expected to steadily improve from 2019 to 2030. This is due to barren land changing into grassland and woodland. We also found that barren land changing into grassland has had a positive effect on the region’s ecology.
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Figure 1. Sketch map of the Tarim River Basin, China. The map is from the Chinese Standard Map (http://bzdt.ch.mnr.gov.cn/GS (accessed on 11 April 2022) (2019)1822). 
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Figure 2. Land use simulation process. 
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Figure 3. Land uses in the Tarim River Basin from 1990 to 2019: (a) 1990; (b) 2000; (c) 2010; and (d) 2019. 
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Figure 4. Land-use type changes in the Tarim River Basin. 
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Figure 5. Land-use transfer map of the Tarim River Basin from 1990 to 2019: (a) 1990–2000; (b) 2000–201; (c) 2010–2019; and (d) 1990–2019. 
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Figure 6. Changes in ecological environment in the Tarim River Basin from 1990 to 2019: (a) 1990–2000; (b) 2000–2010; (c) 2010–2019; and (d) 1990–2019. 
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Figure 7. Ecological contribution of the Tarim River Basin (1990–2019). (A) Contribution rate of land conversion among different land types to ecological environment: (a) 1990–2000; (b) 2000–2010; (c) 2010–2019; and (d) 1990–2019 (1. cropland; 2. grassland; 3. woodland; 4. built-up land; 5. water bodies; and 6. barren land). (B) Eco-environment quality index of the Tarim River Basin (1990–2019). 
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Figure 8. Future land changes in the Tarim River Basin: (a) 2019; (b): actual and simulated land-use change results of the CA-Markov Model for 2030; (c) 2019–2030; (d): future land-use type transfer for 1990–2030. 






Figure 8. Future land changes in the Tarim River Basin: (a) 2019; (b): actual and simulated land-use change results of the CA-Markov Model for 2030; (c) 2019–2030; (d): future land-use type transfer for 1990–2030.



[image: Remotesensing 14 01894 g008]







[image: Remotesensing 14 01894 g009 550] 





Figure 9. Future ecological changes in the Tarim River Basin: (a) 2019–2030; (b) 1990–2030; (c,d) future ecological contribution of the Tarim River Basin (1. cropland; 2. grassland; 3. woodland; 4. built-up land; 5. water bodies; and 6. barren land). 
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Table 1. Image classification accuracy.
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Land Type

	
Cropland

	
Grassland

	
Woodland

	
Built-Up Land

	
Water Bodies

	
Barren Land






	
Classification accuracy (%)

	
83.6

	
85.7

	
84.5

	
82.4

	
84.1

	
86.3




	
Kappa index

	
0.86
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Table 2. Relative ecological values of different types land-cover types.
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	Land Type
	Cropland
	Grassland
	Woodland
	Built-Up Land
	Water Bodies
	Barren Land





	Relative ecological value
	0.25
	0.45
	0.65
	0.2
	0.55
	0.01
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