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Abstract

Quantitative evaluations of the cultivated-layer quality (CLQ)of sloping farmland are important for
the effectively improving and rationally utilizing of the cultivated layers. Using a red soil watershed
as the research object, we quantitatively analysed the relationship among factors influencing the CLQ
using structural equation modeling based on the DPSIR framework (A framework for describing the
interactions between society and environment developed by the European Environmental Agency) to
describe the CLQ evolution process. We identified the key indicators of the driving factors (D) during
cultivated-layer degradation and critical environmental pressure (P) to construct a reasonable cultivated-
layer (RCL) by principal component analysis (PCA). We defined the main CLQ diagnostic indicator set
to assess the CLQ by factor analysis and analysed the reasonable measures to improve the CLQ. The
results show quantified direct or reverse effects among D, P, state performance (S), problem impacts (I)
and response strategy (R). The contribution rates of D and P were affected by the comprehensive effects
of natural and human factors or human factors along. The CLQ diagnostic indicator set included 7
soil indicators and sub-soiling is the main adjusted measure for cultivated-layer recovery. These results
could provide important technological paths for objectively understanding the causes drivers of the
degradation and improving the CLQ for red soil sloping farmland.
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Introduction

As a major foundation for agricultural production,
red soil sloping farmland is an important arable
land resource in the hilly regions of southern China.
Abundant rainfall, dry-wet alternations and long-
term blind cultivation by farmers have led to serious
soil erosion in sloping farmlands,and the reduction of
soil organic matter, thinning of cultivated layer, and
deterioration of soil productivity. The CLQ plays an
important role in maintaining crop productivity and
environmental quality [1]. Currently, research on the
CLQ of sloping farmland has mainly focused on soil
quality, such as analysed the causal relationship of
changes in soil quality [2], and predicted its variation
trend [3], meanwhile, defined the CLQ based on the
composition, structure, functional process, physical
properties, chemical properties, timing and state of the
soil system [4]. Researchers worldwide have also found
that soil quality is affected by many factors [5, 6] and
analysed the degree that different factors affect on
soil quality. However, the interaction between various
influencing factors and the influence of various factors
have not been researched.

The DPSIR framework was formerly developed
by OECD [7] in the PSR form, and used to highlight
relationships between human activity and environmental
degradation. This framework was based on the concept
of causality: human activities exert pressures on the
environment and change its quality and the quantity of
natural resources [8]. The DPSIR framework is used to
organize information based on the causal relationships
between different indicators and factors and inherits
the systematic and integrated characteristics of the
PSR framework [9]; it effectively integrates the social
economy, natural environment and human activities
and combines their systematic and hierarchical
characteristics; furthermore [3, 10], it is considered
an orderly method for exploring causal relationships
and widely used in ecological resource evaluation. Lu
et al. [11] holistically evaluated the overall ecological
effect of a polluted urban river during restoration
based on the DPSIR model. Zhou et al. [12] assessed
agricultural sustainable development and described
processes and interactions in human-environmental
systems of Jiangsu Province, China. Bae et al. [13]
applied the concept of sustainability in the DPSIR
framework to select all appropriate indicators of climate
change impacts and quantified spatial vulnerability for
sustainable water resources management. However, the
causality relationship of different factors influencing
CLQ evolution and the quantitative degree of influence
of each factor have not been assessed by the DPSIR
framework.

SEM is a statistical method that is commonly used
to develop a causal understanding from observational
data [14] and it can provide an overall motivation for
evaluating causal network hypotheses [15], It has been
used to gather insight into the drivers of ecological

interactions and processes in soils [16], assess the
relationships between organic carbon and soil properties
[17], explore the transformations of phosphorus in
tropical soils [18], establish the relationship-transferring
chain of climate-crop-soil quality and quantify the
interrelationships among these three factors and soil
quality to guide agricultural production [19]. We argue
that SEM is an extension of regression and path analysis
that can be used to model multivariate relations and
evaluate multivariate hypotheses; additionally, it is
particularly to providing a statistical framework to
achieve these objectives.

Taking a red soil small watershed as the research
object, the DPSIR indicators were selected by the
indicators that affected the CLQ in the early stage
and the actual characteristics of sloping farmland.
We constructed the DPSIR framework that affecting
the variation in the CLQ and specifically divided
the indicators into the five aspects of D, P, S, I and
R. The paper aimed to (1) establish the relationship-
transferring chain that affects the CLQ using SEM
with DPSIR framework, and empirically analyse the
transformation of the CLQ; (2) quantitatively analyse
the path relationships between factors influencing
of the CLQ and identify the key D indicators for the
cultivated-layer degradation and the key P indicators for
the construction of RCL; and (3) specify the diagnostic
indicator set of the CLQ. The results could provide an
important parameter basis and technical approach for
objectively understanding the causes of degradation,
trend prediction, improved CLQ and RCL construction
for red soil sloping farmland.

Materials and Methods

Cultivated-Layer Quality Evaluation System
Based on the DPSIR Framework

Fig. 1 shows the DPSIR framework based on
causality, which organizes information and related
indicators and reflects a causal chain of the reasons,
results, impacts, and regulatory measures of the
cultivated-layer degradation of sloping farmland. The
causal relationship reflected by the five factors of the
DPSIR framework is a dynamic reflection mechanism.
Under the influence of D, farmers increase their use of
agricultural machinery to increase food production [20],
which promotes changes in farming practices and leads
to P in sloping farmland [21]. Agricultural machinery
fieldwork will cause certain state (S) changes, such
as soil compaction, which produces varying degrees
of I [22]. These I factors include a reduction in the
drought resistance of the cropland and the destruction
of the soil structure [23]. The CLQ could be regulated
in the agricultural production process by improving
tillage methods, optimizing planting patterns and
promoting soil and water conservation behaviors
among farmers [24], which are referred to as the
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Fig 1. The theoretical framework of DPSIR.

response measures (R). The parameter Ds represents
the fundamental power and potential incentives that
cause cultivated-layer degradation, and they affect the
CLQ and the environment of the sloping farmland.
D causes P and subsequently triggers changes in the
ecological environment and the cultivated-layer state.
Such changes are generally negative and include the
emergence and development of stratum degradation.
Degradation of the cultivated layer and the environment
will affect the CLQ and lead to additional issues. These
factors have led to the adoption of a series of positive
measures to restrain, improve or prevent the occurrence
of CLQ problems [25].

Based on the DPSIR framework, this paper adopted
a top-down approach to analysing the CLQ evaluation
system by each layer. The feature layers were
divided by different types of environmental elements
(Table 1). Each criterion level contained different
indicators. We collected the documented literature on
CLQ [10, 25-29], and combined the CLQ characteristics
of red soil sloping farmland [30, 31] and expert opinions
of the research object to select the DPSIR indicators.

Study Area

The study area is located in the San he red
soil small watershed in Jiangxi Province, China
(116°10°0"~116°14°0”"E,  28°13’30”~28°19°30”N). The
area is a typical red soil sloping farmland distributed
over a region of 41.21 km? and is characterized by a
subtropical monsoon climate with an average annual
rainfall of 1587 mm; the range of annual evaporation
is 1,100-1,200 mm. The annual average temperature
in this area ranges between 17.7 and 18.5°C, The
accumulated temperature of >10°C is 5,660°C,

Restrain

Response
strategy(R)

Promote [Compensate

and the average frost-free period is 282 d. The landform
characteristics are dominated by low hilly terrain.
The slope ranges from 2° to 35° In general, the soil
is acidic. The parent material of the soil is Quaternary
red clay. The common planting systems include peanut-
corn rotation, peanut-rape rotation, and soya bean-sweet
potato rotation, and the cropping system is single-
cropping once or double-cropping once.

Sampling Point Setting

A 3x2x3x3 sampling point setting method was
used in the small watershed. In the upper, middle,
and lower reaches of the small watershed, two areas
with red soil sloping farmland were selected. Then,
three typical slopes were selected in each area, and
the sample sites were located on the upper, middle
and lower slope positions. The angle and length of
the slope were suitable in each location, and the crops
were typical local crop types. All sites were owned by
different farmers to ensure the representativeness of the
plots, and 54 sample sites were identified in the small
watershed.

Soil Sample Collection, Tests and Questionnaire
Survey

Squares 1 mx1 m in size were placed in the central
arca of the sample sites. Soil samples were collected
seperately at depths of 0-10 and 10-20. At each site,
approximately 1~2 kg of soil was collected for each
soil layer and packed into rigid plastic boxes for
transportation to the laboratory. The collected soil
samples were dried naturally and screened to test
the physical and chemical properties of the soil. The
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natural moisture content of the soil was measured via
aluminum box testing, and the soil bulk density (X15)
was determined by the cutting ring method by a two-
ring infiltration method to test the soil saturation
hydraulic conductivity (X14). The soil compaction
(X12), soil shear strength (X23) and soil penetration
resistance (X16) were measured via a TISD-750-11-type
soil compaction metre, three-head shear metre and PT-
type pocket penetration metre, respectively. The soil
organic matter (X17) was measured via the potassium
dichromate volumetric and outside heating method; the
soil pH (X18) was measured via the soil-water ratio 1:1
electrode method; the soil texture (X19) was determined
by the pipette method; the soil total nitrogen (X20)
was measured via the semi-micro Kjeldahl method;
the effective phosphorus (X21) was measured via
the Olsen method; and the effective potassium (X22)
was measured via 1 mol/L NH4Ac extraction-flame
spectrophotometry. The cultivated-layer thickness (X13)
was the 90% root distribution depth excavated along the
vertical section. The effective soil thickness (X2) was
the depth from the surface to the mother rock, which
was measured by a steel drill.

In addition, a questionnaire survey was formulated
and the farmers who cultivated the 54 sampled plots
were interviewed to obtain the corresponding indicator
data, such as the human, social and economic indicators
affecting the CLQ, and the indicators included
the increased crop production per-unit area (X3),
agricultural investment per-unit area (X4), per capita of
sloping farmland area (X5), proportion of agricultural
population (X6), tillage methods (X7), fertilizer
application amount per-unit area (X8), road accessibility
(X9), agricultural mechanical power per unit area
(X11), farmers’ soil and water conservation behaviour
(X24), deep ploughing (X25), rotary machinery (X26),
crop rotation (X27) and ridge cultivation (X28). Table 1
includes the results from the questionnaire. The annual
rainfall (X1) and soil erosion modulus (X10) were
watershed-scale indicators provided by the Red Soil
Institute of Jiangxi Province, China.

Data Analysis

The quantitative data of the soil indicators of each
sample were taken as the average value of the two soil
layers, and the qualitative indicators were converted
into quantitative data by the assignment method. The
Z-score method was used to rescale the data such that
the metrics of different units were comparable. AMOS
and SPSS software were used for SEM,PCA and
factor analysis, and Excel software was used for data
processing and statistical analysis.

PCA and Factor Analysis

The PCA method was used to reduce the number
of required indicator measurements, to select the
most appropriate indicators from the list of indicators

and to identify the main components that affected the
results [1]. The steps is (1) calculating the correlation
coefficient matrix of standardized data, (2) calculating
the eigenvalues and eigenvectors of the correlation
coefficient matrix, and (3) calculating the contribution
rate and cumulative contribution rate of each principal
component according to the eigenvalue order and
then extracting the vector with an eigenvalue of >1 to
determine the number of principal components [32].
Finally, according to the load value of each principal
component, the importance of the indicators can be
determined to reduce dimension and reduce indicator
redundancy. The key indicators of D and P were
selected through this method. The factor load of the
principal component was rotated by the maximum
variance method. After performing a PCA analysis of
the indicators and converting the square of the load
to 0 or 1, the factor score after rotation was obtained
by factor analysis, which makes the loading matrix
structure simple and significant of indicators [33]. The
CLQ characteristic diagnosis of S and I were analyzed
by this method. Factor scores of each treatment were
calculated as follows:

F=bX M

..where F is the score of each common factor; X is the
different factor; and b, is the i-th column vector of the
factor scoring coefficient matrix (Table 4).

F=3(V/p)F,
= @

where V/P is the variance contribution rate after factor
rotation (%) and F', is the score of each factor.

Structural Equation Model

As the path coefficient increases from one
factor to another, the incidence increases. When the
indicator load value of >0.5, indicats that the data has
good convergence validity. When the value of KMO
of >0.5, it is at a high level, and the significance level
of Bartlett’s test results with p<0.005, indicate that
each indicator had a good ability to explain the factors,
making this approach suitable for factor analysis by
SEM.

Results

Influence Path of Cultivated-Layer Quality Based
on the DPSIR Framework

Fig. 2 shows the results of an empirical analysis of
the CLQ from the five aspects of D, P, S, I and R. D had
a positive impact on P, and a path coefficient of 0.96.
Therefore, when the D changed by 1 unit, the change
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Fig 2. The path relationship of DPSIR of cultivated-layer quality.

rate of P was 96% in the same direction, indicating that
D exerted obvious P on the CLQ. P had a positive effect
on S and a path coefficient of 0.39. Therefore, when P
changed by 1 unit, the change rate of S was 39% in the
same direction, which was different from the theoretical
hypothesis (Fig. 1). The S factor for the CLQ had
a positive effect on I, with a path coefficient of 0.95.
Thus, when S changed by 1 unit, the change rate of
I was 0.95% in the same direction, which was different
from the theoretical assumption (Fig. 1).

I had a negative impact on R, and a path coefficient
of -0.11. Thus, when I changed by 1 unit, the change
rate of R was 11% in the opposite direction. R had a
clear positive effect on D, with a path coefficient of
0.81. Thus, when R changed by 1 unit, the change
rate of D was 81% in the same direction, which
increased D, such as the demand for agricultural
modernization. The path coefficients of R on I and R
on P were -0.39 and -0.03, respectively. Thus, when
R changed by 1 unit, the reverse rates of change of P
and I were 39% and 3%, respectively, which led to a
reduction in P and I. A clear influence path was not
observed between R and S, and it should be a focus of
future research. As shown in the SEM results, a clear
causal relationship was observed among D, P, S, I and
R, and this finding could be used for CLQ evaluations
of red soil sloping farmland.

Gross mechanical power per- F I
unit area(X11) Soil texture(X19)
Soil compaction (X12) pH value(X18) |
Cultiv nted-h) er Soil saturated h}draulu | Soil bulk dt'nsm, (X15) Soil penetration I Soil organic matter(X17) I
thickness(X13) conductivity(X14) resistance(X16)

Analysis of the Driving Factors (D) for
Cultivated-Layer Degradation

The PAC method was used to analyse the D

underlying the cultivated-layer degradation. As shown
in Table 2, the contribution rate of PC1~PC3 was greater

Table 2. Principal component analysis of driving factors (D).

Code Principal components (PC)
. Group
of Indicators PC1 PC2 PC3
X1 1 0.883 0.093 | -0.322
X2 1 0.82 0.14 0.13
X3 1 0.712 0.472 -0.23
X5 2 -0.58 0.723 | -0.242
X6 2 -0.65 0.632 | -0.196
X4 3 0.658 0.452 | -0.554
Eigenvalues of PC 315 | 1378 | 1.04
principal components
Variance contribution rate of
PC (%) 52.508 | 22.965 | 10.67
The cumulative contribution
rate of PC (%) 52.508 | 75.472 | 86.15
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Table 3. Principal component analysis of environmental pressure

(P).

Code The principal components
of indicators Group PC1 PC2 PC3
X10 1 0.762 | 0.235 | -0.297
X12 1 0.618 | 0.479 0.441
X7 1 -0.515 | 0.471 0.346
X9 2 0.721 | 0.819 0.561
X11 3 0.566 | 0.516 0.674
X8 3 0.233 | -0.555 | 0.572
Eigenvalues of PC 1.725 1.13 1.089
Variance conlt)rg)ution rate of 33745 | 23.839 | 23.153
The cumulative contribution 33745 | 57.584 | 80.737
rate of PC

than 10%, and the cumulative contribution rate of these
three principal components reached 86.15%; thus, they
could provide the greatest information regarding D.
The D indicators X1(0.883), X2(0.820), X3(0.712),
X4(0.658), X5(-0.580), and X6(-0.650) showed greater
loads on PCl (absolute load value >0.5, the same
as below), respectively. These factors included both
natural and human indicators and thus could be
regarded as comprehensive effects of natural and
human factors. X5(0.723) and X6(0.632) accounted
for a greater load on PC2; these indicators were all
human indicators and could be considered influenced
by human factors. X4 (-0.554)displayed a high absolute
load value on PC3, which could be regarded as the
effect of artificial factors. The contribution rate of the

comprehensive effects of natural and human factors was
52.508%, and the contribution rate of human factors
was 33.94% without an absolute natural factor. These
findings indicated that the intensity of the interactions
between human and natural factors was relatively high
with human factors playing a major role. X1(0.883),
X2(0.820), X3(0.712), and X4(0.723) all showed large
load values, and their absolute load values were greater
than 0.7. These indicators were the key driving force
indicators affecting cultivated-layer degradation.

Analysis of the Environmental Pressure (P) for RCL
Construction

P is directly applied on the sloping farmland after
the action of D and has an important influence on the
CLQ. The contribution rates of PC1~PC3 were more
than 10% according to the PCA, and their cumulative
contribution rate reached 80.74%. Thus, these
components can provide most of the information on the
factors underlying the P for the construction of RCL
(Table 3).

The P indicators X8(0.690), X9(0.721), X10(0.762),
X11(0.566) and X12(0.618) showed greater load
values on the PCl, and included both natural and
human indicators, thus, they could be regarded as the
comprehensive effects of natural and human factors.
X7(0.819) showed a larger load value on PC2; X11(0.674)
had a relatively large load on PC3. Therefore, the
dominant factors for these two indicators were human
factors. The information contributed by the three
principal components was 39.1%, 18.86%, and 14.26%,
respectively, and their contribution ability gradually
decreased. The contribution rate of the combination of
natural factors and human activities reached 39.1%, and
the rate of human factors was 33.12%; and an absolute

Table 4. Factor loading of cultivated-layer quality indicators (S and I) after factor rotation.

Code of indicators Production performance Anti-f?rosion Tilth charactiristic | Acidification degree

(F1) capacity(F2) (F3) (F4)

X13 -0.454 -0.289 0.447 0.379

X14 0.145 -0.257 0.521 0.263

X15 0.04 0.858 -0.04 0.012

X16 -0.323 0.67 -0.142 -0.134

X17 0.9 -0.124 0.005 0.105

X18 -0.201 -0.097 0.064 -0.909

X19 -0.103 -0.07 -0.822 0.203

X20 0.874 -0.2 0.19 0.108

X21 0.437 -0.086 0.534 -0.006

X22 0.77 0.023 0.236 0.082

X23 -0.048 0.89 -0.041 0.121
Contribution rate of PC (%) 30.3 18.21 11.2 9.8
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Table 5. Single factor score and comprehensive score of cultivated-layer quality at different slope positions.
F1 F2 F3 F4 F,
Slope position
Score | Rank | Score Rank Score Rank Score Rank Score Rank

Upper -0.037 3 0.028 2 -0.014 3 0.018 1 0.005 2

Middle -0.03 2 -0.106 3 0.006 2 0.005 2 -0.126 3

Lower 0.067 1 0.079 1 0.008 1 -0.023 3 0.131 1

natural factor effect was not observed. These findings
indicated that the intensity of the comprehensive effects
of human factors and natural factors was relatively high,
with human factors accounting for the greatest impact
from the increased use of agricultural machinery.
The tillage method, soil erosion modulus and road
accessibility showed high load values of 0.819, 0.762 and
0.721, respectively, and represented the key P indicators
affecting the CLQ of red soil sloping farmland.

Analysis of Cultivated-Layer
Quality (S and I)

The CLQ indicates the ability to maintain soil
productivity and environmental quality ,and promote
crop growth in the soil ecosystem [25]. We analysed
the data of all indicators of S and I that reflected the
characteristics of CLQ to accurately diagnose the main
component characteristics The variance contribution
rates of FI~F4 were 30.3%, 18.21%, 11.2%, and 9.8%,
and the cumulative variance contribution rate was 70%.
These four common factors could reflect most of the
information in the CLQ. The load matrix of the first 4
common factors was rotated by the variance maxima,
and the factor load after rotation was obtained (Table 4).

The load wvalues of X17(0.9), X20(0.874), and
X22(0.77) on F1 were greater (absolute values >0.75,
the same as below) after factor rotation. These
comprehensive factors reflected the productivity of the
cultivated layer, and greater values corresponded to a
stronger production performance of the cultivated layer.
X15(0.858) and X23(0.89) showed relatively greater load
values of F2. These factors reflected the anti-erosion
capacity of the cultivated layer, and greater values
corresponded to a stronger anti-erosion capacity of the
cultivated layer. X19 (clay content, -0.822) had a more
prominent load value of F3. This factor reflected the
tilth characteristics, and the negative soil texture value
indicated that the tillage performance was relatively
poor. The load value of the pH of F4 was -0.909, which
represented a prominent value, and indicated that
soil acidification is the main obstacle. The four main
factors that characterizing the CLQ were production
performance, anti-erosion capacity, tilth characteristics
and the degree of soil acidification .

The characteristics of CLQ varied significantly
among the different slope positions. Table 5 shows the
score of F1 ordered as the upper slope (0.067)>middle

slope (-0.03)>upper slope (-0.037). The anti-erosion
capacity (F2) was lower slope (0.079)>upper slope
(0.028)>middle slope (-0.106). The F3 score reflecting
the tilth characteristic was ordered as follows: lower
slope (0.008)>upper slope (0.006)>middle slope (-0.014).
Thus, the lower slope had the most concentrated areca
of sloping farmland. The average score values of F4
for the upper slope, middle slope, and lower slope were
0.018,0.005 and -0.023, respectively. The comprehensive
factor score was ordered as follows: lower slope (0.131)>,
upper slope (0.005)>middle slope (-0.126); indicating
that the CLQ of the lower slope is more suitable for
crop growth than other slope positions.

Response Strategy (R) of Cultivated-Layer
Quality

Farmer participation in soil and water conservation
was 31.4%, which was mainly related to the low
grain yield and low farmer awareness of water and
soil conservation. Agricultural input and farmer
subsidies have been increased by the government’s
policy and monetary compensation to promote the
participation and awareness of farmers in soil and
water conservation. The usage of deep tillage was
81.4%, and it can improve the soil micro-environment,
Moreover, the depth of soil disturbance exceeded the
depth involved in conventional tillage, resulting in
lower soil bulk density [3] and increased porosity [10],
thereby overcoming the limitation of the plough bottom
layer on water efficiency [34], increasing the soil

100
3 O Farmer's behavior
< ]_ of soil and
o M= s == _l- T _I ------ water conservation
z i 5 [0 Deep plowing
3] i &
£ 60f----- F=-ti==4--=--
s : £ ] E] Rotary machine
Q ]
E40+4-F--- F--Ft--44--F1-
= % Crop rotation
2 =
4 o
N 20 A== ==] == Y
= f] Ridge cultivation
= ]
0

Response measures

Fig 3. Utilization rate of adjustment measures for cultivated-
layer quality.
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water infiltration, and improving the soil water storage
capacity [35]. The utilization rate of rotary tillers was
72%, and the use of agricultural machinery can greatly
improve labour productivity. The implementation rate
of crop rotation measures was 72.2%, which could
effectively regulate soil moisture. The implementation
rate of ridge farming was slightly lower, 46.2%, and
the current serious ageing of the rural labour force and
low labour efficiency were the main reasons for the low
implementation rate of this measure.

Discussion

Influence Path of Cultivated-Layer Quality
of Sloping Farmland

Sloping farmland is a sensitive area of the ecological
environment and shows serious soil and water loss [36],
and the cultivated layer is the shallow layer, which
disturbed by tools used to plant crops [25]. Reforming
the CLQ 1is an important premise for improving
soil productivity, and also significantly affected by
social, economic, and natural factors and human
activities, which play increasingly important roles in
the degradation or improvement of the CLQ [37]. The
cultivated-layer soil ecosystem is a complex system
among nature, ecology, social economy and human
activities. The interaction process between various
factors in the system is quite complex, and the DPSIR
framework can simplify this complex process [38]. A
comprehensive analysis of the D-P-S-I-R, and affecting
CLQ evolution can clarify the process of the various
factors affecting the soil ecosystem of the cultivated-
layer and the causal relationships among them.

The research results showed clear causal
relationships among D, P, S, I and R (Fig. 3). D had a
significant positive effect on P. The migrant nature of
the young labour force leads to a decrease in the rural
labour force, and the ageing trend of the rural labour
force is obvious [38, 39]. Increases in government
inputs in agriculture have promoted an increase in
the agricultural machinery utilization [40] and the
construction of rural roads to that end. Combined with
the comprehensive effect of rainfall runoff and soil
properties, these changes cause serious soil erosion and
soil compactness, which leads to increased pressure
on the CLQ and accelerates the soil degradation of
the cultivated layer. P had a positive effect on S at
39%, which differed from the theoretical hypothesis
(Fig. 2), but was consistent with the research results of
Zhao et al. [41]. Soil acidification [42], viscous heavy
accumulation [43] and poor nutrient supply [43, 44]
were major obstacles to the CLQ of red soil sloping
farmland. Recently, the guidance of national policies
and improvements in farmers’ knowledge levels have
promoted rational tillage and fertilization methods of
sloping farmland [45]. As soil maturation continues,
soil erosion and soil acidification decrease, which

positively improves the CLQ. In addition, the negative
relationship between P and certain characterization
indicators also explains the difference between the
influence coefficient and the theoretical assumptions.
S has a positive impact on I and a path coefficient
of 95%. This finding indicated that unreasonable
fertilization and tillage measures will accelerate the
soil degradation and nutrient loss of sloping farmland
[45, 46]. I had a negative influence on R, and when the
CLQ was in a better S and I state, society’s interest
in improving the CLQ of sloping farmland decreased.
R had a relatively lower negative impact on I and P. The
positive agricultural measures could clearly improve
the CLQ and alleviate the cultivated-layer degradation,
which was consistent with previous research results
[47]. The path relationship between R and S could be
a focus of future research.

Factors and Adjustment Measures
of Cultivated-Layer Quality

The cultivated-layer degradation of sloping farmland
represents a reverse-succession process of the soil and
ecosystem, and natural and human factors are the two
driving forces [48]. The natural factors mainly include
rainfall and soil type, which are the intrinsic causes
underlying the cultivated-layer degradation [49], while
human activities often accelerate the cultivated-layer
degradation [50]. The increased use of agricultural
machinery has promoted changes in tillage methods
[51], from unreasonable tillage practices (steep tillage,
sloping tillage, shortening the tillage cycle of the
round trip, etc.) to mechanical tillage and cross-slope
cultivation etc [52] which could reduce soil erosion and
soil consolidation and have positive effects on the CLQ.

Appropriate  agricultural  technical = measures
not only have important influences on the physical
and chemical properties of the cultivated layer but
also can reduce soil erosion and improve the CLQ.
The questionnaire survey showed that the farmers
participated in soil and water conservation at a rate of
31.4%, which was mainly related to low crop production
and low awareness of soil and water conservation. The
implementation rate of improved tillage measures for
deep ploughing was 81.4%,which could improve the soil
microbial environment [53], and the disturbance of the
soil caused by this measure exceeded the depth of the
cultivated layer involved in conventional tillage. This
disturbance resulted in reduced soil bulk density of the
lower part of the cultivated layer [54] and increased soil
porosity [55], effective water performance of the bottom
cultivated layer [56], and infiltration of soil moisture
as well as soil water storage capacity [57]. Deep
ploughing represented the main method for regulating
the CLQ. The utilization rate of rotary tillers was 72%,
and the use of such agricultural machinery can greatly
increase labour productivity. The implementation rate
of crop rotation measures was relatively high at 72.2%.
A rational rotation of crops can effectively regulate
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soil moisture and increase the utilization efficiency of
rainfall and soil moisture [58]; thus, it represented an
important way to improve the resistance to seasonal
drought. The implementation rate of ridge farming was
slightly lower at a value of 46.2%. Currently, ageing
rural laborers and low labour efficiency represented
the main reasons for the low implementation rate of
this measure. Appropriate ridging has a better effect
on preventing soil erosion, regulating runoff [59],
improving the agricultural ecological environment and
increasing the fertility of the soil of red soil sloping
farmland than other cultivation methods.

Conclusions

Clear direct and reverse effects were observed
among D, P, S, I and R, but the influencing path between
R and I was not obvious. D was the fundamental driving
force and potential incentive for causing cultivated-
layer degradation. During the variation in the CLQ, the
contribution rates of D and P are all influenced by the
comprehensive effects of natural and human factors.
An increasing demand for agricultural modernization,
improvements in agricultural mechanization,
unreasonable farming and fertilization by farmers are
all important factors that accelerate the cultivated-layer
degradation of sloping farmland. The key indicators
of D were annual rainfall and effective soil thickness,
and the important indicators of P were the tillage
methods. The cultivated-layer diagnostic indicator set
included soil organic matter, total nitrogen, available
potassium, soil bulk density, soil shear strength,
soil texture, and pH, which represent the production
performance, the strength of the anti-erosion capacity,
the tilth characteristic and the degree of acidification
of the cultivated-layer. The CLQ of the lower slope is
generally superior to that of the other slope positions.
The positive response strategy (R) of sub-soiling
plays an important role in suppressing, improving and
preventing problems with CLQ.
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