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Abstract

:

As a unique ecosystem with multiple ecological functions but high fragility, grassland in arid areas is very vulnerable to changes in the natural environment or human activities, resulting in various ecological and environmental problems. In order to study the degree and spatial extent of the influence of climatic conditions and human activities, especially mining activities, on grasslands in arid regions, we used remote sensing data to monitor the vegetation of the Xilin Gol grassland over a long period. The significant greening and browning areas of Xilin Gol grassland vegetation from 2000 to 2020 were extracted by a time series analysis. At the same time, the correlation analysis method was used to obtain the response of the Xilin Gol grassland vegetation to climatic factors and social and economic factors. In addition, we propose a new method based on buffer analysis and correlation analysis to calculate the influence range of vegetation degradation due to mining. We used this method to determine the influence range of vegetation degradation in the main mining area of the Xilin Gol grassland. The results showed that the vegetation condition of the Xilin Gol grassland were slightly improved from 2000 to 2020. Its vegetation was significantly affected by precipitation, and more than 50% of the area’s vegetation changes were highly correlated with precipitation changes. However, the area with the most serious vegetation degradation was mainly affected by human factors, and this part accounted for about 0.13% of the total area. In the form of direct damage and indirect effects (pulling population and economic growth to expand built-up areas), coal mining has become the main driving factor in the most significant areas of vegetation damage in the study area. Vegetation coverage in areas with significant greening and significant browning was highly correlated with economic factors, indicating that the vegetation changes were significantly affected by economic development. This study can reflect the vegetation changes and main driving factors in the overall and key areas of the Xilin Gol League and is a meaningful reference for the local balance of economic development and environmental protection.
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1. Introduction


Grassland is the largest ecosystem in China, occupying 40% of China’s land area [1]. The grassland ecosystem has many ecological functions, such as water conservation, organic matter production, and nutrient recycling [2]. Grasslands are highly vulnerable to climate change or human activities, leading to their degradation [3], especially in arid and semi-arid regions. At present, most of the open-pit coal mines in China are distributed in its arid and semi-arid regions [4]. Coal mining will inevitably cause much damage to the local ecological environment [5], which is one of the main reasons for the degradation of arid grasslands. At present, open-pit coal mining has direct impacts on the grasslands of Inner Mongolia, such as vegetation destruction, land degradation, soil erosion, etc. [6,7]. Therefore, the monitoring of grassland vegetation in arid areas and the research on its response to natural social and economic factors are of great significance for guiding environmental protection work in arid areas, and this has become a relatively popular research field [7,8,9,10,11].



The development of remote sensing technology provides a reliable means of monitoring vegetation over a long period of time on a large scale, and it enables the visualization, mapping, and assessment of mining impacts [12]. Using vegetation indices such as the NDVI (normalized difference vegetation index) and EVI (enhanced vegetation index) to calculate the surface vegetation coverage is one of the most common remote sensing vegetation monitoring methods [13]. As one of the most commonly used remote sensing vegetation indices [14], the normalized difference vegetation index (NDVI) uses the differences in the reflectance of vegetation in the red band and the near-red band to reflect the vegetation coverage [13,15]. The NDVI has the advantages of definite numerical range, easy acquisition, and high sensitivity of monitoring in medium and low vegetation coverage, so it is used by many scholars to carry out vegetation monitoring [13,16,17,18,19,20]. Long-term vegetation monitoring using the NDVI is a common method in the fields of vegetation change [21], vegetation net primary productivity [22], and land cover change [23]. With the characteristics of high temporal resolution and moderate spatial resolution, NDVI data based on the Moderate Resolution Imaging Spectroradiometer (MODIS) sensors are ideal for large-scale long-term vegetation monitoring [24]. When studying the impact of climate elements and human activities on vegetation changes, commonly used methods are the correlation analysis (regression analysis) [15,25,26,27,28] and geographic detector models [28,29,30]. The above method comprehensively analyzes the changes of various types of data and calculates one or more indicators to quantitatively evaluate the impact of each element on the ecological environment. When analyzing the spatial size of the impact of human activities on vegetation, a common method is buffer analysis [31,32,33]. Buffer analysis separately counts the change trends of the value of each element in the buffer with different distances. However, the results of this method often lack an obvious change trend in the statistics of vegetation coverage, which is very important when studying the impact range of human activities.



Located in the arid and semi-arid regions of Northern China, the Xilin Gol League, with its fragile ecological environment, is one of Beijing’s main sources of sandstorms and an important coal-producing area in China. Therefore, the change in local vegetation cover and the impact of coal mining on its ecological environment have attracted the attention of many scholars. Studies have shown that, before 2000, the vegetation degradation of Xilin Gol grassland was very serious and caused consequences such as sandy and dusty weather [34,35], but after 2000, this trend was alleviated or even partially reversed [36]. Some scholars believe that part of the Xilin Gol grassland remains in a degraded state [37]. Regarding the reasons for the changes in vegetation coverage, some scholars believe that the influence of human activities was the main reason for the degradation of vegetation in the Xilin Gol League before 2000, but after 2000, the influence of human factors gradually decreased [38,39]. On the other hand, as an arid grassland area, the vegetation of the Xilin Gol League is significantly affected by climatic factors, especially precipitation [40]. The current research shows that the main driving factors for vegetation change in the Xilin Gol League are meteorological factors (mainly precipitation) and human activities (land use changes) [41,42].



Therefore, the main research objectives of this paper are: (1) to monitor the degree and scope of vegetation greening and browning in the grassland by remote sensing, (2) to analyze the temporal and spatial responses of vegetation change to the changes in climate factors and socioeconomic factors in the study area, and (3) to analyze the causes of significant greening and browning of vegetation in the study area, combined with social data and government policies. The monitoring of vegetation changes in the Xilin Gol League in this study can help scholars and relevant government departments to understand the temporal and spatial change characteristics and laws of Xilin Gol grassland and is a valuable reference for environmental protection research and policy formulation. The research on the driving factors of vegetation change in the Xilin Gol League in this study can reflect the scope and degree of influence of natural conditions and human activities on vegetation in arid areas and has a reference significance for balancing economic development and environmental protection. In addition, the improved calculation method of the ecological impact range of human activities based on buffer analysis and correlation analysis has a certain innovative value and reference significance for the research on the impact of human factors such as urban expansion and mining on the ecological environment.




2. Materials and Methods


2.1. Study Area and Data Source


2.1.1. Study Area


The Xilin Gol League is located in the central part of the Inner Mongolia Autonomous Region of China, and the latitude range is from 42°32′ to 46°41′ north latitude and from 111°59′ to 120°00′ east longitude. Its total area is 203,000 square kilometers, of which the grassland area is 179,600 square kilometers, accounting for 89.85% of the total area. As of 2020, the total resident population was 1.11 million. The study area has a typical temperate continental climate characterized by cold and dry conditions. The annual average temperature in the study area is 0~3 °C, and the average annual precipitation is 205.5~419.5 mm, which is mainly concentrated in July, August, and September. The altitude of the study area is 764~1872 m (Figure 1), the terrain is dominated by high plains, and there are various landforms. Its terrain is high in the south and low in the north, with many low mountains and hills in the east and south, and the basins are scattered in between. The terrain in the west and north is flat, with scattered low mountains and lava terraces.



The Xilin Gol League is rich in mineral resources, where more than 80 kinds of minerals have been discovered; among which, coal resources are particularly rich. The proven and predicted coal reserves in the Xilin Gol League are 188.3 billion tons, and Shengli Coal Mine is the lignite coal field with the largest proven reserves so far. Due to economic development and exploitation, the ecological environment of the Xilin Gol League has been damaged to a certain extent. As one of the main sources of sandstorms in the Beijing–Tianjin region, the Xilin Gol League has become an important area in the research on vegetation degradation in recent years [22].




2.1.2. NDVI


Due to the large scale of the study area and its main land cover type, grassland, the NDVI is a highly suitable parameter for studying the ecological environment of the area. The selected data set is the vegetation index synthesis product of MODIS data from the Terra and Aqua satellites with the product number MOD13Q1. MOD13Q1 is a 16-day synthetic data product data set with a spatial resolution of 250 m that includes two vegetation indices, the NDVI and EVI. According to the vegetation growth characteristics of the study area, we selected the NDVI data of the annual vegetation growth season (June–September) from 2000 to 2020 to represent the surface vegetation coverage of the study area. These data were provided twice a month, a total of 8 times during the growing season each year. On the other hand, the study area could not be fully covered without 2 data points (track numbers: h25v04 and h26v04), so 16 data points per year, a total of 336 data points, were used in this study (data source: https://earthexplorer.usgs.gov/, accessed on 1 December 2021).



Using the maximum value composite (MVC) [15] method, 8 NDVI images were synthesized into one NDVI image every year. The 21 NDVI images obtained were the main parameters used to reflect the vegetation cover changes in the study area. In addition, the obtained data required other preprocessing, including projection conversion, resampling, and water masking. The above processing steps were all run on the ArcGIS (Environmental Systems Research Institute, Inc., Redlands, CA, USA) platform. Considering that some values of the synthesized NDVI images were missing, most of these parts were concentrated around the wetlands. Therefore, the missing part of the grid data in the study area was removed by manually drawn vectors.




2.1.3. Climate Data Sets


The climate data needed for the research mainly included temperature and precipitation data. Among them, the temperature and precipitation data from 2000 to 2015 came from China’s annual average precipitation and average temperature spatial interpolation data set of the Resource and Environmental Science Data Center of the Chinese Academy of Sciences.



The average annual temperature and precipitation data from 2016 to 2020 came from the statistical data of 113 meteorological stations in the Inner Mongolia Autonomous Region. The ANUSPLIN software developed by the Australian National University (Canberra, Australia) was used for the spatial interpolation of climate elements. The elevation data of the Inner Mongolia Autonomous Region were included in the abovementioned interpolation process as a covariate. The abovementioned temperature and precipitation data had a spatial resolution of 1000 m, using vector data and cropping to an appropriate size. These operations were run on ArcGIS software.




2.1.4. Other Data


Other data used in the study mainly included a digital elevation model (DEM), land cover map, vegetation type map, and high-definition remote sensing image map of the study area. Among them, the DEM data source was https://srtm.csi.cgiar.org/srtmdata/ (accessed on 1 December 2021), with a spatial resolution of 1 km, which was mainly used for the interpolation of temperature and precipitation and assistance in the subsequent research analysis. The land cover map data came from the National Basic Geographic Information Center’s global land cover data product service website (DOI: 10.11769, http://www.globallandcover.com/, accessed on 1 December 2021). This study included the land use data of 2000 and 2020 in the data set, with a spatial resolution of 30 m and an overall accuracy of over 80%. The high-definition remote sensing image was from Google Earth (https://google-earth.gosur.com/cn/, accessed on 1 December 2021).



In order to discuss the relationship between vegetation change and climate, socioeconomic development, and policy in the study area, we selected the following indicators related to climate conditions, socioeconomic development, and policy in the Xilin Gol League from 2000 to 2020 for analysis: average annual precipitation (PRE), built-up area (BA), population (POP), output value of primary production (OP), output value of secondary production (OS), output value of tertiary production (OT), number of sheep (NS), accumulative afforestation area (AA), output of raw coal (RC), and highway mileage (HM). The socioeconomic data were from the Inner Mongolia Statistical Yearbook 2001–2021, in which some data were missing or obviously wrong and were calculated by interpolation. The main purpose of selecting these data was to reflect the changes in various major production industries in the Xilin Gol League from 2000 to 2020 so as to analyze the impact of these production industries on vegetation changes in the study area. Please refer to Table A1 for details.





2.2. Methods


2.2.1. Time Series Analysis Method


The time series analysis method is a common method of studying the long-term changes in continuous data. The least squares linear regression model was used to calculate the spatial distribution of the slope (S) of the interannual change of each pixel, with the year number as the independent variable and the pixel value as the dependent variable. The calculation of S is shown in Equation (1). In addition, the F test was used to test the significance of the change trend of the NDVI, and the spatial distribution of the p-value was obtained by this method.



In fact, the study area was the area where vegetation was seriously degraded because of human activities. The natural breaks method (Jenks) [15] was used to divide the spatial distribution of S values into 7 categories. Among them, the significantly negative category was the area of most concern in this study.


  S =   n ·   ∑   i = 1  n    i ⋅   NDVI  i    −   ∑   i = 1  n  i ⋅   ∑   i = 1  n    NDVI  i    n ⋅   ∑   i = 1  n   i 2  −       ∑   i = 1  n  i    2     



(1)




where S is the slope of NDVIi change; i is the order of the years in the study area, and its value is from 1 to 21; n is the maximum value of i, which is equal to 21; and NDVIi is the NDVI in the growing season of the study area in the ith year.




2.2.2. Land Cover Transfer Matrix


The transition matrix [43] is a common method to study land cover change and has been widely used by various disciplines [15]. The land cover transfer matrix can effectively measure the transformed areas of various land cover types within a certain period of time, which is important data to understand the changes of various human activities and natural elements. The land cover transfer matrix used in this paper is the same as the transfer matrix method used by Li [44] and Guan et al. [15]. We used the land cover data of the study area in 2000 and 2020 provided by the National Basic Geographic Information Center for the calculation of the land cover transfer matrix. The land cover types used are the same as the land cover data, which include FaL (Farmland), FL (Forest land), GL (Grassland), BL (Brushland), WeL (Wet land), WaA (Water area), AS (Artificial surface), and BL (Bare land). For the convenience of analysis, the area of the monitored land cover change was converted into the proportion of this area as the study area. The calculation of the above land cover matrix is based on ArcGIS software.




2.2.3. Correlation Analysis


In addition to human activities, changes in climatic elements are also important driving factors for changes in the grassland ecological environment [45]. Therefore, this study used the method of correlation analysis to analyze the impact of climatic elements in the study area on the changes in the ecological environment; that is, the Pearson correlation coefficient was used to characterize the correlation. The calculation method of Pearson’s correlation coefficient is Equation (2) [46,47,48]:


  r =    Σ  i = 1  n     X i  −  X ¯    ⋅    Y i  −  Y ¯         Σ  i = 1  n     X i  −  X ¯      ⋅    Σ  i = 1  n     Y i  −  Y ¯         



(2)




where r is the Pearson correlation coefficient, X and Y are statistical variables, Xi is the NDVI statistical value in the ith year, and Yi is the climatic elements statistical value in the ith year.    X ¯    and    Y ¯    are the arithmetic averages of the NDVI and climatic elements statistics from 2000 to 2020, respectively.



The average values of the climatic elements and the NDVI of the study area and each area of interest were calculated, respectively. The climatic elements and NDVI were used as independent variables and dependent variables, respectively, to calculate the correlation coefficient r, which represents the response degree of vegetation coverage in each area to changes in natural factors over time.




2.2.4. Improved Buffer Analysis


In order to estimate the vegetation influence range caused by human activities, this paper proposes a method combining the correlation analysis and buffer analysis to measure the vegetation conditions around the artificial surface. Its main process is (a) to vectorize areas with high human activity (such as urban built-up areas or mining areas) and establish buffers with 1 km spacing, (b) to measure the mean value of the NDVI within the range of j km from the artificial surface in the ith year, named NDVIij (It is worth noting that the measurement range here includes all areas less than or equal to j km, not the traditional j-1 km-to-j km annular area). Among them, NDVI1j, NDVI2j… constitute the sequence [NDVIj], which can represent the change of vegetation within j km from the artificial surface range since the beginning of the study, and (c) to calculate the correlation between the sequences [NDVI1], [NDVI2], and [NDVIj]. The critical value j where the correlation is not significant is the range of human activities.






3. Results


3.1. Spatial Distribution and Trend of NDVI


Before analyzing the changes in the NDVI, it was necessary to study the spatial distribution of the NDVI in the study area to understand the vegetation distribution characteristics. Figure 2a,b shows the spatial distribution of the NDVI in the study area obtained by the maximum value synthesis method and the average value synthesis method, respectively. It can be seen in Figure 2 that the vegetation distribution in the study area showed an obvious trend of high in the east and low in the west. Comparing the remote sensing images and topography of the study area, we noticed that the low-value areas of vegetation coverage were mostly located in the desert and scattered water areas on the northwest side of the study area; the high-value areas of vegetation coverage were mostly located in the east of the study area and around the river.



Using the natural breaks method (Jenks), the NDVI of each year for the study area was divided into five levels. The area of each level was calculated separately, and the proportion of each level to the total study area was calculated. The data in Figure 2 were processed in the same way.



Table 1 shows the statistical results of the NDVI area at different levels in the study area. Compared with the remote sensing images from 2000 to 2020, most of the NDVI distribution in the study area was concentrated in the range of 0.2–0.6, which means that the vegetation coverage in those areas was relatively low. The vegetation type there was mainly grassland, which was widely distributed throughout the study area. There were only a few areas with high vegetation coverage (0.6–1.0) in the study area, where the main vegetation type was woodland distributed in the mountains in the southern part of the study area, and its area only accounted for less than 5% of the total study area. As for the area with an NDVI of <0.2, it mainly included most of the water area and a small section of bare land. The magnitude of the change in its area was very large, which meant that the local water area was very unstable (affected by precipitation) [49].



Figure 3 is the spatial distribution of the slope change of the NDVI in the study area from 2000 to 2020. Using the natural breakpoint method (Jenks), the slope S is divided into 7 levels and shown in Figure 3a. The meaning and statistics of each level are shown in Table 2. It can be seen in Table 2 that the slightly negative, stable, and slightly positive areas comprised nearly 80% of the total study area. The moderately positive area was more than three times the moderately negative area. The significantly positive area was also much larger than the significantly negative area. The above data indicated that the NDVI in the growing season in the study area possessed stable and improved characteristics in general during the period from 2000 to 2020.



According to the results of the slope S and F tests, the range of significant greening (S > 0, p < 0.05) and significant browning (S < 0, p < 0.05) in the study area are shown in Figure 3b. It can be seen from Figure 3b that the area of significant greening in the study area (about 900 km2) is much larger than the area of significant browning (about 30,000 km2). Among them, the significant green areas are contiguously distributed in the areas with high precipitation in the east and south of the study area. Significant browning is sporadically distributed throughout the study area. Compared with the remote sensing images of Google Earth, the surface coverage of the significant browning area is mainly coal mines, towns and water areas, and a very small part of the surface coverage is grassland and unused land.




3.2. The Relationship between NDVI Change and Land Cover Change


Land cover change is the direct cause of land cover and an important factor in vegetation optimization and degradation. This paper uses the current land cover map of the Xilin Gol League in 2000 and 2020 to calculate the land cover transition matrix in the study area. The results are shown in Table 3. From Table 3, it can be seen that, from 2000 to 2020, about 11.212% of the land cover underwent significant changes. The land type changes that can cause greening and browning in the study area are mainly concentrated in the mutual transformation between grassland, cultivated land and bare land, artificial surface, and water area, which are also the concerns of this study. The most obvious changes were the conversion of bare land to grassland (4.699%) and the conversion of grassland to bare land (1.703%), which were an order of magnitude larger than the other land types. These two transformations are direct manifestations of grassland growth and degradation in the study area, and the data indicate that the grassland conditions in the study area are generally improving. In all land type transformations, the expansion of artificial surfaces and bare land is the direct manifestation of grassland browning. From Table 3, it can be seen that the expansion area of bare land (1.999%) is much larger than that of artificial surfaces (0.419%). This indicates that, compared with natural elements, the impact area of anthropogenic factors on grassland vegetation is relatively small. Although the artificial surface has a limited effect on the browning area of the grassland, the area of the artificial surface is expanding rapidly. The expansion area of the artificial surface (0.419%) is even much larger than the area of the artificial surface that has not changed significantly (0.134%); that is to say, the surface area of the artificial surface has expanded by nearly three times. With the rapid expansion of the artificial surface area, its impact on grassland browning is also gradually accelerating.



The areas of land cover change in the significant greening and significant browning areas in Figure 3b were counted separately, and the area percentage of each land type change in all the changed land types was calculated. The main part of it is shown in Figure 4.



Figure 4a shows that the manmade surface is most worthy of attention in the significant browning area. Among them, the conversion of grassland to artificial surfaces accounted for more than 50% of the total area, and the area of cultivated land and bare land converted to grassland was also considerable, which shows the main driver of the significant degradation of vegetation by human activities in areas with significant browning areas. In addition to artificial surfaces, there is also cultivated land that deserves attention. The significant browning area caused by the conversion of cultivated land to grassland and artificial surface also reached about 5%. The greening caused by these transformations is also an integral part of the significant contribution of human activities to the browning of the study area. It can be seen from Figure 4b that, among the major land type changes in the significantly green areas, the most noteworthy was the conversion of bare land to grassland, the conversion of grassland to shrub forest, and the conversion of grassland to woodland. The areas in the transformations are ranked first, fourth, and tenth. These transformations are greatly affected by climate, especially precipitation, which indicates that the main influencing factor for the significant greening in the study area is climate. In the significant greening area, the area of mutual conversion between cultivated land and grassland is similar, which indicates that the mutual conversion of cultivated land and grassland can contribute to the greening of grassland. Therefore, the continuous greening of the study area requires appropriate planning of the area of cultivated land. In addition, the significant green area contains a large number of water changes, and water resources play an important role in the growth of grassland vegetation.




3.3. The Relationship between the NDVI and Climatic Elements


Figure 5 shows the spatial distribution of the correlations between the NDVI and meteorological elements in the study area. In addition, for ease of analysis, the main river channels of the study area were added to Figure 5a, which was generated from the DEM data of the study area using Arc Hydro software. According to the Google Earth remote sensing images, some of the generated river channels were edited and corrected. Comparing Figure 5a,b, an obvious feature was identified where the correlation between the NDVI and precipitation was much higher than that between the NDVI and temperature in the study area. It can be seen in Figure 5b that, in most areas, the absolute value of the correlation between the NDVI and temperature elements was less than 0.1. There was a relatively highly positive correlation only in the northeastern part of the study area, and there was a relatively highly negative correlation in the north and northeast parts of the study area. However, the absolute values of the correlation coefficients of these regions were also much lower than 0.5, which meant that there were no regions with moderate correlations. In the study area, the change in the interannual temperature elements had little effect on the change in the interannual NDVI.



It can be seen in Figure 5a that the interannual NDVI variation in the study area was significantly correlated with the interannual precipitation. According to the correlation coefficient, Figure 5a is divided into four categories: uncorrelated (|r| < 0.3), weak correlation (0.3 < |r| < 0.5), medium correlation (0.5 < |r| < 0.8), and strong correlation (0.8 < |r|). The proportions of each category to the total area of the study area were: 14.39, 34.04, 50.17, and 1.40%. The areas with a moderate degree of correlation and above accounted for 85.61% of the total study area.



On the other hand, when combined with the hydrological analysis results, an obvious feature was observed in that both the low and high values of the correlations in the study area had obvious correlations with the wetlands in the study area. Areas with high correlations were mainly distributed around seasonal rivers and wetlands northwest of the study area. With less precipitation and a flat terrain, a large number of seasonal rivers and small wetlands can form in these areas. The water volumes of these rivers and wetlands are significantly affected by rainfall, so the vegetation conditions around them have a strong correlation with the rainfall. In contrast, the regions with low correlation were mainly distributed in the perennial river basins in the central, eastern, and southern parts of the study area. These areas have relatively large elevation differences and precipitation, where the stable surface runoff required for vegetation growth is generated. Therefore, the vegetation conditions in these areas showed weak or no correlation with precipitation.



Another notable feature was the low correlation between the NDVI and precipitation in the areas with high human activity, with mean correlation coefficients of 0.30 and 0.44, respectively. It has been shown that the main driver of vegetation cover changes in the MDA is human activities rather than changes in the natural environment.




3.4. The Relationship between the NDVI and Socioeconomic Elements


The correlations of the NDVIS and all other indicators were calculated separately, and the results showed that there was no significant correlation between the NDVIS and all the elements except precipitation. Therefore, the correlation coefficients of the average NDVI for the seven regions in Table 2 and all the indicators mentioned above were calculated and are displayed in Figure 6.



It can be seen in Figure 6 that the output value of the primary industry (OP), the output value of the secondary industry (OS), and the output value of the tertiary industry (OT), which represent the level of economic development, had a significant negative correlation with the NDVI of lv1, and the secondary industry had the largest correlation. The economic development of the Xilin Gol League played a pivotal role in the degradation of grassland vegetation. The correlation between the output of raw coal (RC) and lv1 was also significant because excavation, surface subsidence, and surface occupation caused by coal production are direct causes of vegetation degradation [50]. The correlation coefficient of coal production was at the same level as the correlation coefficient of the tertiary output value, which showed the dominant position of the coal industry in the Xilin Gol League economic system. Population (POP) did not show high correlations with the NDVI of lv1, similar to economic factors. Considering the population base and economic growth rate of the Xilin Gol League, this represents a very slow population growth rate, and negative growth in a population often occurs. The population of the Xilin Gol League is far below the speed of its economic development. Compared with the mining activities, the impact of population growth on vegetation degradation was relatively small. The built-up area (BA) had an obvious negative correlation with the NDVI of lv1, but compared with the other indicators, the absolute value of its correlation coefficient was relatively small. Although the expansion of the urban scale is a direct factor in vegetation degradation, the scale of built-up areas calculated by the government is often affected by factors such as urban development plans, resulting in the poor accuracy of statistical data. Combined with the existence of urban green spaces and other factors, the built-up area did not show a significant impact on vegetation degradation.



Unexpectedly, the metric showing the highest correlation with the NDVI of lv1 was highway mileage (HM), which was the only correlation coefficient higher than 0.9. First of all, highway construction is a direct factor affecting vegetation degradation, because it often causes damage to the surrounding vegetation [51]. On the other hand, highway mileage can represent the level of economic development and industrial development in a region, both of which are important factors in vegetation destruction [52]. Therefore, the highway mileage is an ideal indicator to measure the speed of vegetation destruction in arid and semi-arid grassland mining areas.





4. Discussion


4.1. The Influence of Climatic Factors on Grassland


Figure 7 is a statistical graph of the mean value of the NDVI, precipitation, and temperature in the study area from 2000 to 2020. It can be seen in Figure 5 that the average NDVI in the study area showed a fluctuating upward trend, which means that the vegetation coverage was slowly improving year by year. Of these years, 2003, 2008, 2012, and 2018 were the relative peaks of NDVI variation in the study area, which happened to be the years with more precipitation.



Another obvious feature that can be seen in Figure 7 is, in most years, the trends of the NDVI and precipitation were the same, but the trend of temperature was the opposite. If the data from 2000 to 2020 were used to calculate the correlation of the NDVI with each element separately, the correlation of the NDVI with neither temperature nor precipitation would be significant. Considering that the data sources used for 2015 were different, the data from 2000 to 2015 were used for recalculation. The results showed that there was a significant correlation between the NDVI and precipitation at the 0.01 level (two-tailed), with a correlation coefficient of 0.745, but there was an insignificant correlation between the NDVI and temperature, with a correlation coefficient of −0.335. This suggested that the ability of precipitation to affect vegetation growth in arid and semi-arid regions is greater than that of temperature, and similar conclusions can be found from other sources [53]. However, precipitation was not positively correlated with vegetation in all arid and semi-arid regions. This correlation was related to vegetation type; that is, different types of vegetation have different demands for precipitation, and the hysteresis of vegetation growth will also affect it [28].




4.2. Significant Browning of Grassland Driven by Human Activities


According to the statistics of the proportion of each land type in the significant browning range in 2020, the main results from large to small are grassland (52.42%), artificial surface 23.93%, and bare land (12.25%). Considering that the proportion of grassland in the entire study area is as high as 88.17%, and the proportion of artificial ground surface area is only 0.553% (Table 3), the artificial ground surface area in the significant browning area has reached a very considerable level. Comparing the significant browning area in Figure 3b with the Google Earth image, it can be found that the artificial surfaces within the significant browning range mainly include urban built-up areas, coal mines, and industrial squares. Urban expansion and coal mining have been the main anthropogenic factors for the degradation of the Xilin Gol grassland, a conclusion that can be found in other studies [54]. Comparing the remote sensing images of Google Earth, the proportions of mining land and urban built-up areas that are both within the manmade surface range and within the significantly degraded range in 2020 were calculated. The results showed that the urban built-up area (33.45%) were much smaller than the mining land (65.54%). The area of browning caused by mining land in the study area has far exceeded the expansion of urban built-up areas.



On the other hand, the main drivers for the expansion of urban built-up areas are economic development and population growth [55]. The population growth rate in the study area has been extremely rapid. From 2000 to 2020, the net population growth rate was 11.62% (Appendix A), while this data was only 0.89% in the Inner Mongolia Autonomous Region, its superior administrative unit. Population growth brought sufficient driving force for the expansion of the Xilin Gol League built-up areas, resulting in the browning of grasslands. However, the main reason for the population growth of the Xilin Gol League is not natural growth. It can be seen from the attached Table A1 that the population of the Xilin Gol League experienced a sudden increase from 2003 to 2004. The number of population growth reached nearly 60,000, but the number of births in the area was only 9713, and the number of deaths was 6218. The local population growth has obvious characteristics of population migration driven by the coal industry, which can be verified in the “National Strategic Positioning of the Social and Economic Development of Xilingol League” issued by the Inner Mongolia Autonomous Region Social and Economic Development Research Center in 2004. It shows that, with the development of the coal mining industry, the population of the Xilin Gol League has increased significantly, thus promoting the continuous expansion of the city. On the other hand, the excavation, collapse, and occupation of the surface grassland caused by coal mining will cause direct grassland damage and accelerate the process of grassland desertification and soil erosion [56]. In conclusion, the vegetation degradation in the significantly browned areas in the study area is characterized by obvious anthropogenic effects. Coal mining, as the most important pillar industry in the local area, not only directly caused the significant degradation of vegetation but also brought about an extraordinary increase in the number of people, which led to the further degradation of grasslands. The improved buffer analysis method was used to calculate the vegetation influence range of several mining areas that were most seriously affected by human beings in the study area. Among them, Shengli Coal Mine and Baiyinhua Coal Mine, with larger areas, have vegetation influence ranges of about 9 km, while the smaller Wulagai Coal Mine has a vegetation influence range of about 4 km.




4.3. Greening of Grasslands and Its Driving Factors


The Xilin Gol League is an arid and semi-arid area with an average annual precipitation of less than 400 mm, where the main vegetation types are mainly grassland meadows with a fragile ecological environment. The distribution of vegetation cover in the study area showed the obvious characteristics of high levels in the east and low levels in the west, which were similar to the spatial distribution of the precipitation. It can be seen in Figure 6 that precipitation had a significant positive correlation with the NDVI of most of the study areas and had no correlation only with the NDVI of lv1, indicating that precipitation can affect the vegetation coverage in most areas.



It can be seen in Figure 6 that most indicators showed a significant positive correlation with the NDVI of lv7. Lv7, as the obviously optimized part of the vegetation in the study area, was mainly concentrated in the farmland or artificial grassland around the town. Figure 6 shows that the indicators of the highest correlation with the NDVI of lv7 were the accumulative afforestation area (AA), the output value of the primary industry (OP), and the output value of the tertiary industry (OT).



Since 2000, the Chinese government has implemented the policy of returning farmland to forests and grasslands. The Inner Mongolia Autonomous Region has implemented this policy since 2002. Since 2000, the cumulative afforestation area of the Xilin Gol League has reached 14,300 km2. Afforestation is one of the direct causes of greening in the study area, and a correlation coefficient as high as 0.866 proves that artificially guided afforestation plays an important role in the restoration of vegetation in the study area. Policy guidance is of great significance to the ecological environment construction in arid and semi-arid regions.



The Xilin Gol League is currently facing the problem of overreliance on the coal-dominated secondary industry for economic development, which is as high as 62% during the peak period of coal production. Under the pressure of environmental protection policies and resource depletion, industrial transformation is the main problem facing the current economic construction of the Xilin Gol League. It can be seen in Figure 6 that the correlation between the NDVI of lv7 and the output value of the primary and tertiary industries was much greater than that between the NDVI and the secondary industry. This indicated that protection of the ecological environment is of great significance to the development of the primary and tertiary industries in the study area and the realization of industrial upgrading and transformation.



Another noteworthy policy is the grass–animal balance policy, which was enacted in 2000 in the form of local regulations. Under the influence of this policy, the number of sheep in the study area has declined continuously from 2000 to 2020. Therefore, the number of sheep showed a low level of negative correlation with the NDVI of lv7 but no significant correlation with the NDVIS. Considering that lv7 is dominated by grassland and farmland around the city, we judged that the decrease in the number of sheep driven by policy and economy has a significant effect on the vegetation greening in the study area.





5. Conclusions


The vegetation changes in the Xilin Gol League have the following characteristics: (1) The study area has obvious greening as a whole, but the greening degree is limited. (2) Significant green areas and significant deterioration areas are scattered throughout the study area, and the significantly optimized area is about three times that of the significantly deteriorated area. (3) Most of the significant green areas are related to grassland, woodland, and cultivated land, and most of the significant brown areas are related to artificial surface and bare land. (4) The area of vegetation change dominated by human factors is small but significant.



The vegetation of the Xilin Gol League in the study area has the characteristics of a typical dry steppe area, and the land vegetation coverage rate is low. From 2000 to 2020, NDVI values of more than 70% of the land area were less than 0.6 in most years, and this proportion will increase significantly in years with sparse rainfall. The NDVI in the study area showed a decreasing trend from southeast to northwest. Using the time series analysis method, a total area of 4905.43 km2 was identified as significantly positive vegetation, and 257.43 km2 was identified as significantly negative vegetation.



The area significantly browned is much smaller than the significantly optimized area. The distribution of significant browning areas is highly influenced by human factors. Coal mining has a clear driving effect on the significant browning of the study area through direct destruction and population economic development.



The variation of the NDVI in the study area showed an obvious correlation with precipitation elements, but no correlation with temperature. Spatially, the area where the NDVI and precipitation showed significant correlation in the study area accounted for more than 50% of the total study area. In terms of time, before 2015, during the years with more precipitation, the mean value of vegetation in the study area showed an obvious upward trend. This means that the correlation between the mean value of the NDVI and the mean value of precipitation reached 0.745, and the response of vegetation to precipitation in the study area was very obvious.



From 2000 to 2020, the vegetation conditions in the study area showed a slight improvement in general, which is consistent with the findings of many scholars. The areas with significantly optimized vegetation had a high correlation with the primary and tertiary industries, which means that ecological environmental protection is an important means for the economic transformation and development of the Xilin Gol League. Areas with significantly degraded vegetation were significantly correlated with secondary industry and coal production, indicating that mining activities have a very significant impact on vegetation degradation in the study area.
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Table A1. Statistics of the Xilin Gol League from 2000 to 2020.
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	PER 1
	BA 1
	POP 1
	OP 1
	OS 1
	OT 1
	NS 1
	AA 1
	RC 1
	HM 1





	2000
	272.10
	28.00
	99.34
	23.69
	25.78
	19.74
	920.61
	1.92
	122.83
	8023



	2001
	235.80
	29.06
	91.83
	21.98
	29.27
	22.99
	840.43
	4.223
	128.33
	7233



	2002
	275.80
	32.00
	93.31
	23.15
	32.48
	26.27
	899.44
	9.861
	152.72
	7498



	2003
	348.30
	34.00
	93.97
	28.54
	42.48
	29.65
	861.91
	2.92
	198.48
	7571



	2004
	292.30
	36.80
	99.59
	32.43
	62.57
	38.46
	837.32
	7.55
	373.47
	7758



	2005
	222.30
	41.40
	100.60
	33.10
	82.01
	54.11
	765.61
	11.837
	693.82
	8005



	2006
	253.90
	41.40
	100.90
	35.71
	115.39
	64.34
	742.33
	3.92
	1121
	12,587



	2007
	231.40
	43.60
	101.68
	39.10
	170.23
	80.12
	743.11
	9.302
	2104.11
	14,703



	2008
	324.10
	50.60
	102.71
	47.09
	250.52
	96.54
	622.13
	16.65
	4665.52
	15,586



	2009
	256.20
	70.00
	103.60
	52.14
	316.36
	116.50
	603.58
	4.92
	7216.02
	16,161



	2010
	277.60
	73.50
	102.86
	59.60
	398.87
	133.58
	544.35
	13.9252
	10,793.73
	17,318



	2011
	270.10
	64.50
	103.31
	71.87
	463.01
	161.80
	534.80
	26.1391
	12,790
	17,536



	2012
	397.40
	68.00
	104.06
	81.58
	549.76
	188.86
	534.81
	5.92
	14,631.63
	17,896



	2013
	323.90
	68.00
	103.89
	91.50
	590.10
	220.80
	591.74
	23.2351
	14,113.55
	18,097



	2014
	278.60
	68.00
	104.04
	98.49
	589.52
	252.58
	576.07
	25.9961
	12,134.42
	19,111



	2015
	209.10
	69.00
	104.26
	105.50
	611.12
	283.48
	622.16
	31.1655
	8365.64
	19,212



	2016
	159.56
	70.05
	104.69
	115.30
	613.71
	316.50
	580.70
	38.0055
	8137.1
	19,518



	2017
	114.35
	73.05
	105.16
	120.84
	618.62
	341.50
	616.86
	47.4555
	9360.97
	19,875



	2018
	175.22
	177.12
	105.48
	127.36
	646.64
	363.32
	653.01
	52.3535
	10,584.84
	20,242



	2019
	167.34
	179.07
	105.83
	123.16
	323.81
	351.62
	631.00
	58.6835
	11,043.01
	24,055



	2020
	278.60
	179.68
	110.88
	134.90
	357.99
	346.95
	588.31
	63.9935
	10,971.94
	22,515







1 Unit: PER (mm), BA (km2), POP (ten thousand), OP (hundred million RMB), OS (hundred million RMB), OT (hundred million RMB), NS (ten thousand), AA (thousand hectares), RC (ten thousand tons), and HM (km).
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Figure 1. Location and terrain of the Xilin Gol League. 
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Figure 2. Spatial distribution of the NDVI in the Xilin Gol League: (a) maximum value composite (MVC) and (b) mean. 
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Figure 3. Spatial distribution of the NDVI variation slope in the study area. (a) Grading by the natural breakpoint method (Jenks). (b) Significance test. 
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Figure 4. Main land type transformations in areas with significant vegetation changes. (a) Significant browning. (b) Significant greening. 
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Figure 5. Spatial distribution of the correlations between the interannual variations of the NDVI and the interannual variations of the climate elements (a) precipitation and (b) temperature. 
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Figure 6. Correlation coefficients between each indicator and the mean value of the NDVI in each area from 2000 to 2020. 
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Figure 7. Fluctuation of the mean value of the NDVI and the mean value of the climatic elements in the study area from 2000 to 2020: (a) precipitation and (b) temperature. 
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Table 1. The proportions of the area covered by different NDVI categories in the Xilin Gol League between 2000 and 2020.






Table 1. The proportions of the area covered by different NDVI categories in the Xilin Gol League between 2000 and 2020.





	Year
	NDVI (<0.2)
	NDVI (0.2–0.4)
	NDVI (0.4–0.6)
	NDVI (0.6–0.8)
	NDVI (0.8–1.0)





	2000
	10.19%
	56.13%
	25.30%
	7.78%
	0.61%



	2001
	25.14%
	36.86%
	26.80%
	9.73%
	1.47%



	2002
	12.58%
	39.27%
	29.89%
	16.27%
	1.99%



	2003
	2.62%
	38.87%
	34.60%
	22.27%
	1.65%



	2004
	14.35%
	38.04%
	29.60%
	16.11%
	1.90%



	2005
	24.19%
	27.95%
	30.22%
	14.99%
	2.65%



	2006
	8.11%
	42.57%
	30.14%
	16.67%
	2.51%



	2007
	11.92%
	55.71%
	26.61%
	5.26%
	0.51%



	2008
	8.67%
	35.36%
	32.71%
	20.11%
	3.15%



	2009
	15.83%
	56.46%
	20.93%
	5.71%
	1.06%



	2010
	16.57%
	43.82%
	29.90%
	8.53%
	1.17%



	2011
	15.92%
	36.20%
	27.06%
	18.63%
	2.19%



	2012
	1.51%
	32.45%
	32.46%
	29.75%
	3.84%



	2013
	11.32%
	33.11%
	31.48%
	20.59%
	3.51%



	2014
	21.32%
	29.58%
	31.21%
	14.58%
	3.31%



	2015
	14.60%
	34.39%
	31.21%
	16.20%
	3.60%



	2016
	10.33%
	54.24%
	25.10%
	8.33%
	1.99%



	2017
	16.19%
	38.70%
	25.23%
	17.76%
	2.12%



	2018
	2.18%
	27.67%
	33.55%
	32.21%
	4.39%



	2019
	10.10%
	42.29%
	30.59%
	14.21%
	2.82%



	2020
	1.55%
	36.88%
	38.28%
	20.03%
	3.28%



	Mean
	7.84%
	41.18%
	37.54%
	12.15%
	1.30%



	Max
	0.29%
	22.78%
	28.27%
	40.70%
	7.95%
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Table 2. Statistics of different classifications of the interannual changes of the NDVI in the study area from 2000 to 2020.
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	Level
	Classification
	Area (km2)
	Percentage
	Range of S





	Lv1
	Significantly negative
	257.43
	0.13%
	−0.054523 to −0.009223



	Lv2
	Moderately negative
	9444.75
	4.73%
	−0.009223 to −0.001361



	Lv3
	Slightly negative
	41,352.19
	20.70%
	−0.001361–0.001259



	Lv4
	Stable
	60,636.56
	30.35%
	0.001259–0.003131



	Lv5
	Slightly positive
	56,135.94
	28.09%
	0.003131–0.005752



	Lv6
	Moderately positive
	27,084.00
	13.55%
	0.005752–0.00987



	Lv7
	Significantly positive
	4905.43
	2.45%
	0.00987–0.040943
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Table 3. The Xilin Gol League land transfer matrix from 2000 to 2020 (%).






Table 3. The Xilin Gol League land transfer matrix from 2000 to 2020 (%).





	
2000

	

	
2020

	

	

	




	
FaL 1

	
FL 1

	
GL 1

	
BL 1

	
WeL 1

	
WaA 1

	
AS 1

	
BL 1

	
Total (2000)

	
Loss

	
Net Gain






	
FaL

	
2.157

	
0.004

	
0.938

	
0.001

	
0.005

	
0.001

	
0.041

	
0.005

	
3.153

	
0.996

	
−0.425




	
FL

	
0.004

	
0.418

	
0.268

	
0.005

	
0.003

	
0.001

	
0.002

	
0.001

	
0.701

	
0.283

	
−0.068




	
GL

	
0.545

	
0.196

	
81.405

	
0.505

	
0.360

	
0.074

	
0.331

	
1.703

	
85.119

	
3.714

	
3.053




	
BL

	
0.002

	
0.003

	
0.409

	
0.316

	
0.007

	
0.001

	
0.001

	
0.046

	
0.785

	
0.469

	
0.073




	
WeL

	
0.003

	
0.008

	
0.296

	
0.013

	
0.156

	
0.037

	
0.008

	
0.133

	
0.652

	
0.497

	
0.082




	
WaA

	
0.002

	
0.004

	
0.106

	
0.004

	
0.185

	
0.157

	
0.006

	
0.110

	
0.575

	
0.418

	
−0.297




	
AS

	
0.007

	
0.000

	
0.051

	
0.000

	
0.000

	
0.000

	
0.134

	
0.001

	
0.193

	
0.060

	
0.359




	
BL

	
0.007

	
0.000

	
4.699

	
0.014

	
0.017

	
0.008

	
0.030

	
4.046

	
8.821

	
4.775

	
−2.776




	
Total (2020)

	
2.728

	
0.633

	
88.172

	
0.858

	
0.734

	
0.277

	
0.553

	
6.045

	
100.000

	

	




	
Gain

	
0.571

	
0.216

	
6.766

	
0.542

	
0.579

	
0.121

	
0.419

	
1.999

	
11.212

	

	








1 Note: FaL (Farmland), FL (Forest land), GL (Grassland), BL (Brushland), WeL (Wet land), WaA (Water area), AS (Artificial surface), and BL (Bare land).
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