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Abstract

:

Panzhihua City is a typical agricultural-forestry-pastoral and ecologically sensitive city in China. It is also an important ecological defense in the upper Yangtze River. It has abundant mineral resources, including vanadium, titanium, and water supplies. However, ecological and environmental problems emerge due to the excessive development of mining, agriculture, animal husbandry, and other non-natural urban economies. Therefore, a scientific understanding of the spatio-temporal changes of the eco-environment of Panzhihua is critical for environmental protection, city planning, and construction. To objectively evaluate the eco-environmental status of Panzhihua, the remote sensing-based ecological index (RSEI) was first applied to Panzhihua, a typical resource-based city, and its ecological environmental quality (EEQ) was quantitatively assessed from 1990 to 2020. This study explored the effects of mining activities and policies on EEQ and used change detection to reveal the spatial-temporal changes of EEQ in Panzhihua City over the past three decades. In addition, this study also verified the suitability of RSEI for evaluating EEQ in resource-based city using spatial autocorrelation, revealed the spatial heterogeneity of EEQ in Panzhihua City using optimized hot spot analysis, and showed different ecological clustering by hot spot analysis at two scales of urban and mining areas. According to the results: (1) From 1990 to 2020, the general eco-environmental condition of Panzhihua is improving, but there are still regional differences. (2) The Moran’s I value ranges from 0.436 (1990) to 0.700 (2020), indicating that there is autocorrelation in the distribution of eco-environmental quality. (3) At the mine, the mean value of RSEI dropped by 20–40%, and the EEQ decreased significantly due to mining activities. (4) A series of ecological restoration policies can buffer the negative impact of mining activities on the ecosystem, resulting in a slight improvement in the quality of the ecological environment. This study evaluates the EEQ of resource-based city and its spatial-temporal changes using RSEI constructed by the Google Earth Engine (GEE) platform, which can provide theoretical support for ecological and environmental conditions monitoring, development planning, and environmental protection policy-making of a resource-based city.
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1. Introduction


A healthy natural setting ensures that human civilization will advance sustainably. However, amid the large-scale development of China’s western region and the demand for natural resources for social and economic development, human activities have significantly impacted the ecological environment in western China, resulting in a growing number of ecological and environmental issues in this region, which is against the principles of green economy and sustainable development [1]. Therefore, timely estimation of the spatio-temporal changes in ecological environmental quality (EEQ) in resource-based city is very important to environmental protection and regional sustainability.



Remote sensing technology is extensively used in the area of environmental science for its high effectiveness, precision, and widespread simultaneous detection. In addition, some remote sensing-based indicators are employed to assess the eco-environmental status. The NPP (net primary productivity) [2,3], which reflects the efficiency of plants in fixing and converting light energy into compounds, is an indicator to describe the dynamic changes of plants and their reaction to climatic change. The Normalized Difference Vegetation Index (NDVI) [4] is the best indicator for global greening and has been frequently employed in numerous ecological and environmental research [5,6,7,8]. Remote sensing was used to calculate the ratio between the impervious surface and the urban land area to explore its relationship with the urban thermal environment [9]. The urban heat island effect is measured using the land surface temperature (LST) [10]. The Fraction of Photosynthetically Active Radiation (FPAR) is employed to compute and track vegetation phenology and ecosystem production [11]. However, to assess the state of an ecosystem that is subject to a complex and varied range of effects, it is not acceptable to employ a single ecological indicator.



In order to conduct a thorough assessment of the ecosystem, various remote sensing-based integrated ecological indicators were developed to examine the ecological condition. The integrated ecological indicator is better than the single ecological indicator because two or more indicators are used to comprehensively evaluate the ecological condition [12]. The Ecological Index (EI) can be a good indicator of the ecological condition of an area and thus is commonly used to assess the EEQ of watersheds [13] and sea island cities [14]. Although these integrated ecological indicators represent additional ecological characteristics [12], challenges remain in acquiring and constructing the indicators, such as the visualization of evaluation results and the reasonable weights of different indicators.



In 2013, Xu [15] presented the remote sensing-based ecological index (RSEI) based on EI. The four indicators (dryness, greenness, heat, and wetness) that constitute RSEI are strongly related to the environmental quality on an ecological level. Therefore, RSEI shows the consequences of urbanization, vegetation cover change, and climatic change (temperature and humidity) on the environment, which helps to quantitatively assess the changes of regional EEQ [16]. Currently, RSEI is widely employed in urban development zones [17], land project consolidation areas [18], wetlands [19], watersheds [13,20,21,22,23], basins [24], and woodlands [25], while it is rarely seen in mining areas. At present, the calculation of RSEI is gradually transferred from the traditional remote sensing image processing software to the remote sensing cloud computing platform. Many scholars have extracted RSEI with Google Earth Engine (GEE) platform [21,22,26].



Currently, the GEE platform is a comprehensive platform with the most advanced features for analyzing and visualizing geographic information data [27]. It is widely used, especially in processing large-scale data on a global scene [28]. Users can process data directly on the platform. In addition, some datasets (such as the Landsat series and MODIS product data series) have been pre-processed and are ready for further analysis. There is no need for radiometric calibration or atmospheric correction [29]. As compared to traditional remote sensing image processing software, the GEE platform is better suited for building a large-scale RSEI and evaluating the ecological environmental quality.



At present, the ecological environmental evaluation of resource-based city mainly focuses on industrial transformation and sustainable development [30,31], ecological service system [32], ecological vulnerability evaluation [33], and other aspects. Many scholars have already evaluated the ecological status of the resource-based city of Panzhihua. Wang [34] conducted the current situation analysis of the comprehensive evaluation of the eco-environmental carrying capacity of Panzhihua based on the composite model of principal component analysis and entropy value method, which avoids the influence of artificially set weights on the evaluation results. Shao et al. [35] used artificial neural networks to evaluate the ecological vulnerability of Panzhihua and solved the nonlinear relationship between the evaluation indexes of mining cities and the degree of ecological fragility. Zhang et al. [36] used NPP to establish various ecological footprint data to estimate the regional capacity of sustainable development in Panzhihua City. Dai et al. [37] selected 13 evaluation factors, such as topography, soil, vegetation, and meteorology, to establish an assessment system suitable for the fragile ecosystem of Panzhihua, and used principal component analysis, CA-Markov model, and Geodetector to systematically reveal the spatial-temporal evolution and drivers of ecological vulnerability in Panzhihua. These studies have achieved relatively good results, but there are some shortcomings, such as a large amount of data, complicated model calculations, and long interval time. The RSEI relies entirely on remote sensing data, so it has the unique advantage of being fast, accurate, and efficient in long-time series monitoring of the ecological environment.



Panzhihua is an important resource-based city and one of China’s four major mining zones. It accounts for 93% of the associated resource reserves in China, ranking first in the world. Over the last half century, high-intensity industrial activities such as metallurgical activities and mining have resulted in serious air pollution and harmed the eco-environment of Panzhihua [38]. It has become an important issue to balance mining and ecological environmental protection. As a result, it is essential to observe the spatial-temporal changes of the natural environment in Panzhihua over the past three decades and conduct scientific studies on the impact of resource exploitation on the ecological environment of Panzhihua to make scientific decisions in sustainable mining in the future. To this end, this research aims to (1) apply RESI to the EEQ evaluation of resource-based city to achieve a quick, quantitative, and accurate assessment of its EEQ, and explore its spatial distribution pattern; (2) reveal the spatial heterogeneity and clustering of EEQ through optimized hot spot analysis; (3) monitor the spatial-temporal changes of EEQ in Panzhihua from 1990 to 2020 using change detection; (4) explore the effect of mining activities on the EEQ of mining areas.




2. Materials and Methods


The process of this study is depicted in (Figure 1). Firstly, we use Landsat 8 OLI/TIRS and Landsat 5 TM images with the GEE platform to produce 30-m RSEI images of the 7 periods in 1990/1995/2000/2005/2010/2015/2020, respectively. Secondly, Moran’s I index (global Moran’s I) and hot spot analysis are used to perform spatial autocorrelation analysis on the seven RSEI images from 1990 to 2020. Finally, an ecological quality change detection was carried out for the period 1990–2020.



2.1. Study Area


Panzhihua City, the core of the Jinsha River’s dry-hot valley, has the most serious problem of soil erosion and the most fragile ecological environment in the Upper Yangtze River. Meanwhile, Panzhihua is a resource-based city and is renowned as the capital of vanadium and titanium in China. Its titanium, vanadium, and graphite reserves rank first in China and even the world. Covering an area of about 7414 km² in the southernmost part of Sichuan Province, Panzhihua is on the border of Sichuan Province and Yunnan Province in southwest China, where the Yalong River and Jinsha River meet. Two large mining areas in Panzhihua, Zhulan mine (mined in the 1970s, mined area: 10.46 km2) and Baima mine (mined in 2003, mined area: 11.62 km2), and one medium-sized mine, Panjiatian mine (mined in 1996, mined area: 2.87 km2), are studied in this paper (Figure 2).




2.2. Data and Pre-Processing


Five Landsat 5 TM images with a five-year time serial interval from 1990 to 2010 and two Landsat 8 OLI/TIRS images with the same time serial interval from 2015 to 2020 were selected in this study to visualize the space–time distribution of RSEI of Panzhihua City from 1990 to 2020. The research region is situated between the Worldwide Reference System 2 (WRS-2) paths 130/41, 131/41, and 130/42. The start of season (SOS) of the vegetation in Panzhihua is from March to May [39]. Considering the growth characteristics of the vegetation, the images with the least cloud volume collected during this period were chosen for this study to prevent uncertainty caused by seasonal differences in the images.



In this study, Landsat-TM/OLI/TIRS images from the United States Geological Survey (USGS) are collected and processed by the GEE platform. On this platform, processing and data collection for the Landsat 5/8 surface reflectance data products have already been completed. Therefore, there is no need to download it. With mask functions (CFMASK and WATERMASK), factors that affect the study results such as clouds, shadows, and water bodies in the images are removed. Furthermore, in the original Landsat 5 TM image, the thermal infrared (TIR) band (TM6) is originally acquired at a spatial resolution of 120 m and then resampled to 30 m by triple convolution. NDVI, WET, and NDBSI (Normalized Difference Bare Soil Index) are calculated using surface reflectance data from Landsat TM/OLI, and the LST is calculated with the single-channel algorithm.




2.3. Construct RSEI


2.3.1. Greenness


NDVI is the best indicator of greenness [40]. Therefore, it is chosen to represent the greenness indicator in this study:


  N D V I =  (   ρ  N I R   −  ρ  R e d    )  / (  ρ  N I R   +  ρ  R e d     )  



(1)







In the formula,    ρ  N I R     is the reflectance of the near-infrared band and    ρ  R e d     is the reflectance of the red band.




2.3.2. Wetness


The Tasseled Cap transformation is an effective technique for de-redundancy and data compression [41]. Its brightness, greenness, and wetness components are directly autocorrelated with the land surface. Therefore, it has been widely used in ecological monitoring [42]. As the wetness component is closely related to the land surface moisture, the wetness index in this study is represented by the wetness component. The wetness calculation formulas of Landsat 5 TM and Landsat 8 OLI are:


  W E  T  T M   = 0.0315  ρ  b l u e   + 0.2021  ρ  g r e e n   + 0.3102  ρ  R e d   + 0.1594  ρ  N I R   − 0.6806  ρ  S W I R 1   − 0.6109  ρ  S W I R 2    



(2)






  W E  T  O L I   = 0.1511  ρ  b l u e   + 0.1972  ρ  g r e e n   + 0.3283  ρ  R e d   + 0.3407  ρ  N I R   − 0.7117  ρ  S W I R 1   − 0.4559  ρ  S W I R 2    



(3)







In the formulas,    ρ  b l u e     is the reflectance of the corresponding blue band,    ρ  g r e e n     is the reflectance of the green band,    ρ  R e d     is the reflectance of the red band,    ρ  N I R     is the reflectance of the near-infrared band,    ρ  S W I R 1     is the reflectance of the shortwave infrared 1 band, and    ρ  S W I R 2     is the reflectance of the shortwave infrared 2 band.




2.3.3. Dryness


The NDBSI analyzes the current state of land desertification and land degradation through the brightness of the soil [43]. The dryness index is obtained by averaging the Soil Index (SI) and the Index-based Build-up Index (IBI) with the formula:


  I B I = (   2  ρ  S W I R 1      ρ  S W I R 1   +  ρ  N I R     −    ρ  N I R      ρ  N I R   +  ρ  R e d     +    ρ  g r e e n      ρ  g r e e n   +  ρ  S W I R 1     ) / (   2  ρ  S W I R 1      ρ  S W I R 1   +  ρ  N I R     +    ρ  N I R      ρ  N I R   +  ρ  R e d     +    ρ  g r e e n      ρ  g r e e n   +  ρ  S W I R 1     )  



(4)






  S I = [ (  ρ S     W I R 1   +  ρ  R e d   ) − (  ρ  b l u e   +  ρ  N I R   ) ] / [ (  ρ  S W I R 1   +  ρ  R e d   ) + (  ρ  b l u e   +  ρ  N I R   ) ]  



(5)






  N D B S I = ( I B I + S I ) / 2  



(6)







In the formula,    ρ  R e d    ,    ρ  g r e e n    ,    ρ  b l u e    ,    ρ  N I R    , and    ρ  S W I R 1     represent the reflectance of the red band, green band, blue band, near-infrared band, and shortwave infrared 1 band, respectively.




2.3.4. Heat


The land surface temperature, which represents the thermal index, can be calculated with the model from the Landsat user manual (https://www.usgs.gov/landsat-missions/landsat-8-data-users-handbook, accessed on 15 March 2022) and the latest revised calibration parameters from Jiménez-Muñoz et al. [44]:


  T =  K 2  / ln (  K 1  / L + 1 )  



(7)







In the formula, L is the Top of Atmosphere (TOA) spectral radiance in the thermal infrared band; T is the brightness temperature at the sensor; K1 and K2 are the calibration constants in the thermal infrared band. For TM 6 band, K1 = 607.76 W/(m2 × sr × μm), K2 = 1260.56 K, and for OLI 10 band, K1 = 774.89 W/(m2 × sr × μm), K2 = 1321.08 K.



The temperature T calculated by Formula (7) must be corrected for land surface emissivity to become land surface temperature LST.


  L S T =  T  1 +   λ  T    ρ  ln ε    



(8)







In the formula, λ is the central wavelength of the thermal infrared band. ρ = 1.438 × 10−2 mK; ε is land surface emissivity.




2.3.5. RSEI and EEQ


Among the indicators that make up the RSEI, NDVI, and NDBSI indicators, how ecological quality responds to changes in land cover can be shown. The WET and LST indices show how ecological quality responds to variations in the surface environment. Four indicators of the RSEI were calculated based on Landsat series data [15]. The four indicators are inconsistent and need to be normalized before performing the principal component analysis (PCA). In addition, the RSEI was obtained by normalizing the first principal component of PCA (PC1), which can reflect the quality of the regional ecological environment. Calculation methods such as Formulas (9)–(11):


  N  I i  = (  I i  −  I  m i n   ) / (  I  m a x   −  I  m i n   )  



(9)






  R S E  I 0  = P C 1  [  f ( Greenness , W e t n e s s , D r y n e s s , H e a t )  ]   



(10)






  R S E I = ( R S E  I 0  − R S E  I 0        m i n     ) / ( R S E  I 0        max     − R S E  I 0        m i n     )  



(11)







Greenness is represented by NDVI. NDBSI is used to calculate the dryness, which is the average value of SI and IBI. Wetness is determined via a Tasseled Cap Transformation’s wet component. Heat is represented by the LST.



The RSEI have values between 0 and 1, and the EEQ is better the closer the value is to 1. Similarly, a higher mean value of RSEI indicates a better EEQ. According to the classification of the RSEI by Hu and Xu [45], the RSEI was classified into five levels according to the equal interval classification method: Poor (Level 1, 0 < RSEI < 0.2), Fair (Level 2, 0.2 < RSEI < 0.4), Moderate (Level 3, 0.4 < RSEI < 0.6), Good (Level 4, 0.6 < RSEI < 0.8), and Excellent (Level 5, 0.8 < RSEI < 1). Therefore, the last RSEI rating reflects how the research area’s ecosystem is.





2.4. Spatial Autocorrelation Analysis


The association between the elemental EEQ and the neighboring spatial eco-environment can be determined by looking at the spatial autocorrelation [46]. One method for describing the spatial homogeneity of distribution of EEQ in the study region is through spatial correlation analysis of EEQ. In this work, the geographic correlation of RSEI is examined using global/local spatial autocorrelation (Global Moran’s I/Local Moran’s I) [47,48].



The correlation between the attribute values of nearby geographical units is reflected in the Global Moran’s I index. A stronger geographical autocorrelation is indicated by a Moran’s I absolute value that is closer to 1 [49]:


  G l o b a l   M o r a n ’ s   I =   n ×   ∑  i = 1  n      ∑  j = 1  n    w  i , j    z i   z j        ∑  i = 1  n      ∑  j = 1  n    w  i , j    z i 2       



(12)







n is the overall number of components. zi is the EEQ value’s divergence from the research area’s mean EEQ at site i. Wi,j determines how elements i and j are weighted spatially. The range of Moran’s I is −1 to 1. The EEQ is correlated positively with Moran’s I as it approaches +1, negatively with it as it approaches −1, and not at all with 0 (indicating no spatial autocorrelation) [50].



Optimized hot spot analysis effectively identifies spatial clusters of statistically significant high values and low values [51]. It automatically aggregates event data, identifies appropriate analysis ranges, and corrects for multiple testing and spatial dependencies. The calculation formula is as follows:


   G i *  =     ∑  j = 1  n    w i     , j    x j  −  X ¯    ∑  j = 1  n    w  i , j         S     [ n   ∑  j = 1  n    w  i , j  2    −  (   ∑  j = 1  n    w  i , j      ) 2   ]   n − 1        



(13)






   X ¯  =     ∑  j = 1  n    x j     n   



(14)






  S =       ∑  j = 1  n    x j 2     n  −   (  X ¯  )  2     



(15)







   G i *    represents the statistically significant hot spots and cold spots. The calculation parameters are the same as in Formula (12).





3. Results


3.1. Comprehensive Evaluation of EEQ of Panzhihua City


Table 1 shows that the PC1 contributes more than 75% of the time in all seven historical images from 1990 to 2020, indicating that PC1 can express most of the characteristics of NDVI, WET, LST, and NDBSI [22]. The eigenvalues of PC2, PC3, and PC4 have positive and negative numbers, and are anomalous variable loadings. However, NDVI and WET have positive eigenvalues in PC1, but LST and NDBSI have negative eigenvalues, which is consistent with reality.



The poorer EEQ is mainly seen in towns and cities along the river in central Panzhihua and the farming areas in the northeast with a low elevation, high urbanization, and frequent human activities. Areas with better EEQ are mainly distributed in the north with a higher elevation, higher vegetation coverage, and lower urbanization (Figure 3a and Figure A4). From 1990 to 2020, the ecological environment in more than 50% of the area in Panzhihua is rated as moderate (level 3), good (level 4), and excellent (level 5), and the proportion of the area rated as poor (level 1) gradually decreases from 23% in 1990 to 15% in 2020, showing that the EEQ has been improved (Figure 3b).



The mean values of RSEI in Panzhihua are 0.498 (1990), 0.539 (1995), 0.535 (2000), 0.524 (2005), 0.517 (2010), 0.528 (2015), and 0.534 (2020) (Figure 4a). The three mining areas in Panzhihua show different trends in the proportion of areas with good and excellent (level 4 and level 5) ecological environmental quality: the total percentage of area at level 4 and level 5 in Baima mine first increased and then decreased, with 11.95% in 2005 being the bottom (1990: 24.36%, 1995: 34.53%, 2000: 48.45%, 2005: 11.95%, 2010: 12.78%, 2015: 16.73%, 2020: 25.07%). The total percentage of area at level 4 and level 5 in Panjiantian mine showed a sharp decrease from 1995 to 2000 (from 31.4% in 1995 to 13.70% in 2000), with the smallest percentage being 11.39% in 2010. Zhulan mine was mined before the study period in this paper, and its total percentage of area at level 4 and level 5 did not change much from 1990 to 2015. Its EEQ improved from 2015 to 2020, owing to the mine ecological restoration project carried out at that time (Table A1).



It can be found from the line graph of the mean value of RSEI in Panzhihua from 1990 to 2020 (Figure 4) that the mean value fluctuates around 0.5, and the EEQ of the three mining areas is much lower than that of Panzhihua. In Zhulan mine, mining activities started in the 1970s [52]. Its mining area did not change much after 1990. Its EEQ has improved slightly and its RSEI mean values maintain between 0.2 and 0.4, with the minimum value being 0.244 in 2005 and the maximum value being 0.318 in 2020. Baima mine showed a sharp drop in RSEI mean value from 2000 to 2005 (from 0.59 in 2000 to 0.35 in 2005 with a decrease of 41%), which resulted from the mining activities that started in 2003, when the mine was in the construction and production phase. It seriously damaged the surrounding ecological environment, resulting in a significant decrease in environmental quality. The RSEI mean value increased greatly and the EEQ was improved after 2015 because of the mine ecological restoration project carried out after 2017 [53]. Panjiatian mine also experienced a sudden decrease, which was 17%, in the mean value of RSEI from 1995 to 2000.




3.2. Autocorrelation Analysis


To guarantee the completeness of information and the precision of the quantitative analysis, the images were resampled into 1 km × 1 km grids according to the ecosystem and landscape pattern characteristics of the research area while taking the area’s internal characteristics into account. In this study, we randomly selected 10,000 samples from each RSEI image to explain the spatial dependence from the aspect of the spatial correlation and degree of the indicators. To find out the relationship between the indicators and RSEI, LST and NDBSI (the negative indicators), WET and NDVI (the positive indicators), and RSEI were projected into 3D space (Figure 5). RSEI values increase when NDVI and WET values increase, showing that wetness and greenness are associated positively with ecosystem quality (Figure 5a). RSEI values decrease when NDBSI and LST values increase, showing that dryness and heat are associated negatively with ecosystem quality (Figure 5b). This is consistent with the results of Yue et al. [54] and indicates that RSEI is appropriate for EEQ evaluation of resource-based city.



Based on the above 70,000 resampled points, we conducted a spatial autocorrelation analysis on the RSEI of Panzhihua City with optimized hot spot analysis and Moran’s I index. The Moran’s I scatter graph of RSEI is shown in Figure 6. Each year’s scatter points are primarily focused in the first and third quadrants, indicating a significant positive spatial correlation with the EEQ in Panzhihua City. In 1990, 1995, 2000, 2005, 2010, 2015, and 2020, the Moran’s I indexes are 0.523, 0.521, 0.505, 0.700, 0.644, and 0.555, respectively. These numbers convey that the spatial distribution of EEQ in these seven years is aggregated rather than random, and the strongest positive spatial correlation in Panzhihua is in 2005.



To comprehend the spatio-temporal distribution of EEQ, the optimized hot spot analysis is employed to obtain and analyze the spatial distribution of RSEI. As the cold and hot spot cluster map (Figure 7) shows, the insignificant regions are mainly distributed in rural areas, and the hot spots are mainly aggregated in the northeast corner of Panzhihua City. From 1990 to 2010, the area of hot spots increased, indicating the improvement of ecological environment. Low RSEI values are primarily found in urban areas along the river and mining areas (Figure 7). These places are highly urbanized with frequent human engineering activities [55], leading to poor EEQ. From 2010 to 2020, areas with low RSEI values and high RSEI values both decreased, while insignificant areas increased remarkably (Figure 7).



We adopted a smaller grid (250 m × 250 m) to conduct hot spot analysis for the three mining areas of Baima, Zhulan, and Panjiatian. Compared with the previous city-scale hot spot analysis (a grid size of 1 km × 1 km), the Not Significant Area significantly reduced (Table 2), which indicates that at smaller scales, the hot spot and cold spot regions increase and the spatial autocorrelation of EEQ is higher. The two scales of hot spot analysis also differ in spatial distribution: at the city scale, the mines are basically in the cold spots and insignificant areas, while at the mine scale, the hot spots are mostly found in the unmined parts of the mines, and the cold spots and insignificant areas are mostly in the mined parts of the mines (Figure 7, Figure A1b, Figure A2b and Figure A3b).




3.3. Detection of Changes of Ecological Environmental Quality


Detection is performed on the changes of Panzhihua and its three mines based on RSEI grading results between 1990 and 2020 (Figure 8 and Table 3). The results fall into five levels, which are: IO (Improvement Obvious, with a change level of “+4” or “+3”), IS (Improvement Slight, with a change level of “+2” or “+1”), IN (Invariability, with no change in level), DS (Deterioration Slight, with a change level of “−1” or “−2”), and DO (Deterioration Obvious, with a change level of “−3” or “−4”). The results show that Panzhihua’s EEQ has improved over the last 30 years (nearly 40% of the areas have remained stable, and the total area of IO and IS (2912.3 km2) is larger than that of DS and DO (1486.33 km2)). RSEI level lowers mainly in the farming and mining areas in northern Panzhihua, suggesting that human activities undermine the EEQ greatly. Compared with 1990, the EEQ of the three mines, namely Zhulan, Baima, and Panjiatian, has improved, with 50.67% of IS in Zhulan mine and more than 30% in Baima and Panjiatian mines. Large-scale open-pit mining activities have resulted in a dramatic rise in exposed land surface and a significant decrease in the EEQ of the mining areas. The mining areas in Baima and Panjiatian mines have a lower ecological environmental level, which is caused by the excavation during open-pit mining that destroys the vegetation and increases the exposed land surface. Zhulan was mined earlier than the period studied in this paper. The RSEI level of the mining area remains largely unchanged, while that of other areas slightly increased.





4. Discussion


4.1. Evaluation Method of EEQ


In recent decades, the continuous large-scale exploitation of mineral resources such as coal, iron ore, and rare earth mines has provided a significant amount of energy and materials required for China’s rapid economic and social development. However, surface subsidence, land destruction, vegetation degradation, water pollution, soil degradation, and air pollution have all resulted from the continuous and intensive mineral resource exploitation activities in a certain range of mining areas [56,57,58], which has drawn widespread attention from all walks of life. In this context, it is increasingly necessary to balance resource exploitation with environmental protection and management in future mining operations. This kind of protection and management cannot be reached without scientific monitoring of the ecological environment of mining areas.



There are numerous methods for assessing the natural ecological environment. Some commonly used ones are index method and integrated index method [59,60], Delphi method, landscape ecology method [61], score iteration method, multi-index weighting method [62,63], etc. In this study, PCA was employed to integrate all ecological indicators. The effect of each index on the RSEI is objectively defined by the contribution of the data to the main component, rather than by the weights assigned arbitrarily, thus avoiding the bias of results caused by weight settings that differ depending on the person and method.



We compared the calculated RSEI with the ecological vulnerability index (EVI) constructed by Dai et al. [37] and found that the spatial distribution and trends of RSEI and EVI were consistent. This means that the RSEI model, which is entirely based on remote sensing data, can be utilized to assess the EEQ of a resource-based city like Panzhihua. In addition, the results of the EEQ evaluation made by RSEI constructed based on the four indicators used in this study are consistent with the ecological environment vulnerability evaluation results based on 13 evaluation factors, which indicates that RSEI can not only evaluate EEQ quickly but also ensures the accuracy of the evaluation results.



In the analysis of the mining areas, RSEI is the only index we use to assess the quality of the eco-environment. In fact, mining activities not only damage the land vegetation, but also cause soil barrenness, soil heavy metal pollution, groundwater depression, biodiversity reduction, and atmospheric pollution. Therefore, the indicators for evaluating the EEQ of mining areas also include soil heavy metal content, soil nutrients, biodiversity, atmospheric dust, and so on. The above indicators can be tried in future studies on the assessment of eco-environmental quality in mining areas.



Future studies can refer to more EEQ evaluation indexes and thoroughly analyze the factors influencing EEQ changes in mining areas to discuss the causes of EEQ changes in Panzhihua mining areas at length and supply a basis for the ecological conservation and organization in Panzhihua mining areas.




4.2. Suitability of RSEI


Ministry of Environmental Protection of the People’s Republic of China launched the newly revised “Technical Criterion for Ecosystem Status Evaluation” (HJ 192-2015) (hereinafter referred to as the Criterion) in March 2015. Among these, the ecological index (EI) is primarily made up of data collected using remote sensing technology, and is calculated as the weighted sum of five evaluation indicators (biological diversity, vegetation coverage, land stress, pollution load, and water network density). The first three indexes can be gained using remote sensing technology, while the others are much harder to obtain. Subjective bias exists because the weight of each index is set artificially [15]. RSEI takes greenness, wetness, heat, and dryness as the four assessment indexes, and uses PCA to compute the weight of each indicator, which avoids subjective bias. Among them, the greenness index is similar to the vegetation coverage and biological richness indexes in the Criterion because they have similar calculation bases; the wetness index is similar to the water network denseness index in the Criterion, which represents not only open water bodies such as lakes or rivers, but also the wetness of soil and plants; the dryness index is associated with the land stress index in the Criterion and is represented by the bare soil index: a higher value indicates the more severe land stress; the land temperature, which represents heat, is affected by urban expansion and other environmental changes.



RSEI has been extensively used in monitoring the EEQ of mining areas. Some studies directly calculate the RSEI in mining areas and analyze the spatial-temporal changes of the RSEI values in mining areas to monitor the changes of EEQ, which proves that RSEI can be used to monitor the eco-environment in mining areas [64,65,66,67]. Although the RSEI method can objectively assess the eco-environment in mining areas, only the influences of vegetation greenness, surface environment, and climate on the ecological environment are considered in its index system. As an important ecologically sensitive zone and key management area in China, the EEQ of Panzhihua mining area is of great significance. Currently, the RSEI index is frequently used to study cities and counties [68,69], watersheds [20,22], natural heritages [70], and wetlands [19,71], while it is rarely applied to mining areas. Some studies have adopted the RSEI index in studying the EEQ changes in mining areas, but they did not put the spatial changes of EEQ into consideration, while this paper includes the study of the spatial changes of EEQ.



The traditional method of ecological survey and evaluation can only provide the mean ecological value in some regions (such as counties and towns), but RSEI can monitor the ecological changes from the microscopic perspective of pixels. It can also be visualized and mapped, which is an efficient and intuitional method to monitor the eco-environment. The average value of RSEI in Panzhihua City rises from 0.498 in 1990 to 0.534 in 2020. Although it is not a significant growth, there is an obvious spatial variation of RSEI, with the EEQ of the southern forest area improving and that of the mining and farming areas reducing. In the future, high-resolution images can be combined with Landsat satellite images to further monitor the ecological status and changes in mining areas.




4.3. Impact of the Policy on EEQ


EEQ is closely correlated with its ecological policy [72]. On 12 July 2010, Panzhihua City released Panzhihua’s Ecological City Construction Implementation Plan [53]. It set the construction goals of various counties throughout the city for building an ecological economic system, natural resources guarantee system, ecological environment system, ecological human settlement system, ecological culture system, and ecological capacity support system to improve the ecological environment and foster ecological culture. The implementation of this policy led to a gradual increase in EEQ in Panzhihua after 2010 (Figure 4a). In addition, in 2017, the mine ecological restoration project [53] was implemented for the mine site. This policy remediates mining waste land contamination to achieve the restoration of damaged ecosystems and the sustainable use of land resources. As a result, the EEQ of the Zhulan and Baima mines increased substantially after 2015 (Figure 4a,b). Overall, these policies have largely alleviated the impact of human activities on the environment and improved the overall ecological quality of Panzhihua City.




4.4. GEE Platform and Time Series Interval


The RSEI can indicate the trend of eco-environmental changes with a long period and noticeable geographical features but is limited by the time points in remote sensing data, it cannot be used to monitor the specific eco-environmental change process and eco-environmental changes with a short period [73]. The remote sensing cloud computing service platforms (such as PIE-Engine of Piesat and Google Earth Engine of Google Inc.) with very powerful computing capability can rapidly process decades of long time series of massive remote sensing image data, which greatly shortens the processing time of large-scale remote sensing images and makes it possible for users to process decades of remote sensing images of mining areas within a short time. With the support of these new remote sensing technologies and platforms, the quantitative remote sensing monitoring of the ecological environment in mining areas at home and abroad has been further developed, and a series of excellent results have been achieved [74,75,76]. This study uses the GEE platform to monitor s the EEQ of Panzhihua in the past thirty years, draws 7 spatial distribution maps of RSEI from 1990 to 2020, and selects three mines in Panzhihua to explore the effects of mining activities on the EEQ.



We have found an anomaly revealed in Figure 4b: Zhulan was mined in the 1970s, but the EEQ decreased significantly from 2000 to 2005. This anomaly may be caused by the soaring demand for steel resources for industrial construction in the early 21st century [77]. The RSEI images mapped every five years cannot well-reflect the ecological environmental status of Zhulan mine in every single year from 2000 to 2005, and the changes of EEQ between two adjacent years cannot be observed. Therefore, the quantitative inversion of ecological and environmental parameters in the mining area and remote sensing products with medium-and-high spatial resolution, long time series, and high frequency remain urgent problems to be solved.



In addition, when assessing the EEQ in mountainous areas with the RSEI model, the remote sensing images will distort in some as there are many ups and downs in mountainous areas, so it is necessary to carry out topographic correction during pre-processing to avoid any changes of image values caused by topographic relief. Landsat series satellites are more suitable for small-scale EEQ monitoring. However, influenced by cloud volume and imaging quality, this paper studies 7 sets of data, which are selected from every five years within a 30-year time series. Landsat 9 is officially in operation and the revisit period is 16 days, with a deviation of 8 days from Landsat 8. Its combination with Landsat 8 can shorten the original 16-day revisit period to 8 days (https://landsat.gsfc.nasa.gov/satellites/landsat-9, accessed on 12 June 2022), and it is possible to achieve the continuity of time in future studies.





5. Conclusions


In this study, we used the RSEI to evaluate the EEQ of Panzhihua City, a typical resource-based city, based on the GEE platform and Landsat remote sensing images. The spatial autocorrelation analysis and comparison with previous research helped reveal that the RSEI is appropriate for evaluating the EEQ of resource-based city. Hot spot analysis revealed the spatial heterogeneity and ecological clustering of ecological environmental quality in Panzhihua. Next, we used change detection of the RSEI to study the spatio-temporal changes in the dynamic of the EEQ in Panzhihua in the past three decades. In addition, we have studied three mining areas in Panzhihua to probe into the effects of mining operations on EEQ.



The study results show that: (1) the mean values of RSEI from 1990 to 2020 (1990, 1995, 2000, 2005, 2010, 2015, and 2020) range from 0.4 to 0.6 (0.498, 0.539, 0.535, 0.524, 0.517, 0.528, and 0.534), indicating that the EEQ of Panzhihua has improved slightly from 1990 to 2020. (2) The Moran’s I values of RSEI in 1990, 1995, 2000, 2005, 2010, 2015, and 2020, respectively, are 0.523, 0.521, 0.505, 0.700, 0.644, 0.555, and 0.436, indicating a positive correlation between the spatial distribution of EEQ in Panzhihua City, and that the space distribution is in an aggregated pattern rather than a random one. The RSEI hot spots are primarily situated in the northwestern and central mountainous areas of Panzhihua City. The cold spots are primarily found in the urban areas along the river and mining areas with a high population density and a high frequency of human engineering activities, which bring much harm to the eco-environment. (3) The detection of the change in the RSEI level demonstrates the improvement of Panzhihua City’s ecological environment during the past 30 years, but the farming and mining areas still see ecological environmental deterioration. (4) Mining activities significantly undermine the EEQ. In the past 30 years, they have led to a 20–40% decrease in average RSEI in mining areas. (5) The ecological policy of Panzhihua was able to improve the regional ecological quality. Despite the negative impact of mining activities on the ecological quality, there was still a slight improvement in the ecological quality under the influence of the policy.



Our evaluation study is entirely based on Landsat images, and RSEI is constructed on the GEE platform. This study provides a practical method to evaluate the spatial-temporal changes of EEQ. Socioeconomic data (e.g., GDP, population, social welfare) can be included in future studies to research the interactions between the ecological environment and human activities. Data on rainfall, temperature, and elevation, which have an impact on the eco-environment, can also be studied. Further studies will offer workable policy-making instruments for the management of natural resources to assure that ecological knowledge, conservation, and environmental processes of governance are effectively taken into account in the preservation and restoration of the Panzhihua ecosystem.
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Figure A1. Spatial Distribution of RSEI and Hotspots and Coldspots in Baima Mine ((a): Spatial Distribution of RSEI, (b): Spatial Distribution of Hotspots and Coldspots). 
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Figure A2. Spatial Distribution of RSEI and Hotspots and Coldspots in Panjiatian Mine ((a): Spatial Distribution of RSEI, (b): Spatial Distribution of Hotspots and Coldspots). 
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Figure A3. Spatial Distribution of RSEI and Hotspots and Coldspots in Zhulan Mine ((a): Spatial Distribution of RSEI, (b): Spatial Distribution of Hotspots and Coldspots). 
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Figure A4. Land-use map of Panzhihua City. 
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Table A1. RSEI Classification Results for Three Mines.






Table A1. RSEI Classification Results for Three Mines.





	
Region

	
Year

	

	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Level 5






	
Baima mine

	
1990

	
Area (km2)

	
53.94

	
45.37

	
33.21

	
25.47

	
17.20




	
Pct./%

	
30.79

	
25.90

	
18.96

	
14.54

	
9.82




	
1995

	
Area (km2)

	
33.82

	
41.21

	
39.67

	
35.63

	
24.86




	
Pct./%

	
19.31

	
23.52

	
22.64

	
20.34

	
14.19




	
2000

	
Area (km2)

	
17.41

	
31.39

	
41.52

	
42.01

	
42.87




	
Pct./%

	
9.94

	
17.91

	
23.70

	
23.98

	
24.47




	
2005

	
Area (km2)

	
61.50

	
52.06

	
40.71

	
18.04

	
2.90




	
Pct./%

	
35.10

	
29.71

	
23.23

	
10.30

	
1.65




	
2010

	
Area (km2)

	
61.75

	
54.96

	
36.10

	
18.37

	
4.03




	
Pct./%

	
35.25

	
31.37

	
20.60

	
10.48

	
2.30




	
2015

	
Area (km2)

	
59.66

	
51.40

	
34.82

	
23.17

	
6.14




	
Pct./%

	
34.05

	
29.34

	
19.87

	
13.23

	
3.50




	
2020

	
Area (km2)

	
42.93

	
52.42

	
35.93

	
26.19

	
17.72




	
Pct./%

	
24.50

	
29.92

	
20.51

	
14.95

	
10.12




	
Panjiatian mine

	
1990

	
Area (km2)

	
2.13

	
3.86

	
4.87

	
2.53

	
0.55




	
Pct./%

	
15.25

	
27.70

	
34.93

	
18.16

	
3.95




	
1995

	
Area (km2)

	
1.96

	
3.33

	
4.28

	
3.22

	
1.16




	
Pct./%

	
14.08

	
23.86

	
30.66

	
23.12

	
8.29




	
2000

	
Area (km2)

	
2.38

	
4.72

	
4.94

	
1.74

	
0.17




	
Pct./%

	
17.07

	
33.82

	
35.41

	
12.47

	
1.23




	
2005

	
Area (km2)

	
2.16

	
5.15

	
4.79

	
1.80

	
0.06




	
Pct./%

	
15.46

	
36.90

	
34.36

	
12.88

	
0.40




	
2010

	
Area (km2)

	
2.31

	
5.46

	
4.59

	
1.56

	
0.03




	
Pct./%

	
16.56

	
39.13

	
32.91

	
11.17

	
0.22




	
2015

	
Area (km2)

	
2.55

	
4.38

	
4.07

	
2.82

	
0.12




	
Pct./%

	
18.31

	
31.41

	
29.15

	
20.24

	
0.89




	
2020

	
Area (km2)

	
3.72

	
3.76

	
2.64

	
2.75

	
1.08




	
Pct./%

	
26.69

	
26.92

	
18.92

	
19.73

	
7.75




	
Zhulan mine

	
1990

	
Area (km2)

	
89.20

	
40.57

	
18.62

	
8.28

	
2.77




	
Pct./%

	
55.95

	
25.44

	
11.68

	
5.19

	
1.74




	
1995

	
Area (km2)

	
87.99

	
37.85

	
19.02

	
10.11

	
4.46




	
Pct./%

	
55.19

	
23.74

	
11.93

	
6.34

	
2.80




	
2000

	
Area (km2)

	
79.06

	
41.87

	
22.93

	
11.86

	
3.72




	
Pct./%

	
49.59

	
26.26

	
14.38

	
7.44

	
2.33




	
2005

	
Area (km2)

	
92.71

	
41.21

	
19.02

	
5.61

	
0.88




	
Pct./%

	
58.15

	
25.85

	
11.93

	
3.52

	
0.55




	
2010

	
Area (km2)

	
68.81

	
54.83

	
26.24

	
7.78

	
1.79




	
Pct./%

	
43.15

	
34.39

	
16.46

	
4.88

	
1.12




	
2015

	
Area (km2)

	
67.29

	
47.07

	
30.66

	
12.51

	
1.91




	
Pct./%

	
42.20

	
29.52

	
19.23

	
7.85

	
1.20




	
2020

	
Area (km2)

	
46.44

	
51.59

	
35.32

	
18.49

	
7.61




	
Pct./%

	
29.12

	
32.36

	
22.15

	
11.60

	
4.77
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Figure 1. Workflow of this study. 
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Figure 2. The Situation of the Study Area (A): Location of Sichuan Province, (B): Location of Panzhihua, (C): Distribution of Mining Areas in Panzhihua, (D): Distribution of the Three Mining Area Sites in Panzhihua City). 
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Figure 3. The RSEI Classification Results of Panzhihua City in 1990, 1995, 2000, 2005, 2010, 2015, and 2020. (a) Spatial Distribution Map of RSEI. (b) Area of RSEI Classification Results. 
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Figure 4. 1990–2020 RSEI Mean Line Graph (a): Panzhihua, (b): Zhulan Mine, (c): Baima Mine, (d): Panjiatian Mine). 
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Figure 5. 3-D Scatterplot illustrate the relationships between WET, NDVI, LST, NDBSI, and RSEI. (a) The relationship among RSEI, NDVI and WET; (b) The relationship among RSEI, NDBSI, and LST. 
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Figure 6. Scatterplot of RSEI Moran’s I in Panzhihua in 1990, 1995, 2000, 2005, 2010, 2015, and 2020. 
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Figure 7. Spatial Distribution of Hotspots and Coldspots in Panzhihua City, 1990–2020. Note: Cold Spot-99% Confidence and Hot Spot-99% Confidence mean that the samples have a statistical significance with 99% confidence, while Not Significant shows that the samples are not statistically significant. 
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Figure 8. RSEI Detection Change in Panzhihua from 1990 to 2020. 
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Table 1. PCA Results of RSEI from 1990 to 2020.
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Year

	
Indicators

	
PC1

	
PC2

	
PC3

	
PC4






	
1990

	
WET

	
0.12

	
0.38

	
0.38

	
−0.84




	
NDVI

	
0.91

	
−0.39

	
−0.10

	
−0.09




	
NDBSI

	
−0.29

	
−0.37

	
−0.71

	
−0.53




	
LST

	
−0.27

	
−0.75

	
0.59

	
−0.12




	
Eigenvalue

	
0.01

	
0.00

	
0.00

	
0.00




	
Percent eigenvalue

	
84.32%

	
11.00%

	
4.08%

	
0.61%




	
1995

	
WET

	
0.17

	
0.43

	
0.87

	
−0.19




	
NDVI

	
0.96

	
−0.29

	
−0.05

	
−0.04




	
NDBSI

	
−0.07

	
−0.07

	
−0.16

	
−0.98




	
LST

	
−0.23

	
−0.85

	
0.47

	
0.00




	
Eigenvalue

	
0.01

	
0.00

	
0.00

	
0.00




	
Percent eigenvalue

	
89.21%

	
7.99%

	
2.72%

	
0.08%




	
2000

	
WET

	
0.14

	
−0.56

	
0.80

	
0.12




	
NDVI

	
0.17

	
−0.58

	
−0.53

	
0.60




	
NDBSI

	
−0.97

	
−0.22

	
0.00

	
0.07




	
LST

	
−0.07

	
0.54

	
0.28

	
0.79




	
Eigenvalue

	
0.01

	
0.00

	
0.00

	
0.00




	
Percent eigenvalue

	
78.46%

	
17.37%

	
3.26%

	
0.91%




	
2005

	
WET

	
0.09

	
−0.06

	
0.42

	
−0.90




	
NDVI

	
0.79

	
0.60

	
−0.12

	
−0.02




	
NDBSI

	
−0.13

	
−0.02

	
−0.90

	
−0.42




	
LST

	
−0.59

	
0.80

	
0.10

	
−0.06




	
Eigenvalue

	
0.01

	
0.00

	
0.00

	
0.00




	
Percent eigenvalue

	
78.78%

	
19.02%

	
2.03%

	
0.17%




	
2010

	
WET

	
0.13

	
−0.01

	
0.90

	
−0.41




	
NDVI

	
0.48

	
0.87

	
−0.08

	
−0.07




	
NDBSI

	
−0.07

	
−0.07

	
−0.40

	
−0.91




	
LST

	
−0.86

	
0.49

	
0.12

	
−0.02




	
Eigenvalue

	
0.02

	
0.00

	
0.00

	
0.00




	
Percent eigenvalue

	
84.15%

	
14.32%

	
1.41%

	
0.12%




	
2015

	
WET

	
0.23

	
0.04

	
0.97

	
−0.11




	
NDVI

	
0.51

	
0.85

	
−0.15

	
0.00




	
NDBSI

	
−0.03

	
−0.01

	
−0.11

	
−0.99




	
LST

	
−0.83

	
0.53

	
0.18

	
0.00




	
Eigenvalue

	
0.01

	
0.00

	
0.00

	
0.00




	
Percent eigenvalue

	
76.92%

	
18.87%

	
4.18%

	
0.03%




	
2020

	
WET

	
0.39

	
−0.07

	
−0.87

	
−0.30




	
NDVI

	
0.53

	
0.82

	
0.20

	
−0.07




	
NDBSI

	
−0.17

	
−0.03

	
0.26

	
−0.95




	
LST

	
−0.73

	
0.56

	
−0.38

	
0.01




	
Eigenvalue

	
0.02

	
0.00

	
0.00

	
0.00




	
Percent eigenvalue

	
78.05%

	
12.84%

	
8.57%

	
0.54%








PC1 is the first principal component of the principal component analysis. Similarly, PC2 is the second, PC3 is the third, and PC4 is the fourth.
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Table 2. Not Significant Area of the Mine.
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Region

	

	
1990

	
1995

	
2000

	
2005

	
2010

	
2015

	
2020

	
Average






	
Baima Mine

	
Mine Scale/%

	
33.30%

	
30.36%

	
49.18%

	
23.85%

	
30.63%

	
33.75%

	
36.96%

	
34.00%




	
City Scale/%

	
68.44%

	
52.00%

	
41.78%

	
11.56%

	
11.56%

	
24.00%

	
39.11%

	
35.49%




	
Zhulan Mine

	
Mine Scale/%

	
27.09%

	
30.12%

	
23.33%

	
29.39%

	
37.46%

	
31.98%

	
38.04%

	
31.06%




	
City Scale/%

	
16.34%

	
12.87%

	
15.35%

	
6.44%

	
10.40%

	
12.87%

	
21.29%

	
13.65%




	
Panjiatian Mine

	
Mine Scale/%

	
33.22%

	
23.98%

	
34.88%

	
28.73%

	
15.70%

	
18.36%

	
13.44%

	
24.05%




	
City Scale/%

	
91.67%

	
100.00%

	
4.17%

	
45.83%

	
54.17%

	
83.33%

	
70.83%

	
64.29%
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Table 3. Detection of Changes in RSEI Levels 1990–2020.
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Region

	

	
Improvement Obvious

	
Improvement Slight

	
Invariability

	
Deterioration Slight

	
Deterioration Obvious






	
Panzhihua

	
Area/km2

	
151.73

	
2760.57

	
3315.38

	
1371.91

	
114.42




	
Pct./%

	
1.97

	
35.79

	
42.98

	
17.78

	
1.48




	
Zhulan mine

	
Area/km2

	
1.70

	
80.79

	
68.15

	
8.64

	
0.16




	
Pct./%

	
1.07

	
50.67

	
42.74

	
5.42

	
0.10




	
Baima mine

	
Area/km2

	
2.61

	
62.55

	
65.35

	
38.58

	
6.10




	
Pct./%

	
1.49

	
35.70

	
37.30

	
22.02

	
3.48




	
Panjiatian mine

	
Area/km2

	
0.26

	
4.70

	
3.94

	
4.30

	
0.75




	
Pct./%

	
1.86

	
33.68

	
28.25

	
30.84

	
5.37
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