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Abstract: The development of reserve resources of cultivated land (RRCL) is a vital way of supple-
menting cultivated land in the northern arid and semi-arid regions of China. This study developed
a suitability evaluation system for reserve resources of cultivated land from the nature—function—
environment perspective. The evaluation considered the construction of water conservancy projects,
establishing two scenarios of rain-fed and irrigated agriculture. The evaluation results for unused
land were divided into four levels, including highly suitable, relatively suitable, moderately suitable
and unsuitable, using the three-dimensional Rubik’s cube spatial classification method. The results
show that: (1) Under the rain-fed agriculture scenario, the developable quantity and quality of unused
land were poor. The potential area of reserve resources of cultivated land only accounted for 5% of
the total area. (2) Under the irrigated agriculture scenario, the potential area of reserve resources
of cultivated land increased to 21% of the total unused land. The areas were mainly distributed in
Xinjiang, Inner Mongolia, and Gansu. The research considered the impact of water conservancy
projects on the development and utilization of reserve resources of cultivated land. It can provide
references for the development of arable land resources and territorial spatial planning in China.

Keywords: water conservancy projects in China; reserve resources of cultivated land; rain-fed and
irrigated agriculture; development strategies

1. Introduction

As an essential natural resource, cultivated land is not only responsible for agricultural
production and the foundation for guaranteeing food security, but also related to promoting
the stability and sustainable development of the nation [1]. Especially as the most populous
country in the world, China has made “ensure the stable and adequate supply of cultivated
land for food production” the primary goal to realize economic and social development
as well as long-term stability [2,3]. China’s Central Document No. 1 has emphasized the
importance of ensuring cultivated land for 20 consecutive years, starting from 2004 [4].
However, the existing cultivated land has faced the dilemma of a mismatch between supply
and demand in recent years [5]. The area of cultivated land required for food consumption
increased from 124 million hectares in 1981 to 137 million hectares in 2016, with a growth
rate of 1.5% per annum [6,7]. Under the background of upgrading the dietary consumption
of its citizens, China will need more cultivated land to meet the growing demand in the
future. However, the quantity and quality of the existing cultivated land are developing
in an unfavorable direction in China. The amount of cultivated land has been decreasing
in the past decade, from 2.03 x 10° km? in 2013 to 1.91 x 10° km? in 2022, with a total
reduction of 6.3% [8]. The quality of cultivated land has been uneven, particularly in the
northern arid and semi-arid region of China [9,10]. According to the main data results
of “the national cultivated land quality evaluation” in 2015, released by the Ministry of
Natural Resources of China, the area in medium- and low-yield cultivated land accounted
for 60.08% of the total area [11], indicating that the current supply situation for cultivated
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land is not optimistic in China. Therefore, it is an urgent issue to explore how to guarantee
the effective supply of cultivated land in China in the future.

Faced with increasing food demand, it is necessary that China increase the yield of
cultivated land to alleviate the tight balance between food supply and demand [12]. There
are two ways to increase grain yield of cultivated land, including increasing the yield per
unit area of cultivated land [13] and expanding the area of cultivated land [14,15]. The use
of chemical substances, such as fertilizers and pesticides, in agriculture has long been an
effective measure to increase production [16]. However, unreasonable use of agrochemicals
may lead to environmental problems in the regional ecosystem, such as eutrophication of
water bodies and emissions of greenhouse gases [17,18]. The latest document “Action Plan
for the Reduction of Chemical Fertilizers and Chemical Pesticides by 2025” has proposed
further reductions in the application of chemical fertilizers and pesticides in order to avoid
continued environmental pollution. The growth rates in yields of important grains have
slowed in recent years. The annual growth rate in grain yield was about 1.7% from 2000 to
2010 in China, while it decreased to 1.4% from 2010 to 2021. It will be more difficult to
improve production intensity per unit area of cultivated land against the background of
increasing restrictions on agricultural production factors [19,20]. Therefore, expanding the
area of cultivated land has become the effective measure to guarantee food security at this
stage. Further, the development and utilization of reserve resources for cultivated land
(RRCL) is an important strategy to expand the area of cultivated land [21,22].

At present, many studies have been conducted to evaluate the suitability of poten-
tial RRCL to be developed and utilized at home and abroad, usually involving multiple
complex and interrelated factors. Aini, Lis et al. evaluated the suitability of land use
in Chanklingan Street in Yogyakarta, from the aspects of natural conditions such as to-
pography, soil, and temperature [23]. Sati Prasad Sahoo et al. carried out a suitability
evaluation and zoning of land use in Dwarakeswar-Gandheswari river basin, India, taking
geological, hydrological, and meteorological parameters into consideration [24]. Murad, ]
Sumarsono et al. constructed an evaluation system for the land on Lombok Island, from
the perspective of land slope, soil depth, temperature and rainfall [25]. It has provided a
reference for the selection of indicators for evaluation of the suitability of RRCL. Bedawi,
Goma et al. evaluated the suitability of agricultural land based on GIS geographic data,
taking Senawang, Mambau, Sandakan and Rakan in Malaysia as examples. They mainly
considered ecological factors to analyze the potential risk of environmental degradation
that may be caused by RRCL development [26]. In summary, most of the current evaluation
studies on the suitability of RRCL development and utilization only focused on unilateral
factors, while the evaluation of the development of RRCL is a complex and comprehensive
problem involving natural, social, ecological, and other perspectives. However, the existing
research studies have rarely considered various conditions to establish the evaluation
system for RRCL.

Recently, the proportion of reserve resources for cultivated land in the northern region
accounted for more than 70% of the total area in China, according to the results of the
second national survey and evaluation of reserve resources for cultivated land. In particular,
the arid and semi-arid areas, with few people and substantial land reserves, have become
an important area of RRCL in the national food development program [27]. Therefore, the
efficient utilization of RRCL in the northern region has become a key issue that needs to be
given attention in China [28]. However, the northern region is the region with the poorest
water resources endowment, representing the most prominent contradiction between
supply of and demand for water resources in China [29]. The total amount of precipitation
and water resources , in the northern region only accounted for 32% and 25% of the totals
for the country, respectively, in 2021. Water resources are the most important factor limiting
the production capacity of cultivated land, especially in the arid and semi-arid regions [28].
Therefore, ensuring the water supply has become the key point affecting the conditions for
the development and utilization of RRCL in this region.



Land 2023, 12,1811

3 0f20

In order to alleviate the current mismatch between water and soil resources, the
implementation of water conservancy projects and investments in irrigation in the northern
region have been gradually increased. Irrigation conditions have changed, impacting
the cultivated land [30,31]. Irrigation conditions can have a direct and positive impact
on crop productivity, effectively mitigating the decrease in production caused by high
temperature and drought [32,33]. This effect is more obvious in the arid and semi-arid
regions. Agriculture is almost completely dependent on the irrigation conditions in these
regions [13]. In the arid and semi-arid areas of northern China, irrigated agriculture
possesses the advantages of lower interannual fluctuation and higher production stability,
compared with rain-fed agriculture [34]. Therefore, improved conditions for irrigation
are beneficial to the improvement of agricultural production in northern China. However,
although the existing research studies have proved the important and positive impact of
irrigation conditions, current evaluations of RRCL development have not considered the
limitations posed by water shortages [22,31,35,36]; consequently the key factor of irrigation
conditions is often ignored in the evaluation system.

This study considered the irrigation conditions including the built, under-construction
and planned water conservancy projects of large and medium size in the north region
of China and constructed an evaluation index system to evaluate the RRCL from the
perspective of nature—function—environment quality. This study constructed two scenarios,
namely rain-fed and irrigated agriculture, which were evaluated, respectively. The unused
land in the northern region of China was used as an example to explore the application of
the evaluation of RRCL. Using the three-dimensional Rubik’s cube spatial classification
method, we obtained potential zoning results that could eventually determine a reasonable
and effective zoning scheme for RRCL development. This study provides a scientific and
rational reference for research on the evaluation of RRCL.

2. Materials and Methods
2.1. Study Area

According to the evaluation method for RRCL in the Third National Land Survey
and the annual Land Change Survey in 2020, four types of land, including grassland,
saline-alkali land, sandy land, and bare land, were selected as the evaluation objects in this
study. According to the evaluation results of the second national survey and evaluation
of reserve resources for cultivated land, 70% of the RRCL are mainly distributed in the
northern region, especially in the arid and semi-arid areas [27]. Considering the small
area and fragmented distribution of RRCL in mountainous areas, this study selected the
arid and semi-arid regions of northern China, excluding the mountainous region, as the
study area, including Shaanxi Province, Gansu Province, Ningxia Hui Autonomous Region,
Shanxi Province. Xinjiang Uygur Autonomous Region and Inner Mongolia Autonomous
Region (Figure 1). The study area covers a land area of about 3.73 x 10° km?, accounting
for about 39% of the country, the cultivated land area accounting for about 16% of the
total cultivated land in the country, and the grain output accounting for about 15% of the
country’s total. The total water resources in the study area only accounted for 10.5% of the
total water resources in the country, and the annual precipitation of 459.2 mm only reached
66.4% of the national average of 691.6 mm in 2021. Limitations or lack of water made it
difficult to realize a high level of agricultural production capacity on existing cultivated
land in the study area; consequently, it needs irrigation support.

2.2. Comprehensive Evaluation System for Potential RRCL
2.2.1. Construction of a Theoretical Framework for Evaluations

Evaluating the development potential of RRCL is a complex and comprehensive
process that should be based on multiple perspectives, such as nature, function and en-
vironment, to establish a theoretical framework for scientific evaluations of development
potential [37]. The multifactor comprehensive evaluation method (MCE) used in this
study is the most commonly used suitability evaluation method [31] combining qualita-
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tive and quantitative methods. It has the advantage of integrating multiple factors and
evaluation criteria to provide better spatial decision-making [38], which is conducive to
solving decision-making problems that depend on multiple factors, such as evaluating the
suitability of land use.
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Figure 1. Location of the study area.

The rational development of RRCL first needs to meet ecological constraints. The study
area is rich in land resources, including various types of unused land. However, many
places in the northern region have been natural concentrated distribution areas for a variety
of rare and endangered species since ancient times, with many wild plants and animals [39]
that should be under special protection and management in China’s regulations for nature
reserves. Therefore, in the evaluation of RRCL, it is necessary to exclude these nature
reserves, such as the Kanas Comprehensive Natural Landscape Reserve in Xinjiang, the
Saihan Wula National Nature Reserve in Inner Mongolia, and other key nature reserves. At
the same time, there are also many areas facing practical problems such as fragile ecological
environments and poor protection [40], delineated as ecological red zones in the “Opinions
of the State Council on Strengthening the Key Work of Environmental Protection”, and thus
need to be excluded from the development of RRCL. Additionally, areas with functions
for water conservation, soil and water conservation, windbreaks, and sand fixation, as
well as the maintenance of biodiversity in the study area [41], which are delineated as
key ecologic function areas in the “National Main Functional Area Plan”, also need to
be excluded, so as to ensure that the development of RRCL will not adversely affect the
ecological environment.

In evaluating the suitability of lands for RRCL development, it is necessary to consider
whether three types of quality of potential RRCL, including natural quality, functional
quality, and environmental quality, are suitable for development. Evaluations of suitability
based on natural quality are the basic premise for selecting RRCL [42] and include the anal-
ysis of light, temperature, water, soil, and other elements that can reflect the geographical
spatial distribution of unused land. In general, existing research mainly considered the
geographical environment, soil properties, climate conditions and other factors [1,31,35],
and determined a number of evaluation indexes such as those for topography, soil, water
and heat conditions [19,28,30,43]. With the development and progress of society, evalua-
tions of the development potential of RRCL can no longer include only the traditional focus
on natural conditions, but also need to take into account factors such as socio-economic
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development, since these factors also have a positive impact on improving cultivated land
production [44].

On the one hand, suitability evaluations of the functional quality of RRCL consider
the functions that the RRCL need. Existing research on the evaluation of functional quality
of land and cultivated land have considered the needs for convenience of cultivation and
traffic accessibility of agriculture [45]. The closer the RRCL are to roads, towns, and water
bodies, the greater their potential for development [46], which will be beneficial in terms
of increasing the convenience of cultivation for cultivated lands in the future. Therefore,
the distance between the land and surrounding roads, villages, etc. was selected as an
evaluation index [47,48].

On the other hand, suitability evaluations also examine environmental quality. Efforts
to develop and utilize RRCL need to consider their impact on the stability of the ecological
environment of the region, to avoid the ecological risks and desertification arising from the
conversion of land use types and ensure the stable potential of RRCL for future develop-
ment. Factors such as ecological risk and desertification degree were selected as evaluation
indexes with reference to existing research on the evaluation of the health of cultivated
land [49,50]. The evaluation indexes and their specific meanings for RRCL in the study
area are shown in Table 1.

Table 1. The meanings and calculations of the evaluation system indexes for RRCL.

Dimensions Condition Layers Specific Meanings and Calculation Methods

The surface relief, slope, altitude, and slope
geographical environment direction indexes were weighted
separately to measure

Soil thickness, soil texture, soil sand content, and
soil properties soil pH were weighted separately to
Nature measure the composite

The distinction between rain-fed and irrigated
agriculture scenarios was defined by >10 °C
cumulative temperature, sunshine hours, and
precipitation conditions, or irrigation conditions
were assigned separate weights
for the combined measure

climate condition

Straight line distance between the plot

farming convenience
) and the road

Function

traffic accessibility Linear distance between the land and the village

ERI=Y1, Aiqw", ERI is the structural
ecological risk index; A; is the area of the ith
Structural risk index type of land use, in km?; A is the total area, in
Environment km?; W; is the weight of the ecological risk index
of the ith type of land use

DI =1—VCI, VClI is the vegetation cover, DI
is the desertification index

desertification index

It is the supply of water resources that is the most important constraint for the develop-
ment and utilization of RRCL, especially in the arid and semi-arid regions [51]. Therefore,
the local water resource constraints should be considered in the evaluation of RRCL in the
study area, and it is necessary to consider the increase in water conservancy projects that
result in the mitigation of water supply problems and have a positive effect on rain-fed
agriculture [27]. Based on this situation, two scenarios were designed in the evaluation.
One was the rain-fed agriculture scenario, in which agricultural production of RRCL de-
pends entirely on natural precipitation; the other was the irrigation agriculture scenario,
in which the artificial irrigation water provided by the water conservancy project is used
as the main water source for agricultural production. The impact of water conservancy
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projects, such as reservoirs and water diversion projects that have been built, are under
construction, or planned, on the development potential of RRCL was expressed by adding
the index of irrigation water conditions into the climate condition [31]. In summary, the
theoretical framework proposed in this paper for evaluations of RRCL development poten-
tial is shown in Figure 2. The comprehensive evaluation index system for RRCL quality
with classification and corresponding weights of indexes is shown in Appendix A.

: 1.Ecological constraints

2.Evaluation system
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Figure 2. Theoretical framework for comprehensive evaluation of RRCL development potential.

2.2.2. Computation of RRCL Evaluation Indexes
(1) Standardization process for the evaluation indexes

It was necessary to develop a standardization process for each evaluation index in
order to compare and weight the indexes with different units and scales. The extremum
method was applied to standardize the original data of the evaluation indexes [36]. The
computational formula is in Equation (1):

Aji —min(A;
Al = J (4)) ) (i=12,...m;j=12,...n), 1)

Y max(A]-) fmin(A]-

where: A/

j represents the value of the index Aij after standardization; maX(A j) indicates
the maximum value of the j-th index, and min(A;) represents the minimum value of the

j-th index.
(2) Determination of weights for the indicators

In terms of evaluation indicators and their weights, prior knowledge of the literature
and expert experience are important for the selection of indicators and determination of
their weights [37]. The Delphi method and analytic hierarchy process commonly used in
previous studies are typical applications of traditional expert systems. However, these
methods are often criticized for being more subjective. Therefore, based on expert con-
sultations, the weight of each index was calculated by the entropy weight method in this
study. On the one hand, this method can reduce the interference of subjective factors. On
the other hand, it can reflect the weight of each evaluation index realistically, avoiding
inconsistencies between the weight and the actual importance of the index. The main
calculation process for the comprehensive weight W; determined by the entropy weight
method is as follows.

_ 1 n / !
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1—E; 3)
Wi="_3yn F-
n— 7:1 E;
where: Ajjis the value of the j-th index of the i-th sample (i=1,2,...,m;j=1,2,..., n),
m is the number of samples, 1 is the number of indicators, A’ jis the standardized index
value, E; is the information entropy of the jth group of indexes, and w; is the weight of the
jth group of indexes.

(3) Comprehensive evaluation model

Based on the multi-factor evaluation classification results and weights [14], the weighted
index sum method was used to obtain the comprehensive evaluation results of each dimen-
sion for the evaluation of RRCL development suitability, and the comprehensive evaluation
score was calculated using the following equation:

Sj= Yy (Afwy), @

The higher the comprehensive quality score of the evaluation object, the better the
quality. In the formula, S; is the comprehensive quality score of evaluation unit j; Agj is the
standardized score of the ith evaluation index of the evaluation unit j; w; is the weight of
the jth evaluation index based on the entropy weight method; and # is the total number of
evaluation indexes.

2.3. Zoning of RRCL with Different Development Potential

The three-dimensional Rubik’s cube spatial classification method was used to divide
RRCL into different potential levels. According to the principle of the three-dimensional
Rubik’s cube spatial classification method, the three evaluation dimensions of natural,
functional, and environmental quality were set as the X-axis, Y-axis, and Z-axis of the
three-dimensional Rubik’s cube, respectively, to construct a three-dimensional Rubik’s cube
concept model of development potential zoning (Figure 3). Based on the comprehensive
evaluation results for each dimension, the three dimensions were divided into four levels,
from high to low, of 1, 2, 3, 4 using the natural breakpoint method, as the coordinate value
of the nodes. According to the distance between the node and the origin of the three-
dimensional space (0, 0, 0), the attribute value is assigned to 1~4. The larger the attribute
value is, the higher the score of the dimension index is. On this basis, a 4 x 4 x 4 three-
dimensional fourth-order cube was formed. According to the combination characteristics
of different attributes of the evaluation dimensions, the RRCL were divided into four levels:
highly suitable (Level IV), relatively suitable (Level III), moderately suitable (Level II) and
unsuitable (Level I) [52]. The plots with unsuitable or moderately suitable attributes of
three dimensions were not included in the potential area of RRCL. The zoning scheme for
the potential area of RRCL is shown in Table 2.

Z | Environmental Quality

; ¢
q,,@"' : i | v |
cop — | D
o @, 5 Ly 2 0 [ [

1

& Functional Quality 1

Natural Quality

Figure 3. The three-dimensional Rubik’s cube concept model of potential zoning of RRCL.
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Table 2. The zoning scheme for the potential area of RRCL.

Comprehensive Levels

Rubik’s Cube Property Combination

Level IV
Level III

Level I
Level I

(4,4,4) (4,4,3) (4,3,4) (4,3,3) (3,4,4) (3,4,3) (3,3,4) 3,3, 3)
4,4,2)(4,4,1)(4,3,2) (4,3,1) (4,2,4) (4,1,4) 4,2,3) (3,4,2) (3,4, 1)
(3,3,2)(3,2,4)(3,2,3)(3,2,3) (2,4,4) (2,4,3) (2,3,4) (2,3,3) (1,4,3) (1, 4, 4)
4,2,2)(4,2,1)(4,1,1)(4,1,2) (4,1,3) (3,1,4) (2,4,2) (1,3,1) (2, 1,4) (2,4, 1)
1,4,1)(1,1,4)(1,1,3) (1,3,4) (1,4,2) (1,2,4) (2,3,2) (2,2,4) (2,2,3)
2,2,1)2,1,2)(2,1,1)(1,2,2) (2,2,2)(1,2,1)(1,1,2) (1,1, 1)

2.4. Data Sources and Processing

@

@)

®G)

4)

The main sources of the evaluation index data used in this study were as follows:

Natural quality evaluation involves geographical environment data, soil data and
climate data. The geographical environment data were obtained from STRM-DEM
data (spatial resolution of 30 m) released by the United States” Space Shuttle Radar
Topographic Measurement Program, and four topographic and geomorphological
indicators including slope, undulation, altitude, and slope direction were obtained
by ArcGIS processing. The soil data were extracted from the 1:1 x 10* soil database
released by the Chinese Academy of Sciences (accessed on 30 September 2022), with
a spatial resolution in 1 km x 1 km, to extract four indicators of soil type, sediment
concentration, pH value and thickness of tillage layer. Additionally, the climate data
used the light and heat data from the National Meteorological Science Data Center
(http:/ /www.resdc.cn (accessed on 31 December 2021)) and interpolated the data of
720 national meteorological stations in the northern region by the inverse distance
weighting method to obtain two indicators of >10 °C cumulative temperature and
sunshine hours. The precipitation data were obtained from the China Meteorological
Background Data Set corrected by DEM in the Resource and Environmental Science
and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn (accessed
on 9 January 2023)), and the index of annual average precipitation was obtained by
the inverse distance weight method.

Functional quality evaluation involves the functions of farming and transportation.
The distance from the village as well as the distance from the road were used as the
evaluation indexes, respectively. ArcGIS10.7 was used to buffer the villages, roads,
and water conservancy projects to obtain the distance distribution map. The results of
national land use planning were the data source.

Environmental quality evaluation involves ecological risk indexes. The ecological risk
index used the structural risk index and the desertification index as the evaluation
indicators. The NDVI data involved were obtained from the MODIS data processed
by the Remote Sensing Unit of the Institute of Agricultural Resources and Agricultural
Division of the Chinese Academy of Agricultural Sciences.

The irrigation conditions mainly consider the distance from constructed reservoirs
and those that are under construction or planned, water diversion projects, irrigation
areas and other water conservancy projects. Additionally, a distance distribution
map was obtained by using ArcGIS10.7 to buffer the water conservancy projects.
The data sources for constructed water conservancy projects were mainly from the
National Water Census, China Hydropower Yearbook and National Reservoir Dataset
(CRD: China Reservoir Dataset), and the sources for water conservancy projects under
construction and planned were the 172 major national water conservancy projects
since 2014 and 150 major water conservancy projects during 2020-2022.

In order to facilitate unified analysis, all of the collected data were resampled into cells of

1 km x 1 km, numbered from north to south and from west to east by ArcGIS and Python.
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3. Results
3.1. Distribution of Unused Land and Water Conservancy Projects in the Study Area

In the study area, the total area of potential reserve resources for cultivated land,
including grassland, saline-alkali land, sandy land, and bare land, was 1.04 x 10° km?,
accounting for 28% of the total land use area in the study area. Therefore, there is still
large potential for the development of RRCL in the northern arid and semi-arid regions.
Among them, the area of sandy land was the largest, 5.25 x 10° km? (51%), followed by the
grassland area of 4.27 x 10° km? (41%), saline-alkali land area of 5.96 x 10* km? (6%), and
the remainder in bare land, of 2.55 x 10* km? (2%). The spatial distribution of potential
RRCL varied in the six provinces and cities in the study area (Figure 4), mainly in Xinjiang,
Inner Mongolia, and Gansu provinces, showing a dense distribution pattern in the west
and a sparse distribution pattern in the east.
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Figure 4. Area of unused land and distribution of reservoirs in the study area.

The arid and semi-arid areas in northern China have been long limited by the shortage
of water resources, making it difficult to achieve stable development of rain-fed agriculture.
So, China has planned and developed a number of water conservancy projects in order
to solve the problem of drought and water shortage in the study area. Many reservoirs
and water diversion projects have been built in the study area, including 3916 reservoirs,
of which 74 are large reservoirs with a water supply capacity of more than 100 million
m?3. Eighteen large reservoirs are planned for construction in the study area. In addition,
35 water diversion projects will be planned and constructed in the region, thus allowing
realization of a water diversion capacity of 16.26 billion m? if all of the planned water con-
servancy projects are placed into operation in the study area in the future. The distribution
of water conservancy projects in each province in the study area is shown in Figure 4.

3.2. Results of RRCL Quality Evaluations

The results of suitability evaluations of each dimension of RRCL in the northern region
are as follows.

3.2.1. Natural Quality Evaluation under Rain-Fed and Irrigated Scenarios

In this study, the natural quality of RRCL was measured on the basis of geographical
environment, soil properties and climate conditions. The parcels with the an evaluation
result of Level 4 were the most suitable unused land for RRCL development in terms
of natural quality, while the parcels with an evaluation result of Level 1 were the least
suitable for development in terms of natural quality. As can be seen from Table 3, the
spatial characteristics of the natural quality evaluation results were generally less suitable
for development as RRCL in the six northern provinces, with most unused land placed
in Level 1 by the evaluation results in terms of natural quality. Overall development
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suitability improved under the irrigation scenario, and the proportion of areas of Level
2—4 was obviously increased.

Table 3. Evaluation results for natural suitability of RRCL in northern China, km?.

Scenarios Level 4 Level 3 Level 2 Level 1

Properties Area Percentage Area Percentage Area Percentage Area Percentage
Rain-fed 2687 0% 7916 1% 27,342 3% 999,785 96%
Irrigation 46,110 4% 63,384 6% 18,821 2% 909,415 88%

Rain-fed Agriculture Scenario
70°E 80°E

Under the rain-fed agriculture scenario, the evaluation results for natural quality
showed that the area highly suitable for RRCL was only 0.3 x 10* km?, accounting for
less than 1% of the total area, spatially scattered mainly in Xinjiang and Inner Mongolia,
accounting for 64% and 32%, respectively, while the area in the other four provinces
was less, accounting for 4% in total. The relatively suitable area was 0.8 x 10% km?,
mainly distributed in Xinjiang, Inner Mongolia and Gansu, accounting for 56%, 34%
and 8% of the total relatively suitable area, respectively, while it was less distributed in
Ningxia, Shanxi, and Shaanxi. The moderately suitable area was mainly distributed in
Xinjiang, Inner Mongolia and Gansu provinces, accounting for about 46%, 43% and 6%,
respectively. The unsuitable area totaled 1.0 x 10® km?, or about 96% of the total area of
the study area, distributed in six provinces, of which Xinjiang accounted for the largest
proportion of 61% (Figure 5a).
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Figure 5. Distribution of evaluation results for natural quality.

Under the irrigation agriculture scenario, the highly suitable area reached 4.8 x 10* km?,
which was much higher compared with the rain-fed agriculture scenario, mainly in Xinjiang
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Functional Quality
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and Inner Mongolia, accounting for 4% of the total area. Compared with the rain-fed agri-
culture scenario, the relatively suitable area increased by 5.9 x 10* km? to 6.7 x 10* km?2,
mainly in Inner Mongolia, Xinjiang and Gansu, accounting for 39%, 37% and 14%, respectively.
The moderately suitable areas were mainly distributed in Xinjiang and Gansu provinces.
The unsuitable area totaled 9.47 x 10° km?, accounting for 88% of the total area, which was
obviously reduced compared with the unsuitable area under the rain-fed agriculture scenario,
with Xinjiang accounting for the largest proportion, reaching 62% (Figure 5b).

3.2.2. Functional and Environmental Quality Evaluations

In terms of the overall results of the functional quality evaluations, it can be seen
from Figure 6a that the functional quality of the areas in the study area across six northern
provinces were mainly unsuitable or moderately suitable. Among them, the unsuitable
areas were widely distributed, with an area of 8.46 x 10° km?2, which accounted for
more than 81% of the total area of the potential RRCL areas. The area of the moderately
suitable areas measured 1.90 x 10° km?, accounting for 18% of the total area, mainly
distributed in western and northern Xinjiang, southern Inner Mongolia, Gansu, and Shanxi.
The moderately suitable areas were widely distributed in Xinjiang and Inner Mongolia,
accounting for 32% and 25% of the total in moderately suitable areas, respectively. The
evaluation results show that there were fewer areas of relative or high suitability, accounting
for less than 1% of the total study area, scattered in various provinces. Overall, the low
level of functional quality in the six northern provinces was mainly due to the undeveloped
state of the vicinity around the evaluation units, as well as the long distances from local
villages and roads.
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Figure 6. Distribution of evaluation results for functional and environmental quality.

In terms of environmental quality, the evaluation results for environmental quality in
Figure 6b show that areas in the study area were mainly unsuitable, moderately suitable,
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or relatively suitable. Among them, the area of unsuitable quality was the largest, with
8.79 x 10° km?, accounting for 85% of the total area of the potential RRCL. The moderately
suitable area measured about 1.25 x 10° km?, accounting for 12% of the total area, mainly
in northern Xinjiang, southern Inner Mongolia and central Gansu, accounting for 40%, 35%
and 10% of the total in moderately suitable area, respectively. The relatively suitable area
measured about 3.3 x 10* km?, which was mainly distributed in Shanxi, Inner Mongolia,
Gansu and Xinjiang, accounting for about 26%, 24%, 18% and 16% of the total in relatively
suitable area, respectively. There were almost no areas of with a highly suitable environmental
quality level in the six northern provinces, indicating that there were some limitations in the
ecological environment for the development of RRCL in the northern areas.

3.3. Zoning of RRCL Quality in Six Provinces

The RRCL areas with potential for development and utilization were identified ac-
cording to the evaluation results for natural, functional, and environmental quality, and
the principle of assessment method of limiting factor in the six provinces of the study area,
which were the areas with zoning results of Level II, III and IV, while the rest of the unused
land was untillable. As can be seen from Table 4, the unused land was generally unsuitable
to develop and utilize as RRCL under the rain-fed agriculture scenario in the study area,
where the zoning results for potential were mainly Level I (Figure 7a), while the areas
suitable for development accounted for much less of the unused land in the six northern
provinces. The results show that the areas of Level I measured about 9.91 x 10° km?, ac-
counting for 96% of the total of the study area. The areas of Level I were distributed in all
six provinces of the study area, and mainly in Xinjiang, which accounted for 62% of the
total area of Level I since it also possesses the largest area of unused land among the six
northern provinces, so the areas of Level I were less distributed in the other five provinces.
However, only 4.6 x 10* km? of RRCL could be developed and utilized, including the
areas of Level II, IIl and IV. Among them, the areas of Level II, which were the areas rated
moderately suitable for development, totaled about 2.9 x 10* km?, accounting for 3% of
the total study area. The areas of Level II were scattered in the former area of Hetao Plain
in Inner Mongolia, northern Xinjiang, Shule River in Gansu, and other places. The areas
with the zoning results of Level III and IV, which were relatively and highly suitable for
development as RRCL, represented the smallest proportion, accounted for an area of only
1.8 x 10* km?, less than 1% of the total study area, and were sporadically distributed in
Inner Mongolia and Xinjiang.

Table 4. The distribution of zoning areas for RRCL in six northern provinces, km?.

Scenarios Rain-Fed Agriculture Irrigated Agriculture
Levels Level IV Level IIT Level I Level I Level IV Level IIT Level I Level I
Provinces Area % Area % Area % Area % Area % Area % Area % Area %
Shanxi 318 5% 225 2% 561 2% 20540 2% 4242 7% 2097 2% 1701 3% 13,604 2%
Inner Mongolia 4121  61% 6140 56% 9677 34%  241,75924% 18,513 32% 31,381 35% 14,864 23% 196,939 24%
Shaanxi 274 4% 294 3% 623 2% 16,572 2% 2231 4% 2211 2% 1478 2% 11,843 1%
Gansu 556 8% 408 4% 2390 8% 86,968 9% 5877 10% 8989 10% 6816 11% 68,641 8%
Ningxia 216 3% 161 1% 540 2% 13913 1% 2825 5% 1430 2% 1361 2% 9215 1%
Xinjiang 1310 19% 3751 34% 14,951 52% 611,461 62% 24,257 42% 43,717 49% 37,986 59% 525,511 64%
Total 6794 10,980 28,742 991,214 57,945 89,825 64,206 825,753
Percentage 1% 1% 3% 96% 6% 9% 6% 79%

Under the scenario of irrigation agriculture, the quality of unused land has generally
improved in the six northern provinces. The development potential of RRCL has been
apparently increased, with a significant increase in the areas with suitable land of Level
II, Il and IV (Figure 7b), accounting for 2.11 x 10° km? of the total area suitable for
development. Although the proportion of area with a zoning result of Level I (unsuitable
for development) was still large, it was distinctly reduced by 16.7% compared with the area
of Level I under the rain-fed agriculture scenario, which was reduced to 8.26 x 10° km?,
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with the proportion of total area of the potential RRCL areas in the study area reduced to
79%. In the six provinces in the study area, improved irrigation conditions have played
a positive role in the reduction of unsuitable areas for development. As for Xinjiang and
Inner Mongolia, which accounted for the largest proportions of areas of Level I, the areas of
Level I were reduced by 14% and 19% respectively, compared with the zoning results under
the rain-fed agriculture scenario. Meanwhile, Figure 7b shows the spatial distribution of
suitable land of Levels II, III and IV. The distribution of RRCL suitable for development
in the study area was almost consistent with the distribution of the unsuitable areas for
development, which were gradually decreasing from west to east. The area of unused
land that was moderately suitable for development as RRCL increased to 6.4 x 10* km?,
accounting for 6% of the total in unused land, which was mainly distributed in Xinjiang,
Inner Mongolia, and Gansu provinces, concentrated in Junggar Basin and Tarim Basin in
Xinjiang, the former area of Hetao Plain in Inner Mongolia and the areas around Shule River
in Gansu. The areas of Level III, relatively suitable for development as RRCL, increased
t0 9.0 x 10* km?2, accounting for about 9% of the total of unused land in the study area,
mainly distributed along the Junggar Basin and Tarim Basin in Xinjiang. It was the areas
with the potential zoning result of Level IV with unused land that was the most suitable
for development and utilization as RRCL in the study area. The area of Level IV reached
5.8 x 10* km? after the improvement of irrigation conditions, accounting for 6% of the total
study area and measuring 7.5 times larger than the area of Level IV under the rain-fed
scenario. The areas of Level IV were distributed in all six provinces of the study area, mainly
in Xinjiang (42%), Inner Mongolia (32%) and Gansu (10%), and mostly concentrated on the
northern side of Tianshan Mountain and the oasis with good water and heat conditions
along the Tarim River in Xinjiang, the former area of Hetao Plain in Inner Mongolia and the
vicinity near the Shule River in Gansu (Figure 7b), while being less distributed in Shanxi,
Ningxia, and Shaanxi (Table 4).

Irrigation Agriculture Scenario
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Figure 7. Distribution of potential zoning areas for RRCL in the study area.

4. Discussion
4.1. Significant Impact on Irrigation Conditions Provided by Water Conservancy Projects in the
Northern Region

Water and soil resources are the major rigid constraints affecting food security [53],
especially in the study area, where abundant land resources and good soil conditions
exist. However, this area has been limited by water resources such as precipitation and
other factors for a long time, resulting in a lack of available water resources for agriculture,
which is not conducive to guaranteeing the long-term and stable production of grain in
the region [27]. Consequently, improved irrigation conditions can mitigate the limitations
posed by water shortage conditions on the production capacity of cultivated land, and will
play an important role in enhancing the development potential of reserve resources for
cultivated land in the study area.
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According to existing research, the larger the proportion of irrigated cultivated area,
the higher the quality level of cultivated land, and the grain production capacity per
unit area of cultivated land increased by 25% under irrigation conditions, compared with
rain-fed land in the arid area of Weibei [54]. The grain yield of irrigated cultivated land
is much higher than that of non-irrigated cultivated land in the northern region. And,
the more arid the region, the greater the increase in yield compared with that of rain-
fed land [34]. Especially in the most extensive arid and semi-arid areas in northwestern
China, the contents of total soil carbon, nitrogen and phosphorus increased apparently
under irrigation and fertilization conditions compared with natural desert land, while
decreasing in the abandoned rain-fed land. It was found that the effective enhancement of
these organic matter contents in cultivated land was most likely to have resulted from the
improvement in irrigation conditions, which promote the growth of microorganisms and
plants and increase carbon sequestration in the soil [55]. Therefore, irrigation conditions
have played a positive and indispensable role in soil fertility, the growth of crops in the
cultivated land and the environmental protection of the region.

Meanwhile, among the practical experiences of foreign countries, it has been found
that Israel has a poor natural endowment of water resources, in a region of the world that
typically experiences water shortages. However, it has effectively improved the yield of
cultivated land under traditional rain-fed agriculture through the development of water
conservancy projects nationwide, to ensure its national water security and food security [56].
Therefore, it is difficult to guarantee the production capacity of land in the absence of
irrigation conditions when separated from the development of water conservancy projects,
and finally, it is difficult to support the development and utilization of RRCL in the study
area. However, there has been a lack of consideration for and combination of improved
irrigation conditions when evaluating land or cultivated land in existing research [22,31,
35,36]. Therefore, a distinctive feature of this study is that the construction of reservoirs,
water transfer projects, irrigation areas and other water conservancy projects built, under
construction or planned have been considered in the evaluation of the development of
RRCL in the northern region. An evaluation system for the development of RRCL under
two agricultural scenarios, rain-fed and irrigated agriculture, was developed based on the
addition of irrigation conditions provided by water conservancy projects. It is more in
line with actual conditions in China compared with the previous evaluation system. It
is more accurate and effective in judging the development potential of reserve resources
for cultivated land with enhanced irrigation conditions, making up for the relative lack of
relevant studies on the arid and semi-arid areas of northern China.

It is the arid and semi-arid regions in the north that have become the important
areas for RRCL in the country’s grain development outline at present [27]. Large-scale
development and utilization of RRCL will be carried out in the study area in the future.
Based on the above study, a number of water conservancy projects that have been planned
and developed in the study area to date (such as the projects of YineJiwu, Irtysh-Karamay—
Uriimqi Canal, the water diversion project from Datong River to Qinwangchuan District
and Huang River, the Taohe River water diversion and supply project, the projects of
YinhaJidang, etc.) have become lifelines to sustain the development of some regions
and cities in the arid and semi-arid regions of northern China. So, the evaluation of the
development and utilization of RRCL should be rationally combined with the development
of water conservancy projects in the northern region in the future. The addition of irrigation
conditions that provide necessary support through water resources for improvements in the
quantity and quality of existing cultivated land as well as the development and utilization of
reserve resources of cultivated land should be considered. With the increasingly prominent
restrictive effect of water resources on the northern region, especially in the arid and
semi-arid areas, the development of water conservancy projects will be more and more
favorable to the enhancement of the resource potential of RRCL. On the basis of effectively
alleviating water resource limitations on the quality of medium- and low-yield cultivated
land, the quality and production capacity of cultivated land will be improved, so as to
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finally support the implementation of the national strategy of “grain storage in land”, as
well as to ensure national cultivated land and food security, which will be a matter for
national overall planning and long-term development in China [57].

4.2. Ecological Protection Measures Should Be Considered in the Future Development of RRCL

The northern region has a concentrated distribution of reserve resources for cultivated
land in China, especially in the arid and semi-arid regions with few people and extensive
land area, that is, the study area in this study. The scientific and efficient development
of RRCL in the north arid and semi-arid regions is directly related to the level of RRCL
utilization by the country. However, this region is an area sensitive to climate change in
Asia and even in the whole Northern Hemisphere, and is also the most concentrated area
of desert in China, faced with the reality of a fragile ecological environment [41]. It is
necessary to respect the limits of the ecological environment during the development and
utilization of reserve resources for cultivated land in this region.

The impact on the ecological environment from the utilization and development
of RRCL is very complex. There will be some risks to the ecological environment and
even irreversible damage if the environmental impact from the development of RRCL is
ignored while only focusing on the economic benefits. Jeanneret et al.’s research focused
on the impact of increased food production on local biodiversity in Europe. The study
found that the development and utilization of potential cultivated land, such as farmland
margin, grassland, and forests, would achieve an increase in food production to meet
currently increasing demand, but may result in the loss of biological habitats, leading
to adverse effects on regional biodiversity and the survival of wildlife species [58]. In
particular, it would cause the disappearance of some native species, thus having a negative
impact on the stability of the regional ecological environment [9]. Hou, Y. et al. carried
out a relevant study of the impact on the ecological environment from land use changes,
and found that the development of various land types into cultivated land may lead to
excessive land reclamation, which may result in serious damage to natural vegetation,
the reduction of forested areas and the degradation of grassland [59,60]. At the same
time, it may cause a variety of serious ecological problems, including a deterioration in the
ecological functions of local rivers and lakes [61]. Xue, L. et al. concluded that the large-scale
land reclamation and development of cultivated land could lead to the ecological risk of
intensifying soil salinization and desertification, such that soil fertility would decrease and
the quality of cultivated land would decline in the long term, with detrimental consequences
for agricultural production [62]. Therefore, the ecological environment is an important
limiting factor for the development and utilization of RRCL. To promote the coordinated
development of regional water and soil resources, it will be necessary to pay attention
to the ecological environment as an important limitation when developing and utilizing
reserve resources for cultivated land [40] and ensure that the development of RRCL will
not have an adverse impact on the ecological environment in the arid and semi-arid areas
of northern China [63].

Therefore, preventive measures should be implemented for the regional ecological
environment during the development and utilization of RRCL in arid and semi-arid areas
in northern China. Over the past 20 years, China has implemented a series of ecological
maintenance projects and protection measures to deal with the ecological risks that may
arise from the development and utilization of RRCL in this region; therefore, the ecosystem
there has certainly been protected and improved [64]. China has continuously promoted
the restoration and protection of the ecological environment, for example, through natural
forest protection and restoration projects, grassland restoration projects, as well as soil
and water conservation projects, in order to harmonize agricultural production and with
environmental protection [65]. It has improved the quality of the ecological environment,
which tended to suffer after the development of potential cultivated land, through large-
scale afforestation, the creation of artificial oases and ecological water transportation [41].
Especially in the northwestern region of China, more and more attention has been paid
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to the restoration of forest ecology. The implementation of the “Three North Shelterbelt
Project” (TNSFP) and the establishment of nature reserves have significantly increased the
afforestation area in the northwestern region since 1978, thus significantly increasing the
ecological and economic benefits to the region [66]. In addition to the scientific measures
in afforestation, the development of mechanized terraces has been promoted as a more
effective strategy than afforestation in terms of fast and obvious soil and water conservation
and improvements in agricultural productivity in China [67]. Other countries have also
taken action to protect the ecological environment while developing cultivated land in arid
areas. In the middle of the 20th century, the pace of land reclamation and development
of cultivated land accelerated due to rapid socioeconomic development and population
growth in the Great Plains of the western United States and other regions [68], resulting in
damage to the ecological environment and pollution incidents such as the black dust storms
of the early 1930s. Subsequently, the US introduced a series of policies for ecological and
environmental protection, such as the Agricultural Land Protection Law, and established
numerous environmental protection agencies to actively improve environmental quality
through legislative and institutional means. China issued the “Construction Plan for Major
Project of Ecological Protection and Restoration in the Northern Sand Belt (2021-2035)” in
2021, emphasizing that the northern region is the core area for combating desertification and
the major area for the protection and restoration of ecosystems in China. Therefore, it is vital
to pay enough attention to the nature reserves, the areas within the ecological red zone, and
the areas with key ecological functions in the northern region in the process of developing
and utilizing RRCL in arid and semi-arid areas of China in the future. To that end, we
can refer to advanced experiences at home and abroad to formulate reasonable policies of
ecological protection that improve and protect the current ecological environment.

5. Conclusions

Based on existing studies to establish a basic concept of reserve resources for cultivated
land and evaluate the suitability of unused land for utilization, this study constructed
an evaluation index system to evaluate RRCL from the a nature-function—environment
quality perspective under the two scenarios of rain-fed and irrigation agriculture, with
consideration for large and medium-sized water conservancy projects developed, under
construction or planned. Additionally, the potential zoning of RRCL was classified using
a three-dimensional Rubik’s cube spatial classification method. The main conclusions
of the study are as follows: (1) Under the rain-fed agriculture scenario, the developable
quantity and quality of unused land in the arid and semi-arid areas of the north are poor.
The areas unsuitable (Level I) for development as RRCL accounted for as much as 96%
of the total in unused land, or about 1.036 million km?. The areas deemed moderately
(Level 10), relatively (Level III) and highly suitable (Level IV) measured 2.9 x 10* km?,
1.0 x 10* km? and 0.6 x 10* km?, respectively, accounting for only 5% of the total area in
unused land. Among them, the areas relatively and highly suitable for RRCL development
only accounted for 1%, scattered and distributed adversely. This shows that the potential
space for the development and utilization of RRCL is seriously constrained under the
limitation of natural precipitation conditions in the arid and semi-arid areas of northern
China. (2) Under the scenario of irrigation agriculture, the potential for RRCL development
is improved in the arid and semi-arid areas of northern China. The area suitable for the
development of RRCL increased to about 2.0 x 10° km?, reaching 21% of the total area
of unused land. There is much higher development potential in several areas such as the
margins of the Junggar Basin and the Tarim River in Xinjiang, along the Shule River Basin
in Gansu, as well as Inner Mongolia, indicating that the limitation effect of precipitation
conditions will be effectively weakened in the northern region if water conservancy projects
developed, under construction, or planned are taken into account. Additionally, the
development potential of reserve resources for cultivated land will evidently increase
compared with that under the rain-fed agriculture scenario.
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Consequently, priority should be given to the areas that are most suitable for develop-
ment of potential RRCL to take full advantage of natural, functional, and environmental
conditions, expand the area of cultivated land and develop the agricultural industry, and
ensure food security in the arid and semi-arid areas of northern China in the future. In the
process of developing potential cultivated land, it is the lack of water that would be the key
constraint to overcome. Therefore, as the starting point in China, the development of RRCL
must be considered in combination with development plans for water conservancy projects
and the protection of natural resources and the ecological environment, especially in the
north arid and semi-arid regions, to ensure the quantity of cultivated land and agricultural
production while protecting the ecological environment.
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Appendix A

Table A1l presents the classification of evaluation indexes for RRCL and corresponding
comprehensive weights.

Table Al. Grading assignment criteria and weights for RRCL evaluation indicators.

Grading Assignment Criteria of Indicators Index Weight
Dimensions Second Level Index Level 1 Level 2 Level 3 Level 4 Rain-Fed  Irrigation
0~25 Points 26~50 Points 51~75 Points  76~100 Points Scenario Scenario

Surface undulation, degree 500~200 200~70 70~30 <30 0.045 0.045

Slope, degree 15~10 10~6 6~2 <2 0.03 0.03
Altitude, m 6000~3000 3000~2000 2000~1200 <1200 0.0375 0.0375

South,
Slope direction North Northwest Northeast Southeast, 0.0375 0.0375
Southwest

Natural Thickness of tillage layer, mm 30~60 60~100 100~150 >150 0.066 0.066
Quality Soil type sandy soil sandy soil clay loamy soil 0.086 0.086
Soil sediment content, % 100~60 60~50 50~40 <40 0.028 0.028

Soil pH 4~5,9~8 5~5.5,8~7.5 5.5~6,7.5~7 6,7.5~7 0.02 0.02

210 °C accumulated 1800~2500 2500~3500 3500~4500 >4500 0.05 0.05

temperature

Sunshine hours, h 500~1000 1000~2000 2000~3000 >3000 0.04 0.04

Precipitation, mm 400~450 450~500 500~600 >600 0.1 0.1

Irrigation water conditions, km >5 5~3 3~2 <2 — —

Functional Distance from villages, m 5000~4000 4000~3000 3000~2000 <2000 0.13 0.13

Quality Distance from field roads, m 4000~3000 3000~2500 2500~1500 <1500 0.12 0.12

Environmental Structural risk index 0~0.25 0.25~0.5 0.5~0.75 0.75~1 0.05 0.05

Quality Desertification index 0~10 10~30 30~50 >50 0.05 0.05
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