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Abstract

:

The ecological environment in permafrost regions is very sensitive to climate change and human activities. The effects of coal mining on the vegetation in permafrost regions have been poorly studied. Herein, on the basis of a field survey in the Juhugen mining area of Qilian Mountain, China, we investigated and quantified the influence of open-pit coal mining on vegetation coverage degradation in permafrost areas. According to the NDVI and field survey, the vegetation coverage was divided into five levels from low to high in the Arc GIS platform. Compared with the area not affected by coal mining, vegetation degradation was significant in the coal-mining-affected area, especially in the high-vegetation-coverage area. The vegetation coverage in Level 5 decreased from 51.99% to 21.35%. According to the conversion matrix, the transfer-out area in high coverage was larger, while the transfer-in area in low vegetation coverage was larger. The transfer-out area of five levels was significant in levels 2–5, accounting for 36.1% to 62.8% of the total area. The transfer-in area of five levels was significant in levels 1–4, accounting for 55.2% to 75.0% of the total area. Moreover, the ground surface temperature and water change were monitored in the vegetation degradation area. The results showed that the above degradation was related to an increase in the ground surface temperature and a decrease in the ground surface moisture.
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1. Introduction


The alpine climate of the Qinghai Tibet Plateau has created a unique ecological environment, which is often characterized by fragility and slow recovery. However, as the origin of major rivers in China, the ecological environment of the Qinghai Tibet Plateau has a profound impact on the conservation and stability of water resources in China. The permafrost associated with the alpine ecosystem has formed a stable cooperative relationship with vegetation in the long-term evolution in Qinghai Tibet Plateau [1,2]. However, influenced by climate change and human activity, the thermal state of permafrost is strongly affected [3,4], which leads to the degradation of permafrost and, consequently, the ecological environment of vegetation [5]. For example, changes in the ground surface hydrothermal conditions can easily lead to vegetation degradation [6,7]. In addition, affected by the degradation of permafrost, alpine meadows tend to transform into alpine steppe, and some mesophytic vegetation is replaced by xerophytic vegetation [8,9], which remarkably affects the vegetation development and distribution [10,11].



In permafrost regions, the construction of roads, railways, and infrastructure and mineral development have a severe impact on permafrost and the environment [12,13]. Among the impacts of human activities on vegetation in permafrost regions, the influence of coal mining is obviously significant. In particular, the mining area of open-pit coal mines is large, and the ground surface destruction is strong. The process of coal mining is bound to directly destroy the vegetation on the ground surface of the mining area, change the ground surface hydrological state [14,15], and then affect the surrounding vegetation growth environment [16], which is particularly significant in permafrost regions. However, at present, there are relatively few studies on the impact of coal mining on vegetation in permafrost regions, with most studies focusing on monitoring the vegetation change in non-permafrost regions. For example, Wang et al. [17] used remote sensing images and Arc-GIS technology to assess the ecological cumulative risk around the coal mine area. Xu Jia [18] used the linear trend to study vegetation cover change and influence factors on the temporal and spatial scales according to the normalized difference vegetation index (NDVI). Hou Jing et al. [19] discussed the driving influence of coal mining and annual precipitation on land degradation in the mining area using Arc-GIS software and linear regression methods. Wang et al. [20] used Pearson correlation analysis to study the relationship between soil physical properties and vegetation biomass. Wang Chao et al. [21] used remote sensing to establish the quantitative relationship between the change in groundwater depth and NDVI before and after mining. In addition, many studies used NDVI as the data source to analyze the natural influencing factors of vegetation coverage change by trend analysis, slope analysis, and other methods [22,23]. It was seen from the above studies that NDVI and mathematical models are often used for research on vegetation coverage change. At present, NDVI, which represents the vegetation growth status, especially the maximum of vegetation NDVI, can effectively reflect the optimal status of annual vegetation growth [24]. The NDVI has a close correlation with biomass [25], which is widely used in the study of spatiotemporal scale changes in vegetation [26,27].



Therefore, this paper used the conversion matrix [21,25] to quantitatively analyze vegetation coverage change characteristics according to NDVI data before and after the coal mine construction. Then, the influencing factors of vegetation degradation around the mining area, in combination with the monitored ground surface hydrothermal data, were explored.




2. Introduction of the Study Area


Juhugen Coal Mine, belonging to the Qilian Mountains, is located in the north of Qinghai Province, China (Figure 1). The regional climate of the Juhugeng mining area is an alpine semihumid climate zone. The average annual temperature is −3.8 to −0.42 °C, and the annual precipitation is about 500 mm, which is mainly concentrated in June to September [28,29]. The meadow type around the mining area is mainly marsh meadow and alpine meadow, with high vegetation coverage [28]. The area around the coal mine is typical alpine permafrost, whose state is unstable [29]. The mean annual ground temperature (MAGT) of permafrost is basically −0.3 to −1.75 °C [30]. Due to its rich coal reserves, it is the main coal mine base of Qinghai Province. Since the construction of the coal mine in 2003, the coal mining area in Juhugen Coal Mine has increased year by year. As of 2016, the direct open-pit mining area reached 47.75 km2.




3. Research Methods


At present, the vegetation indices commonly used for remote sensing monitoring of vegetation coverage include NDVI, PVI, MVI, SAVI, MSAVI, TSAVI, and GEMI. However, the normalized difference vegetation index (NDVI) is the most accurate and commonly used value that can best reflect the vegetation growth state [24,25,26,27]. Therefore, on the basis of the Landsat TM remote sensing images around the coal mine, this paper calculates the NDVI of vegetation around the mine within ~10 km before (2002) and after (2016) the coal mine construction. Then, the vegetation coverage is calculated around the mine within ~10 km through the relationship between the NDVI and vegetation coverage. According to the vegetation coverage changes before (2002) and after (2016) the coal mine construction, the change monitoring of vegetation coverage was realized, and the impact of coal mining on vegetation growth was evaluated quantitatively. The selected Landsat TM images before and after coal mine construction in the paper were in August 2002 and August 2016 for quantitative evaluation. The images in two periods were selected from mid-August of that year to eliminate the impact of seasonal differences on NDVI. The TM images were download from geospatial data cloud (http://www.gscloud.cn/ (accessed on 21 November 2021). The selected TM images were preprocessed by pretreatment and atmospheric correction in ENVI 4.8 before the calculation to improve the accuracy [31].



NDVI is an indicator of vegetation growth status and vegetation spatial distribution density, which is linearly related to vegetation coverage. The value of NDVI generally varies from −1 to +1, and its extent can be calculated in the near-infrared band and red band (Equation (1)). For bare soil areas without vegetation, the NDVI value is low and close to 0; in areas with high vegetation coverage, the NDVI value is large, even greater than 0.7; a negative value indicates that the ground is covered by clouds, water, snow, etc., which is highly reflective of visible light [24,26].


NDVI = (NIR − R)/(NIR + R),



(1)




where NIR is the near-infrared band, and R is the red band.



There have been many studies on the conversion of NDVI into vegetation coverage and quantitative remote sensing models. Referring to some current studies, the following model was selected through comparative analysis [32,33]:


fveg = (NDVI − NDVImin)/(NDVImax − NDVImin),



(2)




where fveg is the vegetation coverage to be converted, and NDVImin and NDVImax are the minimum and maximum NDVI.



Since the NDVImin and NDVImax actually refer to the NDVI value of the area with the bare soil and highest vegetation coverage, this study could not obtain the specific value of this area. However, ignoring noise and other influencing factors, this paper used an approximate method to obtain the NDVI value. Specifically, the NDVI values corresponding to the 1% and 99% confidence interval of the cumulative frequency were used as the values of NDVImin and NDVImax [24,25].




4. Results and Discussion


4.1. Classification of Vegetation Coverage Levels


According to the TM images around the mining area in August 2002 and 2016, the NDVI of the vegetation around the mining area was calculated using Equation (1). The calculated results are shown in Figure 2. Then, the vegetation distribution images around the mining area in August 2002 and 2016 were obtained using Equation (2). According to the vegetation distribution images, the vegetation distribution around the mining area was divided into five levels [20,32]. The vegetation coverages from level 1 to level 5 were 0–20%, 20–40%, 40–60%, 60–80%, and more than 80%, respectively. The vegetation coverage reclassification results based on the vegetation distribution images around the mining area are shown in Figure 3.



In Arc-GIS software, the area and proportion of different vegetation coverage levels in 2002 and 2016 were calculated as shown in Table 1. It can be seen from Table 1 that the vegetation around the mining area was significantly affected following coal mine construction. The areas with medium (level 3) and low (level 1–2) vegetation coverage increased significantly. The percentage increases in vegetation coverage area of levels 1–3 were 8.81%, 6.17%, and 5.21% respectively, and the percentage increase in vegetation coverage area of level 4 with higher vegetation coverage also increased by 11.44%. However, the percentage increase in vegetation coverage area of level 5 with the highest vegetation coverage decreased significantly by 30.64%.



The vegetation classification of the control experimental area (Figure 3) in 2002 and 2016 was calculated using Arc-GIS software, as shown in Table 2. It can be seen from Table 2 that, in the area not affected by coal mining, the vegetation classification did not change much in 2002 compared with 2016. Low vegetation coverage classified as level 1, level 2, and level 3 decreased by 0.55%, 0.40%, and 1.77% respectively. However, the highest vegetation coverage, level 5, also decreased by 4.64%. Only the vegetation classified as level 4 increased by 3.83%. Hence, the vegetation in the selected contrast test area did not change much between 2002 and 2016. From 2002 to 2016, the climate of the Juhugen Coal Mine showed a relatively warm and humid trend [34]. For a small change rate of temperature and precipitation, the degree of warming and humidifying development was relatively small around coal mine. Therefore, the climate change trend did not have a strong impact on the development of vegetation. It can be seen from Table 1 and Table 2 that the area affected by the coal mine was the main factor influencing vegetation degradation.



Combined with the data of the above comparison area, it can be analyzed from Table 1 that, since 2002, the vegetation coverage around the coal mines was in a state of significant degradation, especially for level 5 with the highest vegetation coverage, which decreased from 51.99% in 2002 to 21.35% in 2016. In addition, level 1, level 2, and level 4 increased significantly. The area with low vegetation coverage increased more conspicuously. Therefore, it was concluded that the vegetation around the coal mine has been in a rapidly degrading state since the construction of the coal mine.




4.2. Transformation Relationships of Different Vegetation Coverage Levels


In order to further explore the specific vegetation degradation modes, the transformation relationships of vegetation coverage at different levels were calculated using the Raster Calculator and Reclass tool of Arc-GIS software. Moreover, the conversion matrix [11,24,26] was used to explore the specific transformation relationships of different vegetation coverage levels. The conversion matrix can comprehensively and concretely depict the structural characteristics of regional land-use change and the change direction of each land-use type. This method comes from the quantitative description of system state and state transition in system analysis. The calculation results are shown in Table 3.



It can be concluded from the conversion matrix (Table 3) that, from 2002 to 2016, vegetation coverage level 1 mainly transformed to level 2, with a transformation area of 13.98 km2, accounting for 99.1% of the transformation amount. Level 2 vegetation mainly transformed to level 1 and level 3, accounting for 55.1% and 44.3% of the transformation amount, respectively. It mainly transformed into low coverage, and the transfer-out area was significant. Level 3 vegetation mainly transformed into level 1, level 2, and level 4, and the proportions of transformation to low coverage (level 1 and level 2) and high coverage (level 4) were 67.3% and 32.7%, respectively. The area transformed to lower coverage was more obvious. Level 4 vegetation mainly transformed into level 3, with a transformation area proportion of 41.6%, while the transformation proportion to lower levels (levels 1–3) was 79.7%. Level 5 vegetation was mainly transformed into level 4, and the transformation area proportions to levels 1, 2, 3, and 4 were 15.5%, 14.3%, 9.7%, and 60.5%, respectively. Therefore, it was mainly transformed into level 4. Consequently, it can be concluded that the vegetation around the mining area was clearly in a degraded state, and the transformation was mainly from a high vegetation coverage level to a low vegetation coverage level, especially to the adjacent lower coverage level. According to the transformation relationships of different vegetation levels (Table 3), the vegetation coverage in the medium (level 3) and low (level 1–2) areas around the mining area increased conspicuously, while the areas with high vegetation coverage (Level 5) decreased substantially. Vegetation in the areas with medium (level 3) and high (level 4) coverage increased in recent years, and the increase was mainly caused by the transformation of high coverage areas (level 5).




4.3. Factors Influencing Vegetation Degradation


The meadow type surrounding the mining area was mainly marsh meadow, and moisture and temperature were the main factors influencing the vegetation growth [9,10,11]. In order to further explore the causes of vegetation degradation under the influence of coal mining in permafrost regions, the ground temperature and moisture data at a depth of 30 cm in areas with different vegetation coverage around the mining area were selected. The ground temperature and moisture data were monitored using the HOBO data acquisition instrument produced by the American Onset Company. The location of sampling points (SP) is shown in Figure 1. Two monitoring points in the marsh meadow with different vegetation coverage were selected to research the ground temperature and moisture (30 cm depth) in 2015. Monitoring point 1 (MP1) has a vegetation coverage of about 85%, while monitoring point 2 (MP2) had a vegetation coverage of about 65%. The field survey of vegetation coverage data of the two sampling points was conducted in August 2015. Monitoring point 1 was not affected by the coal mine construction, while monitoring point 2 was affected significantly, and the vegetation around monitoring point 2 was in a degraded state. The ground temperature and moisture data in 2015 are shown in Figure 4 and Figure 5. It can be concluded from the values at 30 cm depth (Figure 4) that the ground temperature at monitoring point 2 was significantly lower than that at monitoring point 1 from the initial melting of the 30 cm stratum in spring. In the summer, when the vegetation grows vigorously, e.g., July to August, the temperature difference of the two monitoring points was significant at about 1.2–3 °C. The ground temperature at monitoring point 1 was lower than that ay monitoring point 2. In winter, the ground temperature at 30 cm depth at monitoring point 1 was higher than that at monitoring point 2 in the process of surface freezing. In addition, it can be seen from the moisture data at 30 cm depth at the two monitoring points (Figure 5) that the moisture at monitoring point 1 was evidently higher than that at monitoring point 2 in summer, with a significant difference between the two of ~15–20%. According to the data for the two monitoring points with different vegetation coverage, it could be concluded that moisture and temperature showed different characteristics with the degradation of vegetation.



Therefore, the different characteristics of moisture and temperature were mainly caused by the coal mining activities, leading to the thermal disturbance of the permafrost and active layer. With the ground temperature rising, the upper limit of permafrost as the aquiclude layer declined, with the surface water subsequently decreasing. Combining the TM images and field investigations around the coal mine area, it could be concluded that vegetation with high coverage (level 4–5) mainly occurred in marsh meadow. However, influenced by coal mining, the surface soil hydrous state was changed under the influence of the active layer and the upper limit of permafrost. Accordingly, the marsh meadows with high moisture content and high coverage were severely affected first, which led to their degeneration into areas with low moisture and low vegetation coverage. However, the alpine meadows were mainly level 1–3, and their change was mainly affected by the increase in permafrost temperature, the decline in the permafrost upper limit, and the reduction in moisture content. As a result, the transformation in alpine meadows level 1–3 was from high vegetation coverage to low vegetation coverage. This transformation pattern was also consistent with previous findings describing the vegetation types of marsh meadow and alpine meadow in permafrost regions of the Qinghai Tibet Plateau [2,9,10].



In addition, the above transformation in terms of vegetation coverage mainly occurred around the coal mine can be attributed to climate change factors such as temperature and precipitation.





5. Conclusions


The impact of coal mine construction on vegetation is significant, especially in permafrost regions. From the above analysis, it could be concluded that the vegetation in the area not affected by coal mining changed little from 2002 to 2016. However, in the area affected by coal mining, vegetation degradation was significant, especially in the area with high coverage. For example, the proportion of vegetation coverage area in level 5 decreased from 51.99% in 2002 to 21.35% in 2016. According to the conversion matrix, in the area affected by coal mining, the transfer out related to areas with high vegetation coverage was large, while the transfer in related to areas with low vegetation coverage was large. In level 5, 62.8% of the vegetation was transferred out, whereas, in level 2, 75.0% of the vegetation was transferred in. The main reason for this vegetation change was the thermal disturbance of permafrost caused by coal mining, which led to significant changes in the hydrothermal conditions of permafrost. This effect can be seen from the comparison between monitoring point 1 and monitoring point 2. Due to the different impacts of coal mining on the two monitoring points, the surface vegetation coverage also changed. The corresponding surface hydrothermal conditions were also obviously different. In this paper, the vegetation degradation under the influence of the coal mine was only quantitatively calculated at different levels. The change in hydrothermal conditions under the influence of coal mine construction was analyzed. On this basis, if more detailed hydrothermal data of permafrost active layer and vegetation soil and other relevant data can be obtained, the influencing factors and mechanisms of coal mining underlying vegetation evolution and degradation can be further revealed.
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Figure 1. Schematic diagram of study area. 
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Figure 2. NDVI index around coal mines in 2002 (a) and 2016 (b). In (a) and (b), the left and middle maps are the NDVI distribution of the mining-affected area, while the rightmost map is the contrast test area. 
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Figure 3. Vegetation coverage levels around coal mines in 2002 (a) and 2016 (b). In (a) and (b), the left and middle maps are the vegetation distribution maps of the mining-affected area, while the rightmost map is the contrast test area. 
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Figure 4. Variation of ground temperature (30 cm) under different cover conditions. 
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Figure 5. Variation of surface moisture content (30 cm) under different cover conditions. 
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Table 1. The area proportion of different vegetation coverage levels in the mining affected area in 2002 and 2016.
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Periods

	
2002

	
2016




	
Level

	
Area (km2)

	
Proportion (%)

	
Area (km2)

	
Proportion (%)






	
1

	
75.4

	
7.29%

	
166.6

	
16.11%




	
2

	
63.3

	
6.12%

	
127.2

	
12.29%




	
3

	
79.2

	
7.66%

	
122.8

	
11.87%




	
4

	
278.7

	
26.94%

	
397.0

	
38.38%




	
5

	
537.8

	
51.99%

	
220.9

	
21.35%




	
Total area (km2)

	
1034.3

	
100%

	
1034.3

	
100%
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Table 2. The area proportion of different vegetation coverage levels in the contrast test area in 2002 and 2016.
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Periods

	
2002

	
2016




	
Level

	
Area (km2)

	
Proportion (%)

	
Area (km2)

	
Proportion (%)






	
1

	
2.5

	
0.61%

	
0.3

	
0.06%




	
2

	
4.9

	
1.20%

	
3.2

	
0.80%




	
3

	
18.7

	
4.61%

	
25.9

	
6.38%




	
4

	
347.9

	
85.74%

	
363.5

	
89.57%




	
5

	
31.8

	
7.84%

	
13.0

	
3.20%




	
Total area (km2)

	
405.8

	
100%

	
405.8

	
100%
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Table 3. Conversion matrix of different vegetation coverage levels in 2002 and 2016.






Table 3. Conversion matrix of different vegetation coverage levels in 2002 and 2016.





	
Periods

	
Level

	

	
2016 (km2)




	
1

	
2

	
3

	
4

	
5

	
Total Area

	
Transfer-Out Area






	
2002

(km2)

	
1

	
61.31

	
13.98

	
0.12

	
0

	
0

	
75.41

	
14.1




	
2

	
17.37

	
31.74

	
13.98

	
0.18

	
0

	
63.27

	
31.53




	
3

	
14.45

	
16.09

	
33.82

	
14.55

	
0.29

	
79.21

	
45.39




	
4

	
21.18

	
17.13

	
41.92

	
178.04

	
20.42

	
278.69

	
100.65




	
5

	
52.31

	
48.22

	
32.9

	
204.18

	
200.15

	
537.76

	
337.61




	
Total area

	
166.62

	
127.16

	
122.73

	
396.96

	
220.87

	
1034.35

	




	
Transfer-in area

	
105.32

	
95.42

	
88.92

	
218.92

	
20.72
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