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Abstract: Opencast mining contributes to the severe disturbance of vegetation and serious damage
to the ecological environment. Scientific assessment of the ecological losses may provide guidance
for the sustainable land use in mining areas. This study uses the Carnegie Ames Stanford Approach
(CASA) model to estimate the net primary productivity (NPP) of vegetation in the Pingshuo mining
area from 2006 to 2020 and uses statistical analysis and mathematical models to study the impact
of mining and land reclamation on NPP. The results show that NPP decreased slowly at a rate of
0.809 gC/(m?-month) per year. In 2006, the urban area of Pinglu and the opencast coal mining area
were located in the western part of the study area, while the eastern part was distributed with a
large amount of grassland, forested and cultivated land, and the NPP showed a high pattern in
the east and low in the west. With the continued eastward movement of Antaibao and Anjialing
mining areas, as well as the construction and continuous westward expansion of the East opencast
mine, the pits of all three opencast mines moved to a central location in 2020, changing the spatial
distribution of NPP to high in the surroundings and low in the middle. The NPP within the three
opencast mines decreased significantly, but the change in NPP increased from —7.34 gC/(m?-month)
to 7.15 gC/(m?-month) as the reclamation area increased, indicating that mining increased ecological
losses while land reclamation mitigated them. The variation of NPP within 600 m outside the mining
area is 2.06~7.45 gC/ (m?Z-month), and 0.11~1.00 gC/ (m2-month) from 600 m to 1000 m, indicating
that NPP is sensitive to the influence of mining. The results may provide guidance for further
analysis of the impact of mining on local environments and exploration of more appropriate land
reclamation measures.

Keywords: ecological loss; net primary productivity (NPP); mining activity; land reclamation;
Pingshuo opencast mine

1. Introduction

Large-scale opencast coal mining activities often lead to severe degradation of terres-
trial ecosystems The damage to the land [1]. A large number of abandoned rocks and soil
are discharged, occupying a large area of land, destroying the surface vegetation and the
area covered by regional vegetation is constantly decreasing [2,3]. As an important carbon
sink in terrestrial ecosystems, vegetation plays a huge role in the global carbon balance and
in maintaining global climate stability [4,5]. The environmental issue of climate change is
extremely important to the development of human society. Hence, with the reduction in
carbon emissions and the improvement of carbon sinks, it has become a consensus to slow
down the rate of global warming [6] The Chinese government strives to achieve carbon
peaking in 2030 and carbon neutrality in 2060. Increasing the vegetation carbon storage in
terrestrial ecosystems is an important way to achieve this goal, and it is also an important
part of current global changes [7].
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The net primary productivity (NPP) of vegetation refers to the total amount of organic
matter obtained by photosynthesis per unit area and unit time, and the amount of dry matter
remaining after eliminating autotrophic respiration [8,9]. NPP is not only an important
variable to characterize vegetation activities, but also a main factor to determine the carbon
sink capacity of the ecosystem and regulate the ecology [10]. Furthermore, NPP can use a
unified scale standard to measure the impact of changes in the structure and the function
of the regional ecosystems on vegetation and directly reflect the production capacity of
vegetation communities under natural conditions [11]. Regional NPP estimation and spatio-
temporal evolution studies can effectively indicate the changes in regional carbon sinks
and its response to human activities [12]. This is helpful for ecological loss assessment and
ecological quality monitoring.

Due to the importance of NPP in the study of ecological environment systems, the
results of NPP calculated at different spatial scales from many studies are available [13,14].
The methods of calculating NPP of vegetation include measured method, statistical method
and remote sensing technology [15]. The characteristics of remote sensing data are their
periodicity and land coverage [16]. The use of different models combined with remote
sensing data to estimate NPP and its spatio-temporal distribution has become a mainstream
research method. There are currently three main types of vegetation NPP estimation
models, namely climate-related models, ecological process models and energy use efficiency
models [17]. The improved CASA model selected in this paper is a process model belonging
to the light energy utilization mechanism, which is widely used for monitoring the net
primary productivity (NPP) of regional vegetation due to its few parameters and strong
correlation with vegetation physiological characteristics [18,19]. So far, the CASA model has
been used to a certain extent for the vegetation NPP simulation of grasslands in northern
China [20,21], the Yangtze River Basin [22], and the Loess Plateau [23]. Hicke et al., for
instance, used the CASA model to estimate the net primary productivity of vegetation in
North America and found that the NPP trends of cropland, grassland and forest peaked in
late spring and early summer [24]. Based on the NPP value calculated by using the CASA
model. Fan et al. quantitatively analyzed the ecological resilience in Central Asia based on
the NPP values calculated by the CASA model [25].

Opencast mining is the most commonly used coal mining technology in the world,
and it accounts for 15% of China’s coal production [1]. With the large-scale mining of coal
resources, it has a direct or indirect negative impact on land use and ecological environment
in coal mining areas, especially opencast mining has contributed to extensive damage to
the original topography, vegetation and soil [26]. According to available statistics, for every
10,000 t of coal mined in China’s open-pit coal mines, 0.22 ha of land is damaged, of which
0.12 ha is directly damaged by excavation, and 0.10 ha is occupied by external dumps. The
average annual damaged and occupied land area is up to 10,000 ha [27]. This has led to huge
changes in the vegetation, hydrology, microclimate and biology of the mining ecosystem,
which has disrupted the ecological environment of the entire mining area. Comparing soil
dumps at different ages with soils in unmined areas found that up to 80% of soil organic
carbon in opencast coal mining is lost to soil disturbance [28]. The carbon sink capacity of
vegetation is almost completely lost due to the removal of surface vegetation [29]. Xu et al.,
reported that the disturbance factors affecting the net primary productivity of vegetation in
the mining area are mainly mining activities, and frequent mining activities will reduce
NPP [30]. Wu et al.,, demonstrated that the carbon stocks in mining areas are mainly
affected by the mining activities, and excessive mining activity will destroy the arable
land and ecological environment in mining areas, thus decreasing carbon stocks, while
land reclamation improves land productivity and increases carbon stocks [31]. Liao et al.
analyzed the net primary productivity (NPP) of vegetation in the process of ecological
reconstruction of the mining area and found that the restored mining area can effectively
improve the regional carbon sink capacity [6]. Some studies (e.g., Chen et al.; Ahirwal et al.)
mainly focused on carbon stock estimation and spatial distribution variability [32,33], but
there is a lack of systematic analysis of NPP changes in mining activity and ecological
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reconstruction. Therefore, it is very important to quantitatively evaluate the loss of the
ecological environment in mining area by using the NPP as an index, which can provide a
reference for the further management of the ecological environment by mining activities
and the exploration of more suitable reclamation measures.

The Pingshuo mining area is located in the Loess Plateau, which is an ecologically
fragile area with strong erosion potential. With the beginning of mining activity in 1986, the
mining of mineral resources for 34 years changed the morphology of the original landscape.
This changed the type and distribution pattern of vegetation, and also changed the capacity
of energy conversion and the magnitude of productivity. The impact of coal mining on the
ecological environment of the mining area has formed the pattern and change process of
the surface vegetation with the characteristics of mining activities. At present, studies on
the ecological environment quality of mining areas mainly adopts the methods of ecological
service value [34], ecological carrying capacity [35] and multi-index method [36]. These
methods cannot compare the results of the ecological environment quality assessment
of mining areas for different types of mining areas [37]. NPP can be used as a unified
scale standard to measure the changes in ecological conditions in mining areas [30]. The
purpose of this study is to start from the vegetation change, to use the CASA model to
evaluate the NPP of different vegetation types in the Pingshuo mining area, to analyze
the spatio-temporal changes of the NPP from 2006 to 2020 and to analyze the impact of
mining activities and land reclamation on the change of the NPP trend. The NPP is used as
an indicator to analyze the ecological loss of the mining area, characterize the operational
quality of the mining ecosystem and provide guidance for the restoration of the ecosystem
in the Pingshuo mining area and the environmental management of the mining area.

2. Material and Methods
2.1. Study Area

The Pingshuo mining area is located in the black triangle area where the Loess Plateau
borders Shanxi, Shaanxi and Inner Mongolia. It is located in Pinglu District and Shuocheng
District in northern Shanxi Province, China, at the northern end of the Ningwu Coalfield.
The geographical coordinates range from 112°10'-112°30" E, 39°23/-39°37' N (Figure 1).
The mining area is 21 km long from north to south and 22 km wide from east to west, with
a total area of about 380 km?. The proven coal geological reserves are 12.75 x 10° t, which is
one of the largest opencast mining mines in China. The study area includes 6 administrative
towns, namely Jingping, Xiangyangbao, Baitang, Yulin, Taocun and Xiamiangao, as well as
three large-scale opencast coal mines inside, namely Antaibao opencast mine, Anjialing
opencast mine and East opencast mine. The study area has a semi-arid continental mon-
soon climate in the north temperate zone, with an average annual precipitation of about
450 mm, an average annual temperature of 4.8-7.8 °C and an average annual evaporation of
1786-2589 mm [38]. The zonal soil is chestnut calcareous soil and loess soil, and the vegeta-
tion type belongs to steppe vegetation [39].

In recent years, due to the advancement of mining activity, many villages need to be
relocated, and new rural construction has created new disturbances to the land. The type
of land use changes with mining activity, expansion of construction land and relocation
and resettlement of residential areas. In addition, due to the implementation of the “grain
for green” ecological policy, cultivated land has been transformed into forest land and
grassland, resulting in changes in the distribution of vegetation [40].
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Figure 1. Schematic diagram of the geographical location of the study area.

2.2. Data Soure

The data used in this study include remote sensing data, meteorological data, land
use type data, etc., of the Pingshuo mining area. The data were uniformly converted to the
same spatial reference coordinate system (WGS_1984_UTM_Zone_49n) by projection and
cropped according to the administrative boundaries of the study area. The remote sensing
data were obtained from the spatial geographic data cloud (https://www.gscloud.cn/
(accessed on 6 March 2022)), including two periods of Landsat5 TM data in August 2006
and August 2010, and two periods of Landsat8 data in August 2016 and August 2020, with
a spatial resolution of 30 m. The image was preprocessed with ENVI5.3 for atmospheric
correction, radiometric calibration and geometric correction, and the NDVI data set of
the study area by month was calculated. According to the calculated NDVI data set and
the actual situation of the mining area, the mining area was divided into vegetated and
non-vegetated areas.

The meteorological data were obtained from the monitoring data from 6 meteorological
stations of the Shuozhou Meteorological and Meteorological Bureau in 2006, 2010, 2016 and
2020. The data include monthly mean temperature and precipitation, as well as monthly
total solar radiation data and latitude and longitude coordinates of each meteorological
station. Based on the latitude and longitude information of each meteorological station, the
Kriging interpolation method is used in ArcGIS to obtain the raster data of temperature,
precipitation and solar radiation in Pingshuo mining area with the same pixel size, the
same projection and the same spatial resolution as the NDVI data.

The land use type data for 2006 and 2010 were interpreted from Landsat TM/ETM
remote sensing data, and the data for 2016 and 2020 were from Landsat8 remote sensing
image data. After field investigation and random sampling verification, interpretation
accuracy rate is 91.58%; after random sampling inspection, the accuracy rate is 91.75%. In
order to facilitate the calculation of NPP of different vegetation types, the vegetation types
of the Pingshuo mining area were combined into 8 categories according to the classification
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standard, including forest land, cultivated land, grassland, water area, construction land,
abandoned land, stripping area and open pit.

The vegetation biomass data were obtained from the Pingshuo survey data, including
various tree species, tree diameter, height, grassland types, 1 m x 1 mand 10 m x 10 m
quadratic data, crop types, etc. The observed data of the above-ground biomass of various
vegetation types were converted to obtain the NPP measurement data for the validation of
model estimation data.

2.3. Methods
2.3.1. CASA Model

NPP is a direct indicator that expresses the energy and material quantity of an ecosys-
tem and is used to calculate the carbon loss caused by mining [41]. This paper uses it as
a quantitative indicator of ecological loss [30,37]. This paper estimates NPP based on a
modified CASA model. It is a light energy utilization model driven by remote sensing
data, temperature, precipitation and solar radiation, as well as vegetation type and soil
type [42,43]. In this model, net primary productivity (NPP) of vegetation is a function of
vegetation absorption of photosynthetically active radiation (APAR) and photosynthetic
use efficiency (¢), as in Equation (1):

NPP(x,t) = APAR(x,t) X e(x,t) 1)

where NPP (x,t) is the net primary productivity, gC/(m?-month); APAR (x,) is vegetation
absorption of photosynthetically active radiation in the pixel x in month t, MJ/(m? month);
€ (x, t) is photosynthetic use efficiency in the pixel x in month t, gC/M]J; t is time; x is the
spatial location.

Photosynthesis of vegetation is the process of absorbing light energy and converting
light energy by vegetation leaves. Fraction of photosynthetic active radiation (FPAR) is an
important measure of vegetation water, energy and carbon cycle balance, and is a basic
physiological variable to describe vegetation structure and related material and energy
exchange processes. It depends on the ratio of total solar radiation (SOL) to photosyn-
thetically active radiation (FPAR) absorbed by the vegetation canopy and is described by
Equation (2).

APAR(x,t) = 0.5 x SOL(x,t) x FPAR(x,t) 2)

where FPAR(x, t) is fraction of photosynthetic active radiation of vegetation in the pixel
x in month ¢, SOL (x, t) is total solar radiation in the pixel x in month t, MJ/ (m2-month);
a constant of 0.5 represents about half of the effective solar radiation available to vegeta-
tion [44,45]. In this study, FPAR was estimated by Equation (3), as, follows:

FPAR(x, t FPAR(x, t
FPAR(x, t) = (x )NDVIZJr (%, t)sr 3)
where FPAR(x,t)npvi and FPAR(x,t)sg are FPAR calculated from NDVI (see Equation(4))

and SR (see Equation(5)) at pixel x and month ¢, respectively [6].

(NDVI(x,t) = NDVI; min) (FPARmax — FPAR min)
(NDVIi,max - NDVIi,min)

SR(x,t) — SR; min) (FPARmax — FPARp;
FPAR(x, t)g = (BR(x) 3 ;g‘““)( - min) | FPAR iy (5)
imax — i, min
where NDVI; nax and NDVI; in are the maximum and minimum values of NDVI for the
vegetation type i; the maximum and minimum values of FPAR were 0.950 (FPARpax) and
0.001 (FPARmin), respectively. SR; max and SR; min are the 5% and 95% lower percentile of




Land 2022, 11, 1004

6 of 18

NDVT for the vegetation type i, SR(x,t) is the ratio of NDVI for month ¢ of x pixels [46],
calculated according to Equation (6).

1+ NDVI(x,t)

R(x,t) = - N2V
SR = T NDVi(x, 1

©
where NDVI(x,t) is the NDVI for month t of pixel x.

The light use efficiency () is the efficiency of the conversion of photosynthetically
active radiation absorbed by vegetation into organic carbon, which is mainly affected by
temperature and humidity, as in Equation (7):

e(x,t) = el (x,t) x el (x,t) x "V (x,t) x €* (7)

where ¢1, ¢, is the temperature stress coefficient, which reflects the effect of temperature on
the utilization rate of light energy, ¢ is the water stress coefficient, which reflects the effect
of water conditions, ¢" is the maximum light energy utilization rate under ideal conditions,

g/MJ [47].

2.3.2. Statistical Analysis and Mathematical Model

This study analyzes the spatial and temporal evolution characteristics of NPP data
from 2006 to 2020 and the impact of mining and land reclamation on NPP with the help
of statistical tools, such as mean value analysis, simple difference and trend analysis. In
addition, a buffer zone with a radius of 200 m was established within 1 km beyond the
mining boundary, and the NPP values within each area were counted to analyze the impact
of mining on the surrounding NPP.

2.3.3. Correlation Analysis

Correlation analysis is used to reflect the direction and degree of correlation between
elements [48]. In this paper, the Pearson correlation coefficient method is used to analyze
the correlation and significance level between the measured and estimated NPP values, as
in Equation (8):

£ (=) (s~ )]

n
2
\/, (x;i — xp) ]
i=1 i

where Ryy is the correlation coefficient of variables x and y, 7 is the number of years, x; is
the measured value of NPP in year i, y; is the estimated NPP in year i, x, y, are the n-year
averages of the variables x and y, respectively.

ny = 8)

(i — yp)?

It

3. Result and Analysis
3.1. Model Accuracy Verification

Using the biomass data of the sampling points surveyed in the Pingshuo mining
area in August 2020, the above-ground biomass observation data of various types of
vegetation were converted to obtain the measured value of the NPP of vegetation. The
results are according to the longitude and latitude of the 45 sampling points measured
on the spot, using its coordinate information to extract the estimated NPP value in the
result estimated by the CASA model and export the extracted value. In Statistical Product
and Service Solutions (SPSS), the correlation analysis between the measured value and the
estimated value of NPP was carried out; it was found that the vegetation NPP estimation
results were significantly correlated with the measured data (R =0.700, p <0.01) (n =45)
(Figure 2), indicating that the CASA model could well predict the changes of NPP values at
sampling points.
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Figure 2. Net primary productivity model accuracy verification.

3.2. Spatial Variation Analysis of NPP

Using the improved CASA model to estimate the vegetation NPP value of the Ping-
shuo mining area, the results are shown in Figure 3. In 2006, the urban area of Pinglu and
the opencast coal mining area were located in the western part of the study area, while
grassland, forested and cultivated land were distributed in the eastern part, so the vegeta-
tion NPP in the study area in 2006 showed a high pattern in the east and low in the west.
The annual estimated result is greater than the average value of this year as the high value
of NPP. From 2006 to 2020, the NPP values of the Xiamiangao Township in the east and
the Xiangyangbao Township in the north of the entire study area remained stable and the
high-value areas were relatively large. The high-value areas in the Xiamiangao Township
accounted for about 57.05%, and the Xiangyangbao Township accounted for about 58.91%.
This is because the two townships are not only distributed with a large amount of arable
land. Similarly, the NPP value of the Baitang Township in the western part of the study
area changed gradually from 2006 to 2020, and the areas with high NPP values were mainly
distributed in the woodlands in the western part of the township. The area of high-value
areas in Jingping Town in the northwest of the study area from 2006 to 2020 showed a
continuous increase trend. The Taocun Township’s overall NPP value dropped significantly
from 2006 to 2020, from 42.44 gC/(m2-month) in 2006 to 32.14 gC/(m?-month) in 2020.
The area of high NPP value areas in the Taocun Township is also decreasing, mainly due
to the eastward expansion of the Antaibao opencast mine and Anjialing opencast mine,
resulting in the destruction of large areas of arable land and grasslands. The NPP value of
the Taocun Township has changed from a uniform distribution in 2006 to a much higher
value in the south than in the north in 2020. In 2006, the distribution of NPP value in the
Yulin Township was relatively balanced and the area with high value was large. Due to
the start of construction of the East opencast mine in 2010, the NPP value also began to
decrease. From 2010 to 2016, due to the westward expansion of the East opencast mine,
the area with high NPP value in the west of the Yulin Township continued to decrease,
which made the decreasing trend of NPP value in the Yulin Township gradually move
westward. From 2016 to 2020, due to the continuous westward movement of mining pits,
the mining pits moved from the eastern part of the Yulin Township to the central part. At
the same time, the NPP value in the east of the Yulin Township gradually increased, so that
the NPP distribution in the Yulin Township in 2020 gradually tends to be high in the east
and west and low in the middle. To sum up, due to the continuous eastward expansion of
the Antaibao and Anjialing mining areas, the continuous westward movement of the East
opencast mining area, and the continuous restoration of the dumps and pits in the mining
areas. The NPP distribution of the study area has gradually evolved from a high in the
east and a low in the west in 2006 to a situation of high in the surroundings and low in the
middle in 2020.
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Figure 3. Distribution of net primary productivity (NPP) of vegetation in different years.

3.3. Analysis of the Interannual Variation of NPP

The NPP in the study area took 2016 as a turning point and decreased from
39.54 ¢C/(m?-month) to 28.57 gC/(m?-month) from 2006-2016 and increased again from
28.57 gC/(m2-month)to 38.99 gC/(m?-month) from 2016-2020. The NPP change curve
was obtained by trend analysis (Figure 4a), and the NPP decreased slowly at a rate of
0.809 gC/(m?-month) per year for 14 years. The NPP of the study area from 2006-2020 has
obvious dynamics and has different dynamic characteristics in each period. The variation
range of NPP value is less than —10 gC/(m? month), which is a severe change, mainly in
areas with greatly decreased vegetation coverage.
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Figure 4. (a) The NPP change trend of the study area from 2006 to 2020 (b).the spatial distribution of
the NPP change trend from 2006 to 2020.

Areas with a variation range of >30 gC/(m?-month) have obvious changes, mainly
due to the reclamation of dumps and mining pits, and the increase in vegetation cov-
erage. The fluctuation range is between —10 gC/(m?-month) and 10 gC/(m?-month),
which is a general change, mainly in urban areas, rural settlements, industrial sites and
original mining pits, as well as some forest land, cultivated land and grassland. The
fluctuation range is between 10 gC/ (m?-month) and 30 gC/ (m?-month) for moderate
change. As shown in Table 1, from 2006 to 2010, the change range was the smallest, and
the proportion of the area within the range of —10~10 gC/(m?-month) was 78.14%, and
the proportion increased by 19.05%; The fluctuation range of <—10 gC/(m?-month) ac-
counted for 18.01% of the total area, mainly due to the start of construction of the East
opencast mine in 2010 and the advancement of the Antaibao opencast mine and Anjial-
ing opencast mine. The area with a variation range of >30 gC/(m?-month) is relatively
small, accounting for only 1.05% of the total area. From 2010 to 2016, the area ratio within
the range of —10~10 gC/(m?-month) was 70.4%, which remained stable. The fluctuation
range <—10 gC/ (m2~month) accounted for 25.11% of the total area, an increase of 7.10%,
mainly due to the increase in the stripping area of the three open-pit mines. In addition,
there are very few areas with a variation range of >30 gC/(m?-month). From 2016 to 2020,
the area within the range of —10~10 gC/(m?-month) was 24.4%. The fluctuation range
is <—10 gC/(m?-month), accounting for 5.99% of the total area, mainly because the ad-
vancing speed of the mine is slowing down. The proportion of fluctuations in the range
of 10~30 gC/(m?-month) was the largest, accounting for 67.61%. The area with a varia-
tion range of >30 gC/(m?2-month) accounted for 1.91% because of the increase in the land
reclamation area in the mining area.

In addition, the spatial distribution of NPP dynamic from 2006 to 2020 was obtained by
the trend analysis (Figure 4b). The areas with a significant increases in NPP are concentrated
in the ecological restoration areas, such as reclaimed dumps and restored mine pits in
Jingping Town, which shows that the vegetation restoration in these areas is obvious, and
the restoration project in the mining area has achieved certain results. The areas where
NPP was significantly decreased were mine advancement areas, urban expansion, reservoir
construction and other areas, concentrated in the Jingping Township, Taocun Township
and Yulin Township.
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Table 1. Area distribution of variation range of different NPP (gC/ (m?2-month)).

Year <-10 —10~0 0 0~10 10~30 >30

2006-2010 Area (hmz) 9182.29 26973.61 2301.12 10557.98 1428.09 537.40
Area (%) 18.01 52.92 451 20.71 2.80 1.05

2010-2016 Area (hmz) 12801.55 30187.05 2656.28 3041.05 1974.58 319.98
Area (%) 2511 59.22 5.21 5.97 3.87 0.62

2016-2020 Area (hmz) 3052.14 528.96 4049.72 7862.56 34462.94 974.61
Area (%) 5.99 1.04 7.94 15.42 67.61 1.91

3.4. Analysis of NPP Variation in Mining Area

It can be seen from Table 2 that the NPP values of the Antaibao opencast mine,
Anijialing opencast mine and East opencast mine from 2006 to 2020 are in a downward
trend as a whole. However, between 2016 and 2020, the NPP value of the Antaibao
opencast mine increased by 7.97 gC/(m?-month), the Anjialing opencast mine increased
by 7.51 gC/(m?-month), and the East opencast mine increased by 5.95 gC/(m?-month).
Analysis of the reasons: on the one hand, with the mining of coal resources, the ecological
environment of the mining area is continuously damaged, resulting in the continuous
decline of the NPP value of the mining area. However, from 2016 to 2020, ecological
restoration and land reclamation measures were taken in the mining area, and large-scale
dumps were reclaimed, which improved the ecological environment quality of the mining
area and eased the damage to the mining area, and the NPP value began to rise. At the
same time, with the improvement of reclamation technology, the reclamation of open-pit
mines has mainly developed from the reclamation of external dumps to the integration of
mining and reclamation. It achieves mining and reclamation at the same time and slows
down the damage to the ecological environment caused by the progress of the mine. On
the other hand, large areas of cultivated land and grasslands in the unmined areas of the
mining area have been converted into forest land. In addition, it can be found that the
upward trend of the East opencast mine is much lower than that of the Antaibao opencast
mine and Anjialing opencast mine; because the enlarged area of the pits of the Antaibao
opencast mine and Anjialing opencast mine decreased significantly from 2016 to 2020, the
damaged original landform area was small, and the pit advancement area was mainly
grassland. On the other hand, the advancing area of the East Opencast mine has greatly
increased, and the main damages caused by the advancing of the pit are arable land and
forest land.

Table 2. NPP change trend table of three opencast mines from 2006-2020.

Mine 2006 2010 2016 2020
Antaibao opencast mine 31.08 2551 21.03 29.00
Anjialing opencast mine 35.31 26.03 18.55 26.06

Eastopencast mine 43.37 36.21 28.32 34.27

In addition, comparing the degree of change of the NPP value of the three mining
areas (Figure 5), it was found that the NPP value of the Antaibao opencast mine has a
lower decline than that of the Anjialing opencast mine and the East opencast mine. First,
because the three mining areas are in different stages. In 1987, the Antaibao opencast mine
started coal mining activities, and by 2006, there was a large coal mining area. The Anjialing
opencast mine only started coal mining activities in 2001. By 2006, the area of mining pit
was small, and from 2006 to 2020, the mine area increased significantly. The East opencast
mine started coal mining in 2010. In 2006, the entire mining area was still a primitive
landform, and the NPP value was also at a high value. By 2020, due to the large-scale
increase in mine pits, the ecological environment has been severely damaged, and the NPP
value has also dropped sharply. Second, from 2006 to 2020, the land reclamation area in the
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Antaibao opencast mine is relatively large, while the land reclamation area in the Anjialing
opencast mine and the East opencast mine is relatively small.

((puour.,w)/H3) sanjes JAN
3
T

2006 2010 2016 2020

=== Antaibao opencast mine === Anjialing opencast mine

== East opencast mine
Figure 5. NPP change trend of three opencast mines.

3.5. NPP Analysis of the Surrounding Area of the Mining Area

A buffer zone with a radius of 200 m was established within 1 km beyond the mining
boundary of the Antaibao and Anjialing opencast mines from 2006 to 2020 (Figure 6), and
the NPP values within each area were analyzed (Figure 7). It can be found that the NPP
value within 600 m changes greatly, the change value in 2006 is 7.45 gC/(m?-month), the
change value in 2010 is 5.21 gC/(m?-month), the change value in 2016 is 2.03 gC/(m?-month),
and the change value in 2020 is 5.73 gC/(m?-month). The variation between 600 m and
1000 m is relatively gentle, and the variation range is between 0.11 gC/(m?-month) to
1.00 gC/(m?-month), and the NPP value maintains a relatively stable state. It can be seen
from the above change trends that the mining area has a greater impact on the NPP value of
the area within 600 m outside the boundary, while the impact on the NPP value of the area
beyond 600 m is small, so it is also very important for the vegetation monitoring around
the mining area.

2010 Mining site

2016 Mining sitc

2020 Miningsite 0 1 2 4km
L__| Buffers

Figure 6. The mining boundary buffer zone of Antaibao opencast mine and Anjialing opencast mine.
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Figure 7. Variation trend of buffer zone NPP value.

3.6. NPP Dynamics of Reclaimed Land

As shown in Table 3, by comparing the NPP values of different land use types in the
same period, it was found that the NPP values of the unreclaimed dumps from 2006 to 2020
are all at the minimum value. This shows that dump is likely destructive to the ecological
environment, and it also shows that it is not feasible to restore only through natural
restoration without artificial reclamation. Secondly, the NPP value of the reclaimed forest
land was 48.86 gC/(m?-month) in 2006, 47.18 gC/(m?-month) in 2010, 37.44 gC/(m?-month)
in 2016, and 50.33 gC/(m?-month) in 2020. Compared with cultivated land, forest land and
grassland, the NPP value of the reclaimed forest land is basically the highest in each year.
The reclaimed forest land is mainly distributed in the west dump, the expansion area of
the west dump, the south dump, and the inner dump of the Antaibao opencast mine and
the Anjialing opencast mine. In addition, the reclamation years of the west dump and the
south dump are more than 20 years, the soil quality has been greatly improved and the
vegetation coverage rate is very high. The reclamation period of the expansion area of the
west dump and the inner dump has also exceeded 10 years, and the vegetation is growing
well. At the same time, the NPP of the dump is also at a high value after being reclaimed
into arable land and grassland, indicating that the land reclamation measures in the mining
area have achieved certain results.

Table 3. NPP value of different land use types (gC/ (m2-month)).

Year Cultivated Forestland Grassland Reclaimed Reclaimed Reclaimed Unreclaimed
Land Arable Land Forestland Grassland Dump
2006 49.21 48.62 43.75 - 48.86 38.16 24.26
2010 47.53 45.61 41.27 - 47.18 37.01 23.57
2016 36.37 36.42 32.03 35.78 37.44 29.33 18.63
2020 45.49 48.85 44.27 45.56 50.53 44.57 26.65

Combined with the changes in the mining area and reclamation area in the mine
from 2006-2020 (Table 4), during 2006-2010, the newly added mining area was large,
1859.88 ha, the newly reclaimed area was smaller, 564.34 ha, and the NPP decreased by
7.34 gC/(m2-month). During 2010-2016, the new mining area decreased to 1326.87 ha, the
new reclaimed area increased to 788.19 ha and NPP decreased by 6.62 gC/(m?-month).
During 2016-2020, the newly added mining area continued to decrease to 521.14 ha, while
the newly added reclamation area continued to increase to 1141.08 ha, and NPP increased
by 7.15 gC/(m? month). This fully shows that the land reclamation measures in the
mining area have brought a positive effect on the ecological environment and alleviated
the ecological loss in the coal mining area.



Land 2022, 11, 1004

13 0f 18

Table 4. Changes in new mining area, new reclaimed area and NPP in the mining area from 2006
to 2020.

Year New Mining Area New Reclaimed NPP Change
(ha) Area (ha) gC/(m? month)
20062010 1859.88 564.34 —7.34
2010-2016 1326.87 788.19 —6.62
2016-2020 521.14 1141.08 7.15

4. Discussion
4.1. Validation of the NPP Estimation of CASA

In this study, the estimated results were verified by the measured values of vegetation
NPP obtained by converting the above-ground biomass observation data of vegetation,
and the results showed a high correlation between the measured and estimated values
(R? = 0.700), indicating that the accuracy of the CASA model is reliable. Liu et al. verified
the calculation of vegetation NPP in the Yili River Basin through aboveground biomass
conversion and showed that the correlation between the measured and estimated NPP
values in the entire study area was very high (R? = 0.726) [49]. The high accuracy of
the model may be due to the appropriate number of sampling points and the extent of
the study area covering the study area [18]. However, due to the complexity of field
collection data, at present, many studies have verified NPP through the annual net primary
productivity (aNPP) of vegetation calculated by the BIOME-BGC model [50,51], but this
method is mainly applied in large-area studies [52]. Therefore, future studies may need to
seek simpler verification methods. In addition, according to the CASA model estimation,
there is an overall non-significant decreasing trend of NPP in the study area and significant
variation of NPP within the mine area, which is consistent with the research results of other
scholars in the Pingshuo mining area, where Zhang et al. reported a continuous decreasing
trend of carbon sink in the study area from 2005 to 2009 [53].

4.2. Effects of Mining Activities on NPP of Vegetation

The net primary productivity of vegetation varies in different ecosystems. Mining
activities change land use types, leading to a decline in the NPP of vegetation. China’s
open-pit coal mines are mainly distributed in Inner Mongolia, Shanxi and Xinjiang. Among
them, the Loess Plateau is rich in mineral resources and has huge coal reserves, making it
the largest coal mining base in China [54]. In this paper, we analyze the impact of mining on
the ecological loss of the three major open-pit coal mines in the Pingshuo mining area from
a new perspective, using NPP as an indicator. As mining activities progressed, the NPP of
the three open-pit mines fell by 2.08 gC/(m? month) to 9.25 gC/(m? -month), mainly be-
cause the vegetation in the stripping area almost disappeared after the surface was stripped
by open-pit mining. In particular, the east open-pit mining area was in a high-value area
before mining in 2010. However, with the progress of mining activities, a large amount
of cultivated land, grassland and forest land were developed into mining and construc-
tion areas, which gradually inhibited NPP. Hou et al. reported that as mining activities
intensified, the NPP in the ecologically damaged area varied from 2.752 gC/(m?-month)
to 4.752 gC/ (m2-month) [37]. An et al. analyzed the carbon sink in the Jiawang min-
ing area in Xuzhou and found that coal mining weakened the carbon sink capacity of
the regional ecosystem, and the carbon sink capacity of vegetation decreased by 10.23%
from 1990 to 2010, mainly due to the reduction in vegetation area caused by mining [55].
Mpylliemngap et al. found that removal of vegetation prior to coal mining and dumping
reduces vegetation density, resulting in a 30% drop in grassland NPP [56]. Yang et al.
studied the NPP of open pit coal mines in Inner Mongolia, China, and reported that when
the intensity of mining activities was the highest, there was a significant inhibitory ef-
fect on NPP [57]. Open-pit mining needs to discard a large amount of rocks and topsoil,
which occupies a large area of land, destroys more vegetation and reduces the net primary
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productivity of vegetation [58]. The change of NPP in the open pit mining area is partic-
ularly significant, and the decreasing trend of the vegetation NPP in the mining area is
consistent with the advancement of the open pit. The mining of coal resources will not
only directly damage the ecological environment in the mining area but also affect the
surrounding vegetation conditions [59]. Hou et al., reported that mining activities resulted
in a reduction in carbon stocks in vegetation, but the surrounding areas showed less change
in carbon stocks than areas directly damaged by mining [60]. In our study, the variation
range of NPP within 600 m from the mining area is between 2.03 gC/(m2-month) and
7.45 ¢C/(m?-month), and within 600-1000 m from the mining area, the NPP change value
is 0.11 gC/(m?-month) to 1.00 gC/(m? -month), which is consistent with other studies. Coal
mining leads to the destruction of the groundwater system, the quality of the surrounding
land will also decline, the growth conditions of vegetation will be affected, and the coverage
rate will also decrease [61]. Li et al. have shown that it is necessary to focus on dynamic
monitoring of the mining area and its surrounding ecological environment [62].

Mining activities not only directly destroy the original landscape but also promote the
expansion of urban land and the relocation of rural settlements, leading to continuous changes
in land use types and consequent changes in the vegetation landscape, which largely affects
the net primary productivity of regional vegetation. The mining area is a complex community
involving natural, social and economic factors, and the direction and method of mining must
be planned rationally, requiring monitoring in the later stages of land reclamation to prevent
problems, such as forest land degradation and overgrazing [63,64].

4.3. Effects of Land Reclamation on NPP of Vegetation

The two main ways in which the open-pit mining of coal mines destroys the ecological
environment are the occupation of the land by the dump and the damage to the original
landform by the mine [65]. To alleviate the damage to the ecological environment caused
by coal mining, the main method is to carry out land reclamation and ecological restoration
in the mining area [66]. A study shows perennial vegetation reduces organic carbon loss
when mining activity destroys natural vegetation [67]. In Table 3, we can find that the NPP
of the reclaimed forest land is higher than that of the native vegetation, land reclamation
has significantly improved the ecosystem functions of the mining area and the ecosystem
functions of the reclaimed land have even surpassed the original landform [68]. Yang et al.
showed that the reclamation of damaged land in mining areas, cultivated land, forest land
and grassland has a strong carbon sequestration capacity [40]. In our study, the NPP values
of unreclaimed dumps were low and higher NPPs were also obtained by reclaiming mine
sites to grassland and cropland. Liu et al. encourage the reclamation of mining areas into
forest land and other ecological land, which can help increase regional carbon stocks [69].

It is worth noting that the NPP value of the forest land in the reclamation area of the
dump is higher than that in the reclamation pit because the reclamation period of the outer
dump is longer than that of the reclamation pit. Studies have shown that a long reclamation
period is conducive to the restoration of vegetation [70]. As of 2020, the south dump has
been reclaimed from 1992 to 1997, and the west dump has been reclaimed from 1994 to
1997. Both dumps have been reclaimed for more than 20 years. The expansion area of
the west dump began to be reclaimed from 2001 to 2008, and the reclamation period has
exceeded 10 years. Moreover, the main reclamation direction of these areas is forest land
with rich vegetation types. After years of development, vegetation and soil have formed a
good cycle, and the soil quality and the number of vegetation have been improved, and
finally NPP has also shown a high value. In addition, the mines were backfilled and the
land was leveled. In the forest land distributed in these areas, due to the short reclamation
years, the soil quality has not reached a high level, the vegetation NPP value in these areas
is low. It shows that the soil quality in the mining area plays an important role in the
net primary productivity of vegetation, and the net primary productivity of vegetation
has a high correlation with soil quality. Therefore, it is important to apply a reasonable
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soil reconstruction model for the reclamation of land in mining areas when carrying out
reclamation of land in mining areas [71].

Forestland plays an important role in improving carbon cycle and in climate regulation
of mining ecosystems. With respect to the carbon cycle of mining area, the reclamated veg-
etation forest carbon pool is very important for the reclamated ecosystem and could reach
more than 50% of the total carbon pool of that ecosystem [72,73]. Different vegetation types
and vegetation allocation methods have different effects on the net primary productivity
(NPP) of vegetation in land reclamation in mining areas. Studies have shown that on the
Loess Plateau, Robinia pseudoacacia, Pinus tabulaeformis and Elm trees have strong adapt-
ability to pollutants emitted by mining activities and have significant carbon sequestration
effects. The configuration model of Robinia tabacum pine mixed forest has good ecosystem
multi-functionality. This model promotes the productivity and biodiversity restoration of
the reclaimed land ecosystem and improves the carbon sequestration and nutrient cycling
functions of the reclaimed land ecosystem [74].

4.4. Impact Factors of NPP

We found that NPP was at a low level in 2016 and recovered to a high level in 2020,
and this trend is also seen in areas far from the mining area. By analyzing the correlation
between NPP value and monthly average precipitation and monthly average temperature,
it is found that the change of NPP value in the mining area is positively correlated with
precipitation (r = 0.790, p = 0.111) but has little correlation with temperature (r = 0.222,
p = 0.720). In addition, the precipitation in 2020 is three times that of 2016, which shows
that the NPP value is greatly affected by precipitation, which may be the reason for the
large difference between the NPP in 2016 and other years. Xu et al. reported that climate
change and mining factors are the dominant factors in NPP changes, but in mining areas,
the impact of the mining activities on NPP is much greater than climate change [30].

5. Conclusions

This study systematically assessed and analyzed the net primary productivity (NPP)
of vegetation in the Pingshuo mining area from 2006 to 2020. NPP was also used as an
indicator to identify carbon loss. The study focused on the impact of mining activities and
ecological restoration in mining areas, providing a theoretical basis for further analysis of
the impact of mining on the local ecological environment and exploring more appropriate
ecological restoration measures. The following conclusions were drawn:

1. From 2006 to 2020, the NPP of the Pingshuo mining area has a downward trend, from
39.54 gC/(m?-month) in 2006 to 38.99 gC/(m?-month) in 2020. The spatial distribution
of NPP in the study area has gradually evolved from high in the east and low in the
west in 2006 to a trend of high in the surrounding area and low in the middle in 2020.
The significant decrease area is the mining area distributed in the center of the study
area, and the significant increase area is the land reclamation area.

2. As mining activities progressed, the NPP of the three open-pit mines fell by
2.08 gC/ (m2-month) to 9.25 gC/ (m?-month). It shows that with the increase in
the mining speed and the continuous expansion of the mining scope, the degree of
damage to the ecological environment of the mining area is also increasing, and the
disturbance to the ecosystem continues to increase.

3. The NPP value within 600 m from the mining area has a large change. The change
value of NPP in different years is between 2.03 gC/(m?-month) and 7.45 gC/(m?-month).
The change between 600 m and 1000 m from the mining area is relatively gentle, and
the change range is —0.11~1.00 gC/(m? month), indicating that vegetation NPP is
sensitive to the impact of mining activities.

4.  The NPP value of the unreclaimed area is 18.63-26.65 gC/ (m2-month), the NPP
value of forest land in the reclaimed area is 37.44-50.53 gC/ (m2-month), the re-
claimed cultivated land is 35.28-45.56 gC/(m?-month), and the reclaimed grassland is
37.01-44.57 gC/(m?-month). It shows that NPP is significantly affected by land recla-
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mation, and land reclamation can effectively restore part of the lost NPP and can
alleviate the ecological loss of the mining area to a certain extent.
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