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Abstract: The cultivated land-use transition (CLUT) is the morphological result of changes in the
cultivated land-use mode over time, and the result of the interaction and mutual restriction of the
human land system. This paper applies a “spatial-functional” integrated framework to understand
the structure and functioning of CLUTs, and quantitatively evaluates and visualizes CLUTs in the
major grain-producing area in southern China. The results show that (1) the comprehensive CLUT
index in the middle and lower reaches of the Yangtze River changed from 0.0480 to 0.0711 from
2001 to 2019 and indicated significant differences in the transition index between different regions.
(2) The CLUT identified a positive aggregation effect under a 5% significance during the period, and
the agglomeration degree of the spatial and functional transitions strengthened, which increased
from 0.3776 to 0.4673 and from 0.2127 to 0.2952, respectively. (3) The gravity center of the CLUT
demonstrated a pattern of migration from the southwest to the northeast, and the migration speed
of the gravity center decreased from 2.9401 km/year to 1.2370 km/year. The migration direction of
the gravity center for the spatial transition is opposite to the functional transition, and the migration
speed of the gravity center for the spatial and functional transitions decreased from 8.3573 km/year to
1.0814 km /year, and from 3.2398 km/year to 1.0254 km /year, respectively. To address this transition,
policymakers should formulate differentiated policies to promote the sustainable use of cultivated
land through the spatial and functional transition of major grain-producing areas.

Keywords: cultivated land-use transition (CLUT); spatial morphology; functional morphology; drive
mechanism; main grain-producing areas

1. Introduction

Cultivated land is a key component to achieve sustainable development and ensure
food security [1]. China has the third largest cultivated area in the world, but the per capita
level is less than 1/2 of the global average. Since 1978, when socioeconomic reforms were
implemented, China has experienced rapid development [2,3]. In 2000, in the opening
year of the Tenth Five-Year Plan, the Chinese government stated that China’s conditions
for promoting urbanization were gradually maturing, and it was necessary to accelerate
the implementation of an urbanization strategy [4,5]. Therefore, Chinese urbanization
has entered an accelerated development stage. The urbanization levels increased from
36.20% to 60.60%, and the average annual urbanization growth rate remained at 1.28% from
2000 to 2019 [6]. However, this achievement also led to corresponding social, economic,
and ecological problems. These problems include disorderly construction land expansion,
inefficient land use [7], abandoned villages [8,9], and the overexploitation of ecological
resources, which lead to a significant depletion of cultivated land resources and serious non-
agriculturalization and pollution [10]. With this context of the times, China’s cultivated land
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conditions are undergoing drastic changes. Accordingly, the cultivated land-use transition
(CLUT) has become one of the most urgent issues to be addressed by the academic and
governmental sectors. Land-use transition (LUT) originated in the 1990s at the University
of Aberdeen in Scotland as the geographer Mather’s exploration of the forest transition
hypothesis, which involves corresponding changes in land-use morphology during social
development [11,12]. The research on LUT has expanded from forests to grasslands, waters,
and cultivated land. Meanwhile, from the research perspective of land change from land-
use/cover change (LUCC) to land-change science (LCS), LUT has become a frontier hotspot
of land-system science [13].

In fact, CLUT is the main component of LUT, which continues the research results of
LUT in terms of concept and connotation, and is a trend turning point of cultivated land-use
morphology under long-term changes. In other words, it is a process of transition from
one stable state to another stable state [14]. Existing studies usually decompose cultivated
land-use morphology into dominant and recessive [15]. The former includes the amount of
cultivated land, planting structure, and landscape pattern attributes. The latter includes
attributes that are not easy to be directly observed, such as cultivated land quality, property
rights, and management methods, and can only be obtained through investigation, testing,
and analysis [16]. This applies, for example, to the soil chemical content of cultivated land.
The dominant morphology of cultivated land is the direct expression of its space utilization
status; therefore, the dominant morphology is also called the spatial morphology, and the
two are essentially the same [17]. In order to present the recessive morphology of cultivated
land more intuitively, this study starts from the functional morphology of cultivated land for
transition diagnosis. The functional morphology perspective of cultivated land corresponds
to the human demand for cultivated land and is a comprehensive manifestation of recessive
morphology [18].

Based on the definition of cultivated land pattern, the current research in this field gen-
erally covers the CLUT path, index construction, spatiotemporal differentiation characteris-
tics, and driving mechanism [19] and its relationship to social and economic activities [20].
Regarding the path of CLUT, most studies mainly focus on the expression of a single
path of cultivated land morphology. From the perspective of spatial pattern, it focuses
on the study of land-use/cover change [21]. Research on the recessive pattern has a wide
range of perspectives, such as changes in cultivated land productivity, monitoring of soil
quality, and conversion of property rights [22-25]. There is still a gap in the research on
combining spatial morphology and functional morphology to comprehensively evaluate
CLUT. In terms of index construction, the evaluation of CLUT is mainly to quantify the
morphological changes of cultivated land [26]. For different scholars, the understanding of
CLUT performance is different, and the selection of indicators is also prone to differences,
which reduces the comparability between different studies. For instance, when choosing
the evaluation index of the social function of arable land, some researchers consider it to
be the ability of cultivated land to solve farmers’ work problems, and they select indica-
tors such as agricultural income and the labor-carrying capacity of cultivated land; to the
contrary, some researchers think that it is the faculty of cultivated land to produce food
to feed the population, so the per capita food availability is selected for evaluation [27].
At the analysis level of the driving mechanism, the spatial econometric model is mainly
used for quantitative research, and variables are selected from social and natural factors.
However, qualitative research is the foundation of quantitative research, and the current
logical analysis of the driving mechanism from a qualitative perspective is still relatively
weak. In terms of the relationship with society and the economy;, there are studies on the
coupling and interaction mechanism of food production, agricultural-economic develop-
ment, and rural labor transfer [28]. At the same time, CLUT is also usefully explored from
the perspective of its ecological environment effect. At the regional level, the research
mainly focuses on the national, provincial, and municipal regions. The cultivated land
is mainly used for food production, and CLUT has a more profound impact on the main
grain-producing areas than other areas. However, scholars have neglected the issue of
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CLUT in the main grain-producing areas, which limits the guidance and reference value
for formulating policies for sustainable use of regional cultivated land. To sum up, it can
be seen that the relevant research on CLUT still has an incomplete evaluation framework,
inconsistent index selection criteria, weak qualitative analysis of the driving mechanism,
and gaps in regional research [29].

The main grain-producing areas have faced the various tasks of stable grain pro-
duction, economic growth, industrial upgrading, and ecological protection [30]. The
population and economy here are highly dense, which puts enormous pressure on the local
land supply and ecological environment. Undoubtedly, urban development has changed
the morphology of cultivated land. Therefore, this paper takes the middle and lower
reaches of the Yangtze River as the research area. In addition, we attempt to construct a
“spatial-functional” integrated framework to evaluate the CLUT. In particular, the study
aims to: (1) identify and construct the connotation of CLUT from multiple dimensions;
(2) build a comprehensive evaluation index system to achieve a scientific and effective
quantitative evaluation of a regional CLUT; (3) reveal the spatiotemporal variation laws
and characteristics of the CLUT in the main grain-producing areas; and (4) put forward
targeted strategies for the optimal utilization and reasonable transition of cultivated land.

The marginal contributions of this study are mainly in the following four parts.
(1) Based on the perspective of the comprehensive “spatial-functional” pattern to explore
the spatiotemporal characteristics of CLUT, which expands the definition of cultivated
land-use pattern and enriches the related literature of CLUT; (2) the selection of CLUT
indicators under the two morphologies is subdivided and explained, which provides an
evaluation system that can be used for reference; (3) the driving mechanism of CLUT is
described from the theoretical level. The driving principles of natural and socioeconomic
policy, technology, and other factors are analyzed. It lays a theoretical foundation for carry-
ing out qualitative research; (4) considering the particularity of the main grain-producing
areas, it provides a research basis for the formulation of cultivated land-use policies in the
study area and similar areas.

2. CLUT Interpretation Framework

As the social stage develops from point A to point B (Figure 1), which is mainly
affected by the natural environment, socioeconomic policy, and technology [31], to meet the
needs of the social development stage, the cultivated land users will adjust their cultivated
land utilization behavior through the actual conditions of the cultivated land, and the
cultivated land-use morphology will change accordingly. When the social stage develops
toward a higher point C, the original cultivated land-use morphology at point B should
continue to be adjusted accordingly [32]. Therefore, for different scales, the CLUT is an
iterative process of dynamic balancing of the human—earth system interactions and joint
constraints [33,34].

Thus, this study divides cultivated land-use morphology into two aspects: namely,
spatial and functional. Spatial morphology consists of the amount of cultivated land,
landscape, and crop planting structure [35]. Functional morphology reflects the types of
cultivated land functions, which is an inherent attribute [36]. According to the classification
of land-use functions (LUFs), the functions of cultivated land are divided into the three basic
functions of crop production, life support, and ecological maintenance [37]. Therefore, this
study constructs a “spatial-functional” integration framework to identify and construct
the mechanism of CLUT from multiple dimensions, which is helpful to comprehensively
identify and evaluate CLUT.



Land 2022, 11, 1622 40f23
. e s e .
o e = ~—_ - ~. - —__ o —
— Natural —____—_ . e o ~___—Engineering ™—~—__— ~—
- sl enviml:lmen e =~ Socioeconomic _ Legal and B &t g e Increased ~—
T~ ><__ development __><___ policy forces < ~_human demand _—
——~__change —o e — = ~—_progress _— — e
s e —— _ o
Change of cultivated land spatial : Change of cultivated land functional
morphology morphology
Cultivated land users
Ogual:}ity pattttern eFarmer Olio};d prnd\lctt:'on f:nction
ePlanting pattern oVi - ® Life support function
= e Landscape pattern Vlllz}ge eelllasiiive . ® Ecological maintenance function ,?
z ® Agricultural enterprises l: g
2 [ oo | £
S Demand Constraints <3
q 4 changes and feedback eEconomic and crop output
elIncrease or decrease in quantity J a . if
o Change of crop planting area g - eeupboxdusonlel o tan ity
‘ Cultivated land use change ‘ eConserve water, purify soil and
eLandscape form change R, q
maintain biodiversity
@ I Feedback @
Cultivated land use Constitute Cultivated land , Constitute Cultivated land use
Spatial transition ! use transition y functional transition
. A A A
Social g ' i :
stage Dynamic Bal ) \: ! !
High \\ 3
1 — : ;
— Macro . :
/////'/ L . *Country Meso ™ !
//// ) : C time point *Global i \\\ 3
J—— B time point eProvinee Micro ™~
- A time point $Region oVillage '\\\
Low ! . *County N
Period Research scale

Figure 1. Interpretation framework of CLUT.

(1) Cultivated land-use spatial transition: When the social development level is low,
due to the unclear property rights of cultivated land and underdeveloped agricultural
technology, the social awareness of cultivated land protection is relatively weak and there
is a disorderly expansion in cities. To ensure people’s rations, food crops have always
been the main crops grown on cultivated land. With the progress of society and the
gradual improvement of the agricultural system, people’s skills in using cultivated land
will continue to increase, and more attention will be given to promoting the sustainability
of cultivated land use. The national government will take relevant measures to curb the
reduction of the cultivated land area and ensure quality degradation so that the amount
of cultivated land may show a trend of “decrease-stable-increase” [38]. For example,
China currently implements strict cultivated farmland requisition-compensation-balance
policies to ensure the stability of the amount of cultivated land. To facilitate agricultural
production, people constantly adjust the distribution pattern of cultivated land plots
through engineering means, and the landscape pattern of cultivated land will develop in a
concentrated, continuous, and regular direction [39]. Moreover, against the background
of enriched consumer demand, and driven by the economic interests of cultivated land
operators, the arable land planting structure will show the characteristics of diversified
development. However, if the proportion of grain planting is too low, then the government
will introduce and implement relevant systems to control the trend of non-grain cultivated
land. In general, the quantity, planting, and landscape patterns of cultivated land change
in the course of social development.

(2) Cultivated land-use functional transition: For most farmers, agricultural labor
can provide employment and income, and the harvested crops can satisfy rations, which
maintains the farmers’ livelihood, prevents the occurrence of social risks such as hunger
and unemployment, and ensures the stable development of society [40]. At this time, an
increased use of chemicals is often relied on to increase food production. In this way;, it is
easy to cause the decline of cultivated land quality and biodiversity, which restricts the
ecological function of cultivated land.
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The average patch area of cultivated land will increase, the variety of crops will be
diversified, and the quality will be increasingly higher so that the production function
will be enhanced. In the urbanization process, in the pursuit of higher income, the rural
surplus labor force will be transferred to nonagricultural industries, which results in the
reduction of farmland employment opportunities for farmers and ultimately affects the
life-support function of cultivated land [41]. Moreover, as the extensive use of agriculture
leads to ecological destruction, human beings have begun to understand and adjust their
relationship with nature [42], reduce the use of pesticides and fertilizers, and promote
green fertilizers. Thus, the ecological maintenance function of cultivated land has received
much attention and has improved greatly.

Comprehensively, CLUT is a continuous and cyclic process [43] that not only depends
on the influence of the social economy, policy, technology, and other factors, as well as the
promotion of cultivated land-user behavior, but also demonstrates the influencing factors
and the behavior of cultivated land users. The cultivated land user decides whether to
adjust the decision-making and behavior mode of cultivated land use according to their
satisfaction with the result of a CLUT. At the same time, the feedback of the CLUT can
promote the change and generation of the driving factors. For example, to satisfy the endless
demands of mankind, the cultivated land users try to continuously add chemical fertilizers
in exchange for the output of cultivated land. However, the result may be the destruction
of the cultivated land ecosystem [44]. To ensure sustainable development, policymakers
need to issue corresponding policies to restrict the input of chemical fertilizers. Therefore,
in the overall operation of the CLUT mechanism, the driving factors and transition results
promote and restrict one another through the subject of cultivated land use to form a
“multifactor drive — subject behavior change — CLUT — transition result feedback —
new wheel drive” cyclical interaction process, which is also the internal model of the
spatiotemporal dynamic evolution of cultivated land-use morphology.

3. Methodology and Data
3.1. Study Area

The main grain-producing area is situated in Southern China at 24°29'-35°20’ N and
108°21'-121°57" E. The study included 71 prefecture-level cities under the jurisdiction of
the five provinces of Jiangxi, Hunan, Hubei, Anhui, and Jiangsu (Figure 2). The total
area measures 81.19 x 10* km?, which is approximately 8.46% of China’s total land area.
The terrain here is flat, and it has abundant cultivated land resources. Meanwhile, the
mild climate and abundant rainfall have laid a good foundation for China’s agricultural
production. In 2019, the urban area was 37,672.74 km?, and the cultivated land of this
region was 21.77 x 10* km?, which account for approximately 4.64% and 26.82% of the
total area, respectively. The grain output reached 15,617.47 x 10* tons, which is nearly
one-quarter of the country’s total grain output (National Bureau of Statistics of China
(NBSC), 2020). With the improvement in the degree of economics and urbanization, and the
change in social demand, the structure and methods of cultivated land use have undergone
tremendous changes.

3.2. Explanation of the CLUT Assessment Indicators

Based on the “spatial-functional” integration of the CLUT, the evaluation indicator
system of the CLUT was established from the perspective of morphology. The indicators
were selected based on a scientific analysis of cultivated land morphology and collaboration
with scholars. The evaluation system consists of six factor layers and 18 indicator layers in
spatial and functional morphology. The following is a brief summary of the reasons for
choosing these indicators (Table 1).
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Figure 2. The study area includes Anhui, Hubei, Hunan, Jiangsu, and Jiangxi Provinces.

3.2.1. Selection of the Evaluation Index for the Spatial Transition

(1) The index of the pattern of cultivated land quantity considers its total resources,
area-change rate, and utilization degree [45]. The total area of cultivated land can reflect
the resource endowment conditions of a region, and the area-change rate can embody the
change in the amount of cultivated land. The reclamation rate can embody the change in
the cultivated land-use area. Therefore, the quantity pattern of cultivated land is measured
by three indicators: namely, the total area of cultivated land (x;), the rate of area change
(x), and the reclamation rate (x3).

(2) Cultivated land planting pattern evaluation indicators consider the spatial change
in the cultivated land per capita planting area, the planting intensity, and the planting
structure. The per capita cultivated land area owned by planting industry employees can
reflect the area of cultivated land that can be planted per capita. The proportion of the grain
and cash crop planting area can reflect the planting structure of arable land. The multiple
cropping index can measure the planting intensity of cultivated land. The expansion of
the sown area of arable land will lead to the exponential growth of multiple cropping.
Therefore, we choose the per capita cultivated land area (x4), the proportion of the planting
area for food crops and cash crops (xs), and the multiple cropping index (x¢) to characterize
the changes in the cultivated land planting pattern.
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Table 1. Evaluation index system of CLUT.
Target Factor Indicators Unit Weights Direction® Description Min Max Mean
Total area of khm? 0.0603 + Total area of arable land. 6.3210 843.2165 277.3511
cultivated land (x7)
Newly increased (decreased)
Quantity Rate of area % 0.0322 + cult.lvated land area/total 82665 54520 07233
pattern change (xp) cultivated land area of the
previous year.
Reclamation rate (x3) % 0.1430 + Cultivated land area/total 0.0194 0.6405 0.2914
land area.
Per capita cultivated Cultivated land
P hm? /person 0.0547 + area/employees in 0.0334 0.3332 0.1034
land area (x4) .
planting industry.
Planti Proportion of the The planting area of food
) anting .
Spatial pattern planting area for food % 0.0292 + crops/the planting area of 0.5423 9.8029 2.2209
transition crops and cash
cash crops.
crops (xs)
Multiple cropping % 0.0965 + Total sown area of 1.0352 29817 1.9745
index (Xg) crops/cultivated land area.
Fragmentation Total number of farmland
agmentatio / 0.0195 - patches/total farmland 0.0010 0.1167 0.0287
degree (x7)
landscape area.
Landscape . The number of adjacent
pattern ‘zgegieegea(zo)n / 0.0136 + patches/the total number of 56.2128 99.3243 91.6753
& 8 cultivated land patches.
Landscape patterns / 0.0169 — E/min E. 2.8757 83.4278 22.3680
index (xg)
Average economic .
output value of yuan/hm? 0.1132 + Total output value of planting 73 (559 154371585 4367.4795
. industry/cultivated land area.
cultivated land (x1)
. Crop . The total output of grain
Funct.lc?nal production Averfage grain yield of kg/ hm? 0.0242 + crops/the sown area of 2164.4612 7918.1970 5869.9524
transition . cultivated land (Xll) .
function grain crops.
Average cash crop The total output of cash
yield of cultivated kg/ hm? 0.0644 + crops/the sown area of 3159.7650 8453.7768 4246.2841
land (x12) cash crops.
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Table 1. Cont.

Target Factor Indicators Unit Weights Direction® Description Min Max Mean
Proportion of Planting industry
employees in planting % 0.0423 + employees/total rural 0.1197 0.8532 0.5163
industry (x;3) labor force.
Life support Per capita food % 0.0612 N Total grain output/(resident 29,7647 80,0304 116.7594
function guarantee rate (x14) ’ population x 400 kg). ’ ’ ’
. . Farmers’ per capita planting
Per capita agricultural % 0.1604 + income/farmers’ per 873.3799  22,038.8067  4694.1082
income ratio (x15) o
capita income.
Chemical load of Pesticides, fertilizers, and
. t/hm? 0.0107 - agricultural film usage/area of 0.1216 2.2480 0.6957
cultivated land (xq¢) .
Ecological cultivated land.
maintenance  Diversity of crop / 0.0239 + Sim@. 0.2044 0.7695 0.5393
function species (517). T
Effective irrigation o 0.0338 N Effective irrigation area/total 02076 0.879% 0.4055

area ratio (x1g)

planting area of crops.

Note: @ For the “Direction” column, the higher the value of the “+” direction index, the better the practical significance, and the lower the

“u_n

direction index value, the better the

n
practical significance. @ Sim = 1 — Y. P?: Sim is an index of crop species diversity. Where P; is the ratio of the sown area of the i-th type of crops to the total sown area of the crops, i is

i=1

the type of crops, and n is the number of types of crops. Based on the aforementioned, the area, select food crops, vegetable crops, melon crops, and oil crops for calculation.



Land 2022, 11, 1622

90f23

(3) The evaluation index of the cultivated land landscape pattern should represent
the transition of its landscape morphology in agricultural production activities [43]. The
landscape pattern mainly includes the degree of fragmentation and agglomeration, and
the irregularities of farmland patches. This represents the concentration of cultivated
land plots and the convenience of cultivators to plant. If cultivated land is relatively
fragmented and has an irregular shape, then this will hinder large-scale development
and mechanization. Therefore, the transition of the cultivated land landscape pattern is
characterized by the fragmentation degree (x7), aggregation degree (xg), and landscape
patterns index of cultivated land patches (xg).

3.2.2. Selection of the Evaluation Index for the Functional Transition

(1) The crop production function evaluation indicators are considered from the
two aspects of the economic value output capacity and the crop output capacity of culti-
vated land. The gross value of cultivation is an important manifestation of the productive
capacity of the cultivated land economy. The output of food crops and cash crops can reflect
the production value of agricultural products on cultivated land [37]. Therefore, the crop
production function of cultivated land is calculated by using the average economic output
value (xj9), average grain yield (x;1), and average cash crop yield of cultivated land (x12).

(2) The life-support function evaluation index should show the ability of cultivated
land to guarantee the rural population’s employment, income, and social food security [42].
The proportion of planting in the rural population represents the employment absorption
capacity of cultivated land for the rural population. The ratio of per capita agricultural
income to total income represents the population’s economic dependence on cultivated
land. The per capita food guarantee rate represents the degree to which people depend on
cultivated land for survival. Thus, the proportion of employees in the planting industry
(x13), the per capita food guarantee rate (x14), and per capita agricultural income ratio (x;5)
are selected to represent the life-support function of arable land.

(3) The evaluation indicators of the ecological maintenance function take into account
the negative pressure of chemical substances on cultivated land ecosystems, the resilience
of the ecosystems, and the resistance to natural disasters [46]. When the chemical load
of cultivated land is heavier, the degree of ecological damage to cultivated soil is greater.
When the crop species diversity index is higher, the resilience of cultivated land ecosystems
is stronger. When the effective irrigation area is larger, the drought resistance of cultivated
land is stronger. The reasonable and effective use of cultivated land will decrease ecological
damage and maintain the balance of the ecosystem. Therefore, the ecological maintenance
function is characterized by the chemical load of cultivated land (xy¢4), the diversity of crop
species (x17), and the effective irrigation area ratio (x;3).

3.3. Methodology
3.3.1. Entropy Weight Method

The entropy weight method is currently the most widely used objective weighting
method, which can effectively eliminate the dimensional influence. This study uses the
entropy weight method to determine the weight of each evaluation index, which reflects
the contribution of each index to the CLUT. According to the evaluation index system of
CLUT, the CLUT index is the sum of the products of each functional index and its respective
weight. Since this method is relatively common, the specific formula refers to [47].

3.3.2. Exploratory Spatial Data Analysis

An exploratory spatial data analysis (ESDA) can perform a correlation and aggregation
analysis of neighborhood spatial data, which can effectively verify the spatial clustering
characteristics of regional CLUTs. Two types of autocorrelation coefficients are usually
used for this measurement. The first is the global spatial autocorrelation coefficient: the
distribution of the Moran scatter plot is used to show the spatial correlation of the CLUT in
the study area. The expression is
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where [ is the global Moran index, and x; and x; are the CLUT index in cities i and j,
respectively, and X represents the average of the CLUT indices, and W; is the spatial weight
matrix. In this study, a spatial adjacency matrix was used, which was constructed by
GeoDa software. The value of [ is [-1,1]. When I = 0, this indicates that the space is not
autocorrelated; when I > 0, this means that there is a positive correlation, and when I <0,
this indicates that there is a negative correlation. The closer the absolute value of I is to 1,
the greater the degree of clustering and the spatial correlation.

The second type is the local spatial autocorrelation coefficient: it can use an LISA
graph to check the heterogeneity of the data calculation and reveal the correlation degree
of the attribute values between spatial units and adjacent units. The formula is as follows:

o j
" (x; — %) ¥

n(x; —x) 3 WZ]<XJ *Y)
=1

It

1

When I; > 0, high-high/low-low means that the spatial unit value is higher/lower than
all the surrounding units and that the integrated spatial difference is smaller. When I; <0,
then low-high /high-low means that the lower /higher spatial unit value is higher /lower
than the surrounding units and that the integrated spatial difference is smaller.

3.3.3. Standard Deviation Ellipse

The standard deviation ellipse (SDE) is used to quantitatively describe the spatial
characteristics of the elements. The azimuth of the ellipse represents the main trend
direction, the long axis represents the dispersion of the geospatial elements in its direction,
and the center of gravity represents the relative position. The results of the SDE calculation
can reflect the spatial change in the CLUT (Equations (3)—(5)).

n n , n , n , 2 n "
(Z wI-ZX?iZ wizyiz) + \/(‘21 w%xiz—'):l wizyi2> +4'21 (wilegyiz)
i= i= i=

-1 =1
tan = — d - ) 3)
2y, wixly,
i=1
n n
.Zl WiXi . 'Zl wiYi
Xu = lin Yo = lin 4)
): Wi E wi
i=1 i=1
n ! /. L /. !
;1 (w;x;cos0 — w;y;sind)? ;1 (w;x;sin® — w;y,cosh)?
Ox = = n Oy = = n ®)
Y w? Y w?
i=1 i=1

where tan 0 is the azimuth angle of the ellipse, i.e., the angle formed by the clockwise
rotation from due north to the long axis of the ellipse; (X, Y1) are the center of gravity
. . . . ! /
coordinates, and X; and Y; are the spatial location elements, W; represents the weight, x;, y;
represents the deviation of the coordinates of the elements at different points from the mean
center, and 0y and oy are the standard deviations along the x- and y-axes, respectively.
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3.3.4. Data Collection

The socioeconomic data come from the provincial and municipal statistical yearbooks
of Hubei, Hunan, Jiangxi, Anhui, and Jiangsu in 2002, 2008, 2014, and 2020. Since ESA’s
land-use cover data has the advantages of authority, continuity, openness, and includes
research time-point data, the land-use data in this research are derived from the ESA’s
global 300-m land cover data in 2001, 2007, 2013, and 2019. The administrative zoning
data were obtained from the 1:4 million dataset of the China National Basic Geographic
Information Center. To preprocess the land-use data, we first classified the land-use types
into six types: namely, cultivated land, forestland, grassland, water bodies, construction
land, and unused land. Afterward, the different land-use type data were recoded and
assigned CLT1 to CLT6. On this basis, Fragstats software was then used to measure the
fragmentation, aggregation, and landscape morphology indices of the cultivated land.

4. Results
4.1. Analysis of the CLUT
4.1.1. Measurement of Comprehensive Index of the CLUT

Overall, the comprehensive index of the CLUT in the study area increased from
0.0480 to 0.0711, which is an increase of 48.13%. The comprehensive CLUT index in the
five provinces also increased (Figure 3). However, there was an imbalance in the CLUT be-
tween provinces. The order of the average value of the comprehensive transition index was:
Hunan Province (0.0645) > Jiangsu Province (0.0617) > Anhui Province (0.0589) > Jiangxi
Province (0.0575) > Hubei Province (0.0540). The order of the growth rate of the comprehen-
sive transition index was: Jiangsu Province (62.26%) > Jiangxi Province (52.41%) > Hunan
Province (46.65%) > Hubei Province (44.47%) > Anhui Province (34.84%). The extreme
differences in the comprehensive transition index in the study area in 2001, 2007, 2013, and
2019 were 0.0345, 0.0438, 0.0587, and 0.0641, respectively. These results indicate that the
morphology of cultivated land use in this region is undergoing rapid changes. Due to the
heterogeneity of natural and socioeconomic characteristics, the differences in the CLUT
between regions are expanding.
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[ lo.0477
5

0:6522

Jiangsu
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0 100 200 km
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Figure 3. Change trend of the CLUT.
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4.1.2. Variations in the Cultivated Land-Use Spatial Transition

Based on ArcGIS software, this study uses the Natural Breaks method to divide the
CLUT index and change rate into five grades from high to low and visualize them.

From 2001 to 2019, the spatial transition of the high-value areas of cultivated land
use was mainly concentrated in Jiangsu and Anhui Provinces in the northeast (Figure 4).
There was no obvious law in the distribution of low-value areas, which were distributed
in all provinces, and the central region was relatively concentrated in 2019. These results
suggest that the change rate of the spatial transition index was higher in the northern
and southern regions of the study area than that in the central region from 2001 to 2007
(Figure 5). Meanwhile, the overall difference in the change rate of the spatial transition
index narrowed, and the regions with high change rates decreased significantly from 2007
to 2013. These results demonstrate that the regions with a high rate of change were clustered
in the south and north from 2013 to 2019. Overall, the spatial transition index of cultivated
land use in the study area increased from 0.0231 to 0.0288, and the spatial transition index
change rate was 24.68% in the past 20 years. The distribution of the transition index and
change rate are similar to the economic development and topographic differences in the
study area. Areas with a higher CLUT index have the characteristics of a high economic
development level, low altitude, and flat terrain, while regions with a lower CLUT index
have the opposite characteristics.

N N
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0 125 250 500 km B 0. 0319—0.0118 0 125 250 500 km I 0. 0133—0. 0611
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Figure 4. The cultivated land-use spatial transition index.
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The Jiangsu and Anhui Provinces are both within the Yangtze River Delta, with flat
terrain. In 1985, the Chinese government opened this region as a coastal economic open
zone, with a high degree of economic development and advanced agricultural technology.
From 2001 to 2019, the per capita GDP increased in Jiangsu and Anhui Provinces from
$1571 and $725 to $17,698 and $8410, respectively, and the proportion of the grain and
cash crop planting areas decreased from 1.052 and 1.271 to 0.977 and 1.166, respectively.
This shows that people’s demand for agricultural products continues to diversify with
the growth of the economy, which results in an increase in the economic crop sowing area
and changes in the cultivated land planting pattern. Furthermore, the social awareness
of cultivated land protection in this area is stronger, and the response to national policies
is also more active. From 2001 to 2019, the per capita cultivated land area in Jiangsu and
Anhui Provinces increased from 0.099 hm? and 0.082 hm? to 0.125 hm? and 0.112 hm?,
respectively, and the patch aggregation degree increased from 93.384 and 93.320 to 94.659
and 96.660, respectively, which promoted the optimization and transition of the cultivated
land spatial morphology. The rate of change in the spatial transition index decreased from
11.43% to 0.85%, which indicates that the landscape pattern has slowed in recent years.

N
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transition index
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[ -49.35%— -22.33%

%
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Mean=12.05% Mean=0.85%
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I N N I 26 6551 605

Figure 5. Change rate of cultivated land-use spatial transition index.

4.1.3. Variations in the Cultivated Land-Use Functional Transition

Figure 6 shows that the transition of the cultivated land-use function is generally
strong. The high-value areas were mostly distributed in Hunan, Hubei, Jiangsu, and central
Jiangxi from 2001 to 2013. Correspondingly, the number of high-value areas declined
significantly, and the low-value areas were mainly concentrated in Anhui Province from
2013 to 2019. Meanwhile, Figure 7 demonstrates that the areas with a higher rate of change
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in the functional transition index were mainly in the central and southern regions from
2001 to 2007. This transferred to the western and eastern regions from 2007 to 2013 and
moved to the south and northeast from 2013 to 2019. Overall, the transition index of the
cultivated land-use function also increased from 0.0242 to 0.0407 during these periods.
The change rate of the transition index is 68.18%, which is higher than that of the spatial
transition index, indicating that the influence of the socioeconomic development process is
stronger on the functional morphology of cultivated land than on the spatial morphology.
The transition index and rate of change in the southwestern and northeastern regions are
significantly higher, which is also similar to the difference in the local economic levels.
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Figure 6. Cultivated land-use functional transition index.

From 2001 to 2019, the production, living, and ecological functional transition index of
cultivated land in the study area increased from 0.0431, 0.0488, and 0.0329 to 0.0645, 0.0983,
and 0.0333, respectively (Figure 8). During this period, the total number of plantation
employees in the study area decreased from 75.44 million to 53.77 million. Although the av-
erage agricultural output value increased from 19,858.86 RMB/hm? to 64,764.13 RMB/hm?,
correspondingly, the average grain output increased from 5545.15 t/hm? to 6205.30 t/hm?,
and the farmers’ per capita agricultural income rose from 1672.26 RMB to 8608.71 RMB;
all of this resulted in a significant improvement in the production and living functions.
From the perspective of the ecological function of cultivated land, the effective irrigation
rate increased from 38.06% to 45.85%, the chemical load of cultivated land increased from
12.17 million tons to 25.85 million tons, and the crop species diversity index decreased from
0.581 to 0.508; therefore, the growth rate of the ecological function of cultivated land was
not obvious.
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Figure 7. Change rate of the cultivated land-use functional transition index.
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Figure 8. Change trend of the regional cultivated land functional transition index.

The production and living functions of cultivated land in Hunan, Hubei, Jiangxi,
Anhui, and Jiangsu Provinces also showed an upward trend, while the ecological functions
differed significantly. Hunan and Hubei showed an increasing trend, Jiangxi and Anhui
showed a decreasing trend, and Jiangsu did not change significantly. The main reason
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is that, in 2019, the proportion of the agricultural industry in Hunan and Hubei reached
10.2% and 9.5%, respectively, while in Jiangxi it was 8.7%, and in Anhui it was 8.2%. The
proportion of agriculture was relatively low, and the emphasis on agriculture was relatively
insufficient, which resulted in the extensive use of cultivated land and biodiversity. Sexual
decline limits the ecological maintenance of cultivated land. Similarly, the rate of change
of the functional transition index also showed a slowdown, which increased from 7.71%
to 45.72 and then decreased to 13.42%. This could be linked to a slowdown of China’s
economic growth.

4.2. Spatial Agglomeration Characteristics of the CLUT
4.2.1. Global Spatial Autocorrelation Analysis

Using GeoDa software, the global Moran’s I index of the CLUT was calculated. Be-
tween 2001 and 2019, a significance test of the integrated, spatial, and functional transition
of cultivated land-use was passed by 5% (Table 2), which indicates that the three transitions
had a positive agglomeration effect on the geospatial distribution. Among the fluctuating
changes in the agglomeration of the cultivated land spatial morphology transition, the
agglomeration degree was the strongest in 2007, and Moran’s I index reached 0.5698. The
agglomeration degree decreased from 2007 to 2013. The reason is closely related to the im-
plementation of the policy of “balance of compensation for land requisition” promulgated
by China in 2006, which ensures the stability of cultivated land quantity and realizes spatial
agglomeration changes. The agglomeration of the cultivated land functional morphology
transformation shows an increasing trend of fluctuation. The agglomeration degree was
the strongest in 2019, and the Moran’s I index reached 0.2952.

Table 2. The results of Global Moran’s I.

2001 2007 2013 2019
Year
Type I z p I z 4 I z P I z 4
P Value Value Value Value Value Value Value Value Value Value Value Value
Comprehensive 170 57155 0001 0530 73430 0001 03845 52675 0001 04018 55045  0.001
transition
Spatial 03776 53576  0.001 05698  8.0846  0.001 03481 49390  0.001 04673  6.303 0.001
transition
Functional 02127 31693  0.002 02679 37717  0.001  0.1683 25077  0.021 02952 43985  0.001
transition

4.2.2. Local Spatial Autocorrelation Analysis

The LISA agglomeration shows the spatiotemporal evolution characteristics of the
agglomeration of the CLUT (Figure 9). From 2001 to 2019, the high-high agglomerations
of the comprehensive transition of cultivated land use were concentrated in the north-
east and southwest of the region, the high-high agglomerations of the spatial transition
were concentrated in the northeast, and the high-high agglomerations of the functional
transition were distributed in the southwest. This is mainly affected by the differences
in location, national policies, and economic development stages, which are analyzed in
Sections 4.1.2 and 4.1.3 of this study. The low-low agglomerations of the cultivated land-use
comprehensive, spatial, and functional transitions were distributed in the central region.
Combined with Figure 2, it is found that most of these areas are in the transitional zone
from mountainous and hilly to plains, with low economic development levels and poor
agricultural production techniques. There are few contiguous and flat cultivated lands that
are convenient for cultivation, and fragmentation is serious. Thus, the optimization of the
cultivated land spatial and functional morphology is restricted to a certain extent.
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Figure 9. Local spatial correlation map of CLUT.

4.3. Changes in the Gravity Center of the CLUT

Figure 10 shows that the overall direction of the gravity center of the comprehensive
transition moved from the southwest to the northeast from 2001 to 2019. The migration
direction of the gravity center of the spatial transition is basically the same as that of the
comprehensive transition, while the functional center of gravity moves in the opposite
direction from northeast to southwest. However, since 2013, the movement direction of
the gravity center of the spatial transition and functional transition has converged, and the
distance between the centers of gravity has been reduced, which is due to the narrowing of
the economic level gap within the region. The development of society is a staged process.
Therefore, it is speculated that in the short term, the northeastern part of the study area will
still be dominated by spatial transitions, while the southwestern part will still be dominated
by functional transitions.

From the migration speed of the transition center of gravity, the comprehensive, spatial,
and functional transitions all show a slowdown (Table 3). Among them, the center of gravity
of the comprehensive transition moved 31.0182 km, and the moving speed dropped from
2.9401 km/year to 1.2370 km/year. The center of gravity of the space transition moved
69.0618 km, and the moving speed decreased from 8.3573 km/year to 1.0814 km/year. The
functional transition center of gravity moved 38.5782 km, and the moving speed decreased
from 3.2398 km/year to 1.0254 km/year. This was mainly the result of being influenced by
the driving forces of socioeconomic transition. First, the central government has focused
on high-quality regional development rather than on high-speed development. Therefore,
the economic growth rate has slowed, which has led to a slowdown in the migration speed
of the center of the cultivated land transition.
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Figure 10. Path of gravity center of the CLUT.
Table 3. Speed of gravity center of the CLUT (km/year).
Type 2001-2007 2007-2013 2013-2019
Comprehensive transition 2.9401 0.9926 1.2370
Spatial transition 8.3573 2.0616 1.0814
Functional transition 3.2398 2.1645 1.0254

5. Discussion
5.1. Comparison of the Hidden Causes of the CLUT

Combined with the research results, this paper analyzes the driving factors of the
CLUT. At present, some scholars have carried out the related research from an empirical
perspective. Here, we selected several representative studies that measured and calculated
the influencing factors of the cultivated land spatial transition or functional transition
(Table 4). Through the comparison results, it is found that socioeconomic factors such as the
decline in the agricultural population and regional economic development; increasing social
demand; physical geographical factors such as the location, topography, hydrogeology, and
soil types of cultivated land; and national-led policy factors all promote the CLUT.

The results show that the changes in the spatial morphology of cultivated land are
mainly reflected in the reduction in the amount of cultivated land caused by the construc-
tion of urban and rural housing sites. Cultivated land generally changes in scale and
intensification. However, there is still a small amount of cultivated land that moves toward
intensification, because the improvement of living standards of urban residents has created
high-end demand for “slow growing” crops. The country’s greening policy also affects
the area distribution of cultivated land crops. It can be seen that policies and social needs
strongly influence the cultivated land-use direction. Furthermore, with the improvement of
the regional socioeconomic level and the implementation of national culture and tourism
policies, the functions of cultivated land have developed in a diversified way, such as
in cultivated land-cultural functions and landscape functions. There are few studies on
the empirical verification of the impact of engineering and technological factors on culti-
vated land. Nevertheless, engineering technology assists in the leveling and restoration of
cultivated land.



Land 2022, 11, 1622

19 of 23

Table 4. Comparison of hidden causes of CLUT.

Representative Example Cl;};;:;;ﬁﬁ(};;d Research Scale Data Type Conclusion
The slope CLUT Spatial, physical arﬁaﬁiﬁzsgﬁseiﬁi?gl;re
characteristics and driving Spatial Micro geography, and the mafn
mechanism [48]. socioeconomic . .
influencing factors.
The influence of state LED National leading food
grain localization on the Spatial Meso Spatial, socioeconomic,  localization promotes the
CLUT in suburban P policy development of
areas [49]. greenhouse agriculture.
The change of CLUT after Dominant Micro Spatial. polic The CLUT are subject to
the CAP greening [50]. P s poley greening rules.
The CLUT drivers in ’ Spatial, blophy51cal, ‘Demographlc and
Tanzania [51] Spatial Meso demographic, and socioeconomic factors are
’ socioeconomic more significant.
Transitions in the function . . . Cultivated land _functlons
. Functional Macro Socioeconomic change with
of cultivated land [33]. .
policy development.
Characteristics and Rl.lral employment, per
influencing factors of the Dominant and Spatial and capita GDP, a.n.d proximity
. . Meso - . to central cities are the
CLUT in Urban-Rural recessive socioeconomic

Coordination Area [52].

main factors affecting
the CLUT.

5.2. Policy Implications

It can be seen from the above evaluation results that the degree of the CLUT between
regions is imbalanced. If the CLUT meets the socioeconomic stage, then it can promote
social development, but if it does not meet the socioeconomic stage, then it may hinder
socioeconomic development. Therefore, policymakers need to clarify the leading factors of
the CLUT, take social development and people’s needs as guidance, and fully consider the
regional differences in the CLUT to formulate cultivated land utilization policies. Based on
the above analysis, we found that the relatively developed northeast region of the study
area has a strong spatial transition of cultivated land, while the relatively underdeveloped
economy of the southwest region has a strong functional transition. For areas with a
strong spatial transition, urban construction has a greater demand for land, and people’s
demands are more abundant. The main goal should be to clarify the relationship between
cultivated land use and social demand, and then promote the implementation of measures
to compensate for the external cost of the loss of the cultivated land quantity in the following
ways. First, it is necessary to control the amount of urban land supply, increase the level
of land intensity, and strengthen the protection of basic farmland. Second, this study has
demonstrated that the planting structure and type of cultivated land must not only match
the needs of society but also meet sustainability requirements. Finally, a cultivated land
landscape improvement plan should be established to ensure the degree of concentration
and contiguous farmland.

For areas with strong arable land function transitions, the main goal should be to
achieve the balanced development of various functions of cultivated land as follows. First,
the reform of agricultural modernization should be deepened, land should be consoli-
dated, the soil fertility should be improved, and farmland production efficiency should
be increased. In addition, it is necessary to increase agricultural subsidies and absorb
agricultural labor. Most importantly, it is essential to develop green agriculture from
the perspective of ecological security and innovate agricultural ecological compensation
mechanisms. Through these strategies, we can stimulate the endogenous development
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momentum of agriculture and realize the saving, green, and efficient use of cultivated land.
In addition, both the overall and local CLUTs in the study area have positive aggregation
effects, which indicates that the CLUT is a systematic problem, and there is a connection
between the CLUTs in neighboring areas. Thus, it is necessary to strengthen regional coop-
eration, facilitate agricultural marketization and information construction, and invigorate
agricultural operation mechanisms.

5.3. Limitations and Prospects

The CLUT is an inevitable consequence of socioeconomic transition. In previous
studies, scholars have given more attention to changes in the amount or functional structure
of cultivated land, while the comprehensive transition process of the cultivated land spatial
and functional morphology has not received enough attention. Therefore, this study serves
as a useful exploration to evaluate the CLUT and provides a reference for future research.
The advantages of this research are as follows. First, this study combined quantitative
and qualitative considerations to construct a “spatial-functional” integrated framework
to identify the law of the CLUT. The transition of the cultivated land-use morphology is
the dominant and recessive manifestation of CLUTs. This parameter is a comprehensive
identification of the CLUT. Thus, compared with other regions, the main grain-producing
areas have more important tasks for cultivated land protection and food security.

This research provides a novel perspective and content, but it still has some shortcom-
ings. The evaluation of the CLUT is a complicated task, and a unified and standardized
evaluation system needs to be established. In this study, natural factors are not considered
in the “spatial-functional” comprehensive framework and should be included in subse-
quent studies. In addition, the defects of China’s current farmland management regulations
and property rights system have led to a decline in the quality of arable land. Moreover,
the internal changes in cultivated land are more difficult to detect than the external changes.
Therefore, research on the scientific and effective comprehensive evaluation systems for
the transformation of cultivated land function forms should be the focus of future CLUT
research. Subsequent research objects could be further enriched, such as the city scale,
village scale, or field scale, especially in semi-urbanized areas where land conflict is more
prominent and cultivated land protection is under great pressure. In addition, it is also
a key consideration to put forward regulatory policies for the CLUTs in typical regions
according to local conditions. In the future plan of this study, the spatial econometric model
can be used to quantitatively analyze the core driving factors of CLUT.

6. Conclusions

This paper analyzes the mechanism of CLUT and evaluates the CLUT characteristics in
the main grain-producing areas in the middle and lower reaches of the Yangtze River from
2001 to 2019 based on the “spatial-functional” integrated framework. The CLUT index
of 71 prefecture-level cities was calculated, and then the magnitude, spatial correlation,
direction, and speed of the inter-regional CLUT were analyzed.

The results show that the comprehensive transition index of cultivated land use
continued to increase from 0.0480 to 0.0711 during the period. It can be said that social and
economic factors have driven the acceleration of CLUT. In particular, the speed of functional
transition is stronger than that of spatial transition, because the functional changes of
cultivated land are directly intervened by human needs. However, the difference in the
transition index between regions significantly expanded, and the transition range increased
from 0.0345 to 0.0641. Such evidence suggests that the CLUT in the flat terrain area is
larger than that in the mountainous area. Due to the advantages of terrain, the economic
development, urbanization, and population growth of the plain area are strong, and the
CLUT is fast.

The CLUT in the study area exhibited a positive aggregation effect and strengthened
in the period. The degree of aggregation of the spatial and functional transitions increased
from 0.3776 to 0.4673 and from 0.2127 to 0.2952, respectively. The CLUT of high-high
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agglomeration areas was concentrated in the northeast and southwest of the study area,
and the low-low agglomerations areas were essentially distributed in the central region.
This means that there is a spatial relationship between the CLUT in a region and its
surrounding areas, and the activities of cultivated land used by humans are not separated.

The center of gravity of the CLUT has shifted from the southwest to the more econom-
ically developed northeast region. and the center of gravity migration speed of comprehen-
sive, functional, and spatial transitions decreased from 2.9401 km/year to 1.2370 km/year,
8.3573 km/year to 1.0814 km/year, and 3.2398 km/year to 1.0254 km/year, respectively. In-
deed, socioeconomic factors are often the main driving force behind the CLUT. In the current
stage of China’s economic slowdown, optimizing the morphology of cultivated land may
be particularly important when adjusting the existing cultivated land management policy.
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