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Abstract

:

Revealing the temporal and spatial evolution pattern of reservoirs and their driving mechanisms is of great significance for promoting the coordinated development of the national economy and natural ecology. In this study, the northern slope of the Tianshan Mountains (NSTM) in Xinjiang was selected as the study area. Based on remote sensing data from 1990 to 2020, the temporal and spatial evolution characteristics of reservoirs on the NSTM in the past 30 years were analyzed using the grid cells method and the nuclear density analysis method, and the mechanisms by which natural geographical conditions and socio-economic development influence the temporal and spatial evolution of reservoirs in the NSTM were analyzed using GeoDetector. The results indicate the following: (1) In terms of temporal change, the area of reservoirs in the NSTM showed an overall expansion trend from 1990 to 2020, with a growth rate of 42.77%, and the number of reservoirs increased from 123 to 238 during the same period, with a growth rate of 93.50%. (2) In terms of spatial change, the distribution of reservoir accumulation areas on the NSTM gradually developed horizontally from the middle section with rapid economic development to the western and eastern sections. (3) The GeoDetector results showed that the main driving factors affecting the spatial differentiation of reservoir area in the NSTM from 1990 to 2020 were the average elevation (0.201), cultivated land area (0.112), and GDP (0.070), while the main driving factors combinations were the average elevation and cultivated land area (0.374), the average elevation and GDP (0.325), and the average elevation and average population (0.319). The research results can provide a theoretical basis and a decision-making reference for water conservancy project planning and water resources management in the NSTM.
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1. Introduction


Water resources are the lifeblood of regional development. In recent years, the increase in surface temperature [1,2], the increase in the variability of precipitation frequency and intensity [3,4], and the increase in snow and glacier melting [5] have been observed all over the world. In the context of climate change, water resources will increase first and then decrease, and reservoirs will play an important role because of their powerful water storage function [6]. Therefore, it is of great significance to analyze the distribution of and changes in reservoirs and to study their driving forces for water conservancy project construction and the sustainable management of water resources.



The rising demand for water resources has led to the construction of a large number of reservoirs around the world. It was calculated that about 50,000 large reservoirs have been built around the world [7]. By 2020, 98,000 reservoirs had been built in China. The importance and value of reservoirs are increasingly prominent, and so research on the monitoring and evaluation of reservoir quantity, quality, and driving forces in different time and space scales has been carried out on various occasions [8,9,10]. For example, Lehner et al. established a set of global reservoir and dam databases (GRand) with clear spatial coordinates and hydrological information [11]. Donchyts et al. used remote sensing satellite data and cloud analysis to monitor the multi-year state of small- and medium-sized reservoirs around the world. This research shows that the inter-annual and intra-annual changes in small- and medium-sized reservoirs are unevenly distributed in space [12]. Du et al. established a dataset to record the changes in lakes and reservoirs in the Nenjiang Watershed from 1980 to 2015 by using the object-oriented image classification method and Landsat series images and found that the total area and the number of reservoirs continued to increase during the research period [13]. Wang et al. drew a surface water map of the Xiaolangdi Reservoir from 1999 to 2019 on the GEE cloud platform by using Landsat images and MNDWI and analyzed the temporal and spatial characteristics of its area change, and concluded that the change in the water body area of Xiaolangdi Reservoir was weakly negatively correlated with natural factors such as precipitation, temperature and population, and positively correlated with runoff and GDP [14]. It can be seen from the existing research that the area of a single reservoir usually fluctuates, and the main driving forces are precipitation, temperature, and agricultural activities [15,16], while the area and number of reservoirs in the basin and even around the world show a continuous upward trend [11]. Although the existing research is very important, there are still some shortcomings. Most of the current research focuses on the change characteristics of the water area of a single reservoir, and there are few studies on reservoirs at the macro and meso scales, and most of them are limited to the statistics of quantity and geographical location, ignoring the analysis of temporal and spatial distribution characteristics and their driving forces. Therefore, it is of great significance to study the temporal and spatial evolution characteristics and driving forces of reservoirs in a wider scope for understanding the overall distribution law and management of reservoirs.



With the development of remote sensing technology, human beings have entered an era of remote sensing big data. The Google Earth Engine (GEE) cloud platform can easily obtain and process the data needed for research, which changes the traditional mode of remote sensing data acquisition, processing, and application [17]. The GEE cloud platform stores massive Landsat, Sentinel, and other datasets. Users can view and process long-time series as well as large-scale data in real time on the GEE cloud platform. At the same time, the data can be uploaded to the cloud without being limited by time and space. The GEE cloud platform has played a role in high-resolution environmental monitoring on a global scale, such as land cover [18], forests [19], coastlines [20], water bodies [21,22], and rivers [23]. The distribution of reservoirs has strong spatial differentiation, and the analysis methods based on spatial characteristics such as spectrum analysis [24] and the grid cells method [25,26] can effectively reveal the spatiotemporal evolution pattern of reservoirs. Among them, the grid cells method can quantitatively reflect the overall and partial changes in the reservoir space within a certain period, which is an effective means of expressing the spatial change pattern [27]. In terms of driving factor analysis, methods such as the Logistic regression model [28], grey correlation degree [29], geographically weighted regression [30], and GeoDetector [31,32] have been widely used and achieved good results. Among them, by establishing the statistical relationship between variables [33], GeoDetector can analyze the possible causal relationship. Moreover, it is widely used in all kinds of research because it is easy to operate and less constrained by samples [34].



The northern slope of the Tianshan Mountains (NSTM) is the core area driving the economic and social development of Xinjiang. However, it faces a series of problems such as water shortages, an uneven distribution of surface water resources in time and space, and a fragile ecological environment, seriously hindering the economic development of this area. Reservoirs can regulate runoff, store floods, and replenish drought, meaning that natural water can better meet the requirements of the local water use sector in terms of time and space, and so many reservoirs have been built on the NSTM to solve those problems. With the increasing number of reservoirs, the natural river system in this area has gradually evolved into an artificial runoff regulation system composed of reservoirs. The system has a great impact on the local eco-environmental benefits and socio-economic benefits [35], and studying the temporal and spatial evolution of this series of reservoirs is the basis of quantitative analysis of the impact of this system on ecological and environmental benefits and social and economic benefits. However, most of the previous studies only focused on the utilization of water resources in this area [36,37], and research on the temporal and spatial evolutionary processes of this series of reservoirs in this area is still lacking. Therefore, it is of great significance to study the temporal and spatial evolution process and driving forces of these reservoirs for the sustainable development of the ecology and social economy in this area.



The main objectives of this study are: (1) Using remote sensing images to analyze the change process of the reservoir area and quantity in the NSTM from 1990 to 2020; (2) Exploring the regularities of distribution for reservoirs via the spatial analysis method; (3) Quantifying the roles of natural geographical conditions and human activities in driving the changes in reservoirs on the NSTM by GeoDetector. This study can provide a theoretical basis and data support for the construction of water conservancy projects and water resource planning in the region.




2. Materials and Methods


2.1. Study Area


The NSTM is located in the south of the Junggar Basin in the Xinjiang Uygur Autonomous Region, with geographical coordinates of 42°41′~47°14′ N and 79°53′~96°23′ E. It is adjacent to the Gurbantunggut Desert in the north, with high terrain in the south and low terrain in the north, with a temperate continental climate, an annual average temperature of 7.3 °C, and annual average precipitation of 184.45 mm. Its total resident population accounts for 42% of the total resident population in Xinjiang, and its GDP accounts for 62% of the total in Xinjiang. It is the core area driving the economic and social development of Xinjiang as a whole. In order to facilitate the analysis of the spatial heterogeneity of reservoirs in the NSTM, this study divided the region into western, middle, and eastern sections based on county boundaries. Among them, the western section starts from Wenquan County in the west and ends in Karamay City in the east; the middle section starts from Kuitun City in the west and ends in Wujiaqu City in the east; the eastern section starts from Urumqi County in the west and ends in Hami City in the east. The geographical location and segmental boundaries of the NSTM are shown in Figure 1.




2.2. Data Sources and Methodology


The data used in this study mainly include remote sensing image data, topographic data, and socio-economic data. Remote sensing image data were obtained from the Landsat5 TM/MSS, Landsat7 ETM+, and Landsat8 OLI (Surface Reflectance Tier 1, SRT1) products from the Google Earth Engine cloud platform (https://earthengine.google.com) (accessed on 20 October 2022) and images were selected based on April to June when the cloudiness of single-scene images is less than 20%. Areas that are greatly affected by clouds and areas that have no suitable images during this period were supplemented by images of the same period in adjacent years. The remote sensing image data used in this study are shown in Table 1. Topographic data included elevation, slope, and river. The digital elevation model (DEM) came from the geospatial data cloud (http://www.gscloud.cn/) (accessed on 15 October 2022), and the spatial resolution is 30 m. Slope data were calculated using the ArcGIS 3D analysis tool based on DEM data. The river data came from the river distribution data extracted by the Resource and Environment Science and Data Center, Chinese Academy of Sciences (https://www.resdc.cn/) (accessed on 20 November 2022) based on DEM. Socio-economic data included the grid data of GDP and population spatial distribution and cultivated land data, among which the grid data of GDP and population spatial distribution came from the Resource and Environment Science and Data Center, Chinese Academy of Sciences (https://www.resdc.cn/) (accessed on 20 November 2022), and the spatial resolution is 1 km. Due to the lack of data in 1990, the data in 1995 were used instead, and the data were collected every 10 years after that. Cultivated land data came from the Statistical Yearbook of Xinjiang and the Statistical Yearbook of Xinjiang Production and Construction Corps [38], with a time span of 1990–2020 and a period of every 10 years.




2.3. Methods for Extracting Reservoir Information


In order to extract the reservoirs in the NSTM, this study used the massive Landsat archived datasets in GEE for programming through the online platform programming interface, namely the Landsat TM/MSS, Landsat ETM+, and Landsat OLI (Surface Reflectance Tier 1, SRT1) series products, after radiation correction and geometric correction. The images were screened to show the remote sensing image datasets with less than 20% cloud cover in the western, middle, and eastern sections of the NSTM in 1990, 1995, 2000, 2005, 2010, 2015, and 2020. The remote sensing image datasets were preprocessed via geometric correction and radiation correction. Strip restoration was performed using the focus statistics and fusion function for 2005 data alone, and then all images meeting the temporal and spatial requirements in the study area were stitched according to their median values using the image mosaic function, and finally, the remote sensing image data of the study area were cropped using the cropping function [39]. The workflow diagram is shown in Figure 2 [40], and photographs of some reservoirs in the study area are shown in Figure 3 [41].



In ArcGIS 10.2, the preprocessed remote sensing image data were combined with Google Earth maps and statistical data to extract the area spots of the reservoirs by visual interpretation in the past seven years. Considering the resolution of remote sensing data, to ensure the extraction accuracy of reservoirs, this study did not consider reservoirs with a water surface area below 0.01 km2. The historical data of Google Earth were updated periodically to meet the requirements of accuracy verification in this study [42]. The accuracy of reservoir extraction was verified by comparing the random points generated in and around reservoirs with the historical images of Google Earth. A total of 522 random points were generated in and around reservoirs with area ≥ 10 km2, 659 in and around reservoirs with 1 km2 < area ≤ 10 km2, and 723 in and around reservoirs with area ≤ 1 km2, a total of 1904 random points were generated. The evaluation results are shown in Table 2. According to the evaluation results, the overall accuracy of the classification results of reservoir water surface is 97.26%, and Kappa coefficient is 0.9438. The accuracy of the classification results of reservoirs with area ≤ 1 km2 is 96.27%, and Kappa coefficient is 0.9253. The accuracy of the classification results of reservoir with 1 km2 < area ≤ 10 km2 is 97.42%, and the Kappa coefficient is 0.9477. The accuracy of the classification results of reservoirs with area ≥ 10 km2 is 98.08%, and Kappa coefficient is 0.9587. It shows that extraction accuracy of reservoirs is high and can be further analyzed.




2.4. Spatial and Temporal Change Analysis Model of Reservoirs


In order to quantitatively describe the intensity and rate of reservoir area and quantity changes in different periods on the NSTM, two indicators, the rates of change in reservoir area and number, were introduced. The calculation formulas are shown in Formulas (1) and (2).


  η =    s b  −  s a     s a    × 100 %  



(1)






  μ =    n b  −  n a     n a    × 100 %  



(2)




where  η  denotes the rate of change in reservoir area during the study period;    s a    and    s b    are the reservoir area at the beginning and end of the study period, respectively;  μ  denotes the rate of change in reservoir number during the study period; and    n a    and    n b    is the number of reservoirs at the beginning and end of the study period, respectively.



Because reservoirs are fragmented and scattered in the study area, it is difficult to reflect the change in reservoir is very small, it is not accurately reflected in the distribution map of the study area. The grid cells method can show more detailed information while reflecting the overall distribution characteristics of the data by combining the information within the grid for spatial analysis [43]. Therefore, to determine the intensity and spatial evolution pattern of changes in the reservoir area, the grid cells method was used to construct a grid covering the entire study area. To balance the visualization effect and analysis accuracy, the size of each grid was determined to be 3 km×3 km after several trials, and the attribute value of the grid was the degree of change in the reservoir area in the grid during the study period. The degree of change in reservoir area can be expressed by Equation (3).


   C i  =  S  b i   −  S  a i    



(3)




where    C i    represents the degree of change in the area of the reservoirs in the i-th grid during the study period, while    S  a i     and    S  b i     represents the area of the reservoirs in the i-th grid at the beginning and end of the research period, respectively.



Nuclear density can effectively reflect the spatial aggregation of elements [44]. The basic principle of nuclear density analysis is that each centroid is covered with a smooth surface, and the surface value is highest at the position where the centroid is located and decreases as the distance from the centroid increases, the surface value is zero at the position where the distance is equal from the centroid to the search radius, the data points close to the centroid are given higher weights, and vice versa, and the estimated density of each point is the weighted average density of all points in the region. The aggregation degree of reservoirs can be expressed by Equation (4) [45,46,47,48]. In this study, ArcGIS 10.2 software was used to implement this operation. In this study, ArcGIS 10.2 software was used to realize this operation, and the aggregation degree of reservoirs was divided into six grades according to the natural discontinuity method.


   p i  =  1  n π  R 2      ∑   j = 1  n   k j      1 −    D  i  j 2       R 2       2   



(4)




where    p i    is the nuclear density of  i  at any point in space;    k j    is the weight of the study object  j ;    D  i j     is the distance between the spatial point  i  and the research object  j ;  R  is the bandwidth of the selected rule area (   D  i j   < R  ); and  n  is the number of study subjects  j  within the range of bandwidth  R .




2.5. Analysis of the Drivers of Change in Reservoirs


In order to analyze the driving factors of change in reservoir area, this study used GeoDetector to analyze the driving factors. This is a statistical method that can detect spatial variability and reveal its drivers [34]. The principle assumes that something has spatial differentiation, and an environmental factor also has spatial differentiation and is similar to the spatial differentiation of the thing, which means that the environmental factor has a significant impact on the spatial variation of the thing. Therefore, this study used GeoDetector to analyze the driving factors of temporal and spatial changes in the reservoir area on the NSTM. The calculation method is shown in Formula (5).


  q = 1 −   ∑   h = 1  L     N h   σ h 2    N  σ 2     



(5)




where  q  is the influence of the factor on the spatial differentiation of the reservoir area;  h  is the number of subregions of the detection factor;  L  is the factor stratification;  N  and    N h    are the total number of samples and the number of samples in the region  h , respectively; and    σ 2    and    σ h 2    are the variance of the total region and the variance of the region  h , respectively. The range of  q  value is [0, 1], and the higher the value, the stronger the explanatory force of the influence factor on the change in reservoir area, and vice versa.



In addition, this study used the interaction detector in the GeoDetector model to assess the explanatory power of the interaction of multiple different drivers relative to a single driver on the dependent variable. Taking the reservoir area contained in each grid in the grid unit analysis as the dependent variable of the GeoDetector, the driving factors of the change in reservoir area in each research period were analyzed by GeoDetector.





3. Results


3.1. Temporal Changes in Reservoirs in the NSTM


The spatial and temporal changes in reservoirs from 1990 to 2020 were obtained by extracting the reservoir spots in the western, middle, and eastern sections of the NSTM in 1990, 1995, 2000, 2005, 2010, 2015, and 2020, and overlaying these seven years of spots separately by region. Based on the extraction results of the reservoir spots on the NSTM, the area fields were added and calculated in ArcGIS 10.2 to obtain the reservoir area on the NSTM. The change process of reservoirs area on the NSTM from 1990 to 2020 is shown in Figure 4.



As shown in Figure 4, the area of reservoirs on the NSTM shows an overall growth trend, from 259.32 km2 in 1990 to 370.23 km2 in 2020, with an overall growth rate of 42.77%. The largest growth rate of the reservoir area was 10.86% during the period of 1990–1995, indicating that this period was the fastest growth period of the reservoir area in the whole study period. The growth rate of the reservoir area slowed down and increased year by year during the period of 1995–2015, and the reservoir area showed negative growth during the period of 2015–2020. Combined with the increase in the number of reservoirs from 2015 to 2020 in Figure 5, it can be speculated that the reason for this is that mountain reservoirs with greater technical difficulty and deeper depth have replaced plain reservoirs with less technical difficulty and a large water surface area. In addition, the images demonstrate that the water surface area of the reservoirs shrank. Figure 6 shows the change rate of reservoir area in the overall NSTM and each section from 1990 to 2020. During the period of 1990–2000, the area of reservoirs in the middle section demonstrated an increasing trend and at a higher rate than in the western and eastern sections, when the growth rate of the reservoir area in the western and eastern sections was at a lower level. From 2000 onwards, the growth rate of the reservoir area in the middle section slowed down gradually, while the growth rate of the reservoir area in the western and eastern sections increased significantly, especially in the eastern section from 2005 to 2010. In particular, the area of the reservoirs in the eastern section increased by 27.95 km2 between 2005 and 2010, with a growth rate of 56.15%.



As shown in Figure 5, the change in the number of reservoirs showed an increasing trend from 1990 to 2020, from 123 in 1990 to 238 in 2020, and the overall growth rate reached 93.50%. Figure 7 shows the change rate of reservoir number in the overall NSTM and each section from 1990 to 2020. Among them, the fastest growth rate of 17.89% was observed from 1990 to 1995, the growth rate of the number of reservoirs slowed down and increased year by year during the period of 1995–2010, and the growth rate decreased over time during the period of 2010–2020. It can be seen from Figure 5 that the increase in the number of reservoirs in the study area is mainly caused by the increase in the number of reservoirs in the west section and the east section. Combining Figure 4 and Figure 5, it can be seen that although the number of reservoirs in the middle section is smaller than in the other two sections, the area of the reservoirs is significantly larger than that of the other two sections, indicating that the reservoirs built in the middle section are mostly large or medium-sized reservoirs, the number of reservoirs in the west section and eastern section is higher than that of the middle section, but the area is smaller than that of the middle section, indicating that the reservoirs in the west section and eastern section are mainly small and medium. With the increasing population and the rapid development of agriculture in the west section and east sections, a large number of reservoirs have been built in this area to store water to ensure the safety of domestic and production water. For example, the Mohulu Reservoir and Kayinda Reservoir in the west section, and the Xingfu No. 1, No. 2, and No. 3 Reservoir in the east section have effectively alleviated the shortage of local agricultural water and solved the difficulty of drinking water for local people and animals. Just because of the massive construction of small- and medium-sized reservoirs in the west and east sections, the number of reservoirs in the study area shows an overall increasing trend.




3.2. Spatial Changes in Reservoirs in the NSTM


The spatial pattern of the change rate for reservoir area in three research periods and 30 years on the NSTM is shown in Figure 8. It can be seen from Figure 8a that the areas where the reservoir area increased from 1990 to 2000 were mainly located in the middle of the NSTM, and there were fewer areas with reduced reservoir area. The extent of growth in the area of the reservoirs from 2000 to 2010 was more diffuse than in the previous period, spreading to the western section and the western part of the eastern section. The reduced areas increased compared with the previous period, which shows that the construction of reservoirs was more active during this period (Figure 8b). From 2010 to 2020, the change rate of reservoir area in each section of the NSTM decreased, indicating that the construction of reservoirs on the NSTM tends to be stable (Figure 8c).



The changes in the degree of aggregation in the reservoir area on the NSTM from 1990 to 2020 are shown in Figure 4. Overall, the spatial dynamics of the reservoir area on the NSTM became more decentralized from 1990 to 2020, extending and spreading around multiple aggregation cores, respectively. In 1990, the reservoirs in the NSTM were mainly concentrated in four locations, showing a weaker four-core aggregation trend, namely the northwestern part of the western section, including Emin County and Tacheng County, the eastern part of the western section, including Kuitun City, the middle and western parts of the eastern section, including Shihezi City, Hutubi County, Changji City, Wujiaqu City, and Urumqi City, and Jimsar County and Qitai County in the eastern section. Among them, the reservoirs in the western part of the eastern section had the highest degree of concentration, so the western part of the eastern section was the main core. In 2000, reservoirs in the entire NSTM region spread around the core in all directions, and new weakly aggregated cores emerged beyond the four aggregated cores mentioned above. As can be seen from Figure 9b, the degree of aggregation in the reservoir area on the NSTM increased considerably between 1990 and 2000. In 2010, The growth phenomenon of the four-core aggregation of reservoirs continued to enhance, and due to the diffusion effects, the two aggregation cores in the eastern and middle parts of the western section produced the phenomenon of interconnection, and the newly emerged weak aggregation cores were also expanding. In 2020, the degree of aggregation in the reservoir area in the NSTM was further strengthened, and the aggregation core was further expanded.



Based on a comprehensive analysis of the changes in the degree of aggregation in the reservoir area in the NSTM from 1990 to 2020, it can be seen that the reservoir area increased, the degree of aggregation was strengthened, and the aggregation cores of the reservoirs gradually expanded horizontally from the middle section to the western and eastern sections of the NSTM. The reason for this is that the middle section of the NSTM is abundant in water resources and is the core of the economic development of the entire NSTM, and with the continuous development of the economy of the western and eastern sections, the construction of reservoirs was promoted there.




3.3. Analysis of the Driving Forces of Spatiotemporal Changes in Reservoirs on the NSTM


The terrain is the key factor affecting the development and construction of reservoirs. At the same time, with the development of the social economy, the regulation of water storage by human beings and the development and construction of reservoirs are the main factors affecting the change in the reservoir area. The NSTM is an important agricultural development area in Xinjiang, and one of the important sources of agricultural water is the reservoir. Therefore, the cultivated land data were selected as the representative to analyze the change in the reservoir area. Given the comprehensive influence of natural factors and human activities on the change in the reservoir area, and considering the availability of driving factors and the characteristics of the study area, the driving factors affecting the change in the reservoir area were selected (Table 3). The natural discontinuity method can group data appropriately according to their intrinsic properties, so this study used this method to discretize the driving factors. Among them, the GDP and average population in social and economic factors were based on the grid data of GDP spatial distribution and the grid data of population spatial distribution, respectively, and the average GDP value and average population value in each grid in the grid cell method mentioned above were extracted and divided into 10 levels. The cultivated land area values were extracted based on the statistical data of the county, and were divided into 10 levels, Terrain factors were based on the spatial statistics function of ArcGIS 10.2 software, which used DEM data to extract the average elevation value in each grid, calculated the average slope value in each grid based on DEM data, calculated the river network density based on water vector data, and extracted the river network density value in each grid, which was divided into 10 levels. The driving factor corresponding to the center point of each grid was extracted as the independent variable X and the change degree of reservoir area was extracted as the dependent variable Y, and X, and Y were input into GeoDetector for matching calculation.



3.3.1. Differentiation and Factor Detection


The main driving forces affecting the spatial and temporal variation of reservoir area on the NSTM from 1990 to 2020 were detected by using the differentiation and factor detectors in the GeoDetector for GDP, average population, cultivated land area, average elevation, average slope, and river network density. The results are shown in Figure 10. In the past 30 years, the spatial distribution of the reservoir area on the NSTM was affected by socio-economic factors and topographic factors, but there were differences in the influence of different driving factors on the temporal and spatial changes in the reservoir area at different times.



Overall, from 1990 to 2020, the magnitude relationship of the driving factors affecting the spatial differentiation of reservoir area on the NSTM was average elevation (0.201) > cultivated land area (0.112) > GDP (0.070) > average slope (0.065), average population (0.037) > river network density (0.022). In 1990 and 2000, the drivers of spatial changes in reservoir area on the NSTM were relatively stable, with the mean explanatory power q values in the top three positions being average elevation, cultivated land area, and GDP. In 2010, the mean explanatory power q values in the top three positions were average elevation, GDP, and average slope. In 2020, the mean explanatory power q values in the top three positions were average elevation, average slope, and cultivated land area. From 1990 to 2020, the influence of various driving factors on the spatial differentiation of reservoir area on the NSTM showed a fluctuating downward trend, indicating that the construction process of the reservoirs on the NSTM gradually stabilized.




3.3.2. Interaction Detection


In this study, the interaction detection in the GeoDetector model was used to assess the explanatory strength of the interaction of multiple different drivers relative to a single driver for the dependent variable. The results are shown in Figure 11; the interaction of all factors was characterized by two-factor enhancement or nonlinear enhancement, suggesting that the changes in reservoir area on the NSTM were the result of the joint action of multiple factors. From 1990 to 2020, the average interaction q-values affecting the spatial differentiation of reservoir area on the NSTM were arranged as the top three factor combinations, which were the average elevation and cultivated land area (0.374), the average elevation and GDP (0.325), and the average elevation and average population (0.319). Factor interactions have different effects on explanatory power from year to year. In 1990, the interaction between GDP and average elevation was the strongest, with an explanatory power q value of 0.572, followed by the interaction between cultivated land area and average elevation, with an explanatory power q value of 0.528. In 2000, the interaction between cultivated land area and the average population was the strongest, with an explanatory power q value of 0.433, followed by the interaction between GDP and average population, with an explanatory power q value of 0.374. In 2010, the interaction between average elevation and river network density was the strongest, with an explanatory power q value of 0.382, followed by the interaction between average elevation and cultivate land area, with an explanatory power q value of 0.370. In 2020, the interaction between average elevation and cultivate land area was the strongest, with an explanatory power q value of 0.299, followed by the interaction between average elevation and river network density, with an explanatory power q value of 0.256. In conclusion, the effect of multi-factor interaction on the change in reservoir area was more significant, which can fully explain the fact that changes in reservoir area were the result of the interaction of multiple factors.






4. Discussion


The reservoirs on the NSTM are numerous and widely distributed, but previous studies mainly focus on the change characteristics of a particular reservoir, and there are few studies on the distribution of and changes in reservoirs in the entire NSTM region. Therefore, this study obtained the spatial and temporal variation characteristics of reservoirs on the NSTM from 1990 to 2020 based on the interpreted remote sensing image data. The results showed that from the perspective of temporal variation, the number of reservoirs on the NSTM was in a growth period from 1990 to 2000, with a growth rate of 26.02%. From 2000 to 2010, the growth rate continued to increase, with a growth rate of 26.45%. From 2010 to 2020, the growth rate picked up, with a growth rate of 21.94%, and the construction of reservoirs was stable. Li et al. summarized achievements in the construction of reservoirs in Xinjiang [49], and their research mentioned that the construction of reservoirs in the northern part of Xinjiang was on the rise from 1990 to 2020, reaching a climax of reservoir construction in 2010 to 2020. There is a slight discrepancy with the results of this study because the above article did not include the reservoirs of the Xinjiang Production and Construction Corps (XPCC). The XPCC can be viewed as an independent system nested in Xinjiang, covering the entire territory of Xinjiang except for Kizilsu Kirgiz Autonomous Prefecture. According to the statistics of the XPCC, the number of reservoirs built by the XPCC on the NSTM increased faster between 1990 and 2010 than between 2010 and 2020. Therefore, the growth rate of the number of reservoirs in this study rebounded from 2010 to 2020. From the perspective of spatial change, most of the reservoirs were in the middle section of the NSTM and gradually spread to the east and west, which is consistent with the economic development and distribution of the NSTM [50]. In the early stage of the research period, the economic development level of the middle part of the NSTM was higher than that of the east and west parts, and the ability to build reservoirs was also higher, so there were more reservoirs in the middle part. With the introduction of national policies such as “China’s Western Development Strategy” and the “One Belt One Road policy”, the regional development of the western and eastern sections of the NSTM has received attention, and the level of economic development has been rapidly improved, so the number of reservoirs in the eastern and western sections has gradually increased.



In terms of driving force analysis, using the SEM model, Du et al. [13] concluded that the annual mean precipitation, annual mean temperature, and agricultural water use were the leading factors of water body area change. Using SPSS software to conduct Pearson correlation analysis, Lai et al. [8] concluded that the change in the water area of Miyun Reservoir was highly positively correlated with precipitation, and weakly negatively correlated with Beijing’s GDP, secondary and tertiary industries. Luo et al. [15] argued that climatic factors and agricultural activities are important factors affecting the water storage area and quantity of regional lakes and reservoirs/ponds. All of the above studies illustrated the important influence of climatic factors on the change in the water body area. However, when considering the selection of driving factors, this study did not consider climate factors as the driving factors for the change in reservoir area on the NSTM, because the NSTM belongs to a continental arid climate with little precipitation, having little influence on the change in reservoir area on the NSTM. The role of agricultural activities for the change in reservoir area on the NSTM mentioned in the above study is consistent with this study.



In order to further study the influence of elevation on the distribution of reservoirs on the NSTM, according to the topographic characteristics and actual situation of elevation of the NSTM, the DEM of the NSTM was reclassified into five levels, namely < 500 m (level I), 500–1000 m (level II), 1000–1500 m (level III), 1500–2000 m (level IV), and >2000 m (level V), and overlaid with the reservoir area in 2020. The resulting distribution of the reservoirs on the NSTM at different elevation levels is shown in Figure 12.



It can be seen from Figure 13 that the distribution of reservoirs on the NSTM has obvious regularity with average elevation, showing a trend of a gradual reduction in the number of reservoirs with an increase in altitude. The reservoirs are mainly distributed in the area below 500 m above sea level, and the reservoirs in this area account for 80.76% of the total reservoirs on the NSTM. The topography of the NSTM is high in the south and low in the north, from south to north, from the Tianshan Mountains to the Alluvial Plain and Gurbantunggut Desert, which are mainly composed of mountains, oases, and deserts, respectively [51]. Therefore, the reservoirs in the NSTM are mainly concentrated in the low-altitude areas in the middle. In the 1980s and 1990s, the Kizil Reservoir and the Uluwati Reservoir were built successively, which started the construction of large-scale mountain reservoirs [52]. A large number of large mountain reservoirs were built one after another, so there are reservoirs distributed above an elevation of 500 m. Combining the characteristics of water resources in arid areas and the requirements of rational allocation and efficient utilization, Xinjiang established a mode for the development and utilization of water resources with the construction of mountainous reservoirs as the lead and the optimal combination of projects [53]. Therefore, the construction of reservoirs on the NSTM at a high altitude will be more important in the future.



In order to further study the influence of the distribution of cultivated land area on the distribution of reservoirs on the NSTM, this study based on ArcGIS 10.2 software, reclassified the NSTM according to the area of cultivated land in 2020, and divided it into eight levels, namely < 5 × 104 hm2 (level I), 5 × 104–10 × 104 hm2 (level II), 10 × 104–15 × 104 hm2 (level III), 15 × 104–25 × 104 hm2 (level IV), 25 × 104–50 × 104 hm2 (level V), 50 × 104–100 × 104 hm2 (level VI), 100 × 104–200 × 104 hm2 (level VII), >200 × 104 hm2 (level VIII), and overlaid these levels with the reservoir area in 2020. The resulting distribution of the reservoirs on the NSTM in different cultivated land area levels is shown in Figure 13.



It can be seen from Figure 13 that the distribution of reservoirs on the NSTM showed an obvious correlation with the distribution of cultivated land area. In general, with the increase in cultivated land area, the ratio of reservoirs to cultivated land area in the region also increases. In areas with less than 100 × 104 hm2 of cultivated land area, with the increase in cultivated land area, the ratio of reservoirs to the cultivated land area does not change much, because these areas are dominated by secondary and tertiary industries as a whole, and there is relatively little water used for agriculture. In contrast, in areas with more than 100 × 104 hm2 of cultivated land area, the proportion of reservoir construction is high. Among them, the areas where the cultivated land area belongs to level VII and level VIII mainly include Shihezi City, Wujiaqu City, and Kuitun City, which are located in the center of the NSTM and are the core of agricultural development on the NSTM. Compared with other areas, although the scale of these areas is small, the construction rate of reservoirs has not decreased, because these areas undertake the main task of agricultural development, and with the development of agriculture, the economic level was constantly improving, and it had the economic conditions to build reservoirs.




5. Conclusions


In this study, the spatial and temporal evolution characteristics of reservoirs in the NSTM in the past 30 years were analyzed via the grid cells method and the nuclear density analysis method, and the mechanism by which natural geographical conditions and socio-economic development influence the spatial and temporal evolution of reservoirs in the NSTM was analyzed using GeoDetector. This study is expected to provide useful references for the construction of water conservancy projects and water resources planning in the NSTM, with the following main conclusions.



(1) In terms of temporal change, the reservoir area on the NSTM expanded during the period of 1990–2020, and the reservoir area increased from 259.32 km2 in 1990 to 370.23 km2 in 2020, with a growth rate of 42.77%. During the same period, the number of reservoirs increased from 123 to 238, with a growth rate of 93.50%.



(2) In terms of spatial change, the distribution of reservoirs in agglomeration areas on the NSTM gradually developed horizontally from the middle section with rapid economic development to the western and eastern sections, a cluster pattern of coexistence and interconnection of cores emerged, and the correlation between each core gradually increased.



(3) The analysis of driving factors showed that socioeconomic factors and topographic factors jointly drive the temporal and spatial changes in the reservoir area on the NSTM. The main driving factors affecting the spatial differentiation of reservoir area on the NSTM from 1990 to 2020 were average elevation (0.201), cultivated land area (0.112), and GDP (0.070). The interactive superposition of multiple factors promotes the spatial differentiation of the reservoir area. The top three factor combinations of average interaction q values are average elevation ∩ cultivated land area (0.374), average elevation ∩ GDP (0.325), and average elevation ∩ average population (0.319).



This study can not only provide a useful reference for the construction and sustainable management of reservoirs in the NSTM but also be extended to the study of the temporal and spatial evolution of reservoirs in other regions. However, there are still some things to be improved in this study. For example, the time span of this paper is insufficient, and the selected driving factors are incomplete. In future research work, we will consider expanding the time span and increasing the selection range of driving factors, so as to realize the change and driving force analysis of reservoirs in a longer time scale.
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Figure 1. Geographical location of the northern slope of the Tianshan Mountains (NSTM). (A) Segmental boundaries and elevation of the NSTM. (B) The location of the study area on the map of China. (C) The location of the study area on the map of Xinjiang in China. 
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Figure 2. The workflow diagram. 
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Figure 3. Aerial photograph of some reservoirs (Google Earth 11 May 2020). (A) Moguhu Reservoir. (B) Daquangou Reservoir. (C) Jiahezi Reservoir. 
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Figure 4. The change process of reservoir area on the NSTM from 1990 to 2020. 
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Figure 5. The change process of reservoirs number on the NSTM from 1990 to 2020. 
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Figure 6. Rate of change in reservoir area in the NSTM from 1990 to 2020. 
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Figure 7. Rate of change in reservoir number in the NSTM from 1990 to 2020. 
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Figure 8. Spatial pattern of change rate for reservoir area on the NSTM from 1990 to 2020. 
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Figure 9. Degree of aggregation of reservoir area on the NSTM from 1990 to 2020. 
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Figure 10. Results of driver detection of spatiotemporal changes in reservoir area on the NSTM from 1990 to 2020. 
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Figure 11. Interaction detection results of drivers of changes in reservoir area on the NSTM from 1990 to 2020. 
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Figure 12. Relationship between reservoir area and average elevation. 
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Figure 13. Relationship between reservoir area and cultivated land area. 
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Table 1. The table of remote sensing image data.
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Date

	
Sources

	
Number






	
1990

	
LANDSAT/LT05/C02/T1_L2

	
354




	
1995

	
LANDSAT/LT05/C02/T1_L2

	
254




	
2000

	
LANDSAT/LT05/C02/T1_L2

	
301




	
2005

	
LANDSAT/LT05/C02/T1_L2

	
293




	
LANDSAT/LE07/C02/T1_L2

	
13




	
2010

	
LANDSAT/LT05/C02/T1_L2

	
188




	
2015

	
LANDSAT/LC08/C01/T1_SR

	
487




	
2020

	
LANDSAT/LC08/C01/T1_SR

	
482
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Table 2. The results of classification accuracy evaluation.
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PA/%

	
UA/%

	
OA/%

	
Kappa






	
Area < 1 km2

	
water

	
96.74

	
95.96

	
96.27

	
0.9253




	
No-water

	
95.77

	
96.59




	
1 km2 ≤ area < 10 km2

	
water

	
98.63

	
96.77

	
97.42

	
0.9477




	
No-water

	
95.92

	
98.26




	
Area ≥ 10 km2

	
water

	
97.90

	
98.41

	
98.08

	
0.9587




	
No-water

	
99.09

	
96.37
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Table 3. Indicators of drivers of spatiotemporal changes in reservoirs on the NSTM.
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Category

	
Variables

	
Driver Indicators

	
Indicator Description






	
Socio-economic factors

	
S1

	
GDP

	
Level of development




	
S2

	
Average population

	
Demographic factors




	
S3

	
Cultivate land area

	
The degree of water required




	
Topographical factors

	
T1

	
Average elevation

	
Elevation conditions




	
T2

	
Average slope

	
Slope conditions




	
T3

	
River network density

	
Water system conditions
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