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Abstract: Soil nitrogen is very important for crop growth and development. However, the factors
affecting the three-dimensional spatial distribution of soil total nitrogen (TN), particularly in coal
mining subsidence areas, are unclear. In this study, Markov geostatistics was used to analyse the
three-dimensional spatial distribution characteristics and influential factors of TN by examining
180 soil samples from the Zhaogu mine in China. The results showed that the TN content was
significantly different at different soil depths (0–20, 20–40, 40–60 cm) and decreased with increasing
soil depth. The variation coefficient of the TN content decreased gradually from top to bottom,
ranging from 18.18 to 25.62%. In addition, the TN content was greatly affected by mining subsidence,
rainfall, irrigation, fertilization and management mode. The factors that influenced the TN content
also varied across different slope positions. The TN content of the upslope was the highest, and the
TN content of the middle slope was the lowest. These results can provide research ideas and technical
countermeasures for ecological environment improvement and sustainable land development in coal
mining subsidence areas.

Keywords: soil total nitrogen; soil spatial variability; coal mining subsidence; Markov chain;
influencing factor

1. Introduction

China is a large energy consumer. Abundant natural resources are very important to
China’s economic development, especially coal and arable land [1]. Coal energy accounts
for approximately 75% of the total primary energy production in China. More than 95%
of coal is mined underground in China [2]. However, underground coal mining produces
cracks and land subsidence [3,4]. Subsidence refers to the surface movement or local
sudden depression caused by the movement of the overlying strata, ground subsidence or
cracks caused by underground coal mining activities [2]. Underground coal mining has
destroyed many land resources, most of which are farmland. Additionally, population
growth and economic growth have led to a dramatic increase in food demand worldwide,
and underground coal mining can also negatively impact vegetation and soil quality and
alter soil physicochemical properties, putting food security at risk [5,6]. Coal mining
subsidence leads to the decrease of soil nutrient content in the arable land in the mining
area; therefore, the quality of soil in arable land in mining areas is degraded, affecting the
growth of crops and reducing grain yield [7]. Coal mining subsidence will also accelerate
soil erosion and underground leakage, leading to a serious loss of total nitrogen (TN) in
the soil, making the land more barren and affecting the growth of vegetation in a mining
area [8,9]. Approximately 200 km2 of agricultural areas in China have been affected by
underground coal mining, resulting in soil erosion and degradation of arable land [10]. In
addition, the subsidence area of mining areas increases by approximately 20,000 hectares
every year [11,12]. Additionally, the eastern plain of China is characterised by long-term,
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multifrequency and high-intensity mining. The underground water level of the mining
area is high, and coal mining subsidence is likely to form a large subsidence water area,
resulting in serious damage to cultivated land and a reduction in grain production [13–15].
Therefore, it is necessary to improve the soil quality of the mining area and promote the
sustainable development of the ecological environment of the cultivated land [16–18].

Soil nutrients are widely used to study and analyze ecosystem degradation [19]. Exter-
nal environment can influence spatial variability of soil nutrients [20,21]. Soil nutrients are
important for food security and sustainable development [22,23]. Soil TN is an important
indicator used to measure soil quality. Soil TN provides plants with sufficient nitrogen
by enhancing carbon absorption and promoting crop photosynthesis, thereby promoting
plant growth. In addition, fertilization management is also the key to improving the soil
total nitrogen content [24]. In addition, soil TN is an important nutrient element index. The
quantity and quality of soil TN directly affect soil characteristics and can reflect the level
of soil fertility [23,25,26]. Therefore, an in-depth understanding of the three-dimensional
spatial variation characteristics of soil total nitrogen will help to improve the sustainable de-
velopment of mining land and provide valuable guidance and a basis for land consolidation
and precision agriculture in mining areas [27–29]. Soil is a continuous three-dimensional
entity with spatial variation in both horizontal and vertical directions. By studying soil
characteristics through three-dimensional spatial distribution, a more comprehensive un-
derstanding of soil quality can be obtained [30,31]. At present, research on the spatial
variation in soil properties mainly focuses on the two-dimensional horizontal direction,
and the properties of different soil layers are discontinuous in the vertical direction. If
the influence of the vertical direction is ignored, the crop availability of nutrient elements
in different soil layers will be affected. Markov chain theory has been introduced into
the field of spatial distribution in recent years. This method uses transition probability to
describe the spatial variation of elements, which is descriptive, easy to understand, and
well supported by random theory [32–34].

At present, domestic and foreign scholars mainly study the effects of soil erosion, land
use change and other factors on soil total nitrogen, in grassland, forestland, wetland, and
cultivated land areas, thus providing a good foundation for regional agricultural soil. The
evaluation of total nitrogen provides a theoretical basis [35]. Markov geostatistical methods
are widely used in the analysis of soil salinity, soil saturated hydraulic conductivity, heavy
metal contents, water content, soil texture, and the soil clay content [36]. For example,
Zhang et al. (2022) studied the spatial driving force of grassland degradation on nutrients
such as total nitrogen in the topsoil of an alpine meadow in Sanjiangyuan National Park.
The research results can provide theoretical support for the management and restoration of
soil nutrient function [37]. Tian et al. (2022) studied the effect of different land use types on
soil total nitrogen. The study found that the different land use types had a significant impact
on nitrogen distribution [38]. Turgay Dindaroglu et al. (2021) investigated soil organic
carbon and total nitrogen contents in a semiarid karst ecosystem. The analysis showed
that soil total nitrogen, organic carbon, pH and land use were the most effective variables
that affected the distinction between depressions and nondepressions in karst ecosystems.
Among them, forest and pasture soil total nitrogen and organic carbon had the highest
values, while farmland had the lowest values [39]. Yongqiang Zhang et al. (2021) examined
different vegetation types and altitudes of the Yunnan Mountains and analysis of soil
organic carbon and total nitrogen content. The results showed that vegetation type, altitude
and pH were the main factors [40]. Jinlin Li et al. (2018) used the Markov chain and kriging
interpolation methods to study the soil texture in the mountainous area of Northwest China.
The results showed that the kriging interpolation method has a certain smoothing effect,
which reduces the accuracy of the simulation; the Markov stochastic simulation method
realizes the stochastic simulation of spatial variables, which is more suitable for the study
of soil texture in mountainous areas [41]. Badreddine Dahmoune et al. (2019) used the
Markov chain model to study the earthquake disaster in northwestern Algeria; and used
the transition probability matrix to simulate the probability of earthquake occurrence in the
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next few decades [42]. Afsaneh Ghaffari Rad et al. (2021) used the Markov chain method to
select drill bits for different sedimentary formations and proposed appropriate drill bits
for different sedimentary formations [43]. However, in summary, there are few studies of
soil TN in coal mining subsidence areas, especially three-dimensional spatial simulation
research, which is not conducive to the accurate evaluation of soil total nitrogen in mining
areas and ecological restoration research.

Therefore, this study aims to (1) construct the three-dimensional spatial distribution of
soil TN by using the Markov stochastic simulation method, (2) analyse the differences in
the spatial distribution of soil TN at different locations and (3) explore the influence of the
spatial distribution of the main influential factors of total nitrogen.

2. Materials and Methods
2.1. Study Area

The study area (112.53◦–113.63◦E, 34.8◦–35.5◦N) is located in the Zhaogu No. 2 Mine
in northwestern Henan Province, China (Figure 1). The average coal seam thickness of
the Zhaogu No. 2 Mine is 6.16 m. The study area is approximately 69,300 m2, of which
nearly 85% is cultivated land and 15% is water accumulation. The slope of the study area
is less than 6◦, and the slope length is approximately 400 m. The region has a semiarid
and semihumid continental monsoon climate, and the ecology is relatively fragile. The
mean annual precipitation is approximately 650 mm, and rainfall from July to September
accounts for 75% of the total amount. The mean annual temperature is 14 ◦C, with the
lowest temperature in February and the highest in August. The mean annual evaporation
is approximately 2039 mm. The main soil type in the study area is cinnamon soil. The
main crops are summer maize and winter wheat, and routine field management is carried
out [44].
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Figure 1. Location of the study area. (a) map of Huixian city, Henan Province; (b) map of land use 

in the study area; (c) map of the soil samples; (d) map of a single soil sample collection. 
Figure 1. Location of the study area. (a) map of Huixian city, Henan Province; (b) map of land use in
the study area; (c) map of the soil samples; (d) map of a single soil sample collection.

2.2. Soil Sampling and Analysis

In May 2017, 900 soil samples were collected in the study area, as shown in Figure 2.
Soil samples were collected at depths of 0–20 cm, 20–40 cm, and 40–60 cm, with a horizontal
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collection interval of 50 m. Sampling at each point was carried out in a plum blossom
shape, and five soil samples were collected from each sampling point and mixed into one
sample. Handheld GPS was used to record the coordinates of each sampling point. During
data analysis, it is necessary to convert the GPS data to the Beijing 54 coordinate system.
The sampling distribution is shown in Figure 1 c, and the layout of each soil sampling
point is shown in Figure 1 d. Soil samples were transported to the laboratory on ice packs,
air-dried and hand-sieved through a 1 mm sieve to remove various impurities. The TN
content of the soil was determined by Kjeldahl distillation [45].
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2.3. Markov Geostatistical Methods

The Markov geostatistical method uses transition probability to describe the spatial
variation of regional variables and uses sequence indication simulation or annealing sim-
ulation algorithms to generate random simulation data based on measured data [46]. In
addition, the method can also incorporate a variety of data modelling techniques in the sim-
ulation process to reflect the spatial distribution and mutual conversion laws of variables,
as well as the asymmetry and anisotropy of the spatial distribution of the research object.
The introduction of transition probability makes the geostatistical spatial modelling process
simpler and easier to understand than traditional methods [47]. Markov geostatistics is an
effective method to solve the spatial relationship of variables of research objects, and its
basic tool is the transition probability matrix (tjk(hφ)). The expression is as follows:

tjk(hφ) = Pr
{

koccurs at x + hφ, j occursat x
}

(1)

where tjk(hφ) represents the conditional probability, that is, the probability of k at point
x + hφ under the condition that j at point x occurs.

If the variable is stationary, then the conditional probability tjk(hφ) depends only on
the step size.

There are three main types of Markov geostatistical models: continuous, discrete and
embedded.

(1) Continuous Markov chain
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The expression of a continuous Markov chain in geostatistics is a continuous distribu-
tion, and its transition probability matrix expression is as follows:

t(hl) = eRl hl (2)

In the formula, t(hl) =


t11,l . . . t1k,1

. . .

. . .

. . .
tk1,l . . . tkk,l

 is the k × k matrix;

Rl =


r11,l . . . r1k,l

. . .

. . .

. . .
rk1,l . . . rkk,l

 is the k × k-order transition intensity matrix, representing

the rate of change.

(2) Discrete Markov Chains

For a given step size, a discrete Markov chain has the following properties:

T(n∆h1) = Tn(∆hl) T(0) = I (identity matrix) (3)

where the n-step transition probability is equal to the N power of the one-step transition
probability, and h is the sampling interval. In modelling, an appropriate spatial step ∆hl
is usually selected, and the discrete Markov process is used to approximate the spatial
continuous distribution of soil properties to obtain approximate data in theory.

(3) Embedded Markov chain

Embeded Markov chains are commonly used in geostatistics. The transfer probability
embedded in the Markov chain is defined as the probability that soil characteristic j is
distributed below and soil characteristic k is distributed above, and the vertical embedding
transfer probability can be defined as:

πjk,z = Pr . . . . . . {happens on j|j happen} (4)

where k and j represent the occurrence of embedding. The relationship between continuous
transfer intensity and embedded transfer probability is as follows:

rjk,φ =
πjk,φ

Lj,φ
(5)

where πjk,φ represents the conditional probability and Lj,φ is the average length of geological
type j in the φ direction.

The general steps of the Markov method are as follows: (1). Calculate the transi-
tion probability in the X-Y direction and the Z direction; (2). Build the Markov chain
model in the horizontal and vertical directions; (3). Use the Markov chain model for
conditional simulation.

2.4. Data Processing

The maximum value, minimum value, mean, standard deviation, coefficient of vari-
ation, and K-S test were carried out by SPSS 20.0. p < 0.05 was considered a significant
difference. The coefficient of variation of soil total nitrogen can be divided into three
grades: weak variation (CV < 15%), moderate variation (15% ≤ CV ≤ 35%) and strong
heterogeneity (CV > 35%) [3]. The submodule T-PROGS in GMS 7.1 was used to calculate
the one-dimensional continuous Markov chain model and its characteristic parameters
(distribution ratio, average length and maximum entropy coefficient) of soil texture types
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in the study area in the vertical and horizontal directions. Then, a three-dimensional con-
tinuous Markov chain model was generated to simulate the three-dimensional distribution
of soil texture types in the study area.

3. Results
3.1. Descriptive Statistics

Statistical analysis of the soil total nitrogen content in different soil layers in the study
area is shown in Table 1. If the data are partially and normally distributed, the data need
to be transformed to fit the normal distribution. The K-S test results of the total nitrogen
content of each soil layer were 0.756, 0.832, and 0.861, and the data were in line with a
normal distribution. It can be seen from the coefficient of variation that the variation range
of total nitrogen content was 18.18–25.62%. The coefficient of variation of the total nitrogen
content in the soil layer was the largest, i.e., 25.62%. The maximum value of the TN content
in the 0–20 cm soil layer was 2.38 times the minimum value, the maximum value of the TN
content in the 20–40 cm soil layer was 1.98 times the minimum value, and the maximum
value of the TN content in the 40–60 cm soil layer was 1.72 times the minimum value. The
TN content gradually decreased from the upper layer to the lower layers. Underground
coal mining had the greatest influence on the TN content in the surface soil. Fertilization
and irrigation additionally promoted the accumulation of TN in the surface soil, so the TN
content in the surface soil was the highest.

Table 1. Statistical characteristics of the soil total nitrogen content in different soil layers.

Soil Properties Soil Depth Min Max Mean SD CV (%) K-S (p)

0–20 cm 0.71 1.69 1.21 0.31 25.62 0.756
TN (g·kg−1) 20–40 cm 0.52 1.03 0.81 0.15 18.52 0.832

40–60 cm 0.46 0.79 0.66 0.12 18.18 0.861

The study found a significant positive correlation between the soil TN content in
different soil layers, as shown in Table 2. The correlation between the 20–40 cm soil layer
and the 40–60 cm soil layer was the highest. The results showed that with increasing soil
depth, the difference in the spatial distribution of the TN content gradually decreased.

Table 2. Correlation analysis of the total nitrogen content in different soil layers.

Object Soil Depth
Correlation Coefficient of Soil Total Nitrogen Content

in Different Soil Layers

0–20 cm 20–40 cm 40–60 cm

TN
0–20 cm 1

20–40 cm 0.882 ** 1
40–60 cm 0.893 ** 0.926 ** 1

Note: ** Significantly correlated at the 0.01 level.

3.2. Descriptive Statistics

Based on the change in the soil total nitrogen in the vertical direction in the coal mining
subsidence area, the embedded transition probability matrix between different contents of
total nitrogen at a depth of 60 cm was calculated according to Equation (1), and the result is
shown in Equation (6), where a represents a total nitrogen content greater than 1.45 g/kg, b
represents a total nitrogen content between 1.25 and 1.45 g/kg, c represents a total nitrogen
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content between 0.95 and 1.25 g/kg, d represents a total nitrogen content between 0.75 and
0.95 g/kg, and e represents a total nitrogen content less than 0.75 g/kg.

Pz =


paa,z pab,z pac,z pad,z pae,z
pba,z pbb,z pbc,z pbd,z pbe,z
pca,z pcb,z pcc,z pcd,z pce,z
pda,z pdb,z pdc,z pdd,z pde,z
pea,z peb,z pec,z ped,z pee,z

 =


0.00 0.46 0.42 0.12 0.00
0.51 0.00 0.39 0.06 0.04
0.22 0.33 0.00 0.36 0.09
0.08 0.11 0.46 0.00 0.35
0.06 0.09 0.32 0.53 0.00

 (6)

It can be seen from the above transition probability matrix that the TN in the soil from
the surface layer to the lower layer, and transfers from a to b (0.46), a to c (0.42), b to a (0.51),
b to c (0.39), c to b (0.33), c to d (0.36), d to c (0.46), d to e (0.35), e to c (0.32), and e to d (0.53)
were more common. Transfers between a and d, between a and e, between b and e, and
between b and d occurred less frequently. The transfer values on the two slashes parallel to
the diagonal line are larger, indicating that more total nitrogen was transferred between
adjacent values.

Based on formula 2, the transfer intensity matrix between the various values of soil
total nitrogen in the vertical direction was obtained as shown in formula 7. The values on
the diagonal are all negative, and the absolute value is the largest. All other values are
positive, and the sum of the individual values in each row is 0.

Rz =



raa,z rab,z rac,z rad,z rae,z

rba,z rbb,z rbc,z rbd,z rbe,z

rca,z rcb,z rcc,z rcd,z rce,z

rda,z rdb,z rdc,z rdd,z rde,z

rea,z reb,z rec,z red,z ree,z


=



−0.065 0.012 0.041 0.009 0.003

0.045 −0.057 0.009 0.001 0.002

0.026 0.006 −0.083 0.041 0.010

0.001 0.027 0.024 −0.098 0.046

0.037 0.008 0.032 0.074 −0.151


(7)

Combined with the transition probabilities of the five numerical intervals of a, b, c, d,
and e, a Markov chain model of the vertical direction of the soil total nitrogen content was
established, as shown in Figure 3.

Starting from point (0, 1), the intersection of the tangent of the self-transfer Markov
chain and the abscissa is the average length of the corresponding soil total nitrogen in the
vertical direction, that is, the average thickness. The distribution ratio and average length
of the soil total nitrogen content in the five intervals in the vertical direction are shown in
Table 3.

The embedded Markov chain model was used to describe the transfer probability
of soil total nitrogen in the vertical direction. As shown in Figure 3 and Table 3, soil
total nitrogen contents between 0.75 g/kg and less than 0.75 g/kg accounted for a large
proportion, and the average length was relatively long, which was most widely distributed
in the study area, indicating that the distribution of soil TN was more continuous than
that in the other ranges. From to Table 3, it can be seen that in the 20–40 and 40–60 cm
soil layers, the soil TN content was in the range of d and e. In the 0–20 cm soil layer, the
variation range of the TN content was the largest, ranging from 0.71 to 1.69 g/kg. This also
indicates that the surface layer was most affected by coal mining subsidence.

Table 3. Distribution ratio of the soil total nitrogen content and average length in the vertical direction.

Parameter a b c d e

Distribution ratio 8.89% 13.33% 7.78% 31.11% 38.89%
Average length 0.182 m 0.236 m 0.201 m 0.422 m 0.449 m

Note: a represents a soil total nitrogen content greater than 1.45 g/kg; b represents a soil total nitrogen content
between 1.25 and 1.75 g/kg; c represents a soil total nitrogen content between 0.95 and 1.25 g/kg; d represents
a soil total nitrogen content between 0.75 and 0.95 g/kg; e represents a soil total nitrogen content less than
0.75 g/kg.
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Figure 3. Vertical transition probability and Markov chain model.

In the horizontal direction, the distance between adjacent sampling points was much
larger than the distance between adjacent sampling points in the vertical direction. There-
fore, the accuracy of the transfer probability of the soil TN content in the horizontal (X-Y)
direction was lower than that in the vertical direction, which can roughly reflect the total
soil nitrogen content. The transition probability and Markov chain model of the soil TN
content in the horizontal direction are shown in Figure 4. The transfer probability of the
soil TN content in the study area in the horizontal (X-Y) direction and the vertical direction
was similar to that of the Markov chain model. The fitting degree was smaller than the
fitting degree of the measured soil TN and the Markov chain model in the vertical direction,
and the step size in the horizontal direction was larger than that in the vertical direction,
indicating that the autocorrelation range of the soil TN content in the horizontal direction
was greater than that in the vertical direction.
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3.3. Three-Dimensional Spatial Distribution of Soil Total Nitrogen Influential Factors

Geostatistics software (T-PROGS) was used to conduct 100 random simulations of
the soil TN content in the study area. The simulation results were processed according
to the probability distribution of the soil TN content. To obtain better visual effects, the
vertical direction was enlarged by 80 times. The simulation results reflected the possibility
of spatial distribution of soil total nitrogen content. The simulation results of random
sampling 6 times are shown in Figure 5.
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Figures 5 and 6 show that the three-dimensional spatial distribution trend of the soil
TN content of different simulation results was basically the same; that is, the soil TN content
first decreased and then increased from the upper slope to the lower slope, with the highest
TN content on the upper slope and the lowest total nitrogen content on the middle slope,
and the TN content on the lower slope was slightly lower than that on the upper slope. The
TN content on the upper and lower slopes was mainly greater than 1.25 g/kg, and the TN
content on the upper and lower slopes ranged between 0.95 and 1.25 g/kg, indicating that
the distribution of the TN content had certain spatial uncertainty. The TN content on the
middle slope was between 0.95 and 1.25 g/kg and between 0.75 and 0.95 g/kg, and the TN
content mainly ranged from 0.75 to 0.95 g/kg. From the top layer to the bottom layer, the
TN content gradually decreased, and the TN content in the 20–40 cm and 40–60 cm soil
layers was mainly less than 0.95 g/kg and tended to be stable. There are two main reasons
that affect the distribution of TN in soil, one is the influence of artificial farming factors,
and the other is the influence of underground coal mining.
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4. Discussion

In this study, the soil total nitrogen content showed moderate spatial variability, and
internal and external factors could not be ignored. The internal factors mainly include
the influence of soil texture, topography, and soil physical and chemical properties; the
external factors mainly include the influence of artificial fertilization management and
coal mining subsidence. Muhtar Emat (2022) studied the spatial variation characteristics
and influential factors of the total nitrogen content in the topsoil of cultivated land in
northwestern Hubei. Studies have shown that total nitrogen has a positive correlation
with organic matter, altitude and effective soil layer thickness and a negative correlation
with soil pH [48]. Tao Chen et al. (2016) studied the spatial variation characteristics of soil
nutrient on the southern Loess Plateau. The main factors affecting SOM and TN changes
were topography, soil type and farm management practices. However, the influence of
human activities is growing [49].

4.1. Effects of Soil Texture on Soil TN

This study found that soil texture had a certain influence on the spatial distribution of
TN, which is consistent with previous studies. The soil texture of mining subsidence slopes
is mainly clay and sand. Table 4 shows the distribution of the TN content of different soil
textures. The TN content in clay soil was higher than that in sandy soil, and the average
TN content in clay soil was 1.06 g/kg. Table 5 shows the analysis of variance test results of
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the TN content of the different soil textures. Through one-way analysis of variance, it was
observed that the sum of the mean squares between the soil texture groups was greater
than the sum of the mean squares within groups, and the mean square deviation between
groups was greater than the mean square deviation within groups. The F value of soil
TN in different soil textures was 15.63 (p = 0.000), indicating that in the study area, the
differences in the soil TN content under different soil textures were significant. Therefore,
in this paper, soil texture could affect TN content.

Table 4. Descriptive statistics table of the total nitrogen content in different soil texture types.

Object Category Sample Points Average Value (g/kg)

Soil texture
Clay 536 1.06
Sand 364 0.73

Table 5. Results of analysis of variance of the total nitrogen content in different soil texture types.

Object Variance Sum Square Degrees Freedom MSE F Value Salience

Soil texture
interblock 1.265 3 0.422 15.63 0.000
intra-class 0.054 2 0.027

sum 1.319 5

4.2. The Effect of Topography on Soil TN

Topography has a direct impact on soil moisture, as well as the migration and trans-
formation of soil nutrients. This study area is a coal mining subsidence slope, and the
terrain gradually decreases from the upper slope to the lower slope. Analysis of the soil
TN content indicated certain differences in soil nutrient migration and accumulation in
different terrains. Table 6 shows the soil TN content in combination with topography.

Table 6. Distribution of the total nitrogen content in topographic soils.

Elevation Sample Points Total Nitrogen Content (g/kg)

High 381 1.32
Low 519 1.08

Table 7 shows the variance analysis results of the TN content in the relief groups. The
average TN content in the high terrain area was 1.32 g/kg, and the average TN content
in the low terrain area was 1.08 g/kg. Theoretically, areas with low terrain are conducive
to the accumulation of TN in the soil, but in addition to the influence of terrain on the
migration and accumulation of TN, the influence of comprehensive factors such as land
use type, farmer’s farming management level, and fertilization should also be considered.
In areas with a low TN content, farmers can improve the soil environment by increasing
fertilization, and the influence of these external factors is far greater than the influence of
terrain on the TN content of the soil. The F value was 1.808, and p = 0.210 was greater
than 0.05, indicating that the difference in the topography had no obvious effect on the TN
content of the soil. There are many comprehensive factors that affect the spatial distribution
of the TN content, but the topography of the study area did not result in a statistically
significant difference and had little effect on the TN content.

Table 7. Test results of analysis of variance of the total nitrogen content in relief terrain.

Object Variance Sum Square Degrees Freedom MSE F Value Salience

Elevation
interblock 126.32 48 2.632 1.808 0.210
intra-class 10.19 7 1.456

sum 136.32 55
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4.3. Other Factors of Soil TN

This study found that environmental factors affected more than three-quarters of the
spatial variation in soil TN. However, approximately one-quarter of the spatial variability
remains unexplained due to a lack of soil temperature, soil respiration, soil mineral com-
position, and soil microbial data. Relevant studies have found that under similar external
conditions, soil particle size can affect soil nutrients [50]. Soil temperature is an important
factor that affects microbial respiration, as well as the absorption and decomposition rate
of soil TN. Underground coal mining can cause ground subsidence and surface cracks [51].
In this study, there were small cracks on the middle slope, and the cracks were a factor. The
TN content of the upper slope was the highest, and the TN content of the middle slope was
the lowest. This is because the middle slope is located above the goaf. Mining causes land
subsidence and cracks, and cracks enhance soil respiration and change the soil temperature
and moisture. In addition, the mid-slope area has a steep slope and serious soil erosion,
and some nutrients collect downslope, resulting in an increase in the TN content of the
soil downslope [3]. Underground coal mining causes the surface water level to rise, which
will result in water accumulation in the subsidence area [13,52]. In this study area, there
was a large amount of stagnant water in the subsidence area at the edge of the downslope.
The stagnant water leads to an increase in soil viscosity and a decrease in soil respiration,
which affects the TN content.

In addition, external fertilization management has a certain influence on the soil
nutrient content. Different tillage and fertilization measures have different effects on
soil erosion and nutrient loss [53]. The interviews with the residents in the mining area
found that the management level of each household on the farmland is very different.
Due to the impact of coal mining, the quality of cultivated land has declined, and some
farmers are unwilling to invest more time and energy in managing their farmland. They
prefer to engage in higher-paying jobs, such as going out to work. As a result, part of the
farmland will be abandoned. There are also great differences in fertilization among farmers,
mainly including chemical fertilizers, organic fertilizers, biological fertilizers, and green
manures. Each fertilizer works differently and can also affect soil nutrients. In addition,
the amount of fertilizer and the time of fertilization are also the main influencing factors.
There are also great differences in fertilization among farmers, mainly including chemical
fertilizers, organic fertilizers, biological fertilizers, and green manures. Each fertilizer works
differently and can also affect soil nutrients. In addition, the amount of fertilizer and the
time of fertilization are also the main influencing factors. The main crops grown in the
study area include wheat, corn, peanut, soybean, and sweet potato. The nitrogen fixation
capacity of each crop is different. Sunshine time, slope aspect, solar radiation and other
factors will also affect the total nitrogen content, and the coal mining subsidence time
also has a certain influence on the soil total nitrogen content. Soil total nitrogen is an
important indicator for measuring the soil fertility level and plays a very important role
in farmland ecosystems [54,55]. Farmers managed the hillsides carefully, applied a large
amount of nitrogen fertilizer, and conducted ridge planting, which reduced the loss of
organic matter, total nitrogen, total phosphorus and other nutrients to conserve fertilizer.
Due to the existence of small cracks on the middle slope, the fertilizer retention capacity
was reduced.

5. Conclusions

This paper takes the Zhaogu mining area, Huixian city, Henan Province, as the research
object and studies the spatial distribution characteristics of soil TN at different soil depths
(0–20 cm, 20–40 cm, 40–60 cm). The three-dimensional continuous Markov chain model
of the TN content realizes the three-dimensional spatial simulation of the TN content.
Combined with natural factors and human factors, soil total nitrogen content is analyzed,
including sunshine time, soil texture, coal mining subsidence, cracks, water content, etc.
The results show that (1) the soil TN content in the coal mining subsidence area has obvious
spatial distribution differences at different soil layer depths, and soil TN has the largest
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spatial variation at soil depths 0–20 cm; with increasing soil depth, the spatial variation
gradually decreases, and the spatial variation in TN in the 40–60 cm soil layer tends to
stabilize. (2) The vertical and horizontal (X-Y) transfer probability models can directly
reflect the spatial distribution characteristics of soil TN and describe the spatial distribution
variability of soil TN. In this paper, the TN content less than 0.95 g/kg accounted for
the largest proportion, approximately 70%, mainly distributed beneath the 0–20 cm soil
layer. (3) Soil texture had a certain effect on the soil TN content. Coal mining subsidence
cracks accelerated soil erosion, reduced the soil fertility retention capacity, and had a strong
impact on the soil TN content. External management also had a certain effect on soil TN.
The amount of fertilizer, crop planting and management methods, as well as irrigation
methods have a certain effect on the TN content of soil. This study suggested that coal
mining, soil texture, and artificial management methods are all crucial to soil TN storage
and should be considered. At the same time, the spatial distribution of soil TN was affected
by sunshine duration, crop and fertilization. In addition, results such as these can provide
a reference for ecological restoration and sustainable development research in ecologically
degraded areas.
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