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Abstract

:

Spatial differentiation of the net primary productivity (NPP) of vegetation is an important factor in the ecological protection and restoration of mining areas. However, most studies have focused on climatic productivity constraints and rarely considered the effects of soil properties and mining activities. Thus, the impact of the forces driving NPP in mining areas on spatial location remains unclear. Taking the Changhe Basin mining area as an example, we used the Carnegie–Ames–Stanford approach (CASA) model to estimate NPP and quantified the impact of climate, soil properties, and mining activities based on factorial experiments. Our results indicate that the average NPP in the Changhe Basin mining area was 290.13 gC/(m2·yr), and the NPP in the western Changhe Basin, an intensive coal mining area, was significantly lower than that in the east. The correlations between each driver and NPP varied by location, with mean annual temperature and precipitation, soil organic carbon, total nitrogen, and land degradation showing strong correlations. The relative importance of climate, soil properties, and mining activities on the spatial variability of NPP was 38.97%, 31.50%, and 29.53%, respectively. Furthermore, 70.72% of the NPP variability in mining areas was controlled by the coupled effects of climate and soil properties (CS + SC) or climate and mining activities (CM + MC). Meanwhile, The NPP in the western Changhe Basin mining area was mainly controlled by mining activities (M) or climate and mining activities (CM), while that in the east was mainly controlled by soil properties and climate (CS). Overall, our study extends the knowledge regarding the impacts of driving forces on spatial variation of NPP in mining areas and provides a reference point for forming strategies and practices of ecological restoration and land reclamation in different spatial locations in mining areas.
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1. Introduction


The net primary productivity (NPP) of vegetation is the main factor characterizing the carbon sink of the environment and regulating ecological processes, and it plays a crucial role in the global carbon balance [1]. In recent decades, coal mining and utilization have promoted the rapid development of society and economy but have also caused serious damage to the regional ecological environment [2,3,4]. The area of land degradation caused by coal mining during 1989–2010 was 100.01 × 104 ha [5], and the ecological environment in mining areas has been facing several challenges. The quality of ecosystem functioning in a mining area can be characterized based on NPP, which can be used as a unified scale standard to measure changes in the ecological environment, thereby reflecting the ecosystem health of the mining area [6]. Therefore, identifying the spatial variation and driving mechanisms of NPP in mining areas is crucial for quantifying carbon budgets and formulating land remediation and ecological restoration plans.



Climate and soil properties contribute to the large-scale global and regional spatial variability exhibited by NPP [7,8,9]. The evidence that climatic factors have a strong impact on NPP patterns at the global or regional scale is conclusive; however, the sensitivity of vegetation to climate change varies in different regions [10,11,12,13,14]. Numerous studies and experiments have demonstrated that soil properties (e.g., soil nutrients and texture) are one of the primary factors restricting vegetation productivity. For instance, soil nutrients are considered determinants of temperate vegetation productivity [15]. The availability of nitrogen and phosphorus regulates forest productivity patterns and scale [16]. In tropical rain forests, soil fertility influences the redistribution of the above- and belowground vegetation biomass [17]. Soil physical properties (e.g., soil texture and soil particle size fraction) are also important predictors of forest and grassland biomass [18,19,20]. In mining areas, soil properties control vegetation community structures such as plant density, coverage, and biomass [21]. Reconstructing soil can provide nutrients for vegetation and promote vegetation productivity [22]. Measures such as applying organic fertilizers, planting nitrogen-fixing plants, and introducing fertile soil can also promote vegetation restoration and increase vegetation coverage and plant diversity [23,24]. Meanwhile, mining destroys soil’s physical properties, acidifying soil pH, reducing soil quality, and being unable to support the growth of plants around the mining area [25]. However, most spatial (raster) studies have focused on the climate constraints on productivity and rarely considered the soil constraints. Additionally, coal mining areas are semi-artificial ecosystems that are fragile and severely disturbed due to anthropogenic activities. Long-term, large-scale, and high-intensity coal mining has caused extensive land degradation, resulting in a high loss of NPP. For example, Huang et al. [26] believed that coal mining destroyed vegetation chlorophyll, reduced the response of vegetation to local climate, and weakened the ability of vegetation to absorb atmospheric CO2, resulting in slow growth and lower biomass. Han et al. [2] simulated the degree of land degradation in the Yanzhou coalfield under different development scenarios and found that land degradation in the scenario of coal mining without reclamation resulted in significant degradation of ecosystem carbon storage. Xu et al. [27] investigated the NPP changes in the Jincheng mining area of Shanxi Province and found that NPP in subsidence areas was lower than that in non-subsidence areas. Subsidence, seeper (large amounts of water accumulated in the collapsed areas caused by coal mining), goaves (cavities left after underground coal or coal gangue mining), and other structural factors caused by coal mining result in the high spatial variability of NPP in mining areas [6,26,27]. Therefore, there is an urgent need to combine climate, soil properties, and mining activities when assessing NPP in mining areas.



Owing to the substantial workload associated with recording field observations of NPP and the difficulty in extrapolating to a larger range, the method of estimating NPP using remote sensing data-driven ecological models is generally accepted [28,29]. The Carnegie–Ames–Stanford approach (CASA) model proposed by Potter et al. [30] is highly representative and widely used in NPP simulations at different spatiotemporal resolutions [14,31,32,33]. To identify the impact of key drivers on NPP in the mining area, we used the CASA model to simulate NPP of the Changhe Basin mining area, quantified the land degradation using geological hazard data to reflect the intensity of mining activities, and quantified the role played by climate, soil properties, and mining activities in NPP spatial variation. Moreover, we provided clear estimates of the main spatial drivers of NPP, which are helpful for ecological restoration, land reclamation planning, and management of mining areas in different locations.




2. Materials and Methods


2.1. Study Area


The Changhe Basin is located in Jincheng city, China (112.63°–112.77°N, 35.50°–35.63°E), and extends over an area of approximately 113.16 km2 (Figure 1). The land cover primarily includes forests, grassland, farmland, and construction land. The annual average temperature in the Changhe Basin is 10.6 °C, and the annual precipitation is 550–600 mm. On the west side of the Changhe river, there are 11 coal mines, including Chengzhuang, Tiantai Kunda, and Tian’an Jinrui, with a total of 8–17 layers of coal and a total thickness of 9.18–14.23 m. The scope of the mining permit is from 2010 to 2030, the mining method is underground mining, and the total annual coal production is more than 450,000 tons. Since 2010, large-scale land degradation such as goaves, subsidence, and cracks have occurred. As of 2015, the area of land damage has reached 10.29 km2, resulting in serious environmental problems, such as reduced vegetation cover and soil and water pollution.




2.2. Estimating the Mining Area NPP


In this study, we adopted a CASA model driven by the normalized difference vegetation index (NDVI), land cover, and climate data to simulate NPP in the Changhe Basin mining area. The NDVI dataset was sourced from the United States Geological Survey (USGS) (https://www.usgs.gov/, accessed on 12 December 2021) and included MODIS Terra Daily NDVI images (250 m resolution and 16-day time interval) and Landsat Collection 1 Tier 1 8-day NDVI images (30 m resolution and less than 10% cloud cover). The timeframe was 2010–2015. Land cover data (1:10,000) were sourced from the Jincheng city land use update database. The climate dataset included precipitation, temperature, and solar radiation, and their sources are listed in Table 1.



Owing to the small extent of the Changhe Basin, the vegetation growing season changes rapidly, and remote sensing images with a higher spatiotemporal resolution are required to monitor NPP. Although the MODIS Terra Daily NDVI data can simulate monthly NPP, the spatial representation of NPP estimation results is imprecise because of the spatial resolution limitation. The medium- and high-resolution Landsat Collection 1 Tier 1 8-day NDVI images are affected by time series and cloudy or rainy weather and can only be used to perform single-phase or single-season NPP simulations. Generally, the lower the spatial resolution of the satellite, the wider the imaging swath, the shorter the time interval between revisits, and the higher the temporal resolution. Therefore, the spatiotemporal resolution of the current satellite-obtained data is insufficient to accurately monitor vegetation changes [34]. Hence, this study adopted the Enhanced Spatial and Temporal Adaptive Reflectance Fusion Model (ESTARFM) proposed by Zhu et al. [35], using the MODIS multi-temporal data and Landsat high spatial resolution data to synthesize NDVI (30 m resolution and 16-day time interval) [5,35,36] (Figure S1a). The synthesized NDVI and climate data were used as input in the CASA model for the NPP simulation (Figure S1b). To avoid the single-year variation uncertainty of NPP, we calculated the average value from 2010 to 2015 to represent the overall state of NPP.



2.2.1. Synthesizing NDVI Using the ESTARFM Method


The ESTARFM method uses the MODIS and Landsat images obtained at time tm and tn and MODIS images obtained at time tp to predict the high spatial resolution at time tp (tp lies between tm and tn) [35]. First, the spatial distribution and spectral differences of similar pixels between the MODIS and Landsat images at time tk (k = m, n) were obtained by calculating the moving window, which is denoted by Lm(xw/2, yw/2, tp) and Ln(xw/2, yw/2, tp), respectively. Then, based on the difference in the MODIS image reflectivity, the weight of time tk relative to time tp was calculated and denoted by Tm and Tn, respectively. Finally, a high-resolution image, such as the Landsat image, at time tp was calculated using the MODIS image at time tp and time weight. The ESTARFM Equation (1) expresses the detailed calculation method and parameters as described by Zhu et al. [35]:


  L  (   x  w / 2   ,  y  w / 2   ,  t p   )  =  T m  ×  L m   (   x  w / 2   ,  y  w / 2   ,  t p   )  +  T n  ×  L n   (   x  w / 2   ,  y  w / 2   ,  t p   )   



(1)








2.2.2. The CASA Model for Simulating NPP


The CASA model is a light energy utilization model used for estimating NPP [30]. In the model, the NPP (gC/[m2·month]) of pixel x in month t is represented by the product of two factors: the photosynthetically active radiation of vegetation (APAR; MJ/[m2·month]) and light use efficiency factor  ε  (gC/MJ). The CASA model uses the following equations:


  N P P  (  x , t  )  = A P A R  (  x , t  )  × ε  (  x , t  )   



(2)






  A P A R  (  x , t  )  = S O L  (  x , t  )  × F P A R  (  x , t  )  × 0.5  



(3)




and


  ε  (  x , t  )  =  ε  m a x   ×  T  ε 1    (  x , t  )  ×  T  ε 2    (  x , t  )  ×  W ε   (  x , t  )   



(4)




where SOL(x, t) is the total solar radiation at pixel x in month t, and FPAR(x, t) is the absorption ratio of APAR by the vegetation layer, estimated using NDVI. The constant 0.5 represents the proportion of the effective solar radiation that the vegetation can use to the total solar radiation, εmax is the maximum light use efficiency under ideal conditions, Tε1(x, t) and Tε2(x, t) are the stress coefficients of low and high temperature on light energy utilization, respectively, and Wε(x, t) is the water stress coefficient. The detailed computational steps for each parameter are described in previous studies [30,38]. Furthermore, we performed descriptive statistical analyses on the NPP simulation results, including average value, standard deviation, and coefficient of variation.





2.3. Selection of Driving Factors


Climatic and soil factors influence NPP, and their interactions usually control spatial variation in productivity. Mining activities take place in specific geographic areas where NPP is further affected. Therefore, we selected 12 driving factors that affect NPP in mining areas, which can be divided among climate, soil properties, and mining activities (Table 1). We used the extent of land degradation caused by coal mining to reflect the intensity of mining activities.



2.3.1. Soil Sampling


In July 2015, we evenly selected 117 soil sampling points in the Changhe Basin (Figure 1). Three topsoil samples within a radius of 5 m from each sampling point were collected and mixed. Topsoil was collected using a 100 cm3 ring knife. We measured the soil clay fraction (CF), soil organic carbon (SOC), total nitrogen (TN), available phosphorous (AP), available potassium (AK), pH, and bulk density (BD) in the laboratory [39,40,41,42,43,44,45]. We used kriging to interpolate the soil data to the same spatial resolution (30 m) as the NPP [46].




2.3.2. Geological Hazard Survey


In 2015, we conducted a field survey on geological hazards in the Changhe Basin, including destroyed land (e.g., land collapse, subsidence, and goaf), surface cracks, and seeper areas. Additionally, we obtained coal seam excavation engineering plans, uphole and downhole comparison map, the coal mining disturbance map, and the mine-field development map of the degraded sites. In our previous study [47], six indicators were used to evaluate degraded farmland, where the indicator weights were determined using the analytic hierarchy process (AHP) [48]. These indicators were also used in this study (Table S1). Finally, land degradation (LD) was quantified using Equation (5):


  LD =   ∑   i = 1  m   (   V i  ×  W  i j    )   



(5)




where Vi is the weight of indicator i, Wij is the value of the i-th indicator of the j-th pixel, m is the number of indicators, and the normalized interval of the quantization result is [0, 1]. The detailed method can be found in our previous study [47]. The land degradation results of this study are provided in Figure S2.





2.4. Driving Factor Analysis


2.4.1. Single Factor Analysis


We randomly selected 1000 points in the study area as sample points (Figure S3) because these points can basically cover the patches of various land use types in the Changhe basin. Then, we used ArcGIS 10.5 to extract the values of NPP and driving factors and SPSS25.0 software to conduct Pearson correlation analyses between NPP and drivers. Since the correlations between NPP and drivers are location-specific, the overall correlation coefficient (i.e., over an extensive area) cannot identify spatially local correlation features [49]. Hence, we calculated the geographic location correlation coefficient (LCC) between NPP and drivers through moving windows [50,51] and calculated the overall percentage of positive, negative, and insignificant correlations in the study area.




2.4.2. Contribution of Different Driver Categories to NPP


Random forest (RF) is a regression prediction model that comprises multiple decision trees [47,52] and has the advantages of clarity, easy interpretation, and high stability. Both categorical and continuous inputs are accepted by RF, which can handle high-dimensional data and is less prone to overfitting and multicollinearity issues [47]. Random forests can also assess the importance of variables (drivers), that is, the average contribution of each variable to each tree, which can clarify the relative contribution of variables [53]. We designed factorial experiments to distinguish the influence of climate, soil properties, and mining activities on NPP in the mining area (Figure S1c), whereby four separate RF models were used. Three of the models each excluded climate (RF_clim), soil properties (RF_soil), and mining activities (RF_mine), and one model included all drivers (RF_all). We used the 1000 sample point data (Figure S3) to perform the regression prediction of NPP using the RF models. We also used the mean drop in accuracy (MDA) to assess the importance of drivers. Details of the RF methods used can be found in previous studies [47,54]. The RF modeling experiments of driver importance were conducted using the ‘Random forest’ package in R [55]. We isolated the effects of the target drivers by comparing the differences in the experimental results and quantified their respective actual contributions [56]:


  A c t C o n _  V i  = R F _ a l l − R F _  V i   



(6)




where Vi is the driving factor i, ActCon_Vi is the actual contribution of driving factor Vi, and RF_Vi is the regression result, excluding driving factor Vi.



The relative contribution of driver i (RelCon_Vi) is defined by the following equation [56]:


  R e l C o n _  V i  =    |  A c t C o n _  V i   |      ∑  i n   |  A c t C o n _  V i   |    × 100 %  



(7)







Using the relative contribution to the mining area NPP of the three driver categories, the red-green-blue (RGB) combination of each pixel was derived from visualizing the influence of the driver categories. Moreover, we defined a single dominant driver category for each pixel as a factor with a relative contribution greater than 60%. If the relative contribution of each single drive category is below this threshold, the dominant drive category for that pixel is defined as the combination of the two drive categories with larger relative contributions among the three drive categories.






3. Results


3.1. Simulation Results of NPP in the Mining Area


In 2015, we selected two equal-area plots, A and B, in the study area, measured the aboveground plant biomass after felling the plants one by one, and then used the carbon content (45%) to convert the dry weight of the biomass into carbon weight [57]. Meanwhile, we obtained the 2015 NPP product MOD17A3 (Spatial resolution 500 m) from USGS. We compared the simulated value with the measured value and the MOD17A3 value to verify the accuracy of the model simulation. The results showed a small difference between the simulated and measured values, and the average values of various land use types of the simulated values were similar to those of the MOD17A3 product (Table 2), indicating that the NPP estimated in this study was reliable. The distribution map of annual average NPP from 2010 to 2015 indicated that NPP in the Changhe Basin ranged from 0.74 gC/(m2·yr) to 649.72 gC/(m2·yr), with an average value of 290.13 gC/(m2·yr) and a standard deviation of 110.18 gC/(m2·yr). The coefficient of variation was 37.98% (Figure 2). Further, NPP in the Changhe Basin varied in different locations. Considering the Changhe River as the boundary, NPP in the west of the Changhe Basin was significantly smaller than that in the east. This clear pattern of east-west differentiation was also reflected in the degree of land degradation (Figure S2).




3.2. Influence of a Single Driver


The colored circles in Figure 3 represent the overall Pearson correlation coefficients between NPP and individual drivers. Overall, NPP was significantly correlated with the mean annual temperature (MAT), mean annual precipitation (MAP), SOC, and TN at p < 0.01, and with pH and BD at p < 0.05. A significant correlation was not observed between NPP and AP or CF (p > 0.05). Contradictory and complex relationships for location-specific Pearson correlation coefficients were observed between NPP and the drivers (Figure 3). For example, NPP was significantly positively correlated with MAT and MAP as a whole; however, at a localized level, the high-altitude areas on the east and west sides of the Changhe Basin were strongly positively correlated, and the low-altitude area in the center was mostly negatively correlated. This suggests a local dependency between NPP and drivers in the Changhe Basin. Areas of significant positive and negative correlations between NPP and mean annual solar radiation (MAS), mean annual evapotranspiration (MAE), AP, AK, and CF were scattered and cross-distributed. Over the entire study area, NPP showed a significantly positive correlation with SOC and TN (LCC > 0.5). Conversely, NPP showed a significantly negative correlation with pH and BD (−0.5 < LCC < 0). Additionally, LD had a strong negative effect on NPP, especially in the western part of the basin, where coal mining operations are intense. The significantly negative correlation area ratio of NPP with MAE, pH, BD, and LD was higher than the significantly positive correlation, while the remaining driving factors showed the opposite trend (Figure 3 inset). The area ratio of the insignificant correlation between NPP and AP and CF was much higher than that of the significantly positive or negative correlation area, indicating that AP and CF had relatively little spatial influence on NPP. Spatially, if the significantly positive correlation area ratio is the largest, the overall correlation is positive and significant. Similarly, if the area ratio of significantly negative correlation is the largest, the overall correlation is negative and significant, and if the area ratio of insignificant correlation is the largest, the overall correlation is insignificant.




3.3. Impact of Driver Categories


3.3.1. Relative Importance of Drivers


We analyzed the relative importance of each factor in the RF model experiment using all drivers (RF_all) and adjusted the sum of the driver importance to 100% [47] (Figure 4). Drivers with greater than 5% importance were LD, MAT, MAP, SOC, TN, MAS, and AK (Figure 4). The most important driver of NPP in the mining areas was LD. Moreover, the results demonstrated that the importance of climate, soil properties, and mining activities on the NPP of the mining area was 38.97%, 31.50%, and 29.53%, respectively.




3.3.2. Relative Contributions of Different Driver Categories


The RGB combinations of the relative contributions (RelCon) of the three driver categories (climate, soil properties, and mining activities) are presented in Figure 5a. Climate, soil properties, and coal mining activities have different RelCon to driving NPP variation in the mining area of the Changhe River Basin at different spatial locations (Figure 5). Overall, the average RelCon of climate, soil properties, and mining activities to NPP in the mining area were 35.4%, 34.7%, and 29.8%, respectively (Figure 5a inset), indicating that climate was the most important driving factor controlling the spatial variability of NPP in the Changhe Basin; however, the influence of soil properties and mining activities cannot be ignored. The NPP areas predominantly influenced by climate were widely distributed in the Changhe Basin (Figure 5a, blue), whereas the NPP areas predominantly influenced by soil were mainly the eastern and southeastern parts of the Changhe Basin (Figure 5a, red). The areas of NPP predominantly influenced by mining activities were mainly in the western Changhe Basin (Figure 5a, green). There was a clear transition between the soil- and coal mining-dominant areas in the center of the basin, where the combined influence of soil properties and mining activities on NPP were distributed (Figure 5). Figure 5b reveals a heterogeneous geographic pattern of the interaction of dominant driving categories in the NPP spatial distribution in the mining area. Independent single drivers (climate, soil properties, and mining activities) had a limited impact on the spatial variation in NPP across the Changhe Basin (Figure 5b). Interestingly, in the single driver category, the ability of mining activities to explain NPP variability was stronger than that of climate or soil properties, and the dominant areas of influence of mining activities on NPP were in the northwest part of the basin, indicating that mining activities are an important factor controlling the spatial variation of NPP in the mining area. The coupled effects of climate and soil properties dominated the NPP variability in the eastern part of the basin, and climate and mining activities dominated the NPP variability in the western part of the basin. Notably, the coupling effect of climate and other factors controlled the NPP variation in 70.72% of the area of the Changhe Basin, and the area with the greatest climate effect accounted for 48.28% of the Basin area (Figure 5b).






4. Discussion


4.1. Importance of Drivers and Spatial Heterogeneity of Different Driver Categories on the Driving NPP


Land degradation resulting from coal mining activities was the most important driver of NPP variability in the mining areas (Figure 4), which mainly drove NPP in the western Changhe Basin (Figure 5). In this study, coal mining, as a violent human activity, subversively changes the structure of the land and destroys the basic conditions for vegetation growth, including but not limited to directly removing vegetation, changing vegetation types, and destroying chlorophyll in vegetation leaves [5,6,26]. For instance, coal mining activities cause surface subsidence, surface cracks, and changes in surface microtopography, which changes the growth environment of vegetation roots [58], and coal transportation, washing, and processing directly occupy the vegetation growth area [59]. Thus, mining activities have resulted in the degradation or death of large vegetation areas, which directly affected the spatial variation of NPP in these areas. Moreover, topsoil removal and tailings dumping during mining altered soil physicochemical properties, disturbed soil structure, and indirectly hindered nutrient uptake by vegetation [60,61]. Meanwhile, the emission of dust and pollutants contaminate the surrounding air, soil, and water bodies, which indirectly affects vegetation growth [47]. Moreover, the studies of Fu et al. [62] and Yang et al. [63] showed that human activities such as coal mining caused a large loss of vegetation NPP in mining areas. Therefore, empirical scientific remodeling of landforms, soil reconstruction, land reclamation, and ecological restoration can slow down the disturbance of coal mining activities to vegetation and improve the vegetation productivity of mining areas.



In addition to mining activities, climatic factors have a substantial impact on vegetation transformation [33,64,65]. In this study, the highest contribution to NPP variability was climate (38.97%, Figure 4), and it showed a strong contribution over a wider area (Figure 5). This seems to be common sense because a large number of studies have shown that climate affects soil moisture and temperature, groundwater level, and vegetation transpiration, which in turn affects plant growth, where hydrothermal conditions directly affect vegetation formation and distribution, especially at different altitudes [66,67]. This study has shown that temperatures are relatively low at high altitudes where forests are the dominant vegetation, and temperature, precipitation, and evaporation are the main limiting factors for forest NPP. However, in low-altitude farmlands, where temperatures are relatively high and the main growing season is summer, the increase in temperature increases evaporation, thereby reducing the available water for crops and vegetation and leading to lower NPP. Solar radiation can promote or weaken NPP because it affects photosynthesis [68]. Although the extent of the Changhe Basin is small and stable under climate change, the influence of climatic factors on NPP was found to be significant, indicating that the microclimate in this area adjusts hydrological functioning, thereby affecting vegetation growth and NPP. This is consistent with the findings of Sun et al. [69], who highlighted the importance of climatic factors in influencing NPP.



The main soil factors affecting NPP variation were SOC and TN (Figure 4), as they are the key indicators of the soil-vegetation carbon cycle and affect plant growth and distribution [70,71,72]. In our study, soil nutrients contributed 28.06% of the influence on NPP. In general, soil nutrients have complex effects on plant growth habits [73,74]. Specifically, lower nutrient availability reduces plant productivity because plants are forced to devote more resources to obtaining nutrients in favor of growth [75,76]. Soil structural factors (e.g., soil texture and BD) can also affect vegetation productivity by regulating plant water and soil nutrient availability [17,77]. Furthermore, the geographic pattern of soil nutrients contributes significantly to regional vegetation productivity, and our previous study showed that the soil quality in the eastern Changhe Basin was higher than that in the western part [78], which is consistent with the results of this study, and the driving of NPP by soil properties is more likely to occur in the eastern Changhe Basin (Figure 5).




4.2. Key Role of Soil Properties and Mining Activities in Improving NPP Estimates in Mining Areas


We selected seven common soil attributes that represent the soil environment in which plants grow. Soil quality plays a key role in vegetation productivity in both agricultural and natural systems [71]. For example, numerous studies have shown that soil quality is significantly correlated with forest and grassland biomass [79,80]. Crop yields have also been reported to be significantly correlated with soil fertility [72,81,82]. Our previous study suggested a strong interaction between NPP and SOC in the Changhe Basin mining area [47]. In this study, we observed that the relative contributions of soil properties and climate to the spatial variation in NPP both approached 35% (Figure 5a inset). However, current classical vegetation productivity models are driven by climatic factors, such as the Miami [83], BIOME-BGC [84], and CASA models [30], and only a few models focus on soil carbon and nitrogen [1]. This may be because of the poor availability of data on soil properties, which are required for estimating vegetation productivity, where data acquisition is challenging, particularly at large scales. However, with the development of large-scale soil monitoring technology, it is expected that dynamic soil data at the regional scale will be more readily available in the future. Therefore, future productivity models should fully consider soil properties, which may substantially improve the accuracy of productivity simulations.



The response of vegetation to mining activities is complex and depends on the mode and intensity of mining. Many studies have quantified the impact of coal mining activities on NPP by comparing the spatiotemporal differences in vegetation in coal mining and non-coal mining areas [5,6,26]. Our research quantified the land degradation resulting from coal mining by analyzing geological hazard surveys to reflect coal mining intensity, which is beneficial for spatially quantifying and separating the impact of coal mining on vegetation. The results showed that the vegetation productivity in the severely degraded areas of the western Changhe Basin was significantly lower than that in the east, and NPP improvement was inhibited by intensive coal mining activities. Mining activities or the coupling effect of mining activities and climatic factors were the predominant drivers affecting NPP in the western Changhe Basin mining area. It is worth noting that the LCC between LD and NPP was not entirely negative, and an improvement effect in areas where coal mining activities were not intensive (part of the southwest of the Changhe Basin) was observed (Figure 3l). This indicates that setting a reasonable mining intensity may be beneficial for the recovery of NPP. A strong spatial dependence of NPP on mining activities is evident in the study area, and the impact of mining activities should, therefore, be fully considered in the measurement of NPP in this area.



In conclusion, under future evaluation or statistical models, the estimation of NPP should fully consider soil properties and mining activities. Similarly, the unique environmental impacts associated with specific geographic areas should be considered. This helps to optimize the spatial distribution model of NPP in local areas and to better understand the dynamics and development potential of NPP in specific areas.




4.3. Impact and Uncertainty


The RGB composite of the relative contributions of climate, soil properties, and mining activities and the spatial estimation of dominant driver categories could identify the strongest constraints on vegetation productivity at specific locations. Evidence suggests that NPP in the mining areas in the western Changhe Basin was mainly limited by mining activities and climatic factors (Figure 5), whereas that in the eastern Changhe Basin was constrained by soil properties in areas where coal mining activities were less intense. Therefore, ecosystem protection and land reclamation management strategies in mining areas can be determined accordingly. For example, in areas with intense coal mining activities, vegetation productivity is determined by climate and mining activities. Hence, coal mining intensity should be reduced, and reclamation should occur simultaneously with mining activities to reduce land degradation and increase vegetation productivity [5,85]. For areas with higher soil constraints, management strategies should focus on improving soil quality and ecological remediation [86]. Overall, management priorities can be identified according to the main constraints for NPP in mining areas, which can contribute to localized conservation strategies.



However, uncertainties and limitations are present in this study. These include the estimation of vegetation NPP using ESTARFM and CASA models. The accuracy and results of the experiments still need to be improved. Furthermore, our study only considered mining and did not fully consider other anthropogenic activities that may affect NPP variation, such as the duration of land reclamation, irrigation levels, and fertilization, which are also key drivers of NPP variation in mining areas. Combining these drivers may provide superior analysis of the variation in NPP in mining areas. Therefore, future research should explore the impact of other driving factors on NPP in mining areas more comprehensively.





5. Conclusions


This study simulated the vegetation productivity pattern in the Changhe Basin mining area using ESTARFM and CASA models. The spatial influence of climate, soil properties, and mining activities on NPP in mining areas was also revealed. The results show that the NPP in the eastern Changhe Basin mining area was higher than that in the west, and climate, soil properties, and mining activities were the crucial drivers affecting the spatial variation in NPP. At different spatial locations, NPP had a stronger correlation with MAT, MAP, SOC, TN, and LD. Soil properties and mining activities were the main controlling factors affecting NPP in the eastern and western Changhe basins, respectively, and the coupling effect of climate and other driver categories controlled the spatial variation of NPP in 70.72% of the mining areas. Climate and mining activities were the most important driver categories of NPP in the western Changhe Basin, whereas climate and soil properties were the most important driver categories of NPP in the eastern Changhe Basin. Our results highlight the necessity of introducing soil properties into the NPP simulations. Meanwhile, combining the influence of mining activities may substantially improve the accuracy of simulating NPP in mining areas, and other special geographical areas should also consider their unique environmental impact factors. Our results provide an RGB map of the relative contributions of the three driver categories and a spatial estimate of the dominant driving category that clarifies which regions are primarily influenced by which drivers. These two maps present the impact of the three driver categories on NPP at different locations and provide a reference for location-based strategies and practices for ecological restoration and land reclamation.
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Figure 1. Study area, land use types, and soil sampling sites. 
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Figure 2. Spatial distribution map of annual mean net primary vegetation productivity from 2010 to 2015. 
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Figure 3. Spatial distributions of the location-specific Pearson’s correlation coefficient between NPP and drivers. (a) MAT, (b) MAP, (c) MAS, (d) MAE, (e) SOC, (f) TN, (g) AP, (h) AK, (i) pH, (j) BD, (k) CF, and (l) LD. All abbreviations (BD, CF, MAT, SOC, etc.) can be found in Table 1. The right inset shows the area ratios of positive, negative, and insignificant areas. ** means significant at p < 0.01 level, * means significant at p < 0.05 level. 
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Figure 4. Ranking of the relative importance of environmental variables in RF_all model. All abbreviations (BD, CF, MAT, SOC, etc.) can be found in Table 1. 
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Figure 5. Relative contribution of different categories of driving factors to the spatial variation of NPP in the Changhe Basin mining area. (a) Spatial distribution map of the relative contributions of climate (C), soil properties (S), and mining activities (M) to NPP variability. (a) The right inset represents the average relative contribution of different categories of drivers, and whiskers represent the standard deviation of all pixel values. The right inset of (b) represents the proportion of control area that dominates the driver. C, S, and M in (b) represent climate, soil properties, and coal mining activities, respectively. The combination of C, S, and M indicates that the coupled effects of different categories of drivers dominate the spatial variation of NPP. For instance, CS (SC) represents the coupled effects of climate and soil properties, with a larger relative contribution from the former drivers. CM (MC): the combined effects of climate and mining activities, SM (MS): the combined effects of soil properties and mining activities. 
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Table 1. The composition of driving factors.
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Driver Categories

	
Factors

	
Data Sources






	
Climate

	
Mean annual temperature (MAT)

	
The climate data were sourced from the basic geographic database of the Changhe watershed, and the years were 2010–2015; each factor was spatially interpolated using the ANUSPLIN method to generate a raster dataset with a pixel size of 30 m [37].




	
Mean annual precipitation (MAP)




	
Mean annual evapotranspiration (MAE)




	
Mean annual solar radiation (MAS)




	
Soil property

	
Clay fraction (CF)

	
Refer to 2.3.1 Soil sampling.




	
Soil organic carbon (SOC)




	
Total nitrogen (TN)




	
Available phosphorus (AP)




	
Available potassium (AK)




	
pH




	
Bulk density (BD)




	
Mining activities

	
Land degradation (LD)

	
Refer to 2.3.2 Land degradation.
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Table 2. Simulated NPP, measured NPP and MOD17A3 for different land use types (g C/(m2·yr)).






Table 2. Simulated NPP, measured NPP and MOD17A3 for different land use types (g C/(m2·yr)).





	NPP
	A
	B
	Forest
	Grassland
	Farmland
	Construction Land





	Simulated value
	247.61
	276.66
	429.38
	286.93
	244.40
	167.52



	Measured value
	248.96
	275.15
	-
	-
	-
	-



	MOD17A3
	-
	-
	402.24
	265.76
	261.03
	174.31
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  remotesensing-14-04177


  
    		
      remotesensing-14-04177
    


  




  





media/file8.jpg
5

25

Sk

Driver
RelCon PP <,

N

A

A

£

Doinant

NP






media/file6.jpg
B Climate
Soil property
B Mining

activities

0% 5% 10% 15% 20% 25%





media/file1.png
1 12°316'0"E 1 IZ°319'0"E 1 12°4]2'0'E 1 |2°-’$l5'0"E 1 |2°4[8'0"E | l2"3|6'0"E 1 |2°3l9'0"E 1 ]2"412'0"5 1 12"4.5'0"!:] 1 12"4[8'0"1:'. 1 12°316'0"E 1 l2°3l9'0"E | 12°4‘2'0'E 1 IZ"-"‘S'O"E 1 129'41.8'0"1:',
R N ¢ N & N
e e e
o — o — o —
lag] ~” ™
Ior. A o'r‘ A Qr‘ A
Lag] Lag] Lag}
z z z
z 3 e
e ] =
o O — o
[ag] ag] ™
i i i
- Lag] Lt
*  Crack point B Forest * Sampling point
- — Changhe River | &% Grassland z Elevation/m
- W Destroyed land | =- ®= Farmland . -7
“ -1 Mining boundary | < B Construction land | < - 730
< 0 25 5km |z 0 25 5km |z 0 25 5 km
s | | o | | = | |
=5 o =&
2z ~” ™
i i "
"~ ~”y Lag]
(a) Location diagram of mining area (b) Land use types (¢) Sampling sites and elevation






media/file7.png
LD

5%

10%

Lﬁ

15% 20% 25%

B Climate

Soil property

activities





media/file9.png
112“319'0"5

112“412'0"5 ll.""étlS'O"E

112°48'0"E
|

1 12"319'0"5 | 12“412'0"5 l 12°415'0"E 112°48'0°E
|

35°33'0"N 35°36'0"N
L 1

35°30'0"N
L

(a)

Driver 2
RelCon NPP W

N

35°33'0"N 35%36'0"N
L 1

35°30'0"N
L

N

A

Area ratio

0 25 S km Dominant
l L | drivers NPP C €S CM






media/file5.png
1 “W‘E H2°42'0°E 112°4S0°E H2°4S0°E 0 \IV‘U'E H2°420°E 112°4S0°E H24SOE LI2°390°E H2QV'E 12°4SO'E 124S0E LI2°390°E H2*QUTE 112°4S0°E H2*SO'E
i 1 N " 1 I N 1 N N

u~\¢l.'n'x
“‘.‘(I‘O'N
a8 \t.'n' N
s \(l.-o' N

7 7 7 7
z 3 z 2
2 2 21 21
2 3 2 2
7 7 e s
2 z 2 2
210 25 S km NPP vs. MAT 27 21 o0 25 Skm NPP vs MAS 210 25 S km NPP vs MAE
=L J A = J =L J
L2 390°E H2°420°E 12°450°E H2480'E H2"390°E H2°420°E 112°450°E 112°480" L2390 HFQUE H24SOE H24S0'E
4 4 i 4 n
N

7 7 -
3 3
Z :

¢ z

2 2

. 2

2 -
z e z
< o L
210 25 S km NPP vs. SOC 27 o =10 25 Skm NPPvs AK
A J =L . J 210 J

H2*390'E H240E H2"4STUE H2°480°E H2*Y90'E H2'Q2VE 12°4S0°E H2"4S0°E H2"390'E H2*QVE H24S'E H24S0°E LI2*390E H2Q2VE 112°4S0°E 12480
A A A A A A A A e 4+ -
N .
A"
7
: @
2
¢
Area ratio
7
2
P
*3 N

~ » 3
e : L
210 25 S km NPP vs. pH : NPP vs. BD 5 5 NPP vs. CF S NPPvs LD
P
-1 L J .

arson's — Global correlation coefficient O [ .

location-specific Pe:
corelation coefficient <05 -05--03 03-0 0-03 03-05 >05 063 056





media/file3.png
1 12°319’0"E

IIZ°412'0"E

11 2°415'0" E 11 2°4L8'0' E

35°3?'0"N 35°3?'0"N

35°3(l)'0"N

' . & 4; G - '
. -‘» , ? tt\‘ 290.13 g C/(m?-yr)
L e b e Standard deviation
: : .” :

N

A

o Average value

110.18 g C/(m?-yr)

1 oV Coefficient of
’3' variation 37.98%

NPP (g C/(m?-yr))

- 649.724

0.74068






media/file4.jpg





media/file0.jpg





media/file2.jpg
35°330"N 35°36'0"N

35930'0'N

112°390°E

N2°420°E

112%450°E 12°480°E

Standard deviation
110.18 g C/(m?-yr)

variation 37.98%

Npp (g Cl(m?yr)






