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Abstract: Mining activity combines industrialization, urbanization, and urban-rural integration
in the compound area of mine agriculture urban. The land ecological environment has become a
major hidden problem, restricting the sustainable development and ecological security of the region.
It is imminent to understand the spatiotemporal differentiation characteristics of land ecological
quality and its obstacle factors to scientifically carry out land ecological restoration. Here, the Macun
coal area in Jiaozuo City, Central China, was selected for the case study, and an evaluation index
system including four criteria layers of ecological foundation, structure, benefit, and stress was
established. The multiperiod evaluation index data were acquired by utilizing remote sensing
and geographic information system (GIS) technology. Based on the multi-objective comprehensive
evaluation method, a comprehensive evaluation of land ecological quality was conducted, and the
spatiotemporal differentiation characteristics of land ecological quality were explored. Moreover,
an obstacle factor diagnosis model was constructed to confirm the spatiotemporal differentiation
characteristics of obstacle factors affecting the change of the land ecological quality in the study zone.
The results showed the following: (1) From 1980 to 2020, the land ecological quality index in the
study zone showed a downward trend, and the proportion of the regional area with general and
poor land ecological quality increased from 6.55% to 35.02%. (2) The areas with lower land ecological
quality in each period of the study zone were mainly distributed in the mining areas with long mining
history in the west and the areas with continuous urbanization and industrialization in the south.
In contrast, the compound area of mine agriculture urban with short mining history in the east and
southeast had higher land ecological quality. The aggregation of the land ecological quality index
also showed similar spatial distribution characteristics. (3) The diagnosis results of obstacle factors
showed that, due to the poor land ecological foundation and interference of mining activities, the
land ecological quality of the mountain area in the north and west of the study area has been low.
It is suggested that the land ecological quality of the area should be improved through measures
such as terrain regulation, soil reconstruction, afforestation, and forest land conservation. Under
the influence of mining activities and the continuous promotion of urbanization in the south of the
study area, the regional ecological quality has been reduced. It is suggested that the regional land
ecological quality should be improved by building ecological agriculture and ecological communities.
The northeast of the study area is still in the mining area, and the ecological quality of the land tends
to deteriorate. The ecological restoration in this area should be conducted by the combination of
pre-mining planning, while-mining control, and post-mining restoration. The methodology of this
study can provide reference for the identification and restoration of land ecological problems in the
compound area of mine agriculture urban.

Keywords: land ecological quality; spatiotemporal differentiation; remote sensing; compound area
of mine agriculture urban; obstacle factor; multi-objective comprehensive evaluation method
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1. Introduction

The compound area of mine agriculture urban refers to the resource-based urban
region, where the main industries are the exploitation and utilization of underground
mineral resources and aboveground agricultural production [1]. The mining of mineral
resources in the compound area inevitably destroys the regional land in many forms, such
as surface subsidence, soil pollution, occupation, and productivity decline [2,3], influencing
the regional land use and cover, soil physicochemical properties, and landscape pattern.
The structure and function of land ecosystems can thus be changed [4], and a series of
land ecological problems may be caused, restricting the sustainable development of the
economic society [5,6]. Moreover, the mining activity combines industrialization, urbaniza-
tion, and urban-rural integration in the compound area of mine agriculture urban, causing
prominent regional ecological environment and socioeconomic problems. This can produce
a major hidden danger inregional sustainable development and even ecological security [1].
Currently, ecological protection and restoration has become one of the key efforts to the
construction of ecological civilization in China [7]. The severe land ecological problems in
the compound area of mine agriculture urban necessitate the urgent ecological restoration
work. To carry out the ecological restoration of the land in practice, regional natural and
economic characteristics as well as the spatiotemporal differentiation characteristics of land
ecological quality and contributing factors need to be thoroughly analyzed. Then, precise
ecological restoration of the land can be performed to reestablish a complete land ecosystem
and restore its ecological functions [5,8,9]. Therefore, it is theoretically and practically sig-
nificant to study the spatiotemporal differentiation characteristics of land ecological quality
and its obstacle factors in the compound area of mine agriculture urban so as to restore the
regional land ecological functions and improve the regional ecological environment.

In recent years, researchers have conducted many studies on the ecological quality
of mining land from different perspectives [3,10–17]. For instance, Yu et al., investigated
the influence of mining and climate change on the land ecosystem of the Gobi mining
area in Western China by using the arid remote sensing ecological index based on remote
sensing datafrom 2000 to 2020. Their research results showed that the impact of climate
change on the quality of the land ecosystem in the Gobi mining area was greater than
that of mining activity, mining had a negative effect on the quality of the land ecosystem,
and the degradation induced by mining was concentrated in the new mining area and
on both sides of the new road. On the basis of the above analysis, the study believes that
unnecessary road network construction should be reduced as much as possible, relying on
the favorable climate trend and necessary manual guidance so as to promote the ecological
restoration measures of overall protection, systematic restoration, and comprehensive
treatment of the Gobi mining area [10]. Gao analyzed the change of land ecological quality
and its obstacle factors ina mining area in the semiarid area of Northwest China. The study
found that the overall land ecological quality in the study area is gradually improving
from 1990 to 2019, but the land ecological quality is declining in some areas due to human
activities. Some suggestions for ecological restoration are put forward, such as making
full use of the self-restoration of the ecosystem, building an ecological industrial park,
and controlling the population growth rate [11]. Pandey et al., conducted research on
the impact of coal mining on land-use dynamics and soil quality in the Manendragarh
coal-mining area located in Central India using analytical hierarchy process and geospatial
tools. Their research results showed that the area under forest, agriculture-fallow, and
water bodies fell by different degrees due mainly to conversion into degraded land, while
the mining and built-up areas were proportionally enhanced between 1990 and 2020 in
the coal-mining area located in northern Chhattisgarh, Central India. The intense mining
resulted in the deterioration of soil health [12]. Based on Landsat TM data, Luise and
Gläβer monitored the water quality data of lakes formed after the open-pit lignite mining
in eastern Germany and revealed that the open-pit lignite mining has a negative effect on
the ecological environment of the mining area [13]. Konstantinos and Demetrios selected
six typical indicators in the aspects of atmosphere, soil, water, and biology to build an



Sustainability 2022, 14, 10427 3 of 27

evaluation index system and determined the index weight by the fuzzy Delphi method to
comprehensively evaluate the ecological environment quality of the northwest coal mine
area in Greece and Macedonia. The results showed that the ecological environment quality
in the study area was deteriorating from 1983 to 1998 [14]. Antwi et al., calculated a variety
of land-use and landscape pattern indexes with the support of GIS technology to reveal the
land-use changes in the coal-mining subsidence area in Lusatia, Germany. The research
results showed that the coal-mining subsidence leads to drastic changes in surface land use
and ultimately changes in the landscape pattern of the mining area [15]. Xu et al., studied
the changes of land ecological quality in the Jiawang plain mining area of Xuzhou City,
south central China, from 2001 to 2010 from the perspective of the landscape ecosystem.
Their research results showed that due to coal mining, there are many subsidence areas,
and the land is seriously damaged. In 2001, the areas with poor land ecological quality
were concentrated in coal-mining and subsidence areas. With the implementation of the
land reclamation project, the coal-mining subsidence area is reclaimed into different plant
landscape areas and wetland parks, and the land with broken landscape caused by coal
mining is reclaimed into dry and paddy fields. The ecological quality of the land after
reclamation has been significantly improved. However, due to the rapid development of
cities and towns, the continuation of coal mining, the second collapse of the reclaimed area,
and other reasons, the ecological environment quality of some areas is still declining. The
study further proposed the combination of land economy and ecological benefits, and the
ecological restoration strategy for the damaged farmland, water, industrial and mining,
residential, and other landscapes [3].

The above studies showed that due to the differences in the natural environment,
mineral occurrence, mining history, and social development, spatial heterogeneity exists in
the spatiotemporal differentiation of land ecological quality and its influencing factors in
the mining area [9]. Currently, there are still several problems in the research of land eco-
logical quality in mining areas, such as relatively single research perspective, unreasonable
selection of evaluation indexes [10], short time scale of research, and a lack of research on
systematic and long-term evaluation of land ecological quality in the mining area (espe-
cially in the compound area of mine agriculture urban) based on the comprehensive land
ecological system.

Jiaozuo City in central China is a city developed based on mining [18]. The Macun coal
area is located in the northeast of Jiaozuo. Since the 1950s, large-scale coal mining has begun
in this area, which has significantly promoted local economic and social development. The
southern part of this region has developed as a built-up area of Jiaozuo City, where a series
of problems such as land destruction, ecological degradation, and environmental pollution
have arisen [19,20]. Therefore, this representative area can be chosen as a sample area
for carrying out the study of the land ecological quality in the compound area of mine
agriculture urban.

In this paper, the Macun coal area was chosen as the study zone.Remote sensing and
geographic information system (GIS) technology were used to integrate basic geographic,
remote sensing image, and soil physicochemical data to construct the more comprehensive
and reasonable evaluation index system of land ecological quality on the basis of fully
considering the comprehensive nature of the land ecosystem and characteristics of the com-
pound area of mine agriculture urban. The evaluation model of land ecological quality was
optimized, and land ecological quality was accurately evaluated. Moreover, the spatiotem-
poral differentiation characteristics of land ecological quality and its influencing factors
were clarified based on the multidimensional and multiscale analysis in the compound area
of mine agriculture urban, providing a scientific basis for the land ecological restoration
and sustainable development there. The methodology of this study can provide reference
for the identification and restoration of land ecological problems in similar regions.
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2. Data and Methods
2.1. Overview of the Study Zone

The study zone (113◦15′–113◦28′ E, 35◦15′–35◦25′ N) is located at the southern foot of
Taihang Mountain, crossing the Jiefang District, Macun District, and Xiuwu County. With
the Macun District as its main body, it covers 109 village-level administrative districts and
some parts of the built-up area of Jiaozuo City, occupying a total area of 275.00 km2. This
area has a temperate continental monsoon climate, with an average annual temperature of
14.9 ◦C and an average annual precipitation of 695.7 mm.

The overall landform is piedmont alluvial fan plain, which consists of low mountain,
hill, slope, and plain from northwest to southeast in sequence [21]. The altitude ranges
from 78 to 1281 m, and the height of the terrain decreases from northwest to southeast.

There are ten mines in this region: Xiaoma Mine, Zhongma Mine, Fengying Mine,
Hanwang Mine, Yanma Mine, Fangzhuang No. 1 Mine, Jiulishan Mine, Baizhuang Mine,
Fangzhuang No. 2 Mine, and Guhanshan Mine (Figure 1). The IDs of the ten mines
are shown in Table 1. Among them, the Xiaoma Mine, Zhongma Mine, Fengying Mine,
Hanwang Mine, Yanma Mine, and Fangzhuang No. 1 Mine started production in the 1950s;
the Jiulishan Mine, Baizhuang Mine, and Fangzhuang No. 2 Mine started production in
the 1980s; and the Guhanshan Mine started production in 2004. Since the 1990s, the coal
output in the study zone has declined on a large scale. Note that, except for the Jiulishan
Mine and Guhanshan Mine in the northeast, the Xiaoma Mine and Fengying Mine in the
suburban have been closed, and productions in mines such astheZhongma Mine, Hanwang
Mine, Fangzhuang No. 1 Mine, and Yanma Mine came to end. As a result of coal mining,
19 coal-mining subsidence zones with a total area of 2648 ha have been formed in the
study region. An area of 270 ha has been mitigated, but the arable land destroyed in the
subsidence area has reached 1529 ha [18]. It is worth mentioning that limestone, dolomite,
clay ore, and iron ore are distributed in the western mountainous area of the study region.

Figure 1. Location of the study zone (names of each mine are listed in Table 1).
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Table 1. IDs and names of the ten mines of the study zone.

ID Mine Name ID Mine Name ID Mine Name

1 Xiaoma Mine 2 Zhongma Mine 3 Fengying Mine
4 Hanwang Mine 5 Yanma Mine 6 Fangzhuang No.1 Mine
7 Jiulishan Mine 8 Baizhuang Mine 9 Fangzhuang No.2 Mine
10 Guhanshan Mine

Since 1999, Jiaozuo City has been transforming from a resource-based to tourist
city [18], and its industrial enterprises have been moving to the suburbs. The study zone in
this study is one of the key immigration areas, where continuous progress has been made
in its urbanization and industrialization processes.

2.2. Data Sources

The research data mainly included basic geographic, remote sensing image, and soil
physicochemical property and pollution data.

2.2.1. Basic Geographic Data

The data included village-level administrative boundary data (from the land-use
change survey data of Jiaozuo City) and digital elevation model (DEM) data. ASTER
GDEM data with 30 m resolution were used for DEM data, which were obtained from the
geospatial data cloud platform of the Computer Network Information Center of Chinese
Academy of Sciences (http://www.gscloud.cn, accessed on 1 July 2021).

2.2.2. Remote Sensing Image Data

The data included historical data of Landsat and Google Image for 1980, 1990, 2000,
2010, 2015, and 2020. The Landsat data were obtained from the geospatial data cloud
platform of the Computer Network Information Center of Chinese Academy of Sciences
(http://www.gscloud.cn, accessed on 1 July 2021).

2.2.3. Soil Physicochemical Property and Pollution Data

Soil physicochemical property and pollution data were obtained from the multi-
objective geochemical survey data in 2005; data of field-survey, soil sampling, and lab
analysis in 2015; and basic fertility survey data of the agricultural sector.

2.3. Research Methods
2.3.1. Construction of the Evaluation Index System of Land Ecological Quality

By following the principles of regionalism, comprehensiveness, operability, and hi-
erarchy, the characteristics of the land ecological quality index system were summarized
by analyzing relevant studies [3,11–15,22–25]. Based on the physical geography and land
ecological status of the study zone, an evaluation index system including four criteria
layers of ecological foundation, structure, benefit, and stress was constructed (Table 2).
The criterion layer index of ecological foundation microscopically reflects the ability of
natural endowments, including soil, topography, and vegetation, to maintain regional land
ecological balance and stability. The criterion layer index of ecological structure reflects
the land-use structure and landscape pattern affected by human activities in terms of land-
scape. The criterion layer index of ecological benefit mainly quantifies regional ecosystem
functions from the comprehensive and macro scale. The criterion layer index of ecological
stress microscopically quantifies the human impact on land ecology based on the actual
problems of regional land ecology.

http://www.gscloud.cn
http://www.gscloud.cn
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Table 2. Evaluation index system of land ecological quality in the study zone.

Criterion Layer (Weight) Index Layer (Weight) Attribute

Ecological foundation (0.3509)

Soil organic matter content (0.1093) +
Effective soil thickness (0.1093) +

Topographic position index (0.3689) −
Vegetation coverage (0.2063) +

Net primary productivity (NPP) (0.2063) +

Ecological structure (0.1891)

Land-use structure index (0.4488) +
Landscape aggregation index (0.0819) −
Landscape dominance index (0.2346) −
Landscape diversity index (0.2346) +

Ecological benefit (0.1091) Ecosystem service value (1) +

Ecological stress (0.3509)
Comprehensive soil pollution index (0.2809) −

Damaged land proportion (0.3546) −
Disturbance index of industrial and mining

land (0.3546) −

2.3.2. Land Ecological Quality Index Acquisition Based on Remote Sensing and GIS

The long-term acquisition of land ecological quality indicators is the basis of land
ecological quality evaluation and analysis. In this paper, remote sensing and GIS tech-
nology were used to study the acquisition method of long-term land ecological quality
indicators. The remote sensing and GIS software packages used are ENVI 5.3 and ArcGIS
10.1, respectively [26].

(1) Ecological foundation index acquisition
1© Data collection and laboratory determination of soil samples

In 2015, soil samples were collected in the study area according to the mechanical
distribution of 1 km2. Soil samples were collected from the study area at a depth of 0–20 cm,
3–5 soil samples were collected in an “S” shape, and each sample was thoroughly mixed
by the quadrat method [27]. The potassium dichromate oxidation-colorimetric method
was used to determine the organic matter content of the soil. Soil heavy metal content was
determined by the HNO3-HF -HCLO4 method to determine the content of Cr, Cd, Cu, Pb,
Zn, and other heavy metals [20].

2© Spatial distribution data acquisition of soil organic matter content based on remote
sensing retrieval

Remote sensing images can be used to reflect various properties of surface soil. Pre-
vious studies showed that there is a significant negative correlation between soil spectral
reflectance and soil organic matter content [27]. Therefore, remote sensing images can be
used to retrieve the content of surface soil organic matter and obtain the spatial data of
soil organic matter in historical years [28]. However, because the spectral characteristics
of soil organic matter not only are related to soil organic matter but also depend on the
soil-forming parent material in the study area, plus the influence of the vegetation cover, the
previous retrieval results are often very different, so more research is needed to determine
the appropriate retrieval model and method.

Based on Landsat multispectral images and soil organic matter sample data in 2015,
after image geometric correction, projection transformation, atmospheric correction, and
other pretreatment, this study analyzed the correlation between 2/3 surface soil organic
matter sample and the spectral reflectance of multiple bands of the image and established a
soil organic matter inversion model (Equation (1)):

SOM = −7.463− 0.053(lnB4)−2 + 8.773(lnB4)−1 − 0.33(lnB6)−2 (1)

where SOM is the organic matter content of topsoil (g/kg); B4 and B6 are the reflectance
values of bands 4 and 6, respectively; and the regression equation has R2 = 0.481, with
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p < 0.001. Using the remaining 1/3 soil organic matter sample, the model was validated.
The RMSE of the independent sample validation was 0.8 g/kg, indicating that the model
estimation is more reliable.

The pseudo-invariant feature method [29] is used to correct the relative radiation of
remote sensing images in 1980, 1990, 2000, 2010, and 2020, and Equation (1) is applied to
obtain the spatial distribution data of soil organic matter in the corresponding year.

3© Effective soil thickness

The effective soil thickness data in the study area were collected from the Jiaozuo City
Basic Geotechnical Survey Data. The soil body thickness in the study area is basically stable
during the study time period, so the same data were used for all years.

4© Topographic position index

A single elevation or slope cannot fully reflect the comprehensive influence of topo-
graphic conditions on land ecological quality, and this paper adopted the topographic
position index [30] as an indicator of regional topographic conditions. The calculation
formula is shown in Equation (2):

T = log
[(

E
E

)
×
(

S
S

)
+ 1
]

(2)

where T is the topographic position index, E is the elevation value of any raster, E is the
average elevation value in the study zone, S is the slope value of any raster, and S is the
average slope value in the study zone.

Elevation data are ASTER GDEM digital elevation data products, and the slope data
used were generated from the DEM data. Since the macroscopic topography of the study
area remained basically stable during the study period, the same data were used for all
time phases.

5© Vegetation cover

Using Landsat multiband remote sensing data, the vegetation cover of the study area
was calculated using the pixel dichotomy model [31,32].

6© NPP

The NPP data for 2000, 2010, and 2020 used in this paper werefromtheMOD17A3 data
from NASA EOS/MODIS (https://lpdaac.usgs.gov/get_data/data_pool, accessed on 1
July 2021).

The construction land NPP in this NPP product is a null value. In order to correct the
NPP value of the construction land in the MOD17A3 product, we referred to the average
value of NPP for different land-use types provided by the study of Zhu et al. [33]. It was
verified that this NPP value is in good agreement with the 1 km × 1 km scale NPP value of
the MOD17A3 product in the study area, so this value was used to correct the NPP value
of the construction land in 2000, 2010, and 2020.

The NPP data of MOD17A3 were not available for 1980 and 1990. Based on the analysis
of the relationship between vegetation coverage and NPP of different land-use types in
2000 and 2010, the NPP data in 1980 and 1990 were generated by using the proportional
relationship between the vegetation coverage of grid units corresponding to the NPP data
in 2000 and the vegetation coverage in 1980 and 1990.

(2) Acquisition of ecological structure indicators
1© Methods for acquiring land-use data

The land-use data of the study area were obtained by processing and interpreting the
five-period Landsat images;and the land-use types of the study area were classified into
six types, specifically cultivated land, forest land, grassland, construction land, industrial
and mining land, and water area, by using ENVI 5.3 [34]. The accuracy of the classification
results was verified by using high-resolution Google images, and the results showed that

https://lpdaac.usgs.gov/get_data/data_pool
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the overall classification accuracy was above 90%, and the Kappa coefficient was above
0.85, which satisfied the accuracy requirements of the classification.

2© Landscape index analysis method

Based on the acquired regional land use and cover data, indicators such as the land-
scape diversity index, landscape dominance, and landscape aggregation index were ob-
tained using Fragstats 3.3 calculations [35–37].

3© Land-use structure index

Based on the actual contribution of each landscape type to land ecological quality, the
land-use types were quantified as 3 for arable land, 2 for forest land, 1 for grassland and
water, and 0 for built-up land. The four main land-use types were weighted and summed
to calculate the land-use-type index [3]:

L =
4

∑
i=1

giwi = 0.4g1 + 0.3g2 + 0.2g3 + 0.1g4 (3)

where L is the land-use structure index; gi is the score of each land-use type; and wi is the
weight of gi, which is 0.4, 0.3, 0.2, and 0.1 according to the size of the area proportion of the
land-use type.

(3) Ecosystem service value

Based on the research theory of Costanza et al. [38] and the value coefficients developed
by Xie et al. [39], and combined with the local socioeconomic development of the region,
the value coefficients were optimized and adjusted from the existing research results [39].It
is known that the national average net profit per unit area of grain production in 2005 was
449.1 CNY/ha, which is the value of the national ecosystem service value equivalent factor.
Combining the relevant data ofthe2006 Henan Provincial Statistical Yearbook and China
Statistical Yearbook, it is known that the average grain production in Henan Province in
2005 is 5006 kg/ha and the national average grain production is 5896 kg/ha, according
to which the value of the national ecosystem service value equivalent factor of 449.1
CNY/ha is corrected by the coefficient;and the ecosystem service value in Henan Province
is obtained by calculating the value oftheequivalent factor of ecosystem services in Henan
Province, which is 381.3 CNY/ha, that is, the value of one standard equivalent factor in the
Jiaozuo mining area is 381.3 CNY/ha. The ecological service value of the study area was
obtained based on the land-use data of the study area, adjusted value coefficient, and value
equivalent factors such as those by Xie et al. [39].

(4) Ecological stress index
1© Comprehensive soil pollution index

The spatial distribution data of heavy metals (Cd, Cr, Cu, Pb, and Zn) in the study
area were obtained by an interpolation method using the 2015 soil sampling point and 2005
geochemical survey data, and the data of other years were obtained through the historical
accumulated data of the subject group and literature data [40–42]; the soil pollution status
of the study area was obtained by using the 2005 and 2015 heavy-metal data. The average
accumulation rate of heavy metals in different regions was calculated, and combined with
the distribution of industrial and mining land in the study area, the distribution data of five
kinds of heavy metals in the study area were finally generated in five periods. The natural
background value of soil in Henan Province was used as the standard value [40], and the
Nemerow Index method [43,44] was used to evaluate the soil heavy-metal pollution status
in the study area.
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2© Damaged land proportion

Damaged land refers to land subsidence, compression, and excavation damage caused
by mining activities, which is an important aspect affecting the ecological quality of the
regional land, and the calculation formula is shown in Equation (4):

T = Damaged area/total regional area (4)

According to the distribution data of goafs in mines of the study zone at different
phases, the damaged area was generated based on the corresponding relationship between
the land subsidence area and goafs of each mine. The land reclamation areas were removed.
Meanwhile, based on remote sensing images of different periods, damaged areas caused
by non-coal-mining activities were identified.

3© Disturbance index of industrial and mining land

Reflecting the degree of ecosystem damage caused by industrial and mining construc-
tion in the mining area, the calculation formula is shown in Equation (5):

Gk = area of industrial and mining land/area (5)

The disturbance index of industrial and mining land in the study area was calculated
based on the aforementioned land-use data.

2.3.3. Evaluation Method of Land Ecological Quality

(1) Determining the Evaluation Unit of Land Ecological Quality

Too large evaluation units such as towns can cause local features to be ignored, while
too small evaluation units lead to local data fragmentation and break administrative
divisions, causing inconvenient application of the evaluation method in the practical land
management [45]. Thus, two scales were selected for evaluation, with 110 village-level
administrative units and 30 m × 30 m grid as evaluation units. The combined use of these
two evaluation units can not only accurately evaluate the regional land ecology but also
meet the needs of land ecological control.

(2) Determining the Evaluation Model of Land Ecological Quality

In this study, the multi-objective comprehensive evaluation method was used to
evaluate the regional ecological quality. The multi-objective comprehensive evaluation
method eliminates the influence of different index dimensions and makes the index values
have the characteristics of unified measurement. Then, different weights are assigned
to the evaluation indexes, and, finally, the index value of comprehensive evaluation is
obtained [46,47]. There are m evaluation units and n evaluation indexes, as shown in the
following equation:

Ci = ∑n
j=1 wjrij i = 1, 2, . . . , m; j = 1, 2, . . . , n (6)

where Ci is the land ecological quality index, wj is the weight of the jth index, and rij is the
standardized value.

The land ecological quality index in 2020 was divided into five grades from low to high
according to the natural breakpoint value. The corresponding grades were poor, general,
medium, good, and excellent. In order to make the evaluation results of 2020 comparable
with those of other time phases, the evaluation results of other time phases were classified
based on the grading values determined in 2020.

(3) Standardizing the Evaluation Index of Land Ecological Quality

The NPP, landscape diversity index, land-use structure index, and ecosystem service
value were positively correlated with land ecological quality; these indexes were stan-
dardized by the extremum method. On the other hand, the topographic position index,
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landscape aggregation index, landscape dominance index, damaged land proportion, and
disturbance index of industrial and mining land were negatively correlated with land
ecological quality; these indexes were standardized by range analysis. The interval classifi-
cation indexes included the soil organic matter content, effective soil thickness, vegetation
coverage, and comprehensive soil pollution index.

(4) Determining the Weight of the Evaluation Index of Land Ecological Quality

The evaluation index weight impacts the accuracy of the final evaluation result. In the
study of land ecological evaluation, there are various methods of assigning the evaluation
index weight, and they can be classified into two major categories—subjective and objective
weight assignments. Since multiperiod land ecological quality evaluations were conducted
in this paper, a more objective hierarchical analysis weighting method was used [14]. The
specific steps are as follows.

1© Construct the comparison judgment matrix. This is the key step of the analytic
hierarchy process. Based on the meaning of the evaluation index data, the preliminary
subjective judgment is made, and then the balance is made with the help of expert advice.
The relative importance of each index at the same level is compared in pairs and expressed
in numerical form. It is divided into five levels: 1, 3, 5, 7, and 9. The intermediate value of
each level is represented by 2, 4, 6, and 8. On this basis, the comparative judgment matrix
is constructed. Its manifestation is as follows:

A =


x11 x12 · · · x1n
x21 x22 · · · x2n

...
... · · ·

...
xm1 xm2 · · · xmn

 (7)

where xij is the importance of index i (m = 1, 2, . . . , i) relative to index j (n = 1, 2, . . . , j).
2© According to the judgment matrix, the weight coefficient of each index is obtained.

Calculate the maximum eigenvalue of the judgment matrix λmax and its corresponding
normalized eigenvector W; that is, for the judgment matrix A, the calculation needs to meet

A ·W = λmax ·W and
n
∑

j=1
Wj = 1. Where, Wj is the jth component of W, which is equivalent

to the weight coefficient of the jth index.
3© Consistency test is performed in order to find out whether the determined weight

conforms to the objective reality. The formula is

CI =
λmax − n

n− 1
(8)

CR = CI/RI (9)

where CI is the consistency index, RI is the average random consistency index (see Table 3),
CR is the consistency test, and n is the order of the judgment matrix. When CR < 0.1, it is
considered that the consistency of the judgment matrix meets the requirements; otherwise,
it is necessary to adjust the judgment matrix to meet CR < 0.1.

Table 3. Mean random consistency index.

Matrix Order 1 2 3 4 5 6 7 8

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41

2.3.4. Spatial Correlation Analysis of Land Ecological Quality Index

Spatial correlation is the correlation between an evaluation unit and its surrounding
units in a certain characteristic within a spatial range. Its analysis can be used to characterize
the aggregation degree of attribute values of these units [48]. In this study, OpenGeoda
software was used to calculate Moran’s I of global spatial autocorrelation and Moran’s Ii of
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local spatial autocorrelation to analyze the spatial agglomeration characteristics of the land
ecological quality index [49].

2.3.5. Diagnosing and Analyzing the Obstacle Factors of Land Ecological Quality

The obstacle factor diagnosis model [11] of land ecological quality in the mining
area was established based on the mathematical models of “factor contribution degree”
(Ij), “index deviation degree” (Jij), and “obstacle degree” (Mij) (Equation (10)). The lim-
itation degree and spatial difference of each obstacle factor on land ecological quality
were evaluated.

Mij =
Ij × Jij

∑P
j=1
(

Ij × Jij
) × 100% (10)

where Ij = Wj ×Wk, Jij = 1− bij; Jij is the index deviation degree of the jth index in the
ith year of the evaluation unit; Mij is the obstacle degree of the jth index in the ith year
of the evaluation unit; bij is the standardized value of the jth index in the ith year of the
evaluation unit; Wj is the weight of the index layer of the jth index; and Wk is the weight of
the criterion layer of the jth index.

3. Results
3.1. Spatiotemporal Differentiation of Distribution Characteristics of Land Ecological
Quality Grades

The comprehensive evaluation results of village- and grid-level grading are shown
in Figures 2 and 3. They had strong consistency in the spatial distribution of different
levels but differed in local details. The mean value of the grid evaluation results on the
village-level grading was analyzed, and a correlation analysis was made between the
results and the village-level grading results. The evaluation results of each period had
significant correlation, with correlation coefficients greater than 0.91, indicating that there is
a good agreement between grid- and village-level grading results. The evaluation result of
grid-level grading can refine the village-level grading result. In other words, as a beneficial
supplement to the evaluation result of village-level units, it can provide more detailed basic
data and basis for land ecological management and control at the village level.

The village-level unit is the smallest unit of administration. It has similarities with
other units of administration but also has certain independence in terms of land use
and management mode. It thus can be regarded as an independent unit for land use,
management, and control. The village-level unit not only facilitates the implementation
of land ecological control from the perspective of land management but also has a certain
degree of refinement. Since the spatiotemporal differentiation of land ecological quality is
more practically significant at the village level, the subsequent correlation analysis of land
ecological quality is mainly conducted at the village level.

The evaluation results showed that there were five grades of land ecological quality
(poor, general, medium, good, and excellent) in all five periods. As presented in Figure 4,
from 1980 to 2020, under the dual pressure of mining activities and urbanization, the overall
level of land ecological quality in the study area was not high. The assessment units with
medium land ecological quality in each period accounted for the largest proportion, mainly
distributed in the mountainous and hilly areas in the north and west of the study area
(Figures 2 and 3).The area with excellent and good land ecological quality accounts for
about 38% (Figure 4), which is basically stable and mainly distributed in the Northeast Plain
mine agricultural complex area with short mining time (Figures 2 and 3).The proportion
of general and poor-grade areas significantly increased from 6.55% to 35.02% (Figure 4).
The increased areas were mainly distributed in the mine and southern urbanization area
(Figures 2 and 3). The proportion of the medium-grade area showed a significant downward
trend, from 54.66% to 26.29% (Figure 4). The overall characteristics of the grid scale
are consistent.



Sustainability 2022, 14, 10427 12 of 27

Figure 2. Village-level grading results of comprehensive evaluation of land ecological quality in the
study area.

3.2. Analysis on the Change of Average Land Ecological Quality Index in the Study Zone and
Various Mining Fields

For the ease of analysis of the regional land ecological quality change from a macro
perspective, it is necessary to analyze the land ecological quality index of the study zone as
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a whole and the scope of each minefield as a whole. In this study, the boundary polygons
and boundaries of each minefield were taken as statistical areas, and the land ecological
quality indexes of the study zone and each mine in five periods were obtained through the
spatial statistics method (Figure 5).

Figure 3. Grid-level grading results of comprehensive evaluation of land ecological quality in the
study zone.
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Figure 4. Area proportion of different land ecological quality grades in different years.

Figure 5. Land ecological quality index sequence diagram of the study zone and mining fields.

From Figure 5, from1980 to 2020, the average land ecological quality index of the study
area and each mine is between 0.6141 and 0.7435, showing certain volatility on the whole.
The average land ecological index in the study area was 0.6906 in 1980, 0.6940 in 1990, and
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0.6884 in 2000, which remained basically stable during the period. From 2000 to 2010, the
land ecological quality index decreased to 0.6673, showing a significant decline. From 2010
to 2020, it increased to 0.6733, and from 1980 to 2000, it showed a downward trend.

The average land ecological quality index and its change law are different in different
mines in different periods. The average land ecological quality index of the mines in the
hilly area (the Xiaoma Mine, Zhongma Mine, Fengying Mine, and FangzhuangNo.1Mine)
with a long mining time and near the built-up area in the southern plain (the Hanwang
Mine and Yanma Mine) is between 0.6141 and 0.6969, which is lower than that of the mines
in the plain area (the Baizhuang Mine, Jiulishan Mine, and Guhanshan Mine) with a short
mining time in the same period. The average land ecological quality index is between
0.6902 and 0.7435. The average land ecological index of the Guhanshan Mine was the
highest in 1990. The mine is located in the plain farmland area. The mining started in 2004.
Among the mines, the Hanwang Mine in 2010 is the latest and the lowest. Part of the mine
has become a built-up area of Jiaozuo City in 2010. From 1980 to 2000 and 2020, the average
land ecological index of the Xiaoma Mine was the lowest. It is located in the hilly area, with
poor land ecological basic conditions and long mining time. In 1980 and 2000–2020, the
average land ecological index of the Baizhuang Mine, which is located in the plain area,
was the highest. The mining time is late, and the design production capacity of the mine is
low. The land use in the area is basically stable. The Hanwang Mine has the largest change
in the average land ecological index. Its land ecological index has continuously decreased
from 0.6943 in 1980 to 0.6141 in 2010, with a decrease of 11.56%. From 2010 to 2020, with the
water diversion from the south to north in the region, its land ecological index increased
to 0.6472.

3.3. Spatiotemporal Differentiation of the Correlation Characteristics of Land Ecological Quality

According to the spatial autocorrelation analysis of the land ecological quality index
from 1980 to 2020 (Table 4), the land ecological quality index of each period showed
significant positive spatial correlations, indicating that the land ecological quality index
has strong spatial agglomeration characteristics. In terms of time series, the agglomeration
of the regional land ecological quality index has a process of basically stable-weakening-
strengthening-weakening.

Table 4. Global Moran’s I value and test coefficient of land ecological quality index.

Moran’s I/Z 1980 1990 2000 2010 2020

Moran’s I 0.40 0.41 0.25 0.45 0.38
Z(I) 5.62 5.77 3.49 6.38 4.39

Z(I) > 2.58 represents a significant level of 1%.

According to the results of local autocorrelation analysis, the spatial agglomeration
map of the land ecological quality index of five periods was obtained (LISA agglomeration
map, Figure 6). From 1980 to 2020, the spatial agglomeration of the land ecological index
in the study zone changed to some extent. On the whole, there is a spatial aggregation
differentiation characteristic: low-value aggregation areas are distributed in the southwest
area near the southern part of the study zone (urban build-up area) and with long mining
history, while high-value aggregation areas are in the eastern farmland area.

In 1980, the low-value aggregation areas were in the south-central region, where the
Xiaoma Mine, Zhongma Mine, and Yanma Mine were all mines with long mining history.
The high-value aggregation areas were distributed in the northeast. The construction of
mines in the area has not started yet, and there are many woodlands and water areas in the
area. In 1990, the low-value aggregation areas were still located in the south-central area
rich in coal mines, while the high-value aggregation areas moved from the northeast to
eastern farmland area. From 1980 to 1990, a large-scale factory was built in the northeast of
the study area, which converted part of the cultivated and forest land into construction land
with low ecological function. Compared with 1990, the number of high-value aggregation
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areas decreased in 2000, and the low-value aggregation areas moved to the southern part
with rapid urbanization. In 2010, low-value aggregation areas increased in the south, while
high-value aggregation areas remained in the east where the farmland was concentrated.
In 2020, low-value aggregation areas remained stable. With the water flow of the South-to-
North Water Transfer River in the study area [], the range of low-value accumulation areas
has decreased. The low-high and high-low types of the land ecological quality index in
five periods were only sporadically distributed in the surrounding areas with high and low
values, covering a limited number and a small area of evaluation units.

Figure 6. Spatial aggregation map of land ecological quality index in the study zone.

In general, the high-value aggregation areas of the land ecological quality index from
1980 to 2020 are distributed near the farmland areas in the northeast with relatively short
coal mining history, less construction land, and better ecological foundation, while the
low-value aggregation areas are mainly located in the southwest with long coal mining
history and the southeast with gradually expanding urbanization.

3.4. Spatiotemporal Changes of Obstacle Factors of Land Ecological Quality

The top three obstacle degree indexes (cumulative obstacle degree over 75%) were
selected as the main obstacle factors. Figures 7–9 show the area proportion of the first,
second, and third obstacle factors in order of obstacle degree. Based on the first, second, and
third obstacle factors identified in each evaluation unit, the distribution maps of obstacle
factors were generated as shown in Figures 10–12.
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Figure 7. Area proportion of first obstacle factors of land ecological quality in the study zone.

Figure 8. Area proportion of second obstacle factors of land ecological quality in the study zone.
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Figure 9. Area proportion of third obstacle factors of land ecological quality in the study zone.

Figures 7–9 show that from 1980 to 2020, the area proportion of evaluation units with
the ecosystem service value as the first obstacle factor was always the largest (49.75–60.47%),
and the second factor was the topographic position index (30.46–38.75%). The proportion
of these two factors gradually decreased (from 94.43% in 1980 to 80.21% in 2020), whereas
the area proportion of evaluation units with damaged land proportion and the disturbance
index of industrial and mining land as the first obstacle factors gradually increased (from
1.85% in 1980 to 16.9% in 2020). The area proportion of evaluation units with NPP as the
second obstacle factor had an obvious downward trend(from 46.57% in 1980 to 4.75% in
2020), while the area proportion of evaluation units with the land-use structure index(from
5.43% in 1980 to 27.42% in 2020), ecosystem service value(from 13.31% in 1980 to 23.18%
in 2020), and damaged land proportion(from 1.26% in 1980 to 11.45% in 2020) as the
second obstacle factors showed a sharp increase. In the third obstacle factors, the area
proportion of each obstacle factor was similar. The area proportion of the land-use structure
index (from 11.18% in 1980 to 28.31% in 2020) and the disturbance index of industrial and
mining land (from 6.25% in 1980 to 11.2% in 2020) as the third obstacle factors presented
an obvious upward trend. This indicates that the main factors causing the difference of
land ecological quality among the evaluation units in the study zone are the difference of
terrain and ecosystem service functions. Terrain and ecosystem service functions in the
study zone greatly influence the stability of land ecosystems, and they are important factors
affecting the land ecological quality. The study zone is a compound area of mine agriculture
urban. With the continuous mining activities in the study zone, the mining activities lead
to increased damaged land and industrial and mining land. Thus, the damaged land
proportion and disturbance index of industrial and mining land have gradually become the
main obstacle factor of regional land ecological quality. Moreover, with the simultaneous
urbanization process in the study zone, the construction land in the study zone continuously
increases, which makes the land-use structure becoming one of the main obstacles to the
regional land ecological quality.



Sustainability 2022, 14, 10427 19 of 27

Figure 10. Distribution of first obstacle factors of land ecological quality in the study zone.
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Figure 11. Distribution of second obstacle factors of land ecological quality in the study zone.
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Figure 12. Distribution of third obstacle factors of land ecological quality in the study zone.

In 1980, Figure 10 shows that the main obstacles to land ecological quality in the
north and west of the study zone were the topographic position index and NPP. The land
ecological quality in this region was not high (Figures 2 and 3), which indicates that the
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land ecological quality in this region is mainly affected by the poor terrain conditions
and low vegetation productivity. This is consistent with the fact that the area is mainly
mountainous or hilly, and the vegetation distributed there is mainly shrubbery with low
productivity [50]. The northeast part of the study zone had a high land ecological quality
(Figure 2), where a high-value aggregation area of the land ecological quality index formed
(Figure 6). This area is mostly plain area with good terrain conditions. The Fangzhuang
No. 2 Mine, Baizhuang Mine, Guhanshan Mine, and large factories distributed in this area
had not been constructed at that time. In addition, there are many forests and rivers in
the region, with relative high vegetation productivity and little human disturbance. The
main obstacle factors of land ecological quality in the eastern area were the ecosystem
service value, NPP, and land-use landscape index. The land ecological quality in this
region is mainly good, where the main land-use type is cultivated and construction land.
The obstacle degree of these factors is not high and has little influence on regional land
ecological quality. The south-central part of the study zone was an aggregation area with
low land ecological quality. The main obstacle factors were the topographic position index,
damaged land proportion, and ecosystem service value. The Xiaoma Mine, Zhongma
Mine, Yanma Mine, and industrial squares, which had been developed for a long time,
were distributed in this area. Under the combined effect of natural and human factors, it
becomes an aggregation area with low land ecological quality.

In 1990, due to the poor natural occurrence of land (topography, vegetation), the
land ecological quality in the western part of the study zone was not high. With the
implementation of China’s reform and opening-up policy, the contract responsibility system
has been carried out in the cultivated land concentrated areas in the northeast. Farmers’
enthusiasm for labor has been stimulated greatly, agricultural production has gradually
resumed, and regional land has been effectively managed. Thus, the productivity of
cultivated land was improved, the vegetation coverage and NPP increased, and the obstacle
degree began to decrease. The regional land ecological quality transformed from good
to excellent, where an aggregation area with a high land ecological quality index formed.
However, the land ecological quality of some parts in the south-central area transformed to
a poor level due to regional natural conditions and the continuous intensification of mining
disturbance, as well as the untimely land reclamation (Figure 3). It was still an aggregation
area of low land ecological quality (Figure 6).

In 2000, the first obstacle factors in the western part of the study zone were still the to-
pographic position index and NPP (Figure 10). In some regions, the obstacle factor changed
from the NPP to ecosystem service value, which was mainly because the development of
mineral resources in the region produced part of the bare land, resulting in a significant
decrease in the ecosystem service value of the region. The land ecological quality in this
region was still medium. In the southern region, land ecological quality transformed to
poor quality (Figure 3). The obstacle factors of land ecological quality in this region were
land-use structure index and vegetation coverage. This area is close to downtown Jiaozuo
City. With the economic development and population growth, the construction land area
in this region has significantly increased, resulting in the decrease in the land-use structure
index and vegetation coverage. Thus, its regional land ecological quality transformed from
excellent and good to medium. The area with low regional land ecological quality was
still located in the southern mining area (Figures 2 and 3), and its obstacle factors were
damaged land proportion and ecosystem service value.

In 2010, the areas where the first obstacle factors were damaged land proportion
and the disturbance index of industrial and mining land were mainly distributed in the
south-central mining areas (Figure 10). It was a golden decade for the coal industry, and
coal prices continued to climb from 2000 to 2010 [18]. The coal resources of the mines in
the south were close to exhaustion, but they were still mined. Although land reclamation
had begun, the phenomenon of untimely and low-quality reclamation was widespread,
resulting in an expanding damaged land area. In the meantime, other mineral resources
rapidly developed in western mountainous areas, and bare land was formed, resulting in a
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continual decline in the land ecological quality of the south-central region (Figure 3). Since
2000, with the gradual depletion of coal resources, Jiaozuo City has entered the transition
from a resource-based to new ecological city. As the surface subsidence caused by coal
mining was basically stabilized in the southern part of the study zone, close to the urban
area of Jiaozuo City, some industries in the urban area were transferred there. Thus, the
built-up area extended to the south, and the proportion of the construction land in this area
was further increased, deteriorating the land ecological quality (Figure 3).

In 2020, land ecological quality improved in some mountainous areas in the southwest
(Figure 2). This is because since 2005, with the increasing attention to ecological protection
in China, Jiaozuo City has gradually begun to comprehensively rectify the widespread
phenomenon of private digging and disorderly mining in northern mountainous areas.
Comprehensive environmental control and ecological restoration have been carried out,
and land reclamation in coal-mining areas has been effectively promoted [18]. By 2020,
vegetation in this region has been restored to a certain extent. In addition, in 2014, a large
river, the South-to-North Water Diversion River, was newly built in the middle of the study
area from south to north, which improved the ecological service capacity of the regional
land, which is consistent with the change of the ecological quality of the land in the region
(Figure 2).

4. Discussion

In this paper, the Macun coal area was chosen as the study zone for the land ecological
restoration of the compound area of mine agriculture urban. Remote sensing and GIS
technology were used to integrate multisource and multiscale data, such as land-use change
survey, geochemical survey, sample monitoring, and remote sensing data. The evaluation
index system of land ecological quality suitable for the compound area of mine agriculture
urban was established. Moreover, the land ecological quality was evaluated by using the
multi-objective comprehensive evaluation method. The spatiotemporal differentiation
characteristics of land ecological quality and its influencing factors were analyzed. The land
ecological quality index in the study zone decreased from 2000 to 2010 and increased from
2010 to 2020, which is consistent with the research conclusions of other researchers [51,52].

Our research showed that mining activities and urbanization have a negative effect on
the regional land ecological quality on the whole, which is the main factor leading to the
decline of the regional land ecological quality, which is also consistent with the research
conclusions of other researchers [3,8,10,12–17,47]. Actively repairing the damaged land
ecosystem helps to improve the regional land ecological quality. It is precisely for this
reason that the land ecological quality has been improved in 2010–2020 in both closed or
still-in-operation mines (Figure 5). This is also consistent with the research conclusion
of other researchers [3,16,47]. Their study showed that active ecological protection and
restoration policies and measures can improve regional ecological quality.

The long-term, dynamic, multiscale analysis of spatiotemporal differentiation char-
acteristics of land ecological quality and its influencing factors in the compound area of
mine agriculture urban was achieved. It can provide a basis for the formulation of scientific
land ecological restoration strategies in the similar regions and realize regional sustainable
development.

The obstacle factors of land ecological quality and their influences on land ecological
quality are different in different regions and periods, and terrain and ecosystem services
have important effects on land ecological quality (Figure 10). The impact of damaged
land and land-use structure change caused by mining activities on regional land ecological
quality gradually intensifies (Figures 11 and 12). On the whole, the influence of natural
factors gradually decreased, while the influence of human factors gradually increased.
Given the spatiotemporal differentiation of regional land ecological quality and its obstacle
factors, the following restoration strategies can be formulated.

From 1980 to 2020, the mountainous region in the northern and western parts of
the study zone was subject to poor natural endowments and mining activities. The land
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ecological quality in this region was not high due to the high distribution of the damaged
land by mining and the low quality of the forest land. Topographic remediation and soil
reconstruction technology can be used to restore the ecological function of the soil in this
region. On this basis, suitable tree species should be selected for afforestation, and the
improvement of low-quality forest land and conservation and protection of high-quality
forest land should be strengthened to enhance the regional ecosystem service capacity.

In the southern part of the study zone, influenced by the mining activities and con-
tinuous advancement of urbanization, the regional ecological quality decreased. As some
mines in this area have been closed with the exhaustion of coal resources and the surface
subsidence has stabilized, it is suggested to conduct a full and detailed investigation on the
damaged land and its reclamation effect in the mining area. According to different damage
and restoration situations, different ecological suitability evaluation and analysis should be
carried out to select reasonable ecological restoration measures. For example, secondary
development of tailings occupying a large amount of land should be carried out to increase
the comprehensive utilization rate of tailings. The tailings with large consumption, small
investment, and marketable market will be developed to realize large-scale operation and
resource and commercialization of multi variety development to turn waste into treasure
and truly become a part of economic commodities. The ecological restoration of abandoned
land in mines and damaged villages is not enough only for the restoration of soil and
vegetation. It is necessary to restore the microbial community of the abandoned land and
improve the function of the ecosystem so that the restored abandoned land ecosystem can
be naturally maintained. For the restoration of heavy-metal contaminated land, considering
the ecological problems that may be brought by the introduction and adaptability of local
plants to local climate conditions, it is recommended to select local heavy-metal-tolerant
plants for restoration. Moreover, due to the area proximity to Jiaozuo City’s built-up area,
in the regional farmland area, new ecological agriculture can be built around the mine
industrial square and office area. At the same time, in promoting urbanization in this region,
it is necessary to follow the principle of ecology first and green development, rationally
plan the ecological land use, and create a new urban area that is ecological and livable.

The Jiulishan Mine and Guhanshan Mine in the northeast of the study zone are still
in operation. The land ecological quality in this area tends to worsen. The ecological
restoration in this area should be conducted by the combination of pre-mining planning,
while-mining control, and post-mining restoration. First of all, it is required to make a
restoration plan for the area planned to be mined, delimit the buffer zone for preventing
ecological degradation, evacuate residents in the involved areas in time, plant ecological
shelterbelts in time according to the plan, and enhance the regional resistance to disturbance.
Second, protective mining should be carried out during mining. Reasonable measures such
as filtration and purification of goaf, replacement of coal gangue, and closure of all links of
coal mining and transportation should be taken to reduce the impact of mine water, coal
gangue, and coal dust on the ecological environment of the mining area, and ecological
restoration should be combined to effectively protect the ecological environment of the
surface [11]. For the land subsidence area in the mining area, according to the charac-
teristics of land subsidence, the guided restoration method of mainly plant restoration
supplemented by engineering restoration is adopted for the non-uniform deep subsidence
land. For the uniform subsidence land, the role of natural restoration can be fully utilized.
Specifically, the method of “introducing plants” is adopted to carry out natural closed
restoration, and the soil of the damaged land is improved through microbial and other
technologies. If necessary, engineering restoration measures shall be taken to accelerate
the ecological restoration of the regional cultivated land. The occupation and destruction
of land caused by coal mining have brought environmental damage and economic loss to
the production and living environment of local residents. Thus, different forms of land
ecological compensation should be adopted, for example, giving direct economic compen-
sation, conducting environmental remediation, reclaiming the land, strengthening “green
industry” support, carrying out skill training, and implementing policy guidance [11].
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In this way, the evaluation and diagnosis of land ecological quality can be reasonably
carried out, and the spatiotemporal differentiation characteristics of regional land ecological
quality and influencing factors can be clarified when we are dealing with the regional land
ecological problems. Scientific land ecological restoration strategies can be made in terms
of the specific factors affecting the land ecological quality.

5. Conclusions

From 1980 to 2020, the change of land ecological quality in the study zone showed
significant spatiotemporal heterogeneity. The land ecological quality index presented a
trend of increasing first, then decreasing, and then increasing in time series, and on the
whole, there was a downward trend. In terms of spatial pattern, the land ecological quality
index of each period showed a certain regional aggregation. The overall correlation of the
land ecological quality index experienced a change process of weakening first and then
strengthening, and aggregation characteristics showed certain fluctuations. In the past
40 years, the low-value aggregation areas were relatively fixed in the core mining area,
towns, and surrounding areas. On the other hand, the high-value aggregation areas repeat-
edly oscillated between the northern and east-central farmland areas, and the changes of
high and low values of the regional land ecological quality index were closely related to
ecological foundation and human activities, such as coal mining and urbanization. The
main obstacle factors of land ecological quality in the study zone were the topographic
position index, ecosystem service value, NPP, vegetation coverage, land-use structure index,
landscape diversity index, damaged land proportion, and disturbance index of the indus-
trial and mining land. Obstacle factors changed with time, and their influences on land
ecological quality also varied. On the whole, the influence of natural factors gradually de-
creased, while the influence of human factors gradually increased. Furthermore, according
to the spatiotemporal differentiation characteristics of land ecological quality and obstacle
factors in the study zone, several suggestions on land ecological restoration are proposed:
improving the ecological quality of the land in the west and north through topographic
regulation, soil reconstruction, and forest land conservation, and improving the ecological
quality of the land in the south through building ecological agriculture and communities.
The ecological restoration in the northeast should be conducted by combining the planning
and restoration of pre-mining planning, while-mining control, and post-mining restoration.
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