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Abstract: Understanding the mechanism of regional soil chemical property changes is crucial for
guiding precise farming and further alleviating poverty in mountainous areas. Our aims were to
monitor the temporal and spatial changes in the soil chemical property in subtropical mountainous
areas and explore the effect of human activities, soil and topographic factors on the changes. In
this study, a total of 332 soil samples were collected from 2017 to 2020 in Baokang County, subtrop-
ical mountainous area in central China. We analyzed the soil pH, soil organic matter (OM), soil
available phosphorus (AP), soil available potassium (AK), soil total nitrogen (TN) and used Kriging
interpolation to draw the map of spatial distribution of soil chemical properties in Baokang County
from 2017 to 2020. The geographical detector was used to explore the driving forces of soil chemical
property change over the years of research. The results show that: 1) from 2017 to 2020, soil pH,
soil OM, and soil AP in Baokang County was increasing from north to south and the value of three
chemical properties showed a slight decreasing trend. Soil AK showed an increasing trend, with
higher values in Longping and Xiema towns and relatively lower values in Guoduwan, and soil TN
was at a high level with large spatial variation. 2) The human activities, soil and topographic factors
all affect soil properties in Baokang. In human activities, the cropping system and crop yield were
strong explanatory factors for the changes in soil chemical properties, especially for AK and AP. The
q values of all the indicators in the soil factor were relatively high, which displays that all indicators
we selected affected the changes in soil properties. Soil OM and soil TN were the factors that affected
each other with the greatest driving force, as were soil AP and soil AK. The driving force of DEM
was greater among the topographic factors (slope, topographic relief and DEM), and its effect on
five soil chemical properties showed that AK>AP>OM>TN>pH. 3) The interactions between each
two factors showed a two-factor-enhanced relation, indicating that multiple factors form the soil
properties of Baokang County. The findings of this study offer some scientific basis and suggestions
for local government to control soil quality and economic development.

Keywords: soil chemical property; geographical detector; impact factor; subtropical mountainous areas

1. Introduction

Soil, the basis of life and ecosystem biodiversity, provides the fundamental services
for the ecological environment, agriculture, human health, and social development [1,2].
However, during global urbanization, intensive agricultural activities and over-utilization
of soil resources led to a series of soil degradation all over the world. Soil erosion, soil pol-
lution, soil acidification is threatening global food security, which is against the Sustainable
Development Goals of the United Nation [3,4]. Soil health preservation has become one
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of the hottest topics of governments and scholars worldwide [5–7]. The soil degradation
area caused by erosion, swamping, salinization, soil acidification, and fertility decline is
about 460 million hectares, accounting for about 40% of the country’s total land area and
1/4 of the world’s degraded soil area. China is one of the countries which suffers from
soil degradation [8]. To keep national food security, the government of R.P. China has
launched policies to ensure sustainable agricultural development. For example, building
high-standard farmland could improve soil quality for increasing framing output through
field consolidation engineering, soil management and ecological protection. In order to
adjust land management activities accordingly to the needs of sustainable agricultural
development, monitoring the dynamics of the soil properties and the food production
corresponding to those properties is one of the efficient methods [9–11].

Soil chemical properties are important indicators of soil quality and are closely related
to changes in soil productivity [12]. It is important to understand the changes in soil
properties, which means that measures can be taken to reduce the impact of these changes
on agricultural production [13]. Numerous studies have described the spatial distribu-
tion of soil properties and provide a theoretical basis for further improving regional soil
management policies according to their findings of studies, especially soil pH, soil organic
matter (OM), soil available potassium (AK), soil available phosphorus (AP), and soil total
nitrogen (TN) [14]. For example, Bertin Takoutsing et al. (2017) [15] provided sensible
advice for soil management in the Cameroon region by analyzing the spatial correlation
of soil properties such as soil organic matter, soil nitrogen, soil pH, and soil phosphorus;
Guimaraes at al. (2008) [16] measured Organic C, exchangeable calcium, magnesium,
potassium, extractable phosphate, and soil pH to assess annual changes in soil chemical
properties. Although other studies have explored the drivers of change in soil properties
using correlation analysis, principal component analysis, and regression analysis based on
spatial and temporal patterns of soils, the spatial heterogeneity of regional soil properties
has been ignored [17,18]. The tool of Geodetector can fill this gap [19,20]. Therefore, it is
important to analyze the main factors affecting regional soil property changes from the
perspective of spatial heterogeneity.

Some scholars have also explored the condition of Chinese soils. For example, Chen
et al. (2020) [21] analyzed the temporal and spatial changes in the soil properties in a
large grain-production area of China’s subtropical plain. Wu et al. (2019) [22] explored
the temporal and spatial characteristics of 10 soil chemical properties in the Yellow River
delta in 2014. However, these studies have mainly focused on the plains of China, and
little information is available on the mechanisms of soil property changes in subtropical
mountainous areas. In contrast, as an important agricultural production area in China,
subtropical mountainous areas have serious soil degradation due to geographical charac-
teristics, which seriously threatens the regional food production and sustainable economic
development. Understanding the spatial patterns of soil chemical properties in subtropical
mountainous areas is important for monitoring the evolution of regional soil functions
and optimizing fertilization management [23]. In this study, we selected the subtropical
mountain areas as the study area which was beneficial in filling the blank of soil research.

In view of this, the main questions explored in this study are: (1) what changes have
taken place in the soil properties of subtropical mountainous areas during urbanization?
(2) What factors affect the change of soil chemical properties of cultivated land in subtropical
mountainous areas? (3) Is the effect of two-factor interaction on the change of soil chemical
properties higher than that of a single factor? (Figure 1). The results of this study could be
references for high-quality soil management in subtropical mountainous areas, which is
conducive to improving regional grain production, ensuring food security, and achieving
regional sustainable development.
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2. Materials and Methods
2.1. Study Area

Baokang County (110◦45′ E–111◦31′ E, 31◦21′ N–32◦06′ N) is located in the northwest
of Hubei Province and southwest of Xiangyang City (Figure 2). It covers an area of 3225 km2

and is the only mountainous county in Xiangyang City. The central vein of Jing mountain
stretches from east to west, the Nan River water system to the north of Jingshan flows into
the Han River, and the Jushui water system to the south of Jingshan flows into the Yangtze
River. The average elevation in Baokang is 910 m, and 88.7% of the area is higher than
500 m above sea level. The highest point is the Guanshan, Xiema Town, with an elevation
of 2000 m. There is the subtropical continental monsoon climate. The complex terrain
in Baokang creates a diverse environment. In low mountains and valleys, there are four
distinct seasons: long winters and summers and short springs and autumns. In semi-alpine
areas, winters are long and summers are short. In the areas of high mountains, winters
last without summers, and springs and autumns are connected. The annual average
temperature in the region is 15.6 ◦C, the average annual rainfall is 934.6 mm, and the
average yearly frost-free period is 240 days [24]. The soil parent material of Baokang
County is mainly mudstone type and carbonate type, and there are various soil types in
Baokang County, mainly mountain yellow-brown earth, brown earth, brown calcareous
soil, submerged paddy soil, hydromorphic paddy soil, gray fluvo-aquic soil, gray-purple
soil, yellow-brown earth, and so on. Among them, the mountain yellow-brown earth is
the most widely distributed, accounting for 33.11% of the total study area, followed by
yellow-brown loam and brown-limestone soil. The soil in Baokang County is slightly acidic
level to acidic level. Still, the regional hydrothermal conditions are very good, and the
natural soil fertility is relatively high, which is suitable for growing a variety of forest trees
and cultivating some food crops and special cash crops [25].

Agriculture plays a vital role in Baokang County’s economic income, but most farmers
still carry out intensive and conventional cultivation on the soil. The total cultivated land
area of Baokang County from 2017 to 2020 was 424.33 km2, 424.65 km2, 293.93 km2, and
285.10 km2, respectively, showing a downward trend overall. Dry land in Baokang County
is the primary type of cultivated land, accounting for more than 85% of the total cultivated
land area, and most areas are double-cropping a year. The drylands in Baokang County are
the main type of cultivated land, accounting for more than 85% of the total cultivated land
area. The cultivated land in the area is mainly used for planting crops such as corn, rice,
wheat, and potatoes. Most areas are double-cropping systems, such as rice–wheat (RW),
rice–rape (RR), maize–wheat (MW), and maize–rape (MR), and only one type of food crop
or cash crop are grown in some areas (Figure 3) [26].
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2.2. Sampling Design and Laboratory Analyses

To avoid the growing stage of crops and minimize systematic errors and environmental
noise, we collected soil samples in Baokang every November from 2017 to 2020. Suitable
sampling locations were selected based on spatial heterogeneity, soil type, and crop species.
The Garmin GPS Etrex10 receiver was used to determine the final sampling location. At
each site, five topsoil samples (0–20 cm) were collected using a soil drill according to the
“S” method and mixed to obtain composite soil samples. Each composite soil sample was
placed in an aluminum box and sealed for later laboratory analysis. We also interviewed
landowners at each sample site to collect information on crop systems, fertilization status,
and tillage practices when sampling.
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Soil pH, soil organic matter (OM), available potassium (AK), available phosphorus
(AP), and total nitrogen (TN) were tested after air-drying, grinding and sieving of the
soil samples. Soil pH was measured by a pH meter (Sartorius Basic pH meter PB-10,
Gottingen, Germany) with a soil/water ratio of 1:2.5. OM was measured using the method
of dichromate-wet combustion. AP was extracted with 0.5 mol L−1 sodium bicarbonate
(NHCO3) and colorimetric analysis [27]. AK was extracted with 1 mol/L NH4Ac and
tested by an atomic absorption spectrometer [28]. TN was measured by micro-Kjeldahl
method [29].

2.3. Methods
2.3.1. Descriptive Statistic and Tests of Normal Distribution

To ensure the accuracy of the soil data, we used the 3σ rule for outlier detection of the
soil sampling data [30].

P
{∣∣xi,j − E(xj)

∣∣ > 3σ
}
= 0.3%, (1)

where, xi,j denotes the value of soil property j of sample i; E(xj) is the average value of
soil property j of all samples; σ represents the standard deviation of soil property j of
all samples. If the condition of Equation (1) is not satisfied, it is identified as an outlier
and removed when performing data analysis. Ultimately, we identified 96, 70, 70, and
84 samples for 2017–2020, respectively. We used SPSS 26.0 to calculate the sample data’s
mean, maximum, minimum, standard deviation, and coefficient of variation for descriptive
analysis. Then the kurtosis, skewness, and significance tests (Kolmogorov–Smirnov test,
p < 0.05) of the sample data were used to test the normal distribution of the soil data. The
normal distribution of the data is a prerequisite for spatial interpolation. If the data did
not pass the normal distribution test, we needed to perform logarithmic variation, square
root transformation, or Box-Cox transformation on the data; if the data passed the normal
distribution test, we performed the spatial interpolation.

2.3.2. Spatial Interpolation

The spatial interpolation technique based on geographic information science (GIS)
is a common method to explore the spatial distribution of soil properties, which is based
on the principle of using known samples to predict data from unknown samples. The
kriging interpolation method, one of the main spatial interpolation methods, is an approach
for optimal unbiased valuation of regional variables at unsampled points based on the
structural nature of the sample data and semivariance functions. Because of its better
intrinsic correlation properties and accuracy, it is widely used in many fields such as soil
properties, air pollution, etc. [31]. Among the various types of kriging methods, ordinary
kriging has been applied by many scholars to investigate the spatial distribution of soil
properties due to its high accuracy in estimating the value of unsampled points, especially
in agricultural land [32–34]. Therefore, we used the Ordinary Kriging (OK) method to
explore the spatial distribution characteristics of pH, OM, AK, AP, and TN in this study.

2.3.3. Geographical Detector

The geographical detector is a statistical method to detect the spatial heterogeneity
of geographic phenomena or geographic things and reveal the driving factors behind the
phenomena, mainly including four detectors: factor detector, interaction detector, risk
detector, and ecological detector. The core assumption of this method is that if geographic
element X is influenced by geographic element Y, there is a certain similarity between X
and Y in spatial distribution. Since Jinfeng Wang et al. (2010) [35] proposed this method in
2004, the geographical detector has been extremely popular among scholars for its unique
advantages. It has been gradually applied to various fields such as environment, landscape,
society, and land use [36,37].

The geographical detector not only can detect the magnitude of the driving force of a
single factor, but also measure the driving forces of multi-factor interactions. Additionally, it
is immune to the covariance of multiple independent variables. However, when performing
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the geographical detector, it is necessary to ensure that the explanatory variable (X) is a
categorical variable or should be stratified if it is a numerical variable. The magnitude of
driving forces is measured by the q value which has a clear physical meaning and expresses
that the dependent variable explains 100% of the independent variable—the larger the q
value, the stronger the explanation and the greater the degree of influence. The specific
formula is as follows:

q = 1− ∑l
i=1 Niσ

2
i

Nσ2 = 1− SSW
SST

(2)

SSW =
l

∑
i=1

Niσ
2
i (3)

SST = Nσ2, (4)

where i = 1, 2 . . . l denotes the strata or classification of the factor; Ni and σ2
i denote the

number of cells and variance at strata or class i; N and σ2 denote the overall number of cells
and variance within the study area; SSW and SST represent the within the sum of squares
and the total sum of squares, respectively. The q value is taken as [0, 1], and higher q values
indicate the stronger explanatory power of independent variables on dependent variables.

The factors used in the geographical detector are not completely independent, so
the interaction detector further clarifies the relationship between the factors by assessing
the explanatory power when acting together on the dependent variable. The relationship
between the two factors (X1 and X2) can be classified into five types, as shown in Table 1.

Table 1. Interaction relationships for two factors.

Description Interaction Types

q(X1 ∩ X2) < Min(q(X1 ∩ X2)) Weaken, nonlinear
Min(q( X1),q( X2)) < q(X1 ∩ X2) < Max(q( X1),q( X2)) Weaken, uni-

q(X1 ∩ X2) > Max(q( X1),q( X2)) Enhance, bi-
q(X1 ∩ X2) = q( X1) + q( X2) Independent
q(X1 ∩ X2) > q( X1) + q( X2) Enhance, nonlinear

Where q(X1 ∩ X2) denotes the q value at the interaction of the two factors, Max(q(X1),q(X2)) denotes the maximum
value at the single factor of X1 or X2, Min(q(X1),q(X2)) denotes the minimum value at the single factor of X1 or X2,
and q(X1) + q(X2) denotes the sum of q values at the single factor of X1 and X2.

2.4. Data Processing

We used descriptive analysis, normal distribution detection and spatial interpolation
to explore the spatial and temporal variation of soil properties in Baokang County from
2017 to 2020. The accuracy results of spatial interpolation are shown in Table 2, in which
the root mean square error (RMSE) of all soil properties for each year is greater than 1. The
value of RMSE is similar to the mean error (MAE), which indicates that the interpolated
values show a positive correlation with the measured values. In addition, the values of the
standard error of mean (SEM) for all soil properties in 2017–2020 were close to 0, and the
value of the standard root mean square error (RMSS) was close to 1, indicating the results
of spatial interpolation were good. The relevant criteria for soil property classification
were launched in the Second State Soil Survey of China (SSSSC), which scholars widely
used in soil research [38,39]. We used it to classify and analyze soil properties in this study
(Table 3).
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Table 2. Accuracy of soil data interpolation in Baokang County.

Soil Chemical
Property Year RMSE SEM RMSS MAE

pH

2017 0.492 −0.002 0.990 0.499
2018 0.778 −0.029 0.965 0.811
2019 1.036 −0.002 0.967 1.067
2020 0.632 −0.009 1.027 0.617

OM

2017 10.260 −0.007 1.025 9.966
2018 9.956 0.047 0.971 10.371
2019 9.708 −0.011 0.977 9.941
2020 10.768 −0.008 1.067 10.065

AP

2017 15.176 −0.016 0.990 15.410
2018 10.287 0.047 1.024 10.302
2019 9.292 −0.015 0.980 9.482
2020 9.878 −0.020 0.991 9.981

AK

2017 67.985 −0.014 0.978 69.693
2018 80.058 0.006 1.026 78.084
2019 93.506 −0.027 1.003 93.429
2020 73.640 0.011 1.045 70.439

TN

2017 0.579 −0.008 1.010 0.572
2018 0.696 0.004 1.005 0.693
2019 0.511 9.456 1.022 0.499
2020 0.644 −0.003 1.020 0.632

Table 3. Classification of soil properties in China.

Level of pH pH Level of OM, AK, AP and TN OM (g/kg) AK (mg/kg) AP (mg/kg) TN (g/kg)

Extremely acidic <4.5 Very low <6 <30 <3 <0.5
Very acidic 4.5–5.0 Low 6–10 30–50 3–5 0.5–0.75

Acidic 5.0–5.5 Lower–middle 10–20 50–100 5–10 0.75–1.0
Slightly acidic 5.5–6.0 Upper–middle 20–30 100–150 10–20 1.0–1.5

Neutrality 6.0–7.5 High 30–40 150–200 20–40 1.5–2.0
Alkaline >7.5 Very high >40 >200 >40 >2.0

Soil is an important natural resource on which human beings depend, influenced by
both the natural environment and human activities. Referring to the relevant studies [40,41],
we thoroughly considered the compound natural–human influence and selected 12 factors,
including natural factors, soil property factors, and human activities (Table 4). The four
factors of cropping system (CS), crop yield (CY), population (Pop), and Gross Domestic
Product (GDP) represent the impact of human activities on the soil when people are engaged
in food production or other activities. The five soil property factors of pH, OM, AK, AP,
and TN explore the degree of interaction between each property. The three topographic
factors (Slope, Topographic Relief (TR), and DEM) represent the natural environment’s
influence on soil properties. CY, Pop, and GDP data were obtained from the Statistical
Yearbook of Baokang, topographic factor data were obtained from the Geospatial Data
Cloud (http://www.gscloud.cn/ accessed on 16 February 2022), and the rest of the data
were collected from soil samples and the field. We explored the influencing degree of the
12 factors on the change of soil properties based on the factor detector and conducted an
interaction analysis of two factors. In conducting the geographical detector, the independent
variables are required to be type quantities, while some factors selected in this study were
numerical quantities. The study was required to be discretized. At present, K-Means,
natural breakpoints, and the quantile method are widely used in the discretization process.
According to the principle that the larger the q value is the better the classification result, the
quantile method of six types is selected to discretize the independent variables in this study.

http://www.gscloud.cn/
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Table 4. All influenced factors selected by us as the indicator.

Types Factors Data Resources

Human activities

Cropping system Field investigation
Cropping yield

Baokang County Statistics
Yearbook

Population
GDP

Soil factor

pH

Soil Sample data
OM
AK
AP
TN

Topographic factor
Slope

The Geospatial Data CloudTopographic Relief
DEM

In summary, we analyzed the spatial and temporal characteristics of soil properties
in Baokang County based on soil sampling data. We investigated the single-factor and
two-factor interaction effects of topography, human activities, and soil properties to provide
some scientific basis for soil quality improvement and management and the upcoming
Third State Soil Survey of China.

3. Results
3.1. Temporal and Spatial Changes of Soil Chemical Properties in Baokang
3.1.1. Descriptive Statistic

The results of descriptive statistics of soil data from 2017 to 2020 for Baokang County
are shown in Table 5. The mean values of pH, OM, and AP in Baokang County from 2017 to
2020 showed a decreasing trend, the mean value of AK showed an increasing trend, while
the mean value of TN fluctuated up and down at 1.68 g/kg. In terms of maximum and
minimum values, except that the maximum and minimum values of pH and TN had no
significant changes, the maximum values of OM, AK, and AP decreased significantly and
the minimum values of OM and AK showed an increasing trend from 2017 to 2020. The
trends of SD and CV were similar for all soil properties. The SD and CV of pH, OM, and AK
showed decreasing trends, while AP and TN showed fluctuating smoothness. In addition,
except for pH, the CV values of all the indicators ranged from 10% to 100%. According
to the classification of variation by Hillel (1980) and Bouma (1985), OM, TN, AP, and AK
showed moderate variation, while pH (CV < 10%) showed weak variation [42]. In the
K–S test, the data were normally distributed only when the p-value was more significant
than 0.05. We transformed all the raw soil data with the natural logarithm transformation
because the p-values of all the soil chemical properties were less than 0.01 in the K–S test,
and the absolute values of kurtosis and skewness of all the data tended to 0, which was in
accordance with the law of normal distribution.

3.1.2. Spatial Distribution of Soil Properties

In this study, based on the classification of soil properties in SSSC (Table 3), we
used ordinary kriging to spatially interpolate the soil properties and plotted the spatial
distribution map (Figures 4–8). There was a trend of decreasing spatial heterogeneity of
all soil properties from 2017 to 2020, and significant differences were found in the spatial
distribution among the years.
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Table 5. Descriptive statistic of the soil chemical property.

Year Mean Max Min SD CV (%) Skewness Kurtosis K-sp

pH

2017 6.91 8.00 5.00 0.89 9.77 −0.66 0.15 <0.01
2018 6.97 8.00 5.00 0.79 9.31 −0.16 0.76 <0.01
2019 6.80 8.00 5.00 0.77 9.59 −0.61 −0.92 <0.01
2020 6.62 8.00 5.00 0.56 8.40 −0.11 −0.47 <0.01

OM

2017 24.85 55.00 6.00 10.21 46.07 0.25 −0.25 <0.01
2018 23.63 47.00 6.00 9.89 43.39 0.27 −0.87 <0.01
2019 24.59 49.00 6.00 10.20 41.57 0.17 −0.55 <0.01
2020 24.46 41.00 7.00 10.18 41.07 0.02 −0.37 <0.01

AP

2017 21.19 41.00 4.00 16.68 78.70 1.22 1.02 <0.01
2018 21.17 44.00 2.00 11.24 55.74 0.27 −0.87 <0.01
2019 20.44 40.00 5.00 9.69 43.18 −0.44 −0.99 <0.01
2020 20.07 38.00 4.00 9.24 44.05 0.04 0.26 <0.01

AK

2017 189.12 349.00 51.00 71.72 37.92 0.27 −0.94 <0.01
2018 212.20 342.00 53.00 87.09 41.04 −0.22 −0.27 <0.01
2019 214.73 348.00 62.00 92.79 51.34 0.61 0.29 <0.01
2020 216.22 335.00 76.00 71.89 33.25 −0.11 −0.04 <0.01

TN

2017 1.68 3.00 0.00 0.59 35.12 0.31 0.17 <0.01
2018 1.59 3.00 1.00 0.77 39.44 −0.25 −0.34 <0.01
2019 1.67 3.00 0.00 0.54 30.06 −0.35 −0.38 <0.01
2020 1.68 3.00 1.00 0.62 36.73 0.03 −0.99 <0.01
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More than 70% of the samples were at neutrality level of soil pH each year, but 7.11%,
14.29%, 28.57%, and 19.05% of the samples had pH < 6.0 in 2017, 2018, 2019, and 2020,
respectively, which indicated that the soil showed an acidification trend from 2017 to 2020.
As shown in Figure 4, the soil pH in Baokang County was generally neutral. In 2017, soil
pH values were higher in the northwest and southeast of Baokang County and lower in the
southwest and northeast (Figure 4a). From 2018 to 2019, the high-value areas of pH were
located in the three towns of Siping, Maoqiao, and Guoduwan in the north of Baokang
County, and the strongest alkaline soil areas in 2018 and 2019 were Siping and Maoqiao,
respectively (Figure 4b,c). The spatial distribution trend of soil pH in Baokang County in
2020 was similar to that in 2017. Still, the pH values generally decreased, showing that the
trend of soil acidity was noticeable (Figure 4d).

The OM values of soil samples from 2017 to 2020 in Baokang County were all at and
above the low level. The number of samples with soil OM at high and very high levels was
higher than 30% each year from 2017 to 2020. The number of soil samples with soil OM
at medium was the highest, both higher than 50% each year, indicating that the overall
soil OM level in Baokang County was at the medium to the high level, and the soil fertility
was good (Table 3). The spatial distribution pattern of soil OM from 2017 to 2020 was
not entirely consistent (Figure 5), indicating that soil OM is more likely to be influenced
by the natural environment and human activities such as fertilization and agricultural
management. The highest value areas of soil OM in 2017 were mainly in Maqiao in the
west and Longping in the east of Baokang County (Figure 5a). Liangyu, located in southern
Baokang County, was the highest value area of soil OM in 2018 (Figure 5b), and in 2019
the high-value areas of OM were still located in Liangyu, Dianya, and Maliang towns in
southern Baokang County (Figure 5c). In 2020, Dianya town and Maqiao town remained
the areas with the highest soil OM values in Baokang County (Figure 5d), while the low-
value areas of soil OM in Baokang County in 2017–2020 were mainly located in Siping,
Guoduwan and Chenggaun towns in the north of Baokang County. It was closely related
to the local agricultural management and the second and third industries as the leading
industries in these regions.

The samples with soil AP at the very high level only appeared in 2017 and also
accounted for only 14.72% of all samples in 2017. Soil AP at the high level from 2017 to
2020 was detected with 26.40%, 47.14%, 64.29%, and 51.19% of soil samples, respectively. In
addition, from 2017 to 2020, the samples with soil AP at and below the lower medium level
were all below 30%, and the values showed a fluctuating downward trend, which indicated
that the overall soil AP in Baokang County showed a fluctuating upward trend in four years
(Table 3). The differences in the spatial distribution of soil AP in Baokang County from
2017 to 2020 showed a gradual decrease, and the AP values in the southern part of Baokang
County were all higher than those in the northern region. According to Figure 6, the areas
with high soil AP values in the south part of Baokang County were also higher in elevation,
and the areas with low AP values in the northern part of Baokang County were also
relatively lower in height, showing the soil AP values are closely related to the elevation.
Liangyu, Longping, and Maliang towns all had high soil AP values in the four years, while
Siping, Guoduwan, and Chengguan towns all had low soil AP values, requiring moderate
supplementation of phosphorus fertilizer to ensure the necessary nutrients for crop growth.

In Baokang County, soil AK in 2017–2020 was greater than 50 mg/kg, indicating
that the overall soil AK in the region is high and shows an increasing trend. The highest
percentage of samples within each year was at the very high level, 40.10%, 58.57%, 37.14%,
and 61.90% in 2017–2020, respectively, which meant that the area of land with soil AK
greater than 200 mg/kg was showing an increasing trend during 2017–2020. As shown
in Figure 7, the spatial distribution of soil AK varied considerably during the four years.
In 2017, high AK values of soil were mainly distributed in Longping and Liangyu in
southeastern Baokang County and Maqiao in northwestern Baokang County, and the
region of low AK values was mainly located in southern and northern Baokang County,
such as Dianya, Maliang, Sipingand, and other towns. The spatial distribution of soil AK
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in 2018 showed high south and low north profile. In 2019, soil AK values were high in the
east and west parts of Baokang County, while the area near the north–south ax showed
low soil AK values. However, in 2020, the spatial distribution of soil AK values showed
a decreasing trend from southwest to northeast. In general, from 2017 to 2020, soil AK
values in the towns of Siping, Chengguan, and Guoduwan were at relatively low levels
and required additional potassium fertilizer supplementation, while soil AK in the towns
of Maqiao and Longping were both at high levels and should have been protected from
potassium overload when conducting farm management.

The samples of soil TN in Baokang County at the low and very low levels were less
than 10%. In contrast, the proportion of those at the high and very high levels was higher,
and the total proportion of the two levels from 2017 to 2020 was 60.91%, 65.71%, 71.43%, and
59.52%, respectively (Table 3). As shown in Figure 8, the four towns of Siping, Guoduwan,
Huangbao, and Chengguan, located in the northeast of Baokang, all had relatively low soil
TN in four years. However, the spatial variation of soil TN from 2017 to 2020 varies widely.
In 2017, soil TN showed a spatial distribution pattern of high in the east–west and low in
the middle. Soil TN in 2018 and 2019 showed a similar spatial distribution pattern with a
decreasing trend from south to north. In 2020, it showed a significant decrease in soil TN
values and a distribution pattern of low in the north–south and high in the middle.

3.2. Driving Forces of Soil Chemical Property Change
3.2.1. Results of Factor Detector

In this study, the corresponding influencing factors selected according to Table 4 were
used in the factor detector for the soil properties (pH, OM, AK, AP, TN). The results were
shown in Figure 9, and it was found that all 12 factors had some influence on soil properties,
and soil factors were the most influential, indicating that soil properties had more impact on
each other. DEM had the next highest degree of influence, and CS was the most influential
of the human activities.
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The main influencing factors were different for different soil properties. In terms of
soil pH, the q values of all factors were lower than 0.1, but the q values of AK and GDP
were relatively high, indicating that the changes in pH in Baokang County were closely
related to human economic activities and agricultural farming activities. The interactions
between soil OM, soil AK, soil AP, and soil TN were high. The driving forces of soil
OM on soil TN and soil TN on soil OM were both high, with q values of 0.58 and 0.59,
respectively, and the relationships between soil AK and soil AP were similar to those
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between soil OM and soil TN. In addition, the factors of human activities more strongly
influenced the changes in soil AK and soil AP since human agricultural behavior would
directly or indirectly affect the changes in soil properties. Especially the changes in the
cropping system might lead to changes in the timing and amount of fertilizer application,
thus further affecting the changes in soil AK and soil AP. Natural topographic factors also
influenced soil properties, especially DEM. Elevation changes indirectly affect changes in
the local natural environment, such as precipitation, temperature, sunshine hours, and
other aspects of hydrothermal conditions, leading to transformations in soil properties.

3.2.2. Results of Interaction Detector

We found that the driving force of the two-factor interaction was significantly higher
than that of the single-factor based on the results of the geographical detector, and the
two-factor interaction all appeared to be non-linearly enhanced. It indicated that the
influence of each factor on soil properties had multiple and complex characteristics, and
the compound effect was significant. However, there are substantial differences in the
two-factor interaction effects for different soil properties.

For soil pH (Figure 10a), the interaction of the factors had an enhanced effect on the
changes in soil pH, but the enhancement was not high. Significantly, the driving force of the
interaction between CS and other factors was low, with q values below 0.1. In addition, the
interaction between soil OM and DEM had the strongest driving force on soil pH, with a
q value of only 0.23. From Figure 10b,c, it could be seen that the interaction between soil TN
and other factors drove the changes in soil OM significantly, with q values above 0.6 and
up to 0.71 (the interaction between soil TN and soil AP). Likewise, the interaction between
soil OM and other factors also had a greater effect on the change of soil TN, but the effect
was slightly lower than the effect of the interaction between soil TN and other factors on
the change of soil OM. The two-factor interaction between soil AP and soil AK was similar
to the relationship between soil OM and soil TN (Figure 10d,e), that is, the interaction of
soil AP with other factors was significantly correlated with changes in soil AK, as was the
effect of soil AK interacting with other factors on soil AP, but the enhancement effect was
slightly lower than that of soil TN and soil OM interacting with other factors. In addition,
the interactions between human activities and the interactions between topographic factors
were lesser driving forces for changes in soil chemical properties. Still, they had an increased
influence compared to the single factor.
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4. Discussion
4.1. Possible Reasons for Soil Chemical Property Change

Soil is an extremely complex eco-environmental system, and changes in its properties
are influenced by many factors [41,43]. Considering that the study area in this research was
relatively small and changes in topography were the main factors affecting changes in the
natural environment (e.g., precipitation, temperature, etc.), the influencing factors were
divided into three major categories: topographic factors, human activities and soil factors
representing the influence of nature, humans and the soil properties themselves. Among
the three categories of indicators, soil factors drive the most impact on the soil properties,
with soil TN and soil OM being the factors with the greatest driving force to influence each
other, as did soil AK and soil AP (Figure 9). This phenomenon was further confirmed by the
results of the interaction detector, where soil TN and soil OM interacted significantly more
with each other than with other factors, as did soil AK and soil AP (Figure 10). However,
there was some variation in the influence factors for different soil properties.

Soil pH affects soil microbial activity and is closely related to the formation, transfor-
mation, and effectiveness of soil nutrients and the growth and development of some plants.
pH too high or too low, i.e., salinization or acidification of soil, is detrimental to the growth
of crops [44,45]. In China, soil acidification has become a common problem in agricultural
development regions. Since the 1980s, the Chinese agriculture has been intensified greatly
through modern practices, input of large amounts of chemical fertilizers, irrigation and
other resources [46], which has greatly contributed to the acidification of Chinese soils. In
Baokang, the value of soil pH showed a slowly decreasing trend from 2017 to 2020. In



Land 2022, 11, 1735 16 of 22

other words, there was a tendency for soil acidification. This has caused a certain degree of
reduction in the effectiveness of many soil nutrients, which is detrimental to soil fertility
maintenance and crop growth [47]. According to Figure 9, the interrelationship between
soil pH and soil OM, soil AK, soil AP, and soil TN was weak due to the close relationship
between pH and the ability of soil itself to resist acid-base changes. For example, the pH of
paddy soil was relatively low, while the pH of brown earth and brown calcareous soil was
relatively high.

Soil OM is the most active part of the soil, a comprehensive indicator of soil fertility and
quality. It plays a crucial role in improving arable land quality, environmental protection,
climate change and sustainable agricultural development [48,49]. From 2017 to 2020,
soil OM in Baokang County fluctuated, but the decreasing trend was slight. In recent
years, the government of Baokang County has implemented the plantation adjustment
strategy of “stabilizing grain production, expanding oil production and increasing potato
production” [25]. The cultivated land area has shown a decreasing trend (from 42,433 hm2

in 2017 to 28,510 hm2 in 2020), while the yield of grain crops remains stable. It indicates
that the intensity of farmland development and utilization in Baokang County has further
increased, causing the decline of regional soil organic matter. However, the four-year
average of soil OM in Baokang was higher than 20 g/kg, which was at and above the upper-
middle level, that is, the overall soil OM was at a high level from 2017 to 2020, and most of
the areas with high soil OM in Baokang County were located at higher elevations (Figure 5).
According to the results shown in Figure 9, soil OM was influenced by elevation, slope and
surface relief, and the q values of these factors were higher than those of human activities
such as CS and CY, indicating that natural geography was one of the main driving forces
of soil OM changes. It was consistent with Yu Fang et al. (2019) [50] who analyzed soil
organic matter content in Hubei Province and concluded that soil organic matter content in
western Hubei Province is higher and natural factors have a higher impact on soil organic
matter than that of anthropogenic factors.

Soil TN, AP, and AK represent soil fertility, and their values can be used to measure
whether they are suitable for plant growth [29]. The mean values of soil TN, soil AP and
soil AK in Baokang County from 2017 to 2020 were high, indicating that soil fertility was
in good condition. However, the CV values of N, P, and K were all large, which was due
to the fact that the changes of soil TN, AP, and AK in the region were not only affected by
topography, soil-forming parent material, but also closely related to human activities such
as cropping system and fertilizer application. From the results of descriptive statistics, the
trends of the mean values of soil AK and AP during the four years were exactly opposite,
with soil AK showing a slight falling trend and soil AP showing a slight increase, while the
trends of soil TN and soil OM were similar. It was consistent with the findings of Liu et al.
(2014) [51].

Based on Table 3, it can be seen that soil TN content was at the medium to the high
level when soil TN was greater than 1 g/kg. The average values of soil TN in Baokang
County from 2017 to 2020 were greater than 1.5 g/kg, and high levels of soil TN could
be observed in almost the entire region (Figure 8), indicating that soil nitrogen was not
a production-limiting nutrient in Baokang County. This is consistent with the soil total
nitrogen content of 1.5–3 g/kg in northwestern Hubei province in the Chinese soil total
nitrogen map by Zhou et al. [52]. In addition, Lu et al. (2000) [53] also proposed that
soil nitrogen is more abundant in southern China and excessive use of nitrogen fertilizer
will cause a certain degree of soil TN excess, which is similar to the findings of this study.
Therefore, proper application of nitrogen fertilizer is an effective measure to improve soil
quality in Baokang County and can further reduce non-point source pollution of nitrogen.

As shown in Figure 5, soil AP in Baokang County was in the range of 15–25 mg/kg
in most areas during 2017–2020, which is slightly higher than the mean value of soil
AP (13.98 mg/kg) reported by Liu et al. (2014) [51] for cropland in southern China. This
phenomenon is closely related to the abundant phosphate resources in Baokang County [54].
However, the soil AP concentration in Baokang County from 2017 to 2020 showed a slowly
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decreasing trend because the Baokang County government has promoted the construction
of green mines and attached importance to the green development of the phosphate mining
industry with certain effectiveness in recent years. It has also suppressed phosphorus
pollution and reduced soil AP to a certain extent [25,55]. The phosphorus in the soil comes
mainly from phosphate in the bedrock, which is more easily weathered and released in
hotter and more humid environments [56]. In Baokang, the gently sloping mountains and
wider river valleys in the south are more favorable for phosphorus release.This finding is
consistent with the higher q value of DEM in Figure 9 of this study.

In terms of soil AK, the content in Baokang County is relatively abundant, which
is different from the state of potassium deficiency in most plain arable areas in southern
China [57]. The difference in topography is the main reason for the difference in AK of
soils within Baokang County and southern China. Environmental gradients generated by
topography (e.g., sunny and shady slopes, slope positions, river sections, etc.) promote
the differentiation of potassium effectiveness at the microscopic scale, which generally
shows an increase with elevation [58]. The relatively high elevation, low temperature, low
evaporation, and relatively high soil moisture in the whole county of Baokang County
result in a lower rate of material decomposition and higher potassium effectiveness, which,
together with the stable application of potassium fertilizer, directly or indirectly results in
higher effective potassium and a slightly increasing trend in 2017–2020.

4.2. Suggestions for Regional Farming Practices

Changes in soil properties can directly affect the quality of arable land, threatening
food security in China. It is a complex process, and the interaction of various soil chemical
properties and factors such as topographic factors and human activities will have specific
effects on soil properties. To ensure the sustainable use of arable land resources in subtrop-
ical mountainous areas, we propose the following land management recommendations
according to the results of this study.

Reasonable use of chemical fertilizers. Fertilizer application is an important way for
farmers to improve soil nutrients and fertility when engaging in agricultural activities
which improves the efficiency of crop residue and root conversion to soil organic matter.
However, the excessive application of fertilizers can also result in excess soil nutrients,
which is detrimental to crop production. The soil properties in the subtropical mountainous
area represented by Baokang County are different from the cultivated land in the plains of
southern China, and therefore there is some nuance to the way fertilizers are used in this
region. Soil TN in Baokang County has always been at a high level. Therefore, nitrogen
fertilizer input should be reasonably controlled in future agricultural activities to prevent
excessive nitrogen input from increasing the leaching of reactive nitrogen and gas emissions
and achieve green and efficient production [59,60]. In terms of potassium fertilizer use,
since the distribution of soil AK is significantly related to the variation of topography,
local farmers should fully consider the effectiveness of different altitudes and topographic
conditions on potassium. Some studies have indicated that the cadmium content of soils
with excessive long-term application of phosphorus fertilizers is tens or even hundreds
of times higher than the ordinary soil, which will cause soil cadmium pollution [61].
According to the Statistical Yearbook of Hubei Rural [62], the soil AP in Baokang was at
a high level in 2017–2020, and the use of phosphorus fertilizer in Baokang still showed
fluctuating growth in 2017–2020. Therefore, the current accumulation of soil phosphorus in
Baokang County should be fully considered in future agricultural activities. In addition,
promoting organic fertilizers or advocating the use of organic fertilizers in combination with
chemical fertilizers is an important initiative to improve regional soil quality and ensure
food security. Compared to chemical fertilizers used alone, the use of organic fertilizers
can not only increase the content of soil organic matter and a variety of biologically active
substances and improve soil’s physical, chemical and biological properties, but also provide
a gradual, continuous and comprehensive supply of nutrients for crops [63]. It is conducive
to increasing crop yield and improving the quality of agricultural products [64].
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Mitigate the soil acidification, improve cropping systems, and implement a rational
approach for select crops to be grown. Using chemical fertilizers, especially ammonium
nitrogen fertilizers which release protons through nitrification, can accelerate soil acidifica-
tion to a certain extent and constrain the sustainable development of local agriculture [65].
Therefore, the rational use of fertilizers is also one of the methods to mitigate local soil
acidification. However, some areas within the subtropical mountainous regions are mainly
planted with special cash crops such as tea, which likes acidic soil, so the local crops should
be fully considered when balancing the soil pH. In addition, it is a more economical way to
select suitable crops based on soil properties and terrain characteristics than the high cost
of using fertilizers to neutralize soil pH to mitigate over-acidic or over-alkaline soils [66].
For example, tea and oil tea can be planted on acidic slopes, while cereals can be planted in
relatively flat areas. Nouri et al. (2019) [67] also showed that crop rotations could increase
biomass input, contribute to biodiversity and improve soil quality. Therefore, crop rotation
in suitable areas is also one of the effective methods to maintain soil fertility and achieve
sustainable agricultural development in subtropical mountainous areas.

Focus on soil and water conservation. Taking fully into account the particular char-
acteristics of the geographical location of subtropical mountainous areas with large topo-
graphic relief, concentrated precipitation and severe soil erosion, we suggest that local
government should focus on soil and water conservation measures, such as improving
irrigation facilities, promoting water conservation facilities and building soil and water
conservation projects [68,69].

4.3. Strength and Weakness

Changes in soil properties are closely related to soil quality, soil fertility and food
production, affecting the sustainable development of regional agricultural activities and
ecological protection. In recent years, the study of soil property changes and their driv-
ing factors has received much attention from scholars. Different scholars have adopted
various methods to explore the spatial distribution of soil properties and their interaction
relationships. Still, most of them explore the influence factors based on correlation analy-
sis, principal component analysis and other analytical approaches to determine the main
influence indicators, ignoring the role of space [70]. Based on the perspective of spatial
heterogeneity, this study fully quantified the driving forces of soil property changes and
further explored the influence of two-factor interactions on soil property changes. We found
that the interaction between soil TN and other factors has a greater impact on soil OM
changes, and the interaction between soil OM and other factors also has a greater influence
on soil TN, and soil AP and soil AK have the same relationship. To a certain extent, it can
provide some theoretical basis for fertilization structure adjustment, land management
improvement, and sustainable agricultural development in subtropical mountainous areas.
In addition, most studies on soil property changes and influencing factors have focused
on plain areas, and relatively few studies have been conducted in mountainous and hilly
areas. In this study, Baokang County, a subtropical mountainous area, was selected as the
study area to investigate the spatial and temporal changes of five soil properties, namely
soil pH, OM, AK, AP, and TN, and their driving factors from 2017 to 2020, which enriches
research in this area.

The change of soil property is a complex process that varies over time and is influenced
by multiple factors. Although a lot of work has been done by us using soil measurement
data, the possibility of finding more influencing factors of changes and more accurate
spatial distribution of soil chemical properties still exists. Certainly, there is still a need
to explore the variability of soil chemistry and its drivers in subtropical mountains based
on available data. However, several issues should be carefully addressed in subsequent
works. Firstly, more samples should be selected to obtain the measured data to reduce the
uncertainty of spatial interpolation to get the pattern of soil chemical properties. Secondly,
some meteorological monitoring stations should be set up near the soil samples to record the
precipitation and temperature data in detail to further accurately investigate the relationship
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between soil properties and meteorological factors. In addition, this study only monitored
soil properties from 2017 to 2020, so we should prolong the study to explore the changes in
soil properties and the main driving forces on a longer time scale [71]. It is beneficial for a
more accurate understanding of soil conditions in subtropical mountainous areas.

5. Conclusions

In this study, using descriptive statistical methods, spatial interpolation, and the
geographical detector, we investigated and analyzed the spatial and temporal variations of
soil OM, AP, AK, TN, and pH in cultivated land in subtropical mountainous areas from 2017
to 2020 and explored the driving forces of changes in five soil properties from single-factor
and two-factor interactions. The main conclusions are shown below.

(1) Soil pH, OM, and AP in Baokang County showed a slight downward trend, soil
AK showed an upward trend, and soil TN remained relatively stable at a high level. The
spatial variation of each soil property was at an intermediate level from 2017 to 2020 and
showed a decreasing trend.

(2) The spatial pattern of each soil property from 2017 to 2020 had some variation.
Regarding soil pH, the soil in Baokang County showed a pattern of south acidity and north
alkalinity. Soil OM values were relatively high in southeastern and northwestern Baokang
County and soil AP showed a spatial pattern of high in the south and low in the north.
Soil AK values in Siping, Chengguan, and Guoduwan were relatively low, while soil AK
in the towns of Maqiao and Longping were both at high levels. The four towns of Siping,
Guoduwan, Huangbao, and Chengguan, located northeast of Baokang, all had relatively
low soil TN in the four years.

(3) Soil factors, topographic factors, and human activities all influence changes in soil
chemical properties. Soil factor was the most influential factor, and DEM and CS were the
most influential indexes in topographic factors and human activities, respectively. However,
the main driving factors affecting the changes in different soil properties differ. All factors
had the least effect on soil pH; soil OM and soil TN had a stronger influence on each other,
and soil AK and soil AP had a stronger impact on each other.

(4) The effects of various factors in the natural–human environment on changes in soil
chemical properties show multiple and complex characteristics. Compared to single-factor,
the influence of two-factor interaction was significantly stronger, where soil TN and other
factors interacting with each other had a greater effect on soil OM, and soil OM and other
factors interacting with each other had a greater impact on soil TN, as does the relationship
between soil AP and soil AK, while all two-factor interactions influenced soil pH to a
lesser extent.

(5) The local government should adjust the fertilizer structure and planting system,
improve water conservancy facilities, and implement soil conservation projects to alleviate
soil acidification and erosion, prevent soil pollution, promote high-quality sustainable
agricultural development, and provide a more solid guarantee for food security.
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