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Abstract: Cultivated land quality (CLQ) is at the core of the trinity protection of cultivated land in
China. Scientific evaluation of CLQ and identification of its obstacle factors are the foundation for the
construction and improvement of the quality of cultivated land. The main objective of this study was
to evaluate CLQ and identify its obstacle factors, and Quzhou County, an intensive agricultural region
in the North China Plain (NCP), was selected as a case study. The evaluation index system of CLQ was
constructed based on five dimensions, including climate condition, topographic characteristic, soil
property, farming status, and environmental condition, by analyzing the logical evolution of elements,
processes, functions, and quality of cultivated land. A methodological system based on the Weighted
Summation Method (WSM) and the “1 + X” model was developed to evaluate the CLQ. Then, the
obstacle diagnosis model constructed based on the Cask Law and relevant academic studies was used
to identify the obstacle factors of CLQ. The results showed that the proportion of high-, medium-, and
low-quality cultivated land in Quzhou County was 36.19%, 33.60%, and 30.21%, respectively, and the
average grade of CLQ was 2.97, which was considered to be at a medium level. Moran’s I of global
spatial autocorrelation in Quzhou County was 0.8782, indicating a significant positive autocorrelation
of the cultivated land quality index (CLQI). The main obstacle factors of CLQ in Quzhou County were
soil profile constitution, irrigation guarantee rate, groundwater depth, and soil microbial biomass
carbon. Therefore, based on the stable and dynamic characteristics of the obstacle factors, suggestions
were provided to improve the quality of cultivated land in terms of strengthening the consolidation of
cultivated land, transforming the concept of agricultural fertilization, and carrying out cultivated land
recuperation. This study provides a new perspective on the cognition, evaluation, and identification
of obstacle factors of CLQ, and the findings of this study can provide a reference for the consolidation
and improvement of CLQ in the NCP.

Keywords: cultivated land quality; spatial characteristic; obstacle factor; improvement strategy;
Quzhou County

1. Introduction

Cultivated land is an essential natural resource and the basis for ensuring food security,
ecological security, economic development, and social stability [1,2]; it is a fundamental
guarantee for achieving the Sustainable Development Goal of Zero Hunger [3,4]. In the
face of major challenges such as global climate change, increasing resource scarcity, and
environmental degradation, the importance of cultivated land is paramount in ensuring
food security for 9.8 billion people worldwide by 2050 and 11.2 billion people by 2100 [5-8].
Especially as the global per capita cultivated land area continues to decrease due to popula-
tion growth and urban expansion, improving the quality of cultivated land is an important
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way to ensure food security, particularly in developing countries [8-11]. The basic situation
in China, with many people and little land, determines the need to protect cultivated
land [12,13]. The connotation of cultivated land protection in China has evolved from
the protection of quantity, to the protection of quantity and quality, and, finally, to the
trinity protection of quantity, quality, and ecology [14,15]. Protecting and improving the
quality of cultivated land is at the heart of the trinity protection of cultivated land and
the foundation for ensuring food security [16,17]. Therefore, accurately understanding
the concept of cultivated land quality (CLQ) and carrying out CLQ evaluation are the
foundation of cultivated land improvement and construction.

With the process of cultivated land use, the recognition of CLQ has also extended
from basic soil fertility to potential productivity, suitability, sustainability and soil health,
and has gradually evolved to a stage of integrated knowledge of production, ecology, and
health [18-20]. Although there are different understandings of CLQ with the process of
cultivated land use, it is generally acknowledged that CLQ is a comprehensive index of
natural and human elements [21,22]. Because of its complexity, the quality of cultivated
land cannot be measured by a specific soil quality indicator, nor can it be tested directly
in the laboratory [23,24]. Instead, the quality of cultivated land can be assessed using a
combination of physical, chemical, and biological indicators of cultivated land. Meanwhile,
the development of a suitable evaluation method is also the key to the evaluation of CLQ.

Therefore, different government departments, academic organizations, and scholars
around the world are constantly conducting research on the selection of indicators and
construction of evaluation methods so that the evaluation of CLQ can be carried out
scientifically [21,25]. The Land Capability Classification (LCC) [26], Land Evaluation and
Site Assessment (LESA) [27], Framework for Land Evaluation [28], Agricultural Ecological
Zone (AEZ) [29], Framework for Evaluating Sustainable Land Management (FESLM) [30],
Land Quality Indicators (LQIs) [21], and Soil Environment Evaluation [31] are evaluation
frameworks constructed from different aspects, providing references for the evaluation of
the quality of cultivated land around the world. At the same time, many evaluation methods
have been developed for CLQ evaluation, such as the soil quality index methods [32], soil
quality card design and test kit methods [33], and geostatistical methods [34]. With regard
to the evaluation index system, indicators of natural elements such as soil and topography,
and human elements such as agricultural and technical inputs, were selected to evaluate
the quality of cultivated land [18,35].

In order to select appropriate indicators and formulate reasonable evaluation methods,
different departments of the Chinese government and many scholars have been contin-
uously practicing and exploring the evaluation of CLQ [35-37]. The Ministry of Natural
Resources formulated the “Regulation for Gradation on Agriculture Land Quality” (GB/T
28407-2012) to evaluate the productivity of cultivated land by selecting indicators from
the natural environment and socioeconomic aspects [38]. The Ministry of Agriculture and
Rural Affairs formulated the “Measures for Investigation, Monitoring, and Evaluation of
Cultivated Land Quality” and the “Cultivated Land Quality Grade” (GB/T 33469-2016)
to evaluate the quality of cultivated land [39,40]. In 2019, the Ministry of Agriculture and
Rural Affairs conducted a comprehensive evaluation of the quality of China’s cultivated
land based on the above two criteria, selecting indicators in terms of site condition, pro-
file characteristics, topsoil physical and chemical properties, nutrient status, soil health,
soil management, etc. The “Soil Environmental Quality Risk Control Standard for Soil
Contamination of Agricultural Land” (GB 15618-2018) issued by the Ministry of Ecology
and Environment focuses on the evaluation of environmental conditions of cultivated
land [41]. The classification of CLQ in China’s Third National Land Survey focused on
the classification of cultivated land quality by selecting indicators at six levels: physical
geography, topography;, soil, ecological environment, crop maturity, and cultivated land
use. Meanwhile, many scholars have also conducted CLQ evaluation based on different
evaluation systems, providing case experiences for the study of CLQ evaluation all over the
world. For example, Liu et al. [35] proposed a new grading system for evaluating China’s
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cultivated land quality that involved two index systems and a scoring and grading scheme,
and selected Yimen County, a loess plateau region in western China’s Shaanxi Province, for
CLQ evaluation. Zhao et al. [24] constructed a CLQ evaluation index system from physical
and chemical properties, nutrient condition, management condition, health condition and
ecological environmental condition of cultivated land, and carried out CLQ evaluation in
Xiangzhou District, Hubei Province, China, based on a new evaluation method referring to
the soil quality index method. Tan et al. [36] constructed a CLQ evaluation index system
from natural quality, utilization conditions, and ecological security, and evaluated the
quality of cultivated land in Shengzhou, Zhejiang, China, using the weighted summation
method (WSM).

In general, both the standards or guidelines proposed by different countries and the
academic research conducted by scholars have promoted the continuous development of
theories and methods for the evaluation of CLQ. However, there are still many challenges
in existing studies on the evaluation of CLQ [20,35,42,43]. Firstly, the connotation of the
concept of CLQ varies with changes in socioeconomic and human development on land
demand. Many researchers have constructed a cultivated land evaluation system based
on an analysis of the concept of CLQ, but such a system lacks theoretical knowledge of
the connotation of the CLQ concept from a systemic perspective. Secondly, there are many
existing methods for evaluating the quality of cultivated land, but less attention is paid
to the essential attribute characteristics of the indicators used in the construction of the
evaluation method. A simple combination of indicators sometimes cannot reflect the actual
characteristics of regional CLQ. Thirdly, an accurate identification of the obstacle factors
of CLQ is the basis for the construction and improvement of CLQ, and there is room for
further research on the identification of obstacle factors of CLQ. Therefore, this study aims
to address the above challenges in the evaluation of CLQ to fill the research gaps.

The North China Plain (NCP) is a major intensive agricultural region in China, pro-
ducing 60-80% of China’s wheat and 35-40% of its maize each year [44]. The NCP has rich
and diverse soil types and a high level of agriculture, but groundwater has been severely
depleted due to over-exploitation for agricultural irrigation [45]. In the present study,
Quzhou County, a typical county in the NCP, was selected as the study area to carry out
the evaluation of CLQ and the identification and analysis of obstacle factors. Therefore,
the main objectives of this study were to (1) construct a theoretical framework for CLQ
evaluation based on the basic logic of cultivated land elements, processes, functions, and
quality; (2) carry out CLQ evaluation and spatial characterization analysis, as well as the
identification of obstacle factors; and (3) provide some countermeasure suggestions for the
improvement and construction of CLQ.

2. Materials and Methods
2.1. Study Area

Quzhou County is located in the southern part of Hebei province, China. It is located
in the middle of the NCP, and ranges from 36°34'45" to 57'57" N and from 114°50'30” to
115°13/30” E (Figure 1). Quzhou County has a total area of 676 km?, including 10 towns
and 342 villages. The region has warm temperatures and a continental climate with a
mean annual temperature and precipitation of 13.1 °C and 566 mm, respectively. The
coldest and warmest months are January and July, respectively, and more than 60% of
annual precipitation falls between July and September. The accumulated temperature at
10 °C is 4472 °C, while the annual frost-free period lasts 210 days. The elevation decreases
from southwest to northeast, with an average height of 42.5 m above sea level. The
rural population of Quzhou County was 218,977 in 2020 based on the Seventh National
Population Census of Quzhou County, accounting for about 47.22% of the total population.
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Figure 1. Location of the study area and distribution of soil sampling points in Quzhou County.

The area of cultivated land in Quzhou County accounts for about 80% of the total
land area, and the main types of crops are wheat, maize, and cotton. As a typical county
in the intensive agricultural region of the NCP, Quzhou County is characterized by a
high multi-crop index and large agricultural investment. In the 1970s, the cultivated
land in Quzhou County was severely salinized and the quality of cultivated land was
extremely poor [46,47]. The parent materials of soil formation in Quzhou County are
river alluvium and diluvium, and the soil texture includes sand, loam, and clay, which
determine the background characteristics of soil nutrients. In addition, problems of drought,
flood, salinity, and alkalinity caused by natural conditions, as well as processes of human
utilization and management, collectively affect the quality of cultivated land in Quzhou
County. Especially since the beginning of the 21st century [48], the level of intensive use
of cultivated land in Quzhou County has been continuously improved, along with the
improvement in agricultural technology and the input of agricultural production materials.
The gross agricultural production and total grain output in 2021 were CNY 2.97 billion and
404.83 thousand tons, and its grain output was 1.68 times the national average level.

2.2. Data Collection and Processing

Multiple sources of data were used to determine the values of the CLQ evaluation
indicators. The data for soil profile constitution, effective soil thickness, barrier layer
depth, topsoil texture, soil salinization, irrigation guarantee rate, and drainage condition
were obtained from the 2016 cultivated land quality database provided by the Bureau
of Natural Resources and Planning of Quzhou. The data on field slope were obtained
from the digital elevation model (DEM) data provided by the Geospatial Data Cloud
site, Computer Network Information Centre, Chinese Academy of Sciences (http://www.
giscloud.cn/, accessed on 10 March 2021), and the spatial resolution was 30 x 30 m. The
topographic position was defined using a combination of the DEM and expert experience.
Data such as soil bulk density, soil organic matter, pH, soil microbial biomass carbon, total
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nitrogen, available phosphorus, and active potassium were obtained from field surveys
and soil sampling in 2018 or 2019 (Figure 1), and their surface data were calculated via
inverse distance interpolation of point data. Groundwater depth was determined using
the observation data from groundwater monitoring stations set up by the Bureau of Water
Conservancy of Quzhou from 2013 to 2017. In addition, field road accessibility and field
regularity were calculated from the cultivated land use database using ArcGIS. In addition,
the statistical data are taken from the Statistical Yearbook of Quzhou County.

Field regularity was used to reflect the degree of regularity of the field shape, and this study
used the shape index to express field regularity. The specific calculation formula is as follows:

SI = 0.25E/VA (1)

where S1 is the shape index, i.e., field regularity; E is the perimeter of the cultivated land
plot, m; and A is the total area of the cultivated land plot, hm?.

Field road accessibility was calculated according to the formula in the “General Rules
for Gradation and Classification on Natural Resources” (TD/T 1060-2021) issued by the
Ministry of Natural Resources. The specific calculation formula is as follows:

DL; = 2B % 100% ?)
Sai

where DL, is the field road accessibility in village i, %; sg; is the number of all cultivated

land plots accessible by road in village i; and S 4; is the total number of cultivated land

plots in village i.

2.3. Evaluation Method of Cultivated Land Quality
2.3.1. Framework of Cultivated Land Quality Evaluation

Cultivated land is land on which crops are grown and is a complex artificial-natural
system formed by the combined action of nature and humans [49,50]. From a systemic
perspective, cultivated land is composed of essential elements such as climate, topography,
soil, utilization status, infrastructure, and property rights [51,52]. Natural factors, including
climate, topography, and soil, have a fundamental control on the use of cultivated land,
whereas artificial factors including utilization status, infrastructure, and property rights
have a dynamic regulation on the use of cultivated land [52,53]. The elements of cultivated
land and their combinations undergo physical, chemical, and biological processes to pro-
duce functional types, such as production, ecology, landscape, and culture. For example,
the nutrient cycles such as nitrogen, phosphorus, and potassium are an important link
in the production function of cultivated land; in the process of agricultural activities, the
construction of artificial factors can enhance the production, ecology, and other functions of
cultivated land, and manifest the agricultural culture function of cultivated land [26,51,54].
Meanwhile, each function of cultivated land has corresponding characteristics, which can
reflect the basic characteristics of the corresponding function from a certain dimension,
such as the nutrient effectiveness of production function and the biodiversity of ecological
function [55]. The quality of cultivated land is a comprehensive reflection of the multiple
functional attributes of cultivated land [51-55]. Thus, the quality of cultivated land is a
comprehensive index that characterizes its intrinsic and extrinsic aspects and is a com-
prehensive reflection of the multiple functions formed by the different elements of the
cultivated land through numerous processes.

Based on existing research [20,28,43,50,56,57] and the above logical analysis, this study
argues that CLQ reflects the extent to which the characteristics of cultivated land itself satisfy
agricultural production and enable economic benefits, as well as promote human well-
being. Cultivated land is a synthesis of multiple functions with the production function as
the core, and different functions have corresponding basic characteristics; for example, the
production function corresponds with cultivation suitability, nutrient effectiveness, water
effectiveness, etc., and the ecological function corresponds with buffering and filtering
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properties, biodiversity, etc., which can reflect the basic characteristics of CLQ [51,52].
Different characteristics can be qualified using their corresponding indicators, which are
also the indicators to be chosen for the evaluation of the quality of cultivated land [28,50].
For example, cultivation suitability can be specifically described via certain indicators such
as topographic position, field slope, and effective soil thickness; nutrient effectiveness can
be specifically characterized by certain indicators such as total nitrogen, active potassium,
and trace elements; and buffering and filtering properties can be specifically described
by certain indicators such as topsoil texture, soil bulk density, soil organic matter, and
pH [58]. Therefore, a theoretical framework for CLQ evaluation was constructed based on
the basic logic of “element-process-function-quality” of cultivated land, taking into account
the elements, processes, and functions of a cultivated land system (Figure 2).
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Figure 2. Theoretical framework for cultivated land quality.

2.3.2. Index System of Cultivated Land Quality Evaluation

Based on the characteristics of cultivated land resources and the concept of CLQ,
combined with the fundamental elements of cultivated land and the actual utilization of
cultivated land in the selected intensive agricultural region of the NCP, five dimensions,
including climate condition, topographic characteristic, soil property, farming status, and
environmental condition, were chosen to reflect the quality of cultivated land [58,59].
Climate condition, topographic characteristic, and soil property characterize the basic
characteristics of climate, topography, and soil of cultivated land, respectively, and farming
status reflects the basic characteristics of utilization, infrastructure, and property right
in an integrated manner. Meanwhile, environmental conditions also have a significant
impact on the quality of cultivated land as the extent and scope of cultivated land use
continues to expand [41]. Therefore, based on the constructed framework of CLQ, this
study selected corresponding indicators from the five dimensions of CLQ and built an
evaluation index system of CLQ so that it could reflect the quality of cultivated land in the
intensive agricultural region of the NCP more objectively.

To screen the evaluation indicators more scientifically, this study contemplated the
following two considerations to achieve the purpose of building an evaluation index
system with comprehensive screening indicators. On the one hand, the evaluation index
system was mainly based on the indicators corresponding to the basic characteristics of the
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functions of cultivated land in the theoretical framework, such as cultivation suitability,
nutrient effectiveness, and buffering and filtering properties [28,58,59]. On the other hand,
it also referred to the standard regulations issued by different departments in China, such
as the “Regulation for Gradation on Agriculture Land Quality” (GB/T 28407-2012) [38]
issued by the Ministry of Natural Resources and the “Cultivated Land Quality Grade”
(GB/T 33469-2016) [40] issued by the Ministry of Agriculture and Rural Affairs. Meanwhile,
this study not only considered the physical and chemical indicators of soil but also selected
soil biological indicators as evaluation indicators of CLQ. Groundwater depth was used
as an environmental indicator to evaluate the quality of cultivated land due to the severe
decline of groundwater in the NCP [45]. Overall, 21 indicators in 5 of the dimensions
constituted the evaluation index system of CLQ of Quzhou County (Table 1). However,
given the relative stability of climate condition at the county level, indicators of climate
condition were not included in the assessment of CLQ in this study. Therefore, this study
evaluated the quality of cultivated land in Qiuzhou County from four aspects, namely the
topographic characteristic, soil property, farming status, and environmental condition.

Table 1. Indicators and their weights for the evaluation of CLQ in Quzhou County.

Dimensions Indicators Weights

>10 °C accumulated temperature —

Climate condition Annual average precipitation —

. .. Topographic position 0.300
Topographic characteristic Field slope 0.700
Soil profile constitution 0.095
Profile characteristics Effective soil thickness 0.102
Barrier layer depth 0.018
Soil bulk density 0.027
Topsoil texture 0.134
Soil propert Physical, chemical, and Soil organic matter 0.129
property biological properties pH 0.100
Soil salinization 0.069
Soil microbial biomass carbon 0.078
Total nitrogen 0.090
Nutrient status Available phosphorus 0.072
Active potassium 0.086
Irrigation guarantee rate 0.439
Farmine status Drainage condition 0.179
& Field road accessibility 0.268
Field regularity 0.114
Environmental condition Groundwater depth —

2.3.3. Grading and Weight of Cultivated Land Quality Evaluation Indicator

The classification standards of the CLQ evaluation indicators were comprehensively
determined based on “Regulation for Gradation on Agriculture Land Quality” (GB/T
28407-2012) [38], “Cultivated Land Quality Grade” (GB/T 33469-2016) [40] and academic
achievements [42,43,50,59] (Table 2). Considering the specific constraints of the environ-
mental condition on the CLQ, we could not directly calculate the environmental condition
index of cultivated land using the weighted summation method (WSM), therefore, the
“1 + X” model was constructed to calculate the environmental condition index. The weight
of the groundwater depth did not need to be determined in the evaluation of CLQ in
Quzhou County, and the classification standard was established in the construction of
the “1 + X” model and the obstacle diagnosis model, respectively. The Delphi method
was used to determine the weights of the evaluation indicators of CLQ (Table 1). In short,
experts from the Natural Resources Department, the Agriculture and Rural Department
in Quzhou County, as well as scholars specializing in cultivated land use were invited to
score the evaluation indicators of the CLQ), and then the indicator weights of the CLQ were
determined after a process of aggregation, discussion, and adjustment [60].
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Table 2. Classification standards of evaluation indicators for the quality of cultivated land in Quzhou County.
Score
Dimensions Indicators
100 90 80 70 60 50 40 30 10
Topographic Alluvial plain, Interfluvial Low hillside,
Topographic position piedmont lowland low hillock
characteristic . g 14 slope <2° >2°-5° 5°-8° >8°-15° >15°-25°  >25°
Soil profile Loam entire Clay Sand/clay/sand, Clay/ §and/ clay, Entire sand,
constitution loam, loam/ Loam /clay/loam loam/clay/clay,  Sand/clay/clay entire clay, entire oravel
sand/loam y loam/sand/sand clay/sand/sand &
Profile Barricr |
characteristics arner ayer >60~90 >30~60 <30
depth/cm
Effective soil >150 >100~150 >60~100 >30~60 <30
thickness/cm
Soil bulk
~1. < 25~1. 35~1. 45~1. .
density/ (g/cm®) >1~1.25 <1,>1.25~1.35 >1.35~1.45 >1.45~1.55 >1.55
Topsoil texture Loam Cay Sand Gravel
Soil organic
Physical, matter/(g/kg) >40 >30~40 >20~30 >10~20 >6~10 <6
chemical, and 5.0-55
biological pH 6.0~7.9 5.5~6.0,7.9~8.5 8. 5N9' 0’ 4.5~5.0 <4.5,9.0~9.5 >9.5
properties o
. S.Oﬂ . No salinization  Slight salinization M.oglera.te Seyerg
salinization salinization salinization
Soil microbial >300 100-200 <100
biomass carbon
Total nitrogen/ >2 >15~2 >1~15 50751 0.5~0.75 <05
(8/kg)
) Available
N‘itrtle“t phosphorus/ >40 >20~40 >10~20 >5~10 3~5 <3
status (m g /kg)
Active potas- >200 >150~200 >100~150 >50~100 30~50 <30
sium/(mg/kg)
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Table 2. Cont.
Score
Dimensions Indicators
100 90 80 70 60 50 40 30 10
Irrigation Fully satisfied Basically satisfied Generally satisfied Dissatisfied
guarantee rate
Basically satisfied Generally satisfied Dissatisfied
Dra{ngge Fully satisfied (1-2 days of (2-3 days of (waterlogging
v . tat conditions accumulated water accumulated water more than
arming status in high flow year) in high flow year) 3 days in a year)
Field road
~ ~ <
accessibility /% >80 >60~80 >40~60 <40
Field
. SHAPE < 2 2 <SHAPE <4 4 <SHAPE <6 SHAP > 6
regularity
Environmental  Groundwater <5 >5-10 >10~15 >15~20 2025 25
condition depth/(m)
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2.3.4. Calculation of the Cultivated Land Quality Index (CLQI)

(1) Calculation of the topographic characteristic index, the soil property index, and the
farming status index of cultivated land.

The topographic characteristic index, the soil property index, and the farming status
index of cultivated land were calculated using the weighted summation method (WSM) of
their corresponding indicators and weights, respectively. The specific calculation equations
are as follows:

T=) (txu) ®)
i=1
P
S=1) (sjxv) (4)
j=1
q
F=Y (fuxwn) ®)
m=1

where T, S, and F are the topographic characteristic index, the soil property index, and
the farming status index of cultivated land, respectively; t;, u;, Sj, Uj, fm, and wy, are the
indicator and the corresponding weight of the topographic characteristic, the soil property,
and the farming status of cultivated land, respectively; and o, p, and g are the number of
indicators of the topographic characteristic, the soil property, and the farming status of the
cultivated land, respectively.

(2) Calculation of the environmental condition index of cultivated land.

The environmental condition included an indicator of groundwater depth, and the
“1 + X” model was constructed to calculate the environmental condition index. The base
value of groundwater depth was set to 1, and different values of X were set for different
groundwater depths (Table 3). Then, the summation of the base value and X was the value
of the environmental condition index. For example, if the groundwater depth of a cultivated
land plot was at level 3, then the score was —0.04; therefore, the environmental condition
index of this cultivated land plot was 1 + (—0.04) = 0.96 based on the “1 + X” model.

Table 3. Grading of groundwater depth for the construction of the “1 + X” model.

Indicator Classification Score Depth (m)
Level 1 0 <5
Level 2 —0.02 >5~10
Level 3 —0.04 >10~15
Groundwater depth Level 4 —0.06 1520
Level 5 —0.08 >20~25
Level 6 —0.10 >25

(3) Calculation of the cultivated land quality index (CLQI).

Based on the four indices, the composite index was obtained by combining the topo-
graphic characteristic index, the soil property index, and the farming status index using
the WSM, and the cultivated land quality index was obtained by modifying the composite
index using the environmental condition index (Figure 3). The specific calculation equation
is as follows:

CLQI = (T + BS +F) x E 6)

where CLQI is the cultivated land quality index; T, S, F, and E are the topographic
characteristic index, soil property index, farming status index, and environmental condition
index, respectively; and a, §, and -y are the weights of the topographic characteristic index,
soil property index, and farming status index, respectively, and their values are 0.198, 0.490
and 0.312, respectively, which were obtained by means of the analytic hierarchy process
(AHP). In short, a judgment matrix was constructed, and the parameter CI was calculated.
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The CR value of 0.052 passed the test (CR < 0.1). Therefore, the calculated weight values
were used as weights for the topographic characteristic index, soil property index, and
farming status index.

Topographic
characteristic indicators

WSM

characteristic index

Topographic

Soil property
indicators

WSM

WSM Correction

Soil property Composite index <

index

Ecological conditions

1+X
index "~

Ecological condition
indicator

Farming status
indicators

WSM

Farming status
index

A

Cultivated land quality index
(CLQD

Figure 3. Logic diagram of the calculation process of the cultivated land quality index.

2.4. Spatial Autocorrelation Analysis Model

The correlation between geospatial things is objective, and spatial autocorrelation
analysis is the primary method to reveal the degree of dependence of spatial geographical
objects or phenomena [61]. The spatial autocorrelation analysis model includes two models:
the global spatial autocorrelation analysis model and the local spatial autocorrelation anal-
ysis model. Therefore, the above two models were applied to reveal the spatial distribution
characteristics of CLQ in Quzhou County.

The global spatial autocorrelation model was applied to reveal the clustered, dispersed,
and random characteristics of the CLQI in Quzhou County at the county level, and the
global Moran’s I coefficient is the common statistical indicator. The global Moran’s I is
expressed as follows:

_ e N wii(x — %) (% - %)
(T Dy ) i (s — %)

where 7 is the number of cultivated land quality units; x; and x; are the CLQI of i and j,
respectively; X is the average CLQI of the whole county; and wj; is the spatial weight matrix
(i # ).

The local spatial autocorrelation model was used to explore the aggregation or dis-
persion characteristics of the CLQI in Quzhou County at a regional scale. The specific
calculation formula is as follows:

I

@)

. __ N n
I Mg (=) ®)
j=

where i # j, and % = %Z?:l(xi - f)z.

2.5. Establishment of the Obstacle Diagnosis Model

CLQ is composed of specific indicators of multiple elements, each of which has an
influence on the quality of cultivated land [28,51]. However, different indicators in the same
region and the same indicator in different regions have different constraints on the quality
of cultivated land. Thus, identifying obstacle factors that affect the quality of cultivated
land can play an important role in improving the quality of cultivated land by reducing
or even eliminating them [62]. According to the basic principles of the Cask Law and
relevant academic studies [24,42,63], the quality condition of cultivated land is limited by
low indicators of CLQ. Therefore, this study constructed an obstacle diagnosis model to
identify obstacle factors of CLQ. The obstacle degree of a CLQ indicator was calculated
from the actual indicator value and the optimal indicator value. Based on the regional
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reality, the highest value of the indicator classification was determined as the optimal
value of the CLQ indicator. That is, the calculation process of the obstacle diagnosis model
constructed in this study was based on the difference between the actual indicator value
and 1. The specific formula is as follows:

—(1- M) « 100% 9
Q= ~ 100 X o 9
where Q]- is the obstacle degree of cultivated land indicator j, and N]- is the actual indicator

value of cultivated land quality, ranging from 10 to 100 (Table 2).

3. Results and Analyses
3.1. Evaluation Results of Cultivated Land Quality
3.1.1. Spatial Characteristics of Cultivated Land Quality

Based on the evaluation method of CLQ), the range of the cultivated land quality index
(CLQI) was from 69.74 to 95.59, and the average CLQI was 87.61 in Quzhou County. Using
the Equal Interval method in the ArcGIS software platform, we divided the CLQI into five
levels from high to low. Grade 1 represented the best quality of cultivated land, and grade 5
represented as the worst quality of cultivated land. Figure 4 shows the spatial distribution
of the grades of CLQ, indicating that the distribution of different grades of CLQ has an
apparent spatial variation. The areas of high quality (grades 1 and 2), medium quality
(grade 3), and low quality (grades 4 and 5) were 196.71, 182.64, and 164.25 km?, respectively,
accounting for 36.19%, 33.60%, and 30.21% of the cultivated land area, respectively. The
high-quality cultivated land was mainly concentrated in the north and south of Quzhou
County, and the low-quality cultivated land was mainly distributed in the southeast of
Quzhou County. The average grade of CLQ in Quzhou County was 2.97, which was
considered at a medium level.

I Grade 1

I Grade 2

Grade 3

Grade 4 0 5 10 km
I Grade 5

Figure 4. The evaluation results of cultivated land quality in Quzhou County.
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3.1.2. Comparison with Existing Evaluation Results

The “Regulation for Gradation on Agricultural Land Quality” (GB/T 28407-2012) was
issued by the Ministry of Natural Resources, and the utilization grade of cultivated land
has been widely used in cultivated land use and management [19,38,58]. The utilization
quality of cultivated land was classified into 1~15 grades. In 2016, the range of utilization
quality grade of cultivated land was 3~10, and the average utilization grade was 6.68 in
Quzhou County. A heat map was created to directly compare the area distribution between
the different grades of the two results, and it can be observed that the area distribution of
the different grades is relatively consistent between the two evaluation results (Figure 5).

Percent (%)
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84|

3 4 5 6 7 8 9 10
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Figure 5. Heat map of different quality grades of cultivated land between the evaluation results of
this research and the national evaluation results of utilization quality.

A comparison of the indices of the two evaluation results was performed to attain a
more accurate comparison of the two evaluation results. In this study, the indices were
standardized using the Z-score method as the two indices were not directly comparable.
The differences were classified as big, medium, and small using the Equal Interval method,
and the areas of cultivated land with large, medium, and small differences decreased in
order. As shown in Figure 6, the area of cultivated land with a small difference is the largest,
accounting for 67.51% of the total area of cultivated land. Only 5.91% of the cultivated land
area has a large difference, and its spatial distribution is dispersed.

3.2. Spatial Correlation Analysis of Cultivated Land Quality

Using ArcGIS and the GeoDa software, the spatial autocorrelation analysis of CLQI
was carried out using the K-Nearest method, and the results are shown in Figures 7 and 8.
Moran’s I of global spatial autocorrelation is 0.8782, while the p-value and the z-score
are 0.0010 and 230.4920, respectively. Moran’s I passes the significance test, indicating
that the CLQI of Quzhou County has strong positive spatial autocorrelation and strong
spatial agglomeration. Most of the points are distributed in the first and third quadrants,
respectively, indicating that high cultivated land areas are surrounded by high cultivated
land areas and low cultivated land areas are surrounded by low cultivated land areas.
Meanwhile, a small number of points are distributed in the second and fourth quadrants,
indicating that low cultivated land areas are surrounded by high cultivated land areas
and high cultivated land areas are surrounded by low cultivated land areas, respectively
(Figure 7).
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Figure 6. Difference between the index results of this research and the national utilization evaluation
index of cultivated land in Quzhou County.

Moran' s I: 0.878

lagged CLQI

Figure 7. Scatter plot of Moran’s I of global spatial autocorrelation of the CLQI in Quzhou County.
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Figure 8. Local spatial autocorrelation map of the cultivated land quality index in Quzhou County.

The results of the local spatial autocorrelation show that the index of CLQ has a
significant spatial agglomeration. The high-high agglomeration areas of cultivated land are
mainly distributed in the south and the middle north regions of Quzhou County, accounting
for 15.34% of the total cultivated land area. The low—-low agglomeration areas of cultivated
land are mainly located in the southeastern part of the county, with an area proportion
of 17.66%. However, the areas of low-high agglomeration and high-low agglomeration
are relatively small and are significantly smaller than the areas of high—high and low-low
agglomeration (Figure 8).

3.3. Diagnosis of Obstacle Factors of Cultivated Land Quality

Based on the obstacle diagnosis model, Figure 9 shows the average and maximum
obstacle degree of the indicators of CLQ with an average Q; > 1%. As shown in Figure 9,
the average values of the obstacle degree of soil bulk density, soil organic matter, irrigation
guarantee rate, and soil profile constitution are more than 20%. The maximum values of
the obstacle degree of field slope, groundwater depth, soil bulk density, irrigation guar-
antee rate, soil profile constitution, field road accessibility, soil salinization, and drainage
conditions are above 60%, indicating that these indicators pose some limitations for certain
cultivated land plots in Quzhou County. However, from a purely average perspective,
some plots of a certain indicator may have higher obstacle degrees, but their average
obstacle degree may be lower, such as field slope; correspondingly, most of the plots of a
certain indicator may have a similar obstacle degree, and the average obstacle degree of
this indicator may be higher, such as soil bulk density.
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Figure 9. Average and maximum values of obstacle degree of cultivated land quality indicators in
Quzhou County.

To better identify the degree of obstacle factors of the quality of cultivated land, factors
with an obstacle degree greater than 30% and its constrained area greater than 1 km?
were analyzed (Table 4). The area of cultivated land restricted by soil profile constitution,
irrigation guarantee rate, groundwater depth, and soil microbial biomass carbon is above
40 km?, and its area proportion is greater than 8%. Therefore, the above four indicators are
considered as the main obstacle factors of CLQ in Quzhou County. Of these, cultivated
land restricted by soil profile constitution is mainly distributed in the north-central and
southeastern parts of the county; cultivated land limited by groundwater and soil microbial
biomass carbon is mainly distributed in the southeastern part; and cultivated land restricted
by irrigation is scattered throughout the county. The area of cultivated land constrained
by other indicators is relatively small and its spatial distribution is characterized by either
concentration or dispersion.

Table 4. The area, proportion, and distribution of the obstacle factors of cultivated land quality in

Quzhou County.
Indicators Area (km?) Proportion (%) Distribution Region of County
Soil profile constitution 14791 27.21 North-central, and southeastern
Irrigation guarantee rate 81.19 14.94 Sporadic distribution
Groundwater depth 44.24 8.14 Southeastern
Soil microbial biomass carbon 43.72 8.04 Southeastern
Field road accessibility 8.08 1.49 South-central
Total nitrogen 6.14 1.13 Southeastern
Soil organic matter 448 0.82 Sporadic distribution
Field slope 111 0.20 Sporadic distribution
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4. Discussion
4.1. Evaluation System of Cultivated Land Quality

This study established a theoretical framework and methodological system for the
evaluation of CLQ, and evaluated the CLQ in Quzhou County, an intensive agricultural
region in the NCP. This study built a theoretical framework for evaluating CLQ from
the logical evolution of elements, processes, functions, and quality of cultivated land,
focusing on the essential characteristics of the production function of cultivated land. This
framework, together with the evaluation framework of CLQ constructed by Li et al. [52]
and Song et al. [20], has a certain role in enriching the theory of CLQ evaluation from
different sides. For example, Song et al. [20] constructed the theoretical framework of CLQ
evaluation from the perspective of farmland ecosystems, and conducted the CLQ evaluation
from different dimensions such as background quality, efficiency quality, sustainability
quality, environment quality, and landscape quality, using Wen County, Henan Province,
China, as a case study. This study highlights the construction of a theoretical framework
for the evaluation of CLQ based on a systematic cognition of CLQ, which is different from
other frameworks.

Based on the constructed theoretical framework of CLQ evaluation and the actual
use of regional cultivated land in the NCP, 21 indicators in the five dimensions of climate
condition, topographic characteristic, soil property, farming status, and environmental
condition were selected to build an index system for evaluating CLQ. In the process of
evaluating the quality of cultivated land, different studies have chosen different evalua-
tion indicators from different aspects depending on their research objectives [64—-67]. For
example, Shi et al. [43] constructed an index system based on the analytical framework
of resource-asset-capital attributes of CLQ, and indicators of topography, soil, ecology,
location, agricultural inputs, and technology level were selected to evaluate different
dimensions of CLQ. Nabiollahi et al. [68] carried out a soil quality assessment using indica-
tors such as pH, electrical conductivity, organic carbon, cation exchange capacity, carbonate
calcium equivalent, exchangeable sodium percentage, sodium adsorption ratio, mean
weight diameter, and bulk density. Existing studies typically focus on selecting physical
and chemical indicators of soil to evaluate CLQ, but there is a growing emphasis on the
selection of chemical indicators for CLQ [36,69-71]. Soil biological indicators also play an
important role in the evaluation of cultivated land quality, for example, Fierer et al. [72]
point out that soil microbes should be better integrated into soil health evaluation. Mean-
while, this study also selected indicators from various aspects of cultivated land, such as
climate, topography, and infrastructure, which is different from other studies. Therefore,
physical, chemical, and biological indicators of soil, and climate, topography, infrastructure,
and environmental condition of cultivated land were selected to carry out the evaluation of
CLQ in this study.

In this study, a methodological system based on the WSM and the “1 + X” model
was constructed to evaluate the quality of cultivated land, in order to better reflect the
characteristics of the cultivated land quality indicator. This is different from other studies
that have evaluated the quality of cultivated land simply using the WSM or soil quality
index method [36,69]. In this study, we mainly consider the characteristics of the role of
environmental indicators on the CLQ, and construct a “1 + X” model to show its limiting
effect on the CLQ. In addition, taking into account the stability characteristics of climate
condition, the evaluation of CLQ in Quzhou County was carried out in four aspects
other than climate condition. However, climate condition can be used as indicators for
the evaluation of CLQ at the meso- and macro-scales such as municipal, provincial, and
national, which could provide theoretical support for CLQ evaluation at different scales.

Different methods or dimensions were compared to verify the accuracy of the CLQ
evaluation results. This study directly compared the utilization quality of cultivated land
based on the “Regulation for Gradation on Agricultural Land Quality” (GB/T 28407-2012)
with the results of this research, and the comparison showed that the evaluation results
could well reflect the quality of cultivated land in Quzhou County (see Figures 5 and 6).
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The results of this study were similar to those of Shi et al. [43] on the resource evaluation of
CLQ in Quzhou County, which showed that the areas of high-, medium-, and low-quality
cultivated land decreased in order and the differences were small. However, it is worth
noting that there are also small differences between the results of this study and those of
other studies. The main reason for the difference is that the evaluation methodological
system of CLQ is different; it is also possible that the indicators for evaluating the CLQ
such as total nitrogen, available phosphorus, and active potassium have improved with
the rational use of cultivated land. However, the difference between the evaluation time
of this study and the evaluation time of the utilization grade based on the “Regulation
for Gradation on Agricultural Land Quality” (GB/T 28407-2012) is small. Therefore, the
probability of differences in the results of CLQ evaluation due to time differences is low.
Overall, it can be observed that the evaluation results of this study have a high similarity
with the existing evaluation results, proving that the evaluation system can accurately
evaluate the CLQ in Quzhou County.

4.2. Identification of Obstacle Factors of Cultivated Land Quality

Identifying the obstacle factors of CLQ is the basis for formulating CLQ strategies and
policies. Both the mathematical modeling approach and the practical empirical approach
have been used in various studies to identify obstacle factors of CLQ [62,73]. For example,
Yuan et al. [42] constructed a natural grade improvement potential index model to iden-
tify the obstacles of CLQ, and they pointed out that soil structure, salinization, organic
matter, and irrigation were the main obstacle factors in the sandy area along the Great
Wall in north Shaanxi. Schiefer et al. [73] used the Muencheberg Soil Quality Rating to
determine the limitations of soils for cropping and grazing. Based on the basic concept of
the Cask Law and related academic research, this study constructed an obstacle diagnosis
model to explore the obstacle factors of CLQ in Quzhou County, which is different from
previous research [74].

The identification of obstacle factors of cultivated land in Quzhou County was mainly
based on the gap between the actual value and the optimal value of the indicators. In
this study, the maximum value of each indicator was chosen as the optimal value, while
the optimal value can also be set according to the specific situation. The advantage of the
obstacle diagnosis model constructed in this study is that it could visually manifest the
possible improvement degree of different obstacle factors. Meanwhile, determining the
specific Q; value according to the basic situation of different regions can more accurately
discern the obstacle factors, and this study identified the obstacle factors in Quzhou County
based on setting Q; > 30%. A possible drawback of the model is that it does not take
into account the relative importance of the indicators, thus implying that each indicator is
equally important.

The results of this study showed that soil profile constitution, irrigation guarantee
rate, groundwater depth, and soil microbial biomass carbon were the main obstacle factors
of CLQ in Quzhou County. However, other indicators of the CLQ also have limitations
on certain plots of cultivated land (see Figure 9). The impact of the indicators on the CLQ
varies depending on the extent to which they are influenced by the natural environment
and human interference [59]. Indicators such as road access and drainage condition
are susceptible to human interference and can change over short periods of time, and
are referred to as dynamic indicators. Indicators such as soil configuration are mainly
influenced by the natural environment and are less susceptible to human influence, and
are referred to as stable indicators. The orderly consolidation of dynamic indicators and
the rational use of stable indicators are of great importance in improving the quality of
cultivated land. This study identified the obstacle factors of the CLQ in Quzhou County (see
Table 4). Thus, a rational identification of stable or dynamic characteristic of the obstacle
factors of CLQ is the basis for formulating targeted improvement strategies.
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4.3. Improvement Strategies of Cultivated Land Quality

Cultivated land protection has always been the focus of the Chinese government, and
it has become the country with the strictest cultivated land protection in the world [14,15].
Protection of CLQ is at the core of the trinity protection of cultivated land, and improving
the quality of cultivated land plays a crucial role in ensuring national food security [10,35].
Therefore, based on the characteristics of the obstacle factors of CLQ in Quzhou County,
targeted measures are proposed for the construction and protection of CLQ, which could
have a positive effect on the improvement of CLQ. It should be noted, however, that the
protection of CLQ should not only focus on the consolidation and construction of single
obstacle factors but should also take into account the improvement of the overall quality of
cultivated land.

(1) Strengthening the rectification of cultivated land and paying attention to infrastruc-
ture construction.

Land comprehensive consolidation is an important means for the construction and
improvement of the quality of cultivated land [75,76]. The research results of this study
showed that various dynamic indicators, such as irrigation guarantee rate, field road
accessibility, and field slope, were the obstacle factors of CLQ in Quzhou County, which can
be improved through land comprehensive consolidation. Infrastructure such as irrigation
facilities and field roads could be improved or rebuilt through land leveling projects,
farmland water conservation projects, and field road projects [77,78]. This is mainly because
these indicators are affected by human actions and can be improved or reconstructed
according to the land consolidation project under consideration. Therefore, targeted land
comprehensive consolidation can effectively improve the quality of cultivated land in
Quzhou County. However, for some indicators that are strongly influenced by the natural
environment, the economy and benefits need to be considered in order to achieve an
integrated improvement of CLQ. Some stable indicators, such as soil profile constitution
and topsoil texture, are more difficult to change or transform; thus, it is necessary to
comprehensively consider at what scale these indicators should be rebuilt based on the
actual regional situation.

(2) Transforming the concept of agricultural fertilization and promoting the combina-
tion of cultivated land utilization and conservation.

A scientific and reasonable application of fertilizers can effectively regulate soil physi-
cal, chemical, and biological indicators, such as soil organic matter and total nitrogen. Some
studies have shown that organic fertilizers have the functions of increasing and renewing
soil organic matter, promoting the reproduction of microorganisms, and improving soil
physical and chemical properties, as well as biological activities [79,80]. Therefore, based on
the basic characteristics of the obstacle factors of CLQ in Quzhou County, the application of
organic fertilizers can regulate soil organic matter, soil nutrients, etc. In addition, measures
such as straw returning and planting green manure crops can also regulate soil organic
matter, which could achieve the combination of cultivated land use and management. Thus,
in the process of improving the quality of cultivated land and agricultural production, it is
necessary to update farmers’ understanding of fertilization, accelerate the transformation
of fertilization methods, promote more widespread application of organic fertilization, and
strengthen the combination of cultivated land utilization and conservation.

(3) Enhancing scientific cultivated land recuperation and sustainable optimization of
agricultural cultivation structure.

Groundwater depletion has become one of the crucial factors threatening the use of
cultivated land resources in the NCP [45], and groundwater depth was identified as an
obstacle factor of CLQ in Quzhou County. Groundwater changes are influenced by both
the natural environment and human activities, and its regulation is a complex engineering
system. Groundwater levels in the NCP have declined significantly due to the large amount
of groundwater extracted for agricultural irrigation. Cultivated land recuperation has been
widely promoted as an effective means of reducing the intensity of cultivated land use and
restoring the fertility of cultivated land [81]. Meanwhile, reducing groundwater extraction
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by optimizing the planting structure has also been the main way to recharge groundwater.
In addition, improving the efficiency of water resource utilization can reduce the rate of
groundwater extraction. Overall, these measures can directly or indirectly improve the
groundwater level and reduce the limitation imposed by groundwater on the CLQ in
Quzhou County.

4.4. Limitations and Prospects of the Research

The purpose of this study was to evaluate CLQ and identify its obstacle factors, using
Quzhou County, an intensive agricultural region in NCP, as a case study. However, there
are still limitations to this study. Improvements can be made in future research. On the one
hand, soil biological indicators also have an important impact on the quality of cultivated
land, and a biological indicator of soil microbial biomass carbon was selected in this study.
However, multiple soil biological indicators could be selected for future studies in order
to more accurately evaluate the quality of cultivated land. On the other hand, this study
identified the obstacle factors of CLQ, but did not reveal the driving factors and driving
mechanisms of CLQ. Therefore, identifying the driving factors and revealing the driving
mechanisms of CLQ will be a major focus for future research.

5. Conclusions

Conducting an evaluation of CLQ is the foundation for consolidating and improving
CLQ. In this study, a new theoretical framework and methodological system of CLQ
evaluation was constructed for the evaluation of CLQ. Quzhou County, a typical county
in the intensive agricultural region of the NCP, was selected as the study area to evaluate
the CLQ. The findings of this study showed that the overall quality of cultivated land in
Quzhou County was at a medium level, and the quality of cultivated land had significant
positive agglomeration. The results of the CLQ evaluation of this study were similar to
those of previous studies. Meanwhile, the obstacle diagnosis model constructed based on
the Cask Law and relevant academic studies was used to identify obstacle factors of CLQ.
This study found that the main obstacle factors of CLQ in Quzhou County were soil profile
constitution, irrigation guarantee rate, groundwater depth, and soil microbial biomass
carbon, and their spatial distribution was different. Based on the stable and dynamic
characteristics of the obstacle factors, we propose three strategies for consolidating and
improving CLQ. Overall, this study carried out the evaluation of CLQ and the identification
of its obstacle factors from a new perspective, providing a basic reference for future research
on CLQ. The proposed strategies for improving CLQ, based on the findings of this study,
can provide basic theoretical support for policymakers to implement CLQ construction in
the NCP.
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