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Abstract: Environmental constraints are not only important aspects that affect the cultivated land
quality but also necessary factors that shall be considered when evaluating the cultivated land quality
scientifically. Moreover, identifying the quality condition of cultivated land accurately is the premise
for guaranteeing food security. Based on the case study of diluvial fan terrain in Jimsar County,
Xinjiang in the arid region of Northwest China, this study utilizes a geographic information system
spatial analysis and a multifactor comprehensive evaluation method and constructs a comprehensive
evaluation index system for cultivated land quality on account of three dimensions, namely soil
properties, farming conditions, and natural environmental conditions. To reduce the Modifiable Areal
Unit Problem (MAUP) effect and improve the accuracy of the quality evaluation results of cultivated
land, this study compares the spatial interpolation methods of Inverse Distance Weighted Matrix
(IDW), Ordinary Kriging (OK), and Spline Functions (Spline) based on different cultivated land
evaluation units. Through the assessment on the comparison results, we finally adopted large-scale
cultivated land as the quality evaluation unit of cultivated land and Ordinary Kriging (OK) as the
spatial interpolation method. The results indicated that the average grade of the quality index of
cultivated land in the diluvial fan terrain of Jimsar County is 6.66 at the middle or lower level; the
quality of cultivated land and natural environment conditions reduce with the rise of elevation of
the diluvial fan terrain, indicating a vertical zonality differentiation rule; the farming conditions
keep sliding from the middle part of diluvial fan terrain to the edge of the diluvial fan terrain and
the piedmont slope. The major factors affecting the quality of the cultivated land include the soil
capacity, soil pH, soil organic matter, the quantity of straw returning to the field, source of irrigation
water, water delivery method, part of the diluvial fan, groundwater level depth, and geomorphic
type. Therefore, the measures to improve the quality of the cultivated land are put forward, mainly
including improving the soil, carrying out land consolidation projects, and developing highly efficient
water-saving irrigation agriculture. This study provides favorable references and directions for the
sustainable utilization and quality improvement of cultivated land resources in arid regions.

Keywords: cultivated land quality evaluation; cultivated land quality spatial distribution; MAUP;
influence factor; diluvial fan of arid region

1. Introduction

As a special natural resource, cultivated land is not only an important agricultural
means of production but also an important material foundation for guaranteeing food
security, coordinating ecological security(See Appendix A for the definition of ecological
security and the role of cultivated land in coordinating ecological security), and promoting
the stable and sustainable development of human society [1,2]. In the past four decades

Land 2021, 10, 896. https:/ /doi.org/10.3390/1and 10090896

https://www.mdpi.com/journal/land


https://www.mdpi.com/journal/land
https://www.mdpi.com
https://doi.org/10.3390/land10090896
https://doi.org/10.3390/land10090896
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/land10090896
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land10090896?type=check_update&version=2

Land 2021, 10, 896

2 0f 29

since the reform and opening of China, rapid economic development and urban expansion
has led to the occupation and loss of high-yield cultivated land gradually, while the quality
of newly increased cultivated land by means of land consolidation has been uneven [34].
Meanwhile, problems such as soil contamination, water and soil loss, land desertification,
and the bottleneck of water resource utilization have decreased the quality and suitability
of the cultivated land of China, particularly of the arid region in the northwest [5-8].
According to the Main Data Results of National Cultivated Land Quality Grade Updated
Evaluation in 2015 issued by the Ministry of Natural Resources, the area of medium-
and low-grade cultivated land nationwide is 60.08% of the total area [9], illustrating an
unoptimistic situation of the cultivated land quality. Therefore, facing increasingly severe
problems and situations of cultivated land the quantity, quality, and ecology [10-13], we
need to strengthen the “trinity” protection of the cultivated land quantity, quality, and
ecology so as to increase the capacity of cultivated land to meet food security, material
supply, and ecological service. At the same time, it is particularly necessary to study the
quality of cultivated land to understand the quality characteristics and its internal change
rules in a scientific way:.

The quality of cultivated land is affected by various factors. Previous research paid
more attention to relevant factors such as soil fertility and soil health in the quality evalua-
tion of cultivated land [14-16]. With social and economic development, changes have taken
place in human demands, and cultivated land is being utilized in a multifunctional way,
making humans gain an increasingly deeper understanding of the connotation of cultivated
land quality. Sustainable utilization, ecological security, biological properties, and other
factors are gradually incorporated into the evaluation index system [17]. The quality of
cultivated land is comprehensively evaluated from the perspective of the utilization condi-
tion and ecological environment [18,19]. The multi-perspective and comprehensiveness
trend of cultivated land quality evaluation is more obvious. Thus, it is necessary to build a
comprehensive evaluation index system, including the physical and chemical properties of
soil, farming conditions, natural environment, and other factors to evaluate the cultivated
land quality.

The quality of cultivated land is affected by multidimensional factors, such as soil
properties, the utilization condition, natural environment, ecological security, and spatial
pattern [20]. According to previous research, soil properties such as soil physical, chemical,
and biological characteristics and geography and climate conditions such as landforms,
rainfall, and accumulated temperature are all natural factors influencing the quality of cul-
tivated land. Farmland infrastructure construction, irrigation water conditions, farmland
protection construction, and cadastral ownership are human factors influencing the quality
of cultivated land [21]. By dividing the quality evaluation index system of cultivated land
into various dimensions based on natural factors and human factors, we may assume
that the quality of cultivated land is a synthesis composed of different dimensions of
quality. Moreover, utilizing a multifactor comprehensive evaluation method and other
relevant methods to measure the quality level at different dimensions can reveal the quality
condition and spatial change rules in a more scientific way.

The index selection varies in terms of the research perspective. Previous research
on cultivated land quality evaluations mainly focused on soil properties and utilization
conditions and paid less attention to ecological security and the natural environment and
failed to consider the environmental constraints systematically. Therefore, it was difficult
to effectively satisfy the management demand to construct the “three-in-one” protection
pattern of the quantity, quality, and ecology of cultivated land. Though some recent research
includes part of the environmental constraints into cultivated land quality evaluation from
the perspective of the natural environment [22], the construction of an index system is
still under exploration. The cultivated land resource is a natural economic synthesis
reflecting human activities composed of climate, landforms, hydrology, soil, infrastructure,
utilization, and cadastral ownership [23]. However, most of the existing research utilized
administrative division, such as province, municipality, and county, as the evaluation
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unit for the quality of cultivated land [24-26], which separated the natural properties of
cultivated land artificially and influenced the accuracy of the evaluation results.

In the area of geographical and agricultural science, when analyzing social, economic,
and resource environment data, it is frequently necessary to combine the data into specific
fundamental areal units. When spatial phenomenon data based on a point is aggregated or
diffused into area data, the Modifiable Areal Unit Problem will emerge [27]. When basic
area units are changeable or modifiable, the differences in the statistical results caused by
changes in the polymeric spatial unit are called MAUP [28,29]. Due to the MAUP effect,
the spatial analysis results may change in terms of the differences of the granularity or
division, influencing the accuracy of the evaluation results [30-33]. Therefore, how to
reduce the MAUP effect and formulate universal and suitable processing method are tasks
for further research.

The arid region in Northwest China is located in the backland of the Asian conti-
nent at middle latitude in the Northern Hemisphere. It responds sensitively to global
climate change, and the oasis economic system and desert ecological system are obviously
influenced by the climate and water resources [34]. Under the background of global warm-
ing, the water resource system based on ice and snow melting water in the arid region
of Northwest China becomes more vulnerable. In addition, the rapid growth of water
resource demand by industry and agriculture and unreasonable land and water resource
exploitation activity makes the water scarcity problem become severer [35]. Meanwhile,
the lack of rainfall and high dryness are classic climate characteristics of this region [36].
Xinjiang is located in the arid region of Northwest China. The more and more obvious
trend of water resource scarcity and frequent outbreak of extreme climates such as drought
disturbs the agricultural production activity there [37] and affects the quality of cultivated
land in an oasis or piedmont diluvial fan terrain. Taking the diluvial fan terrain of Jimsar
County at the northern piedmont of Tianshan Mountain in Xinjiang, the arid region of
Northwest China, as the study region, this study mainly tries to: (1) consider the two
environmental constraints, namely water resource and climate, in the arid region and
utilize multisource data to evaluate the cultivated land quality from three dimensions,
which are soil properties, farming, and natural environmental conditions; (2) describe
the spatial distribution characteristics of the quality of cultivated land and soil properties,
farming conditions, and natural environment conditions index grades in the diluvial fan
terrain and extract the primary factors that affect the quality of cultivated land. Concretely
speaking, this study is based on three dimensions: soil properties, farming, and the natu-
ral environment conditions of cultivated land and considers water resource factors such
as irrigation water conditions and underground water depth and climate factors in the
process of constructing a cultivated land quality evaluation index system and utilizes a
multifactor comprehensive evaluation method to assess the quality of cultivated land. To
reduce the MAUP effect and enhance the accuracy of the evaluation, the research compares
various spatial interpolation methods at different quality evaluation units of cultivated
land. In terms of the cultivated land quality influence on the factors within the entire
scope of the diluvial fan terrain and the small region scope at different parts, this study
puts forward the directions and measures to improve the quality of cultivated land. In
addition, this study is of great significance to the sustainable utilization of cultivated land
resources and ecological civilization construction in arid regions. Meanwhile, this study
provides evidence for land consolidation, permanent basic farmland delineation, and land
acquisition compensation standard measurements.

2. Research Region and Data
2.1. Overview of Research Region

Located at the northern piedmont of Tianshan Mountain in Xinjiang, the arid region
of Northwest China, the diluvial fan terrain of Jimsar County is at the southeast edge
of the Junggar Basin with an east longitude of 88°30'~89°30’ and northern latitude of
43°30'~45°30’; the altitude is between 500 and 4344.8 m. The south part of the diluvial
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fan terrain is high mountains covered by snow, and the north part is the Gurbantunggut
Desert. The region is divided into five parts, namely the piedmont slope, upper part of
the diluvial fan, middle part of the diluvial fan, lower part of the diluvial fan, and edge of
the diluvial fan, which is 57% of the total area of Jimsar County (Figure 1). The region is
within the scope of a continental desert climate in a temperate zone. Therefore, the region
has long winters and summers and short springs and autumns, with rare rainfall and a dry
climate. The average rainfall all year round in the plain and hilly area is between 120 mm
and 230 mm and in mountain area is between 200 mm and 700 mm. The annual average
temperature in the plain and hilly area is between 5.0 °C and 8.1 °C and, in mountain
area, is 5.2 °C. The rainfall capacity increases from the plain to mountain areas with the
elevation of the altitude, but the temperature is the opposite, both of which indicate an
obvious vertical zonality differentiation rule. The irrigation water for the cultivated land
is mainly from surface rivers and underground water. As the recharge of ice and snow
melting water to rivers decreases and underground water has been overexploited in recent
years, the irrigation water capacity decreased from 19,603 x 10* m? in 2016 to 18,301 x 10*
m? in 2020, with a reduction of 1302 x 10* m3. Therefore, it is increasingly in shortage.
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Figure 1. Location of the diluvial fan terrain and distribution of the sampling points in the research region.

The total cultivated land area of the diluvial fan terrain is 59,472.99 hm?, among which,
the piedmont slope is 27.62%, the upper part of the diluvial fan is 17.92%, the middle part
is 38.09%, the lower part is 14.91%, and the edge is 1.46%. The soil of the cultivated land is
mainly divided into seven types, which are meadow soil, moisture soil, irrigation farming
soil, chernozem, chestnut soil, brown soil, and grey desert soil, respectively. The region
mainly cultivates food crops such as wheat and corn and industrial crops such as cotton,
potatoes, and oil plants.

2.2. Data Source and Processing

The research data mainly includes land utilization data, soil data, geographical environ-
ment data, climate data, cultivated land management conditions, and infrastructure data. The
cultivated land utilization and spatial distribution data in land utilization comes from the
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cultivated land quality grade monitoring project of Xinjiang [38]. The physical and chemical
properties of soil and the nutrient data of soil are obtained through collecting the 15~30-cm-
deep ploughing soil of 150 sampling sites relatively uniformly distributed in five regions of
the diluvial fan, recording their coordinate positions, and performing physical and chemical
analyses in the laboratory(See Appendix B for the determination of soil sampling points and
the principles and methods of point arrangement). The DEM data in the geographical environ-
ment data comes from the Resource and Environment Science and Data Center of the Chinese
Academy of Sciences (https:/ /www.resdc.cn/ (accessed on 25 May 2021)), with a resolution
ratio of 90 x 90 m. The slope data is acquired by processing with the Raster surface tool set
in Arcgis (Arcgis’ Version 10.2) software based on the DEM data [39]; the underground water
level data comes from the monitoring data of 116 long-term fixed monitoring points in Jimsar
County (Figure 1); the climate data comes from the China Meteorological Data Service Center (
http:/ /www.data.cma.cn/ (accessed on 25 May 2021)) and selects average rainfall capacity all
year round and accumulated temperatures >10 °C, among which, the average rainfall capacity
all year round is identified by calculating the average value of the annual average rainfall
capacity between 2000 and 2018; the management condition and irrigation water condition
data come from interviews with the government sectors and farmers in Jimsar County and
filed surveys.

3. Research Methods
3.1. The Construction of an Index System and Identification of Weights

The quality of cultivated land is determined by the combined actions of natural, social,
and economic factors [40]. According to the previous research, soil properties such as
soil texture, salinization, soil organic matter, and the relevant cultivated land soil basic
conditions are major factors influencing the fertility of a cultivated land [41] and the
foundation for the high yield and high efficiency of cultivated land and important aspects
of the quality evaluation [42,43]. The soil property dimensions in this research mainly
include the physical and chemical properties and nutrient status of the soil.

The Regulation for Gradation on Agriculture Land Quality, Rules for Grading of Agricul-
tural Land and Cultivated Land Quality Grade use the natural, social, economic, and locational
factors as the three dimensions to evaluate the quality of the cultivated land [44—48]. The
cultivated land quality evaluation index system is constructed by the aspects of landform
patterns, soil conditions, the water resource status, the infrastructure conditions, cultivation
convenience, land utilization status, traffic conditions, locational conditions, and climate factors.
The farming condition dimensions and natural environment condition dimensions in this study
mainly include the natural factors and social and economic factors related to the cultivated land
quality. The farming condition dimensions are constructed with the management conditions
and irrigation water conditions as the first-grade indexes. The natural environment condition
dimensions are constructed with the geographical conditions and climate conditions as the
first-grade indexes.

The water resource and climate are important environmental factors that restrict the
sustainable development of agriculture in arid regions [49,50], exerting inevitable and
considerable influence on the quality of the cultivated land in arid regions. To indicate
the influence of environmental constraints on the cultivated land quality and enhance the
synthesis of the cultivated land quality evaluation, this study established the irrigation
water conditions as the first-grade index under the dimension of the farming conditions and
established the climate conditions as the first-grade index and the underground water depth
as the second-grade index under the dimension of the natural environment conditions.

In conclusion, this study assumes that the soil properties, farming conditions, and
natural environment conditions determined the quality of the cultivated land jointly based
on the research of relevant scholars and the regulations such as the Regulation for Gradation
on Agriculture Land Quality. In combination with the important environmental constraints
on the quality of cultivated land in the diluvial fan terrain of the arid region, the research
constructs the evaluation index system, which is divided into 3 dimensions, 6 first-grade
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indexes, and 34 s-grade indexes. The scores and weights of the indexes at each level are
calculated by the Delphi method and analytic hierarchy process. The detailed method is as
follows: (1) Each dimension index is scored by the Delphi method. Twelve experts from the
Natural Resources Department of Xinjiang, Xinjiang Agricultural University and Xinjiang
Institute of Ecology and Geography Chinese Academy of Sciences scored each dimension
index. All experts are authoritative scholars of the research area involved in this paper and
have rich experiences. (2) The experts will assess the importance of each dimension index.
Then, the Analytic Hierarchy process will be used to determine the weight of each index.
(Table 1) [51,52]. As for determination of the scores of the indexes at each level, please see
Table S1 in the Supplementary Materials.

Table 1. Cultivated land quality evaluation index system and weight identification.

Dimension First Grade Index Second Grade Index Index Weight Index Property
Effective soil layer thickness 0.0312 +
Soil salinization degree 0.1060 -
Soil barrier layer depth 0.0815 +
Soil physical and chemical properties Soil capacity 0.0528 +
Surface soil texture 0.0395 +
Soil pH value 0.1029 —
Total soil salt 0.0862 -
Organic matter 0.0913 +
Soil properties (S) Rapidly available phosphorus 0.0251 +
Rapidly available potassium 0.0194 +
Total nitrogen 0.0677 +
. . Available copper 0.0158 +
Soil nutrient status Available iron 0.0892 +
Available zinc 0.0368 +
Available manganese 0.0956 +
Available boron 0.0473 +
Available molybdenum 0.0119 +
Agricultural infrastructure matching degree * 0.1265 +
Protection forest system ® 0.0837 +
Management conditions Quantity of straw returning to field © 0.0633 +
Membrana tectoria degree ¢ 0.1171 +
Farming conditions (C) .Far.mmg distance © . 0.1094 +
Irrigation guarantee rate 0.1391 +
Drainage conditions 8 0.0656 +
Irrigation water conditions Irrigation method h 0.0958 +
Irrigation water source ! 0.1267 +
Water delivery method | 0.0729 +
Part of diluvial fan 0.1874 +
Altitude 0.0816 +
Natural environment Geographical conditions Und Slope %radientd N 8;41153 ;
ditions (N) nderground water dept 5
con Landform pattern 0.1237 +
. . Average rainfall capacity all year round 0.1667 +
Climate conditions 21% °C accumuﬂtecﬁem};})’erature 0.0833 +

Note: ?: Agricultural infrastructure supporting degree mainly refers to the completeness of the infrastructure, such as the agricultural
machinery service, excluding farmland irrigation and water conservancy and protection forestry establishment, the sales of agricultural
materials, meteorological service, roads, power grid, and communication. b The shelter forest system means shelter forests created for
improving the farmland microclimate and guaranteeing high and stable yields of crops. ¢: The straw turnover quantity means the weight
of straws not suitable for direct use as fodder directly applied to the soil or applied to the soil after being thoroughly decomposed through
piling. ¢: Filming degree means the universality of using agricultural plastic films in the farming process and the degree of covering the
Earth’s surface. ©: Farming distance means the average distance for a farmer to reach his field. The closer the distance is, the higher the
farming convenience, accessibility, and efficiency. f: The occurring probability of the years in which the irrigation water capacity expectancy
can be fully satisfied among the years of irrigation. &: Drainage condition means the soundness degree of a farmland drainage system and
the level of its drainage capacity. The sounder a drainage system and the higher the drainage capacity are, the better the drainage condition
is and vice versa. Irrigation method means different farmland irrigation methods, such as trickle irrigation, spray irrigation, furrow
irrigation, border irrigation, and flood irrigation. i: Irrigation water source means underground water, rivers, reservoirs, or other water
sources used for irrigating farmlands. Different water sources have different influences on the environment. ;: Water delivery method
means the way to deliver farmland irrigation water, for example, by a fixed pipeline, U-shaped canal, impermeable channel, or mud
channel. Different water delivery methods will lead to different degrees of saving water resources and different delivery efficiencies. “+”
means that the index has a positive influence on the cultivated land quality, “—" means that the index has a negative influence on the
cultivated land quality, and “+” means that the index has both a positive and negative influence on the cultivated land quality.
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3.2. Computation of Cultivated Land Quality Index

(1) Standardization processing of the evaluation index

To facilitate the comparison and weighting of the evaluation indexes of different units
and magnitudes, it is necessary to make standardization processing for each evaluation
index. This study utilizes the extremum method to make standardization processing for
the original data of the evaluation index. The computational formula is indicated as:

, X; — minx;

Xj= @
maxx; — minx;

In the formula, x'i refers to the standardized value of the evaluation index, minx;
indicates the minimum value of the evaluation index, and maxx; represents the maximum
value of the evaluation index.

(2) Computation of the soil properties index, farming conditions index, and natural
environment conditions index

The soil properties index, farming conditions index, and natural environment condi-
tions index are identified by the weighted sum of the affiliated and standardized second-
grade evaluation index. The computational formula is indicated as:

n
S = Z Pi X wpl- (2)
i=1
n
C= Z F; x Wi (3)
i=1
n
N = Z Gi X Wi (4)
i=1

In the formula, S, C, and N represent the soil properties index, farming conditions
index, and natural environment conditions index, respectively; P;, F;, and G; respectively
represent the standardized treatment values of the ith secondary index belonging to the
three dimensions of the soil characteristics, farming conditions, and natural environment
conditions; wy,;, wg, and wg; refer to the weighted values of the ith second-grade index
affiliated with the soil properties, farming conditions, and natural environment conditions.

(3) Computation of the cultivated land quality

The cultivated land quality index is computed in terms of the soil properties, farming
conditions, and natural environment conditions of the cultivated land and identified by
multiplying the three dimensions values in the evaluation index system. The computation
formula is indicated as:

I=SxCxN (5)

In the formula, I refers to the cultivated land quality index, and S, C, and N indicate
the soil properties index, farming conditions index, and natural environment conditions
index, correspondingly.

3.3. Cultivated Land Quality Index Grading

The cultivated land quality index, soil properties index, farming conditions index, and
natural environment conditions index are determined in terms of the computation of the
sampling points data within the research scope, utilizing the natural discontinuity point
grading method in Arcgis software to divide the grade. For the detailed cultivated land quality
index grades and the identification of the three dimensions index grades, see Table S2 in the
Supplementary Materials.
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3.4. Establishment of Research Program

When implementing a spatial analysis, it is necessary to aggregate data to specific
areal units in terms of the actual situation. Owing to the multiparticle and multiscale
properties of spatial data, the relationship between attribute data changes as the research
scale and division method change, which may lead to the Modifiable Areal Unit Problem
(MAUP) effect [53,54]. The MAUP effect includes the scale effect and division effect. When
implementing a spatial analysis on certain geographic areas with different resolutions or
scales, deviations may happen frequently, and the generation of deviations is the scale
effect; when implementing a spatial analysis on certain geographical areas with different
division methods, deviations may happen as well, which is called the division effect [55].
Considering that the MAUP effect may exert a certain amount of influence on the accuracy
of the analysis results during the geospatial analysis, it is necessary to decrease the MAUP
effect to enhance the accuracy of the results when analyzing the cultivated land quality
and its spatial distribution characteristics.

To increase the accuracy of the cultivated land quality comprehensive evaluation
and spatial distribution characteristics analysis, the research reduces the MAUP effect by
division adjustment and optimization. The detailed procedures of cultivated land quality
comprehensive evaluation are indicated below:

(1) Data processing. Select cultivated land patterns in the Xinjiang cultivated land
quality grade monitoring project for vectorization and the formulate soil, geograph-
ical environment, climate, cultivated land management conditions, and infrastruc-
ture database.

(2) Adjust land division. Aggregate the cultivated land in terms of the principles of
adjacency, administrative division, landform part, and similar slope. Unaggregated
cultivated land is small-scale land (Figure 2).

(3) The small-scale and large-scale cultivated land evaluation units acquire the eval-
uation index properties of the soil, geographical environment, climate, cultivated
land management conditions, and infrastructure database and formulate two final
evaluation units.

(4) Based on the small-scale cultivated land evaluation unit and large-scale cultivated
land evaluation unit, establish two groups of spatial interpolation programs and
evaluate the cultivated land quality correspondingly as follows:

Program I: Based on the small-scale cultivated land evaluate unit, utilize the Inverse
Distance Weighted Matrix (IDW), Ordinary Kriging (OK), and Spline Functions (Spline)
interpolation methods to evaluate the cultivated land quality.

Program II: Based on the large-scale cultivated land evaluation unit, utilize the Inverse
Distance Weighted Matrix (IDW), Ordinary Kriging (OK), and Spline Functions (Spline)
interpolation methods to evaluate the cultivated land quality.

The two groups of programs generate six groups of results, which are verified. Select
the optimal evaluation unit scale of the spatial interpolation method for the research region
so as to enhance the accuracy of the cultivated land quality comprehensive evaluation and
its spatial distribution characteristics analysis.

(5) When the special interpolation method and evaluation unit scale are identified, utilize
ArcGIS to compute the indexes of all the dimensions and cultivated land quality
within the scope of the research region, complete the index grading, and formulate
the cultivated land quality comprehensive evaluation results.
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Figure 2. Schematic diagram for cultivated land before and after aggregation. (a) Small-scale cultivated land before

aggregation. (b) Large-scale cultivated land after aggregation.

3.5. Validation of the Spatial Interpolation Method and Evaluation Accuracy

A cross-validation method is utilized in this research to verify different spatial inter-
polation methods and the evaluation accuracy. The cross-validation method can compare
the interpolation results of different preferences in a single or different methods, and all
data can be used for the prediction [56]. In detail, the sampling points data is divided
into a spatial interpolation group and validation group. The data about sampling points
of the spatial interpolation group is utilized to predict the data about sampling points of
the validation group. The accuracy of the spatial interpolation results can be analyzed by
comparing the predicted value of the sampling points data of the validation group with
the actual value [57]. The research divided the 150 sampling points within the scope of the
research region into the spatial interpolation group (including 137 sampling points) and
validation group (including 13 sampling points).

The prediction accuracy evaluation indexes mainly include the Mean Error (ME), Mean
Absolute Error (MAE), Root Mean Square Error (RMSE), and Average Kriging Standard
Error (AKSE). This research used the Mean Error (ME) and Root Mean Square Error (RMSE)
to evaluate the spatial interpolation error. The detailed formulas are indicated below:

ME:lei_m; (6)
N =
1N ?
RMSE = NL (m; —m}) (7)

—_

1

In the formula, N refers to the number of validation points, m; indicates the measured
value of the validation points, and m'; represents the predicted value of the validation
points. The closer the ME value is to 0, the closer the method will be to error-free. The
smaller the RMSE value is, the more accurate the spatial interpolation method will be.

IP is the index of imprecision, which is utilized to measure the prediction quality. The
smaller the IP value is, the better the spatial interpolation will be. The detailed formula is
indicated below:

1P? = RMSE? — ME? 8)

3.6. Determination of the Spatial Interpolation Group and Validation Group

The research divides 150 sampling points into a spatial interpolation group and
validation group, among which, the spatial interpolation group includes 137 sampling



Land 2021, 10, 896

10 of 29

points and the validation group includes 13 sampling points for the purpose of cross-
validation. The distribution of the sampling points of the spatial interpolation group and
validation group is indicated in Figure S1 in the Supplementary Materials.

The independent samples t-test was conducted for the 13 sampling points in the
validation group and the 137 sampling points in the spatial interpolation group to verify
their interrelation. According to the inspection results, the 13 sampling points in the
validation group had no significant correlativity with the 137 sampling points in the spatial
interpolation group (p > 0.05), indicating that the 13 sampling points in the validation
group are representative.

4. Results Analyses
4.1. Evaluation of the Unit Scale and Spatial Interpolation Method Selection

According to the cross-validation results, the error values of the validation indexes
of large-scale cultivated land are overall smaller than those of the small-scale cultivated
land (Table 2 and Figure 3). Therefore, this research selected the large-scale cultivated
land as the quality evaluation unit, which means the measurements of the cultivated land
quality index, soil properties, farming conditions, and natural environment conditions
index were based on the large-scale cultivated land evaluation unit. Comparing the error
values of the spatial interpolation method validation indexes of the cultivated land quality,
soil properties, farming conditions, and natural environment conditions indexes with
large-scale cultivated land as the evaluation unit, it can be concluded that the overall error
value of Ordinary Kriging (OK) was lower than that of the Inverse Distance Weight matrix
method (IDW) and Spline Functions (Spline). Thus, this research selected the Ordinary
Kriging (OK) method for spatial interpolation (Table 3 and Figure 3d).

Table 2. Cross validation table of computed values of different interpolation methods with different cultivated land scales.

Error Validation

Ind Before Aggregation (Small-Scale) After Aggregation (Large-Scale)
ndex Index IDW OK Spline IDW OK Spline
Rapidly available ME —19.0361 21.5261 37.4645 18.4497 13.8796 —48.7484
phosphorus RMSE 60.1976 68.0717 118.4733 58.3433 43.8914 154.1560
Jicg 57.1084 64.5785 112.3936 55.3493 41.6390 146.2452
Rapidly available ME —17.1459 —26.7541 46.0296 —9.8258 —1.8014 —74.6736
potassium RMSE 29.3947 35.4399 61.7864 18.9227 6.5294 95.9181
r 23.8760 23.2423 41.2169 16.1717 6.2760 60.2010
ME —13.9697 —0.7170 —2.4949 1.6863 —0.6422 —21.4630
Total nitrogen RMSE 44.1762 2.2767 7.8898 5.3325 2.0308 67.8721
P 41.9092 2.1598 2.8088 5.0589 1.9266 64.3891
ME -1.0717 —0.2762 0.3909 0.1211 1.1914 —6.5553
Available copper RMSE 3.3890 0.8736 1.2364 0.3830 3.7677 20.7298
P 3.2151 0.8287 1.1729 0.3633 3.5743 19.6660
ME 1.8315 0.1600 —1.8599 0.7441 0.8186 4.4083
Available iron RMSE 5.7918 0.5060 5.8815 2.3533 2.5887 13.9404
r 5.4946 0.4800 5.5797 2.2325 2.5851 13.2250
ME 2.1366 2.4368 1.9141 2.6358 1.8035 —1.5272
Available zinc RMSE 6.7567 7.7060 6.0529 8.3354 5.7032 4.8295
P 6.4099 7.3106 5.7423 7.9076 5.4105 4.5817
ME 2.8807 —1.2856 -1.9702 —0.3244 -0.1799 2.8512
Available manganese RMSE 9.1097 4.0657 6.2304 1.0259 0.5691 9.0165
P 8.6422 3.8570 5.9107 0.9732 0.5399 8.5538
ME 0.2398 0.1463 0.0754 0.3653 0.4352 1.0869
Available boron RMSE 0.7585 0.4626 0.2386 1.1554 1.3763 3.4373
P 0.7196 0.4389 0.2263 1.0961 1.3057 3.2609
ME —16.5941 —10.4829 —29.9245 —7.3374 —-5.1914 —63.4256
Available molybdenum RMSE 52.4752 33.1500 94.6297 23.2029 16.4166 200.5694
P 49.7824 31.4488 89.7737 22.0122 15.5742 190.2769
ME 0.9250 1.0312 —1.3902 1.2984 0.5555 —2.6013
Soil bulk density RMSE 2.9252 3.2611 4.3963 4.1059 1.7567 8.2261
r 2.7751 3.0938 4.1707 3.8952 1.6666 7.8039

Note: Mean Error (ME); Root Mean Square Error (RMSE); Index of imprecision (IP).



Land 2021, 10, 896

11 of 29

Index grades RS

B Grade | B Grade 3 | Grade 5 Grade 7 WM Grade 9 ¥ 0510 20
B Grade 2 Grade 4 Grade 6 Gradc 8 WM Grade 10 == km
Figure 3. Cultivated land quality evaluation results of different scale cultivated land evaluation
unit and spatial interpolation methods. (a) Cultivated land quality evaluation results based on
small-scale cultivated land and the Inverse Distance Weight matrix method. (b) Cultivated land
quality evaluation results based on large-scale cultivated land and the Inverse Distance Weight matrix
method. (c) Cultivated land quality evaluation results based on small-scale cultivated land and
the Ordinary Kriging method. (d) Cultivated land quality evaluation result based on large-scale
cultivated land and the Ordinary Kriging method. (e) Cultivated land quality evaluation results
based on small-scale cultivated land and the Spline Functions method. (f) Cultivated land quality
evaluation results based on large-scale cultivated land and the Spline Functions method.

Table 3. Cross-validation table of different spatial interpolation methods of three dimensions with
large-scale cultivated land.

Error Validation

Dimension Index IDW OK Spline

ME —0.0451 —0.0056 0.0182

Soil properties index RMSE 0.1427 0.0178 0.0576
P 0.1354 0.0168 0.0546

ME —0.0167 0.0215 —0.0134

Farming conditions index RMSE 0.0530 0.0682 0.0424
P 0.0503 0.0647 0.0402

_ ME 0.0521 0.0215 0.0274

Natural environment RMSE 0.1648 0.0682 0.0866
conditions index P 0.1563 0.0647 0.0822

_ _ ME —0.0044 0.0068 0.0096
Cultivated land quality RMSE 0.0141 0.0216 0.0305
index P 0.0133 0.0205 0.0290

Note: Mean Error (ME); Root Mean Square Error (RMSE); Index of imprecision (IP).
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4.2. Characteristics of the Cultivated Land Quality Grades in the Diluvial Fan Terrain and
Spatial Distribution

4.2.1. Characteristics of the Three Dimensions Grades and Spatial Distribution

The cultivated land soil properties index grades in the research region mainly include
the third grade, fourth grade, fifth grade, and sixth grade. The total area of the four grades
is 49.38% of the cultivated land area, with the higher grades distributed in Dayou Township,
Ergong Township, and Laotai Township (Figure 4b). The mean value of the soil properties
index is 5.42 at the middle level. According to the research, the distribution area with
soil bulk density, soil pH, and soil organic matter lower than the fifth grade is 61.19%,
67.95%, and 63.31%, respectively (Figure 5a—c). These are the primary factors influencing
the soil properties index. The available soil thickness in Beiting Town is thin; the soil
pH in Laotai Township is alkalified, with scarce organic matter; and the soil texture in
Qingyanghu Township is sandy, with a lower grade of rapidly available phosphorus and
rapidly available potassium, total nitrogen, available copper, and zinc.

Quanzijicj \/Euﬁanzijic%
Index grades w

= Grade 1 Grade 3 Grade 5 Grade 7 mm Grade9 0 510 20 :
B Grade 2 Grade 4 Grade 6 Grade 8 W Grade 10 SC—] iy, [ TmansliR i tont

Figure 4. Spatial distribution of the cultivated land quality and three dimensions index grades.
(a) Cultivated land quality evaluation results. (b) Soil property dimension evaluation results. (c)
Farming condition dimension evaluation results. (d) Natural environment condition dimension
evaluation results.
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Figure 5. Spatial distribution of the cultivated land quality influential factors. (a) Soil bulk density,
(b) Soil pH value, (c) Organic matter, (d) Quantity of straw returning to the field, (e) Irrigation
water source, (f) Water delivery method, (g) Diluvial fan part, (h) Underground water depth, and (i)
Landform pattern.

The primary grades of the farming conditions index in the research region are the
fourth, fifth, sixth, and seventh grades. The total area of the four grades is 48.52% of the
cultivated land, with higher grades distributed in Ergong Township and Qingyanghu
Township (Figure 4c). The mean value of the farming condition index is 5.38 at the middle
level. According to the research, the distribution area with the quantity of straw returning
to the field, the irrigation water source, and water delivery method lower than the fifth
grade is 55.59%, 63.12%, and 78.38%, respectively (Figure 5d—f). These are the factors
influencing the farming conditions index. The cultivated land in Dayou Town is mainly
irrigated through flood irrigation and low-lying irrigation, causing a serious waste of water
resources. These irrigation methods are unreasonable; the quantity of straw returning to
the field in Jimsar Town is relatively low, with a longer farming distance; the irrigation
water is inadequate in Laotai Township, and the drainage conditions are unsatisfactory;
the quantity of straw returning to the field in Qingyanghu Township is relatively low, with
basin irrigation and hollow irrigation as the major water delivery methods; the membrane
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tectoria degree in Quanzijie Town is low, which goes against preservation of the soil
moisture. The irrigation water source is single, mainly dependent on the rivers.

The primary grades of the natural environment conditions index in the research region
include the second, third, fourth, and fifth grades. The total area of the four grades is 53.54%
of the cultivated land, with the higher grades mainly distributed in Beijing Town, Ergong
Township, and Santai Town (Figure 4d). The mean value of the natural environment
conditions index is 5.43 at the middle level. According to the research, the distribution
area with a diluvial fan part, underground water depth, and landform pattern lower than
the fifth grade is 65.04%, 64.16%, and 64.21% of the total area, respectively (Figure 5g—i).
These are the primary factors influencing the natural environment conditions index. Part
of the cultivated land in Laotai Township is located at the lower part of the diluvial fan
and is close to the Gobi Desert in the northwest, with poor natural environment conditions;
the underground water in Qingyanghu Township is deep, not easy for farm irrigation;
the major part of the cultivated land in Quanzijie Town is located in the piedmont, with a
relatively large slope gradient.

4.2.2. Characteristics of Cultivated Land Quality Grades and Spatial Distribution

The mean value of the cultivated land quality grade in the research region is 6.66 at
middle and low levels. The seventh, eighth, nineth, and tenth grades took the dominant
position, making up 52.93% of the cultivated land area in total (Figure 4a). Cultivated land
with higher grades is mainly located in Beiting Town, Ergong Township, Laotai Township,
and Santai Town. In combination with the factors that have a larger influence on the three
dimensions index, the major factors influencing the cultivated land quality in the diluvial
fan terrain mainly include: the soil bulk density, soil pH, soil organic matter, quantity of
straw returning to the field, irrigation water source, water delivery method, part of the
diluvial fan, underground water depth, and landform pattern (Figure 5).

4.3. Characteristics of Cultivated Land Quality Grades of Different Parts of Diluvial Fan and
Spatial Distribution

4.3.1. Characteristics of Cultivated Land Quality Grades at Piedmont Slope

The primary grades of the soil properties index and farming conditions index at the
piedmont slope include the fourth, fifth, sixth, and seventh grades. The total area of the
four grades accounts for 43.60% and 48.56% of the cultivated land area, respectively; the
primary grades of the natural environment conditions index include the fifth, sixth, seventh,
and eighth grades. The total area of the four grades accounts for 53.31% of the cultivated
land area (Figure 4b—d). The mean value of the soil properties index grades is 5.61, that of
the farming conditions index grades is 5.29, and that of the natural environment conditions
index grades is 5.77 (Figure 6). According to the research, in comparison with the major
factors influencing the cultivated land quality in the diluvial fan terrain, the area of the soil
salinization degree, available iron, and available manganese lower than the fifth grade is
53.25%, 51.82%, and 56.00% of the cultivated land area, respectively (Figure 6a—c), which
are major factors influencing the soil properties index of the piedmont slope. The area of
the membrane tectoria degree and farming distance lower than the fifth grade is 55.55%
and 58.62% of the cultivated land area, correspondingly (Figure 6d,e), which are the major
factors influencing the farming conditions index.

The mean value of the cultivated land quality grade of piedmont slope is 6.87, with the
fifth, sixth, seventh, and eighth grades as the dominant position, making up 53.93% of the
cultivated land area (Figures 11 and 12). In combination with the factors that have a larger
influence on the three dimensions index, the primary factors influencing the piedmont
slope cultivated land quality include: the soil salinization degree, available iron, available
manganese, membrane tectoria degree, and farming distance.
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Figure 6. Spatial distribution of the influential factors at the piedmont slope. (a) Soil salinization
degree, (b) Available iron, (c) Available manganese, (d) Membrane tectoria degree, and (e) Farm-

ing distance.

4.3.2. Characteristics of the Cultivated Land Quality Grades at Upper Part of the
Diluvial Fan

The soil properties index, farming conditions index, and natural environment condi-
tions index grades at the upper part of the diluvial fan mainly include four grades, namely
the third, fourth, fifth, and sixth grades. The total area of the four grades accounts for
44.54%, 50.54%, and 58.89% of the cultivated land area, respectively (Figure 4b—d). The
mean value of the soil properties index grades is 4.89, that of the farming conditions index
grades is 5.29, and that of the natural environment conditions index is 5.35 (Figure 6).
According to the research, in comparison with the major factors influencing the cultivated
land quality of the diluvial fan terrain, the areas of available iron and available manganese
lower than the fifth grade is 66.16% and 64.72% of the cultivated land area, respectively
(Figure 7a,b). These are the major factors influencing the soil properties index at the upper
part of the diluvial fan. The area of protection of the forest system and irrigation method is
59.76% and 60.67% of the cultivated land area (Figure 7c,d). These are the primary factors
influencing the farming conditions index.
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Figure 7. Spatial distribution of the influential factors at the upper part of the diluvial fan. (a)
Available iron, (b) Available manganese, (c) Protection forest system, and (d) Irrigation method.
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The mean value of the cultivated land quality grade at the upper part of the diluvial
fan is 6.42, with the sixth, seventh, and eighth grades as the dominant position, making
up 50.54% of the cultivated land area (Figures 11 and 12). In combination with the factors
that have a larger influence on the three dimensions index, the primary factors influencing
the cultivated land quality of the upper part of the diluvial fan include: the available iron,
available manganese, protection forest system, and irrigation method.

4.3.3. Characteristics of the Cultivated Land Quality Grades at Middle Part of the
Diluvial Fan

The soil properties index grades at the middle part of the diluvial fan mainly include
the third, fourth, fifth, and sixth grades. The total area of the four grades accounts for 50.84%
of the cultivated land area. The farming conditions index grades mainly are distributed in
the third, fourth, and fifth grades. The total area of the three grades accounts for 48.85%
of the cultivated land area. The natural environment conditions index grades mainly are
distributed in the second, third, and fourth grades. The total area of the three grades
accounts for 43.78% of the cultivated land area (Figure 4b—d). The mean value of the soil
properties index grade is 5.15, that of the farming conditions index grade is 5.28, and that
of the natural environment conditions index grades is 4.87 (Figure 6). According to the
research, in comparison with the primary factors influencing the cultivated land quality
in the diluvial fan terrain, the rapidly available potassium, total nitrogen, and available
manganese lower than the fifth grade are 51.80%, 51.18%, and 54.25% of the cultivated
land area, respectively (Figure 8a—c). These are the primary factors influencing the soil
properties index at the middle part of the diluvial fan; the area of average rainfall below the
fifth grade is 80.46% of the cultivated land area (Figure 8d). It is the main factor influencing
the natural environment conditions index.

- g(a) Rapidly available potassium 1

§ .. (b)Total nitrogen

1 s *“(‘\, /’ :‘ :
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Figure 8. Spatial distribution of the influential factors at the middle part of the diluvial fan. (a)

Rapidly available potassium, (b) Total nitrogen, (c) Available manganese, and (d) Average rainfall all
year round.

The mean value of the cultivated land quality grade at the middle part of the diluvial
fan is 6.23, with the seventh, eighth, nineth, and tenth grades as the dominant position,
making up 50.76% of the cultivated land area (Figures 11 and 12). In combination with
factors that have a larger influence on the three dimensions index, the primary factors
influencing the cultivated land quality at the middle part of the diluvial fan include: the
rapidly available potassium, total nitrogen, available manganese, and the average rainfall
all year round.
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4.3.4. Characteristics of the Cultivated Land Quality Grades at the Lower Part of the
Diluvial Fan

The soil properties index grades at the lower part of the diluvial fan are mainly
distributed in the seventh, eighth, and nineth grades. The total area of the three grades
accounts for 49.50% of the cultivated land area. The farming conditions index grades
mainly include the sixth, seventh, and eighth grades. The total area of the three grades
accounts for 65.96% of the cultivated land area. The natural environment conditions index
grades are mainly distributed in the second, third, and fourth grades. The total area of
the three grades accounts for 45.22% of the cultivated land rea (Figure 4b—d). The mean
value of the soil properties index grades is 5.53, that of the farming conditions index grades
is 6.25, and that of the natural environment conditions index grades is 4.83 (Figure 6).
According to the research, in comparison with the major factors influencing the cultivated
land quality of the diluvial fan terrain, the soil salt content, rapidly available potassium,
and total nitrogen lower than the fifth grade is 60.11%, 72.39%, and 72.35% of the cultivated
land area, respectively (Figure 9a—c). These are the primary factors influencing the soil
properties index of the lower part of the diluvial fan. The drainage conditions lower than
the fifth grade make up 66.12% of the cultivated land area (Figure 9d). This is the primary
factor influencing the farming conditions index.
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Figure 9. Spatial distribution of the influential factors at the lower part of the diluvial fan. (a) Soil
total salt content, (b) Rapidly available potassium, (c) Total nitrogen, and (d) Drainage conditions.

The mean value of the cultivated land quality grades at the lower part of the diluvial
fan is 6.75, with the seventh, eighth, nineth, and tenth grades as the dominant position,
making up 73.21% of the cultivated land area (Figures 11 and 12). In comparison with
the factors that have a larger influence on the three dimensions index, the primary factors
influencing the cultivated land quality at the lower part of the diluvial fan include the soil
total salt content, rapidly available potassium, total nitrogen, and drainage conditions.

4.3.5. Characteristics of the Cultivated Land Quality at Edge of the Diluvial Fan

The quantity and area of the cultivated land at edge of the diluvial fan is small, and
the cultivated land quality and three dimensions index grades are mainly distributed in
several cross-grade levels. The soil properties index grades are mainly distributed the fifth
level, making up 57.55% of the cultivated land area; the farming conditions index grades
are mainly distributed in the sixth grade, making up 92.11% of the cultivated land area;
and the natural environment conditions index grades are mainly distributed in the second
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and eighth grades. The total area of the two grades accounts for 76.04% of the cultivated
land area (Figure 4b—d). The mean value of the soil properties index grades is 4.78, that of
the farming conditions index grades is 5.83, and that of the natural environment conditions
index grade is 3.61 (Figure 6). According to the research, in comparison with the major
factors restricting the cultivated land quality of the diluvial fan terrain, the soil total salt
content, rapidly available potassium, and total nitrogen lower than the fifth grade is 99.97%,
92.11%, and 90.04%, respectively (Figure 10a—). These are the primary factors influencing
the soil properties index at the edge of the diluvial fan. The irrigation guarantee rate,
drainage conditions, and irrigation water source lower than the fifth grade are 65.21%,
65.41%, and 92.11% of the cultivated land area, respectively (Figure 10d,e). These are the
major factors influencing the farming conditions index. The altitude lower than the fifth
grade is 65.41% of the cultivated land area (Figure 10f). It is the primary factor influencing
the natural environment conditions index.
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Figure 10. Spatial distribution of the influential factors at the edge of the diluvial fan. (a) Soil total
salt content, (b) Rapidly available potassium, (c) Total nitrogen, (d) Irrigation guarantee rate, (e)
Drainage conditions, and (f) Altitude.

The mean value of the cultivated land quality grade at the edge of the diluvial fan is
5.72, with the fifth grade as the dominant position, making up 56.60% of the cultivated land
area (Figures 11 and 12). In combination with the factors that have a larger influence on
the three dimensions index, the primary factors influencing the cultivated land quality at
the edge of the diluvial fan include: the soil total salt content, rapidly available potassium,
total nitrogen, irrigation guarantee rate, and drainage conditions.
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Figure 11. Cultivated land quality of each part of the diluvial fan and the average rank of three dimensions.
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Figure 12. Area proportion of the cultivated land quality at different parts of the diluvial fan.

4.3.6. Spatial Distribution Characteristics of the Cultivated Land Quality Grades at
Different Parts of the Diluvial Fan

The three dimensions index and cultivated land quality grades at various parts of the
diluvial fan are different and are ranked from favorable to unfavorable below:
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(1) Soil properties: edge of the diluvial fan (4.78) > lower part of the diluvial fan (5.53) >
middle part of the diluvial fan (5.15) > upper part of the diluvial fan (4.89) > piedmont
slope (5.61) (Figure 13).

(2) Farming conditions: middle part of the diluvial fan (5.276) > piedmont slope (5.286) >
upper part of the diluvial fan (5.287) > edge of the diluvial fan (5.883) > lower part of
the diluvial fan (6.251) (Figure 13).

(3) Natural environment conditions: edge of the diluvial fan (3.61) > lower part of the
diluvial fan (4.83) > middle part of the diluvial fan (4.87) > upper part of the diluvial
fan (5.35) > piedmont slope (5.77) (Figure 13).

The sequence above indicates that the soil properties index grades at different parts
of the diluvial fan are distributed at about the middle level; the farming conditions index
grades are distributed from high to low and interspersed mainly below the middle level;
the distribution of the natural environment conditions index grade is located above the
middle level. The natural environment conditions index grades increase as the rise of the
altitude of the diluvial fan part, indicating the vertical zonality differentiation rule, and
the farming conditions index grades decrease from the middle part to the edge and the
piedmont slope.

(4) Cultivated land quality grade: edge of the diluvial fan (5.72) > lower part of the dilu-
vial fan (6.75) > upper part of the diluvial fan (6.42) > middle part of the diluvial fan
(6.23) > piedmont slope (6.87) (Figure 13). According to the sequence, the cultivated
land quality stays at the middle and lower levels. As the altitude of the diluvial fan
part rises, the cultivated land quality tends to decline, indicating a vertical zonality
differentiation rule.
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Figure 13. Cultivated land quality and three dimensions index grade changes at different parts of the
diluvial fan.

5. Discussion
5.1. The Construction of the Evaluation Index System
When utilizing a multifactor, comprehensive evaluation method or other methods

to evaluate the cultivated land quality, the index or perspective selected by researchers
may lead to a difference of research priorities. Shi et al. used multisource data to evaluate
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the cultivated land quality based on a resource-asset—capital attribute analysis framework
of the cultivated land and analyzed the spatial distribution characteristics of the three
attribute qualities, discovering that the three attribute qualities and the spatial distribution
patterns are different [58]. Cheng et al. constructed the evaluation index system from the
perspective of the soil health and measured metals such as copper, chromium, zinc, and
manganese in the soil and rapidly available phosphorus, chloride, soluble salt, and pH
and evaluated the heavy metal pollution status of the soil. According to the research [59],
the fertilizer application, usage of insecticides, and pollution are the primary causes for
middle-level manganese pollution and middle-level-to-severe zinc pollution. From the
perspective of the influence of land reclamation on the cultivated land quality, Kuang
et al. identified the sensitivity and stabilizing factors and established an assessment index
system based on agricultural land classification and absorbing the modifying factors of
land reclamation to the natural quality of the cultivated land and production conditions.
Through research, it has been found that the assessment index system can effectively reflect
the influence of land reclamation on the cultivated land quality [60]. Meanwhile, Zhao
et al. selected the perspective of ecological security to evaluate the cultivated land quality
and its constraints and put forward policy suggestions on improving the cultivated land
quality [25].

According to the existing research on the cultivated land quality evaluation, most
scholars focused on the natural conditions, soil health, or ecological environment [61-63].
Some scholars selected different perspectives and combined the cultivated land manage-
ment conditions and ecological security factors to evaluate the cultivated land quality and
its spatial differentiation characteristics [64]. The cultivated land quality evaluation index
system constructed by this research has its own emphasis. At present, the construction of
the cultivated land quality evaluation index system is still short of schematism and needs
to be promoted further. As cultivated land is a natural resource, its quality is determined
not only by its basic conditions but also its regional environment. Therefore, absorbing the
regional environmental constraints into the index system can reflect the cultivated land
quality more accurately. The arid region in Northwest China lacks a water resource, with
scarce rainfall and a dry climate [65,66]. When evaluating the cultivated land quality in this
region, we shall fully consider the water resource and climate factors, which are constraints
influencing the agricultural development. Therefore, this research selected the irrigation
water condition-related indexes and two climate indexes, namely the average rainfall all
year round and >10 °C accumulated temperature. In combination with the soil physical
and chemical properties, soil nutrient, management conditions, and natural environment
conditions, this research established a relatively comprehensive cultivated land quality
evaluation index system. At the same time, considering that the research region is a specific
geographical unit, the diluvial fan in the arid region, the diluvial fan parts, altitude, slope,
and relevant indexes are included into the evaluation index system. This research utilized
a multifactor, comprehensive evaluation method to compute the cultivated land quality
index and divided the index into different grades. Qi et al. divided the cultivated land
quality index into four grades [67]. To refine the difference, we divided the cultivated
land quality index into 10 grades. In addition, based on the cultivated land quality evalu-
ation index, this research constructed three dimensions, namely soil properties, farming
conditions, and natural environment conditions, to compute the dimensions index and
divide the index into 10 grades. Thus, the cultivated land quality can be evaluated from
the three dimensions.

The cultivated land quality grade evaluation provides evidence for the orderly delin-
eation of permanent basic farmland, cultivated land occupation or protection compensation,
and computation of land expropriation compensation. Meanwhile, land use planning and
land reclamation planning can carry out differentiated management for cultivated land in
terms of the spatial distribution of the cultivated land quality grade [43]. The research not
only quantifies the quality of the cultivated land and three dimensions but also describes
the spatial distribution pattern of the cultivated land and three dimensions quality grades,
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indicating the quality of the cultivated land and its difference in a more multidimensional
way. At the same time, this research displays the status of all the indexes, facilitating
extracting the factors restricting the improvement of the cultivated land quality.

Protecting the food security and defending the 1.8 billion mu cultivated land red line
are the national policies of China, and the cultivated land quality plays a fundamental role
in it [68]. To grade and classify the cultivated land quality effectively and scientifically,
the Chinese government published the Regulation for Gradation on Agriculture Land
Quality, which combines the natural, social, and economic, as well as regional factors of
China, and refers to the important evaluation indexes in international research, indicating
a high applicability. On that basis, the research added irrigation water conditions, the
climate conditions-related index, and underground water depth index. Therefore, with the
gradual improvement of the evaluation index system, the factors influencing the cultivated
land quality can be shown much more accurately, and the evaluation results will be more
objective and authentic. Considering that the territorial scope of the diluvial fan is relatively
small, the climate conditions-related index only selects the average rainfall all year round
and >10 °C accumulated temperature.

As a natural resource, cultivated land itself is an indispensable part of the ecological
environment system. If we part off the natural attributes of a cultivated land artificially and
evaluate the cultivated land quality or extract the influencing factors with administrative
division as the geographical unit [69], the evaluation results will be inaccurate, and the
extraction will be unscientific. Such a practice has certain disadvantages. Therefore, this
research utilized the diluvial fan in the arid region as the geographical unit to evaluate the
cultivated land quality. On account of the considerable differences of the land and water
resource conditions and landform patterns among the different parts of the diluvial fan,
this research included the geographical conditions-related index of the diluvial fan terrain
into the evaluation index system.

5.2. Evaluation Accuracy

The MAUP effect is a common problem in the process of the geographical region
spatial analysis. Kolaczyk and Huang proposed to adjust and optimize the geographical
unit scale to make a statistical analysis in order to reduce the MAUP effect [70]. Qi and
Bai utilized national agricultural county-level statistic data and the second economic
census data of Beijing in 2008 and acquired different scales of geographical units in terms
of certain rules of aggregation, exploring the hotspot variation law of statistical data
under different scales and its influencing factors [71]. Chen et al. used simulated data
and the per capital GDP in China to explore the spatial autocorrelated MAUP effect and
its influence [72]. According to the research mentioned above, the MAUP effect in the
geographical region spatial statistical analysis can be effectively solved by selecting the
appropriate geographical evaluation unit in combination with the spatial interpolation
method. Taking the soil heavy metal A and Cq4 in Enshi, Hubei, China as an example, Ma
et al. utilized a multimethod interpolation on the premises of data analysis conversion and
the selection of optimal interpolation parameters and used cross-validation and evaluation
for the interpolation results and selected the optimal spatial interpolation method [73].
This research also utilized different spatial interpolation methods for the cultivated land
evaluation units with different scales to reduce the MAUP effect. In accordance with the
cross-validation and evaluation results, this research selected a large-scale cultivated land
evaluation unit and Ordinary Kriging spatial interpolation method.

5.3. Improvement of Cultivated Land Quality

The piedmont diluvial fan is an important geographical unit undertaking the devel-
opment of the oasis farming of arid regions. The water resources at different parts of the
diluvial fan have a certain kind of spatial distribution rule [74,75]. The underground water
level of the diluvial fan deepens gradually from the edge to the piedmont slope, and the
water volume drops from a relatively abundant level, as well. The surface water resource
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converges and remains plentiful at the lower and middle parts of the diluvial fan. The fine
soil at the edge of the diluvial fan is transited into sand gravel at the piedmont slope, with
poorer soil quality. This means that the land and water resource conditions in the diluvial
fan terrain deteriorate as the altitude rises. At the same time, the land forms at the middle
and lower parts and the edge of the diluvial fan are relatively flat, which is convenient for
farming (Figure 1). This is the root cause for the vertical zonality differentiation rule of the
cultivated land quality and natural environment conditions index grades in the diluvial fan
terrain of Jimsar County. Considering that the proportions of middle and upper parts in
the cultivated land area are relatively high, the farm irrigation, road, and protection forest
systems are mainly established in such areas in comparison with the other parts, leading to
higher farming conditions index grades at the middle and upper parts of the diluvial fan
and lower at other parts, indicating a decreasing status from the middle part of the diluvial
fan to the edge and piedmont slope.

The cultivated land quality index is a comprehensive index based on the computation
and aggregation of many factors. Most of other research utilized different methods to
compute the cultivated land quality index and focused on the differences of the index
values, paying less attention to the factors influencing the cultivated land quality [76-78].
However, among the cultivated land quality evaluation indexes, a lower grade index
will have larger influence on the cultivated land quality index and can be regarded as an
influencing factor. Therefore, it is necessary to attach more importance to the extraction of
the influential factors in the cultivated land quality evaluation process and put forward
scientific quality improvement measures. These are the major targets of the cultivated land
quality evaluation.

Most of the existing cultivated land quality evaluations focused on index computation
and paid less attention to identifying the influencing factor of the cultivated land quality
and providing guidance for cultivated land quality improvement. Some research extracted
factors influencing the cultivated land quality within a large scope of area in provinces
or cities [79,80]. However, owing to the environment differences within a large scope of
the area, there are cultivated land quality influencing factors not only within the large
scope of the area but also within the small scope of the area, failing to provide effective
instructions on improving the cultivated land quality. This research selected the optimal
cultivated land evaluation unit and spatial interpolation methods, utilized a multifactor,
comprehensive evaluation method, and identified the cultivated land quality index based
on the evaluation index system composed of three dimensions, namely the soil properties,
farming conditions, and natural environment conditions. Meanwhile, this research graded
the index and created maps and extract factors influencing the cultivated land quality at
the diluvial fan terrain and its different parts. Therefore, the research results played a
more practical role in helping the government establish scientific cultivated land resource
management policies and improve the cultivated land quality.

According to the research results, the primary factors influencing the cultivated land
quality in the diluvial fan terrain include the soil bulk density, soil pH, soil organic matter,
quantity of straw returning to the field, irrigation water source, water delivery method,
diluvial fan part, underground water depth, and landform pattern. The influential factors
within a small scope of the area also exist at different parts of the diluvial fan. Thus, the
following suggestions on cultivated land quality improvement are put forward:

(1) Through the long-term application of organic fertilizer and straw returning to the field,
the increase of soil organic matter and the improvement of soil fertility can be realized.
Peel off the barren soil on the surface of the cultivated land at the piedmont slope and
upper part of the diluvial fan and backfill with high-quality soil removed from other
places; combine the long-term increasing application of organic fertilizer and deep
ploughing, cultivate alkali-resisting crops, cooperatively use chemical ameliorants to
improve the salt and alkali soil and pH effectively, and increase the microelements in
the soil (Figure 14).
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(2) Carrying out a land consolidation project. Transform and pave roads to improve
accessibility; plant windbreaks to protect crops growing and reduce evaporation
caused by wind, level the cultivated land at the piedmont slope and upper part of the
diluvial fan to improve the farming suitability, integrate the finely divided cultivated
land and carry out and carry out the scale operation (Figure 14).

(3) Cultivated land at the piedmont slope and upper part of the diluvial fan with poor
quality and a poor anticipated improvement effect shall be returned to forestry or
grassland or be fallow; lay out dripping irrigation and relevant water-saving irrigation
equipment to promote the establishment of highly efficient water-saving irrigation
projects; and control the total amount of water consumption and determine the
land cultivated with the water amount to guarantee the continuous recovery of the
underground water level (Figure 14).
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6. Conclusions

Based on the perspective of environmental constraints, this research utilized a geo-
graphical information system spatial analysis and a multifactor, comprehensive evaluation
method to assess the cultivated land quality in the diluvial fan terrain of arid regions
and analyzed the spatial distribution characteristics of the cultivated land quality. Firstly,
we constructed the cultivated land quality evaluation index system based on three di-
mensions, which are the soil properties, farming conditions, and natural environment
conditions. Secondly, we established six first-grade indexes, namely the soil physical and
chemical properties, soil nutrient status, management conditions, irrigation water condi-
tions, geographical conditions, and climate conditions, and 34 s-grade indexes, including
the available soil thickness, soil salinization degree, soil organic matter, rapidly available
phosphorus, underground water depth, and average rainfall all year round, among others.
Finally, to reduce the MAUP effect and enhance the accuracy of the cultivated land quality
evaluation, the research compared the validation error of different scales of cultivated
land evaluation units and spatial interpolation methods. In terms of the results evaluation,
we selected a large-scale cultivated land evaluation unit and Ordinary Kriging Spatial
Interpolation method.

According to the applied research in the diluvial fan terrain of Jimsar County, Xinjiang
of the arid region in Northwest China, the results indicated that the overall cultivated land
quality in the diluvial fan terrain of the arid region is at the middle and lower levels; the
soil properties and farming conditions at different parts of the diluvial fan are moderate,
and the natural environment conditions are relatively favorable; from the perspective of
the spatial distribution characteristics, the cultivated land quality and natural environment
conditions of the diluvial fan terrain decrease with the rise of altitude of the diluvial fan part,
indicating a vertical zonality differentiation rule. The farming conditions decrease from the
middle part of the diluvial fan to the edge and piedmont slope; the factors influencing the
cultivated land quality mainly include the soil bulk density, soil pH, soil organic matter,
quantity of straw returning to the field, irrigation water source, water delivery method,
diluvial fan part, underground water depth, and landform pattern.

This research evaluated the cultivated land quality in terms of the construction of
a systematic evaluation index system and provided active guidance for cultivated land
quality protection and cultivated land resource sustainable development and utilization.
It supported and promoted the construction of the quality, quantity, and ecology “three-
in-one” protection pattern. The evaluation method proposed by this research cannot
only measure the cultivated land quality but also identified the quality of the different
dimensions, which helped to put forward solutions for the improvement of the regional
cultivated land quality and to provide direction for effectively improving the cultivated
land resource management level.

In the future, with the gradual deepening of the research on the cultivated land quality
evaluation, it is necessary to establish a more multisource and comprehensive evaluation
index system, and the inclusion of soil biological and geochemical properties into the
evaluation index system of the cultivated land quality should be an important consideration.
In addition, the temporal and spatial variation characteristics of the cultivated land quality
are also the new research direction in the future.
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tions scores and grades, Table S3: Natural environment conditions scoring and grading, Table S4:
Cultivated land quality and soil properties, farming conditions, and natural environment conditions
grading table.
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Appendix A

Definition of “ecological security” and the role of cultivated land in coordinating
ecological security. Ecological security means the overall level of the integrity and health
of an ecological system, especially a state that the ecological system has the lowest risks
for survival and development and is not being threatened [81]. Cultivated land ecological
security means that the cultivated land ecological system is in a state of maintaining its
normal functional structure and meeting the demand of social and economic sustainable
development within a certain spatial and temporal dimension. In this state, the cultivated
land ecological system has stable, balanced, and abundant natural resources available,
and the ecological environment is in a healthy state and plays the role of coordinating
the ecological security. It is embodied in two aspects: First, the cultivated land ecological
system has a rational structure, performs its function normally, and coordinates the human-—
land relations in the process of humans utilizing the cultivated land resources. Second,
humans can steadily obtain cultivated land resources to meet its need for healthy survival
so that the human activities of destroying other ecological systems for satisfying its demand
are reduced.

Appendix B

Determination of the soil sampling sites and the principle and method for arranging
point locations. Taking typicality and representativeness as a principle, the soil sampling
sites are arranged according to the percentages of the cultivated land areas in different
parts of the diluvial fan to the total area to guarantee the relative equilibrium of the soil
sampling sites in different parts of the diluvial fan. The detailed method is to superpose
the present land use map with the soil map to form an assessment unit map as a base
map for arranging sampling sites. The soil sampling sites are determined according to the
number and areas of polygons, crops, soil types, and topographies to guarantee that each
cultivated land assessment unit contains sampling sites. If an assessment unit is relatively
large, more sampling sites will be arranged. A total of 150 representative point locations
were arranged.
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