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Abstract: Cultivated land area and fragmentation are two crucial elements that influence food pro-
duction in China. However, few studies have analyzed the fine-grained changes in both the area
and the fragmentation of cultivated land from a national perspective. Using a 30 m annual land-
cover dataset with the help of cultivated land area (CA) and a newly constructed coupling landscape
fragmentation index (CLFI), this research identified the spatial distribution characteristics of both
the area and the landscape fragmentation of cultivated land in Chinese counties and simultaneously
analyzed the changes in the above two elements since the beginning of the 21st century. The results
showed that the distribution pattern of CA in China’s counties was large in the north and small in
the south. During the first two decades of the 21st century, the total CA of China decreased, but the
decrease rate decreased from 2.91% in 2000-2010 to 0.41% in 2010-2020; in contrast, the CLFI of
China showed an increasing trend, but the increase rate also decreased, from 4.06% in 2000-2010 to
0.51% in 2010-2020. Spatially, from 2000 to 2010, there was an obvious reverse distribution pattern
between counties with large CA changes and those with large CLFI changes; however, this pattern
became less obvious from 2010 to 2020. Urban expansion, sloping land conversion programs and
other ecological protection programs, and land development and consolidation programs were ma-
jor causes of changes in the CA and CLFI across China. The findings of this research provide a data
basis and scientific support for the protection and large-scale utilization of cultivated land, where
this information is necessary to ensure food security.
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1. Introduction

Cultivated land is the most important foundation for food production, agro-ecosys-
tem service provision, agricultural civilization continuation and so on [1-6], and was re-
ported to expand to marginal areas with low productivity worldwide [7,8]. Additionally,
the phenomenon of construction land occupying cultivated land of high quality is com-
mon, especially in developing countries [9-11]. Therefore, global cultivated land systems
are under tremendous pressure to support a continually rising population, while the frag-
mented cultivated land operated by small farms (<2 ha in size) plays an important role in
ensuring food security [12-14]. Globally, the loss of cultivated land, mainly due to urban
expansion and the fragmentation of small farms, may not only damage the ecosystem
service functions of cultivated land, such as food production and biodiversity, but also
pose a threat to ecosystem security due to excessive use of chemical fertilizers [15-18].

China has a decreasing cultivated land area and a large percentage of smallholder
farms [19,20]. Since the implementation of the reform and opening-up policy in 1978,
China’s urbanization rate has been accelerating, and cultivated land has been the main
source of construction land expansion, resulting in the shrinkage of cultivated land, which
was particularly evident during 1990-2010 [21,22]. It is obvious that China is facing rec-
ord-breaking pressure to provide sufficient food for approximately one-fifth of the global
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population [23,24]. Additionally, the fragmentation of cultivated land, characterized by
the fact that more than 70% of the country’s cultivated land is managed by farms with a
farm size of less than 0.6 ha, is another prominent problem that limits the efficient use of
cultivated land in China [25]. Land fragmentation is widely recognized as one of the main
causes of the disintensification of cultivated land, resulting in declining productivity and
increasing production costs and, thus, low land-use efficiency [25-27]. It should be noted
that along with the loss of cultivated land area, the degree of fragmentation of China’s
cultivated land is increasing. This can not only cause a decrease in the value of ecosystem
service functions and biodiversity, but can also exacerbate the inefficient use of cultivated
land and have a negative impact on national food production [28-31].

Since the 1980s, the central government of China has given much attention to curbing
the loss of cultivated land area, and a series of laws and institutional guarantee systems
have been implemented, including the Land Administration Law; the Land Use Control
System; the Cultivated Land Occupation and Compensation Balance System; and the
Land Development, Consolidation and Reclamation System [24]. Since the 2010s, the frag-
mentation of cultivated land has also attracted significant attention from the central gov-
ernment of China. In 2014, the “Trifurcation of Land Rights” policy was introduced, and
the transfer of land management rights was encouraged, which aims to reduce cultivated
land fragmentation and thus improve the efficiency of cultivated land use [32,33]. In the
context of the above policy interventions, what are the respective trends in cultivated land
area and fragmentation over the first 20 years of the 21st century? The results of a com-
prehensive national-wide analysis can not only provide a database for the evaluation of
the implementation effect of relevant policies but also provide scientific suggestions for
the improvement of relevant policy measures.

However, there have been many studies on the change in cultivated land area in
China, yet the data sources have not been consistent and the results may differ signifi-
cantly. Specifically, from 2000 to 2010, the data from Wu et al. [34] and Yang et al. [35]
showed reductions in China’s cultivated land area of 4.80 x 106 hm? and 5.62 x 106 hm?,
respectively, and were relatively close. In contrast, GlobeLand 30 showed that the de-
crease in China’s cultivated land during the same period was approximately 1.77 x 10°
hm? [36], which was much smaller than the above data, yet more consistent with the re-
sults of Liu et al. [21] (1.02 x 10¢ hm?). When analyzing the change in cultivated land area
in the last decade, the differences in the results of existing studies were less pronounced.
Specifically, the data from Yang and Huang [35] showed a 0.41% reduction in cultivated
land area from 2010 to 2020, which is a value close to the 0.29% reduction from 2009 to
2018 obtained by Yuan et al. [37] based on the land survey grid data of China. In addition,
the accessibility of different data varies. Among the abovementioned data, the GlobeLand
30 and the 30 m annual land-cover dataset of China were relatively more accessible and
are freely available, providing scholars with more convenience in using these data for re-
search.

Cultivated land fragmentation can be roughly divided into ownership fragmentation
and landscape fragmentation [38]. Most studies focusing on ownership fragmentation are
conducted from the microscopic perspective of the households and consider that frag-
mentation is the result of infinite subdivision of cultivated land property rights; addition-
ally, these studies mainly use household survey data to analyze the impact of fragmenta-
tion on land-use behaviors, such as the intensive use and transfer of cultivated land
[32,39-41]. In contrast, landscape fragmentation is more characterized by the dispersion
of cultivated land parcels in space, and relevant research focuses mainly on the assessment
of the fragmentation status and its influencing factors, including natural environment con-
ditions, socio-economic development represented by urban expansion, ecological protec-
tion program and land consolidation programs [42—44]. Commonly used indices include
the number of household plots (N), plot density (PD), land plot accessibility (LPA), land-
scape shape index (LSI), aggregation index (Al) or different combinations of these indices
[44-46]. However, it should be noted that most relevant studies were conducted at the
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local or regional scales, while few studies have been conducted to analyze the fine-grained
landscape fragmentation of cultivated land and its changes from a China-wide perspec-
tive [28].

Considering the above, this study used the 30 m annual land-cover dataset of China
to obtain the trend of cultivated land change in China from 2000 to 2020 and constructed
a comprehensive coupling index for landscape fragmentation to analyze the change in
landscape fragmentation in this period. The main purpose of this study was to compre-
hensively and systematically analyze the cultivated land change from the perspectives of
both area and fragmentation across China since the beginning of the 21st century and to
explore the causes for the changes from the perspective of changes in land-use types.
These can provide a scientific basis for relevant policy recommendations on cultivated
land protection, reduction of fragmentation and promotion of large-scale utilization, ulti-
mately achieving the goal of improving the productivity of cultivated land and ensuring
national food security.

2. Materials and Methods
2.1. A General Framework for the Construction of a Coupling Index for Land Fragmentation

To comprehensively analyze the change in cultivated land in China, changes in both
the area and the fragmentation of cultivated land in China were considered in this study.
Fragmentation means that cultivated land is divided among several spatially separated
plots, adding difficulty to the concentrated and contiguous operation of cultivated land
[47]. As mentioned, cultivated land fragmentation can be divided into ownership frag-
mentation and landscape fragmentation, which are both interconnected and differentiated
[38]. In this study, we mainly analyzed the changes in landscape fragmentation of culti-
vated land in China.

Regarding the selection of indices, most studies used multiple landscape pattern in-
dices to analyze their changes separately; in recent years, some studies also adopted com-
prehensive methods, such as principal component analysis, to construct a comprehensive
indicator for the evaluation of landscape fragmentation by using multiple landscape pat-
tern indices [4,46]. To reduce the redundancy of index selection, a coupling landscape
fragmentation index (CLFI) was constructed in this study, combining the two most repre-
sentative indicators of landscape fragmentation, namely, PD and LSI, to describe the frag-
mentation of cultivated land more accurately and concisely across China.

Specifically, PD was selected as one of the key proxies for fragmentation; it was
widely adopted by many relevant studies on landscape fragmentation and ownership
fragmentation [4,45]. Under the background of the same total farm area, the larger the PD
is, the smaller the average plot size and the higher the dispersion degree of the cultivated
land [44]. However, for specific farms, in addition to the size and dispersion degree of the
plot having a significant impact on the tillage process, its shape affects the ease of cultiva-
tion and, in particular, the use of machinery [38,42,48]. For the same-sized farm with the
same PD, generally, the more regular the shape is, the more conducive the land is to me-
chanical use and vice versa; whether cultivated land is conducive to mechanical cultiva-
tion is often an important factor that influences farmers’ land allocation decisions and,
thus, the type and intensification of cultivated land use [48,49]. Therefore, the LSI, in ad-
dition to PD, was selected for the construction of the comprehensive index, i.e., the CLFI.
The specific index construction methods are detailed in Section 2.3.

2.2. Land-Cover Data

The 30 m annual land-cover dataset of China produced by Yang and Huang [35] was
the first fine-resolution annual land-cover dataset for China produced using observational
images, which contained the 30 m annual land cover and its dynamics from 1985 to 2020.
This dataset was extracted from more than 300,000 Landsat images on the Google Earth
Engine (GEE) and contained nine land-cover types, which were available for free at
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https://zenodo.org (accessed on January 5, 2022). The overall accuracy of this dataset in
China (79.31%) outperforms that of many world-scale land-use datasets, such as
MCD12Q1 and GlobaLand30 [35]. Considering the high accessibility, relatively high spa-
tial resolution and long time series, this dataset provides possibilities for the analysis of
spatial and temporal changes in the area and fragmentation of cultivated land in China
and was therefore chosen as the data source for this study.

2.3. Characterization of Cropland Area and Fragmentation and Their Changes

Spatial land-cover data were analyzed at the county-level scale and for agricultural
regions (Figure 1). The calculation of the cultivated land area (CA) and fragmentation in-
dex, including the PD and LSI, was mainly performed using FRAGSTATS software [50].
The natural breakpoint method was applied to group the CA, PD, LSI and CLFI of each
county in the analysis of the spatial distribution of the above indices in 2020 (Figure 2a—
c). As mentioned in Section 2.1, the CLFI is the integrated landscape fragmentation index
coupling the PD and LSI, whose calculation formulas are shown as follows:

CLFI PDi X Liyos « (0.5 x (PD; +LSI 1)
P = =2 X o X ; ;
= |Goprazsy,)" X (05 X (PD+LSI)
PDL- — PDi,actural — min FPDi,actuaZ) (2)
maX(PDi,actual) — min (PDi,actual)
LSIi — LSIi,actual — min (ILS[i,actual) (3)
maX(LSIi,actual) — min (LSIi,actual)
N;
PD; gctuar = A_I. 4)
0.25E;

LSl getuar =
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where CLFIi refers to the coupling land fragmentation index of the PD and LSI in county
i. A higher value of CLFI represents a higher coupling degree, higher values of PD and
LSI, and thus a high landscape fragmentation of cultivated land. PD: and LSIiare the stand-
ard scores of the PD and LSI in county i, which can be obtained using Formulas (2)—(5),
where PD; gceurar and LSI; gepyqr refer to the PD and LSI in county i; N and e;, refer to
the total patch number and the total length of all patch boundaries of cultivated land in
county i.

T T T
1000 2000 3000 4000 5000
CA (10000ha)
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Figure 1. Spatial distributions of cultivated land area and agricultural regions in China. HHH, SWR,
YRR, SER, GXR, LPR, TPR, NER and IMR represent the Huang - Huai - Hai region, the Southwest
China region, the middle-lower Yangtze River region, the Southeast China region, the Gansu - Xin-
jiang region, the Loess Plateau region, the Tibetan Plateau region, the Northeast China region and
the Inner Mongolia region, respectively.
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Figure 2. Spatial variation in cultivated land fragmentation indices across China ((a) PD, (b) LSI, (c)
CLFI) and between agricultural regions (d).

When comparing the landscape fragmentation of cultivated land between agricul-
tural regions in 2020, the mean values of the PD, LSI and CLFI in each agricultural region
were first divided by the national mean values, and the differences between each indicator
of agricultural regions and the national mean were analyzed according to the quotient of
the division (Figure 2d).

The trends of cultivated land area and landscape fragmentation in China during
2000-2020 were assessed mainly based on the changes in two indices, namely, the CA and
CLF]J, from 2000 to 2010 and from 2010 to 2020. Specifically, at the national scale, a histo-
gram-based method was used to measure the distribution of the CA and CLFI changes,
where the bin width was determined using the Freedman-Diaconis rule with the follow-
ing equation [28]:

IQR
VN
where BW is the bin width of the CA or CLFJ, IQR is the interquartile range of the CA or
CLFI and N is the number of counties in China, equal to 2825. Specifically, the BW values
for the CA and CLFI obtained from the above formula were 2.0% and 2.5%, respectively.
Therefore, a CA change between -2.0% and 2.0% in a county can be considered stable,
while a CA change above 2.0% or below —2.0% is classified as an increase or decrease in

total cultivated land area, respectively. The CLFI change can be grouped in a similar
scheme, but the corresponding threshold should be changed to +2.5%. Subsequently,

BW =2 X (6)
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counties across the country can be classified into eleven bands according to the change in
CA or CLFI. Here, for the CA changes, we considered the three groups with the largest
and smallest change rates as the large increase groups and the large decrease groups, re-
spectively, and the CA change rates for counties in these groups were 210% and <-10%,
respectively; for the CLFI changes, the CLFI change rates for counties in the large increase
groups and the large decrease groups were no less than 12.5% and no more than -12.5%,
respectively.

When comparing the trend of CA changes in a county during 2000-2020, nine scenarios
occurred depending on the difference in the direction of change for the two time periods,
i.e., 2000-2010 and 2010-2020. However, there were six scenarios where the number of coun-
ties appeared to be more than 5% of the total number of counties, i.e., continuous increase
during the two time periods (112]); first increase then decrease (112D), first stable then de-
crease (1C2D), first decrease then increase (1D2I), first decrease then stable (1D2C) and con-
tinuous decrease (1D2D), and the number of relevant counties was close to 90% of the total
number of counties (2825). The situation was roughly similar for the CLFI changes.

2.4. Causes of Changes in Cultivated Land Area and Fragmentation in China

The area of transfer between land-use types was calculated to find possible causes
for the change in cultivated land area and fragmentation. The land-use transfer matrix
was first constructed, from which the land-use types and specific areas of cultivated land
transferred in and out were identified, and their ratios to the area of cultivated land in the
initial year were calculated. It should be pointed out that the analysis focused on the
changes in land-use types with ratios exceeding 5% within each agricultural region.

3. Results
3.1. Spatial Variation in Cultivated Land Area and Fragmentation in 2020

Cultivated land was unevenly distributed among counties in China, with the total
CA of the 20% of counties with the smallest CA accounting for only 3.24% of the total CA
nationwide, while the total CA of the 20% of counties with the largest CA accounted for
more than one-third (34.70%) (Figure 3). In terms of the spatial distribution, the CAs of
counties in China roughly showed a distribution pattern of large in the north and small in
the south. Specifically, the counties with a larger CAs were mainly distributed in the NER,
the GXR, the southern HHH, the northern YRR and the central SWR; compared with them,
the CAs of counties in the SER, the LPR, the TPR, the western SWR, and the eastern and
southern parts of the YRR were relatively small (Figure 1). From the perspective of agri-
cultural regions, the YRR, SWR and HHH had the largest total CA, while the GXR, IMR
and TPR had relatively small total cultivated areas (Figure 1).
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Figure 3. Scatter plots. Left is the scatter plot of the proportion of cumulative county number and
the proportion of cumulative CA (the data are first arranged from small to large according to CA).
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Right is the scatter plot of the proportion of cumulative county number and CLFI (the data are first
arranged from small to large according to CLFI).

The distribution patterns of cultivated land fragmentation indices were not con-
sistent with those of CA. Specifically, the relatively high-value counties in terms of PD
(>3.28) were concentrated in the LPR and SWR, and the PD values in other regions were
relatively low (Figure 2a). For the LS, in addition to the LPR and SWR, the high-value
counties were concentrated in the IMR, TPR and YRR, and only the central counties of the
HHH and NER had relatively low LSI values (Figure 2b). As a coupling indicator of the
PD and LSI, the high-value counties of the CLFI were mainly located in the strip area
along the northwest of the NER —east of the IMR—the LPR—the SWR —west of the SER,
as well as the southern YRR and eastern SER, while the CLFI of the counties in the remain-
ing areas was relatively small (Figure 2c). In general, two-thirds of the counties (68.71%)
had CLFI values between 0.13 and 0.31, and the ratios of counties with severely frag-
mented (CLFI > 0.31) and mildly fragmented (CLFI < 0.13) cultivated land to the total
number of counties in China were within 20% (Figure 3). From the perspective of the ag-
ricultural regions, the SWR, IMR, SER and LPR had higher values of each indicator of
cultivated land fragmentation than the national average, the values of each indicator in
the YRR were basically the same as the national average, the values in the HHH and NER
were slightly lower than the national average, and the GXR and TPR were the two regions
with the lowest levels of cultivated land fragmentation, among which, the values of each
indicator of cultivated land fragmentation in the TPR were much lower than the national
average (Figure 2d).

Overall, a roughly inverse distribution relationship was obtained between the spatial
distribution of CA and the CLFI at the county level. That is, counties with a larger CA,
such as those distributed in the NER, GXR and central SWR, tended to have lower CLFI
values; conversely, counties with a smaller CA, such as those distributed in the SER, the
western SWR, and the eastern and southern parts of the YRR, mostly had higher CLFI
values.

3.2. Changes in Cultivated Land Area and Fragmentation from 2000 to 2020

The CA of China decreased from 2000 to 2020, but the rate of reduction decreased
from 2.91% in 2000-2010 to 0.41% in 2010-2020. Specifically, from 2000-2010, only 10.55%
(298/2825) of the counties had a large increase rate in CA (210%), mainly in the GXR, north-
ern NER, southern SWR and western YRR; however, from 2010-2020, this proportion in-
creased to 19.75% (558/2825) and the relevant counties were more widely distributed. Ad-
ditional areas were concentrated in the NER, southeastern part of the YRR, central and
eastern parts of the LPR, southern part of the TPR and western part of the SER (Figure 4).
The number of counties with a large decrease rate in CA (<-10%) was larger than that of
the counties with a large increase rate in both periods. From 2000 to 2020, the proportion
of counties with a large decrease rate in CA reached 31.96% (903/2825), mainly in the NER,
IMR, TPR, western LPR, northern SWR, eastern YRR and SER, while from 2010 to 2020,
the proportion of counties with a large CA reduction decreased to 21.42% (605/2825) and
contracted spatially, mainly in the IMR and the northern parts of the LPR, TPR and SWR
(Figure 4).
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Figure 4. Changes in cultivated land area (CA) in China during 2000-2010 (a) and 2010-2020 (b).
The spatial distribution and histogram of the CA change rate during 2000-2010 are displayed in (a)
and (lower-left), respectively. The spatial distribution and histogram of the CA change rate during
2010-2020 are displayed in (b) and (lower-right), respectively. Colors in the histograms correspond
with the maps and the intervals were set following the Freedman-Diaconis rule.
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The CLFI of China continued to increase from 2000 to 2020, but the rate of increase
decreased from 4.06% in 2000-2010 to 0.51% in 2010-2020. The proportion of counties in
the large increase groups (with a large CLFI increase rate >12.5%) decreased from 21.95%
(620/2825) in 2000-2010 to 16.53% (467/2825) in 2010-2020. In both periods, the proportion
of counties in the large-decrease groups (with a large decrease in CLFI rate <-12.5%) was
smaller than that of counties in the large-increase groups, with values of 17.84% and
14.44%, respectively (Figure 5). Compared with the spatial distribution of CA changes, the
spatial characteristics of counties with large CLFI changes were roughly inversely distrib-
uted. Specifically, from 2000 to 2010, the spatial layout of counties with a large decrease
in the CLFI rate (<-12.5%) was roughly consistent with the layout of counties with a large
increase in CA (210%), which were distributed in the GXR, northern NER, southern SWR,
western YRR, LPR and TPR, while the counties with a large increase in the CLFI (=12.5%)
were mainly distributed in the HHH, central NER, northern SWR, eastern SER and YRR,
with most of them showing a decreasing trend in CA (Figure 5a). From 2010-2020, the
counties with a large CLFI increase rate shrank in the eastern YRR and the overall distri-
bution was more dispersed; additionally, the counties with a large decrease rate were
more concentrated in the three regions of IMR, LPR and TPR. This inverse difference be-
tween the spatial distribution of the CLFI change and CA change was not as pronounced
in 2010-2020 as it was for 2000-2010 and was retained only in the HHH, northeastern YRR,
central NER and western SWR (Figure 5b).
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Figure 5. Changes in the coupling landscape fragmentation index (CLFI) in China. The spatial dis-
tribution and histogram of the CLFI change rate during 2000-2010 are displayed in (a) and (lower-
left), respectively. The spatial distribution and histogram of the CLFI change rate during 2010-2020
are displayed in (b) and (lower-right), respectively. Colors in the histograms correspond with the
maps and the intervals were set following the Freedman-Diaconis rule.

The spatial distribution of the counties in each group based on the CA change and
the counties in each group based on the CLFI change showed roughly inverse distribution
patterns (Figure 6). Specifically, for the CA changes, the largest proportion of 1D2D-type
counties was concentrated in the HHH, YRR, northern NER and southern SER (and scat-
tered in the other districts), while for the CLFI changes, 112I-type counties had the second
largest proportion and the distribution pattern was roughly consistent with the counties
showing 1D2D-type CA changes. Regarding the CLFI changes, the largest proportions
of 1D2D-type counties were mainly scattered in the SWR, YRR, western GXR and SER,
which was consistent with the spatial distribution of counties experiencing 1121 regarding
the CA. Compared with the abovementioned county groups, the spatial distribution of
counties in the other groups was more discrete and the inverse distribution relationship
between them was less obvious.
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Figure 6. Characterization of different groups of counties in China from 2000 to 2020. The spatial
distribution and histogram of counties grouped by the CA changes are displayed in the upper-left
and lower-left, respectively. The spatial distribution and histogram of counties grouped by the CLFI
changes are displayed in the upper-right and lower-right, respectively. Colors in the maps corre-
spond with the histograms. 1121, 112D, 1C2D, 1D2I, 1D2C, 1D2D and others refer to continuous in-
crease during the two time periods; first increase, then decrease; first stable, then decrease; first
decrease, then increase; first decrease, then stable; continuous decrease; and other groups, respec-
tively.

3.3. Major Causes of Changes in Cultivated Land Area and Fragmentation in China

From 2000 to 2020, the change trends of the CA and CLFI in different agricultural
regions were not the same, and the causes were also different.

(1) In the HHH, each county had a relatively small CA and low CLFI, but from 2000
to 2020, the CA continued to decrease, while the CLFI continued to increase; additionally,
urban expansion occupied cultivated land, which was the main cause for the decrease in
CA and increase in CLFI (Figure 7).

(2) In the SWR, the CA of counties was relatively small and the CLFI was relatively
high. From 2000 to 2020, the three types of changes in CA were mainly 1D2D, 112D and
1121, while the proportion of counties with a continuously decreasing CLFI (1D2D) was
the highest. According to Figure 7, the transfer-in and transfer-out areas between culti-
vated land and forest accounted for a relatively high proportion of the total change area.
Therefore, the conversion of cultivated land to forest was the main cause for the decrease
in CA, while land development and consolidation may have been the main reasons for
the increase in CA. During the abovementioned changes, the decreasing cultivated land
plots were mainly those with a higher CLFI, while the increase was mainly for the large-
scale and more regular plots [48,51,52]; thus, the overall CLFI decreased.

(3) The YRR and SER counties had a smaller CA but a relatively higher CLFI. From
2000 to 2020, the CA of each county was dominated by two types of changes, namely,
1D2D and 1D2I, while the CLFI in each county was dominated by 1121, 1D2D and 1D2I.
The occupation of cultivated land by urban expansion should be the main cause for the
continuous decrease in CA and the continuous increase in the CLFI, while engineering
measures, such as returning cultivated land to forest and land consolidation, may have
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been the main reasons for the increase in CA and the decrease in the CLFI, especially in
the southeastern counties of YRR and SER from 2010 to 2020 [53,54].
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SER
GXR
LPR
TPR
NER
IMR
I

-100%  -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%

Ratio of CA change
M to forestM to shrub = to grassland W to water M to construction land W from forest® from shrub = from grassland M from water @ from barren

Figure 7. Ratios of cultivated land area (CA) change to/from other land-use types from 2000-2010
(upper) and 20102020 (lower).

(4) The counties of GXR and NER had relatively large CAs and low CLFIs. From 2000
to 2020, the CA in the GXR counties continued to increase, while the CLFI in each county
generally first decreased and then increased or continued to decrease. In the NER coun-
ties, the CA mainly decreased first and then increased or continued to decrease, while the
CLFI first increased and then decreased or continued to decrease. The expansion of culti-
vated land to grassland was the main cause for the increase in the CA of the GXR, but the
newly added land may have also had a high degree of fragmentation, which was most
obvious in the central region [55,56]. In the NER, the occupation of cultivated land by
urban expansion and the conversion of cultivated land to forest led to the reduction in CA
and the increase in the CLFI [57]. However, from 2010 to 2020, land development was
dominated by large-scale land reclamation, which led to the expansion of cultivated land
into forest and grassland [56,58]. As a result, the CA increased and the CLFI decreased
mainly in the central counties of the NER (Figure 7).

(5) In the LPR and IMR, the counties had a smaller CA and a relatively higher CLFI.
From 2000 to 2020, the CA in the LPR and IMR counties continued to decrease or first
decreased and then increased, while the CLFI continued to decrease. According to Figure
7, the project of returning farmland to forest and grassland, as well as farmland abandon-
ment, were the main reasons for the reduction in the CA in each county [59-61]. The de-
crease in the CA caused by the above reasons mainly occurred in relatively fragmented
plots; therefore, the CLFI continued to decrease. However, from 2010 to 2020, land devel-
opment and consolidation projects turned a large number of forests and grasslands into
cultivated land; therefore, the CA increased and the CLFI continued to decline.
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(6) The CA and CLFI in the TPR counties were both small and continued to decrease
from 2000 to 2020. According to Figure 7, the reduced cultivated land was mainly con-
verted to grassland [62], and it was seen that although the ecological conversion project
reduced the CA, the CLFI also decreased.

4. Discussion
4.1. Policy Implications

In the past 20 years, China’s total CA has continued to decrease and the CLFI of cul-
tivated land has been increasing. Therefore, a more stringent cultivated land protection
system should continue to be implemented in the future and land transfer should be vig-
orously promoted to facilitate the large-scale use of cultivated land. Considering that there
are significant differences in the CA and CLF]I, as well as in their change trends in different
agricultural regions, the implementation of relevant conservation measures and policies
should be tailored to local conditions, and more targeted policies and proposals should
be formulated for the actual situation of each region. The specific recommendations for
each agricultural zone are listed below.

In the HHH, YRR, SER and NER, the occupation of cultivated land by construction
land was the main cause for the decrease in the CA and the increase in the CLFI. This
should be the key implementation area for seriously protecting cultivated land, and the
non-agricultural occupation of cultivated land should be strictly limited [24,63]. Addition-
ally, land development and consolidation had positive roles in the increase in the CA and
the decline in the CLFI in some regions, especially in the southeastern part of the YRR. In
the future, attention should be given to the maintenance of relevant project implementa-
tion effects and to strengthen remote monitoring in relevant areas to avoid scenarios of
newly reclaimed or consolidated cultivated land being abandoned [64].

The GXR and NER were the regions where newly cultivated land was concentrated
in China. However, most of the newly added cultivated land in some areas, such as the
central part of the GXR and the northern part of the NER, was dominated by fragmented
plots. Therefore, more attention should be given to the planning of different land-use
types to strengthen the standardization of land development and the construction of sup-
porting facilities in the abovementioned areas to reduce the fragmentation of newly added
cultivated land, and to improve the quality and utilization efficiency of cultivated land
[65].

The CLFIs in the SWR, LPR and IMR were relatively high, but they decreased overall
during the study period due to the implementation of ecological protection projects, such
as the Sloping Land Conversion Project (SLCP). In addition, the active abandonment of
households may have been one of the major causes for the decrease in the CA and the
increase in the CLFI in the abovementioned regions [61,66]. Therefore, in the future, we
should focus on strengthening the monitoring and maintenance of ecological protection
results; furthermore, we should promote the cultivation of land markets and new farmers,
as well as promote land transfer to reduce the fragmentation of cultivated land, effectively
reduce the abandonment rate and realize the rational use of abandoned land [67,68].

The ecological environment of the TPR is highly fragile and the risk of degradation
of newly reclaimed farmland is therefore high. Therefore, it is necessary to protect culti-
vated land according to local conditions, strengthen the construction of windbreak and
sand fixation projects on cultivated land and surrounding grasslands, and avoid the ex-
cessive utilization of cultivated land [69].

4.2. Uncertainty and Limitations

In this study, considering the spatial and temporal resolutions, the data accessibility
and the reliability of the data, the 30 m annual land-cover dataset of China produced by
Yang and Huang [35] was selected, and two indicators, namely, CA and CLFI, were ap-
plied to analyze the area and fragmentation of China’s cultivated land cover and their
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changes, respectively. The results from 2000 to 2010 showed that the area of China’s cul-
tivated land decreased while the degree of fragmentation increased, which was consistent
with the changes in cultivated land in China during the same period obtained by Yu er al.
[28] using GLC30 data. This result indicated that the results of this study had a high degree
of confidence. However, it should be noted that although the 30 m resolution was the
highest spatial resolution among the available long time series of Chinese land-use data,
there may be a risk of underestimating the degree of fragmentation due to the high degree
of overall fragmentation of Chinese cultivated land, and this underestimation may be
more pronounced in mountainous areas. Therefore, in future studies related to the land-
scape fragmentation of cultivated land in China, it is recommended that land-use data
that are obtained from higher-resolution remote sensing images, such as Sentinel images,
are used to more accurately identify the degree of landscape fragmentation of cultivated
land and its changes [70,71].

The main limitation of this study was in relation to the causes of CA and CLFI
changes across China. Considering that the focus of this study was to describe the distri-
bution and changes in cultivated land area and fragmentation in China, only the land
transfer situation was considered to analyze the direct causes for the changes in the CA
and CLFJ, and policy recommendations were put forward accordingly. Other factors, such
as natural resource characteristics and policies [44,46], were not included in the scope of
this study. Therefore, the proposed policy recommendations may be incomplete. Further-
more, better use of ecosystem services, such as the wide terraces built in mountainous
areas to reduce soil erosion, can also mitigate land fragmentation, but these measures
were not adequately considered in this study. In the future, on the basis of this research,
we will consider all possible factors of CA change and CLFI change and put forward im-
proved cultivated land protection and large-scale utilization suggestions, including not
only policy measures but also engineering measures, such as better use of ecosystem ser-
vices.

5. Conclusions

By identifying the change patterns of cultivated land area and fragmentation across
the country, the results can provide a data basis and scientific support for policy formula-
tion related to cultivated land protection and large-scale utilization in China, where this
information is crucial for ensuring food security. Combining the 30 m annual land-cover
dataset of China and the coupled analysis method, we constructed a coupling landscape
fragmentation index (i.e., the CLFI) and analyzed the spatial distribution patterns of cul-
tivated land area (CA) and the CLFI at the county level in China. Additionally, we char-
acterized the changes in the CA and CLFI from 2000 to 2020. The results showed that the
total CA in China’s counties roughly showed a pattern of being large in the north and
small in the south, while the areas with high CLFI values were mainly concentrated in the
strip area along the northwest of the NER —east of the IMR —the LPR —the SWR —west of
the SER, as well as in the southeast. From 2000 to 2020, the total CA of China decreased,
but the reduction rate decreased from 2.91% in 2000-2010 to 0.41% in 2010-2020; in con-
trast, the overall CLFI of China showed an increasing trend, but the increase rate also
decreased, from 4.06% in 20002010 to 0.51% in 2010-2020. Spatially, the changes in the
CA and CLFI at the county level showed roughly inverse distribution patterns, and they
were more significant during 2000-2010. Specifically, from 2000 to 2010, the concentrated
areas of counties with a large increase rate in CA (210%) and those with a large decrease
rate in the CLFI (<-12.5%) were more consistent in space and mainly distributed in the
GXR, northern NER, southern SWR and western YRR; additionally, both counties with a
large decrease rate in CA (<-10%) and those with a large increase rate in the CLFI (212.5%)
were mainly distributed in the HHH, NER, northern SWR, eastern SER and YRR. From
2010 to 2020, this reverse distribution pattern became less obvious; specifically, the spatial
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extent of counties with a large increase rate in CA expanded toward the LPR and south-
eastern YRR, while counties with a large increase rate in the CLFI contracted significantly
in the eastern YRR and NER.

Urban expansion, ecological protection policies, such as the SLCP, and land develop-
ment and consolidation programs were the major causes of changes in the CA and CLFI
across China. However, there was some heterogeneity in the dominant causes in different
agricultural regions. Therefore, appropriate policies related to the protection, fragmenta-
tion reduction and large-scale utilization of cultivated land should be formulated accord-
ing to regional realities. In the future, a more comprehensive analysis of the drivers affect-
ing changes in cultivated land area and fragmentation is still needed to put forward more
reasonable suggestions for cultivated land protection and large-scale utilization.

Overall, this study not only provides relevant policy recommendations for national
cultivated land conservation, sustainable use and food security but also provides meth-
odological references for other related studies. It should be noted that studies on changes
in cultivated land area and landscape fragmentation based on medium- and high-resolu-
tion land-use data are more applicable in countries or regions with a high proportion of
plains.
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