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Abstract: Understanding the impact of changes in cultivated land in terms of structure, distribution,
and quantity on grain production potential (GPP) is essential for a sustainable land utilization strategy
and food security. Cultivated land balance (CLB), as a critical policy aiming at protecting farmland
in China, has greatly restricted the loss of cultivated land. However, changes in cultivated land
were largely generated due to the land-use activities led by the CLB policy. To clarify how the
spatiotemporal dynamics of cultivated land led by the CLB policy affects the GPP, this work discusses
the impact mechanism of cultivated land changes on GPP and provides an empirical analysis in
Hunan Province, China. This study shows that the activities that merely aim at restricting the loss of
cultivated land under CLB cannot stop the decline in GPP in China, since it requires the government
to reclaim a certain amount of cultivated land that is equal to that occupied for non-cultivated land
use. Furthermore, the distribution of cultivated land changed after the implementation of CLB
and, as a result, contributed to the decrease in the quality of cultivated land and GPP. Quantity,
productivity, and other elements that may potentially facilitate cultivated land protection are greatly
advocated to be considered to enrich the connotation of the CLB policy in China. It also found that
less developed regions located in central and western Hunan Province, among other areas, observed
a higher sensitivity of GPP to cultivated land change. More attention should be paid to protecting
cultivated land in these regions and addressing issues such as the abandonment of high-quality
cultivated land.

Keywords: cultivated land; grain production; food security; sustainable land use; dynamic monitoring

1. Introduction

Cultivated land degradation is threatening food security and, as a result, affecting global and
regional sustainability [1-6]. Especially in recent years, with rapid economic growth, urbanization,
and industrialization, a large amount of high-quality cultivated land has been occupied by construction
in developing regions, including China, raising food security concerns. Strategies for sustainable
cultivated land use have been increasingly discussed [7-12]. Accordingly, the Chinese government
has been endeavoring to improve grain production [4]. However, challenges remain due to cultivated
land loss [13-15], shortage of the labor force and water resources [16-20], and climate change [21,22].
To address these issues, China has implemented a series of policies and measures to protect cultivated
land from the prospects of both quantity and quality, including the requisition—compensation balance
of cultivated land (CLB), land-use regulation, basic farmland zoning, land consolidation, and rural
land circulation [23-26], which have played positive roles in ensuring China’s food security.
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Requisition-compensation balance of cultivated land was implemented in 1998 [27,28]. The policy
requires that, if a government-approved construction project occupies cultivated land, the same amount
of cultivated land must be supplemented elsewhere within the province to keep the balance of the
total cultivated land. It was considered as a policy tool to balance the conflicts between the expansion
of construction land and the protection of cultivated land. The local government can achieve the goal
of land urbanization by developing cultivated land in underdeveloped areas. Since then, as one of the
most primary approaches aimed to protect cultivated land, the policy has been widely implemented.
From 2011 to 2015, 1,140,000 hectares of cultivated land were occupied by construction, and 1,707,333
hectares were supplemented in China. However, in recent years, many new problems have arisen in
the practice. For example, the lack of reserve cultivated land resources, occupying the high-quality land
but supplementing the poor by developing cultivated land in mountains, and the high costs [27,28].

Therefore, some scholars have begun to consider how to improve this policy [27,28], despite the
fact that the Chinese government has implemented a massive investment for protecting cultivated land
and, to some extent, does achieve the goal of balancing the cultivated land occupied by construction [29].
More importantly, projects under requisition—-compensation balance of cultivated land have resulted
in the spatial transference of cultivated land, which caused the quality of cultivated land to change
accordingly and triggered arguments about the effect of these projects on grain productivity. Scholars
documented that the programs under requisition—compensation balance of cultivated land could
hardly achieve the ambitious goals for protecting cultivated land in terms of both quantity and quality,
and even result in a decline in bio-productivity [30-32]. Thus, some recent studies have focused on
how cultivated land change affects food security, notably grain productivity. To deeply understand the
relationship, frameworks based on statistical data have been provided to characterize cultivated land
change and its effect on grain yields over time [33]. Multi-scale measurements of spatiotemporal grain
production changes and cultivated land resources have been also applied [34]. Some scholars used
the barycenter and sensitivity methods to analyze the spatial shifts in grain production increases in
China [35]. They found that the center of grain production had moved towards the north and west of
China and reminded readers that the spatial mismatch of grain production and cultivated land could
be adverse to the sustainability of agriculture.

It is noteworthy that agricultural production is shaped by natural and socioeconomic factors [33].
Some studies demonstrated that local elements, including household size, cropping systems, land-use
intensity, land tenure, climate change, and environmental costs, can influence grain productivity
significantly [36—48]. The actual grain yields, to some extent, are determined by the quantity and quality
of cultivated land, climate, agricultural technology, and cropping patterns. It is hard to accurately
assess and simulate the yields. Thus, the current literature has focused on the effects of cultivated land
dynamics and climate change on grain production potential (GPP) [32,49-51]. To address these gaps,
methods such as the Global Agro-Ecological Zones (FAO-GAEZ) [52-54], the Deng Genyun model [55],
and the Estimation System of Agricultural Productivity (ESAP) [51,56] were developed to calculate the
GPP. Some scholars use meteorological prediction data to simulate future trends in cultivated land and
GPP under different scenarios [57-60].

As noted above, current studies have contributed to optimizing cultivated land use and
safeguarding food security. However, the requisition—compensation of cultivated land policy requires
that the area be balanced within the provincial area, while most of the previous studies, which were
carried out at the national and regional levels, can hardly guide local practices, especially at the
provincial scale. In fact, with the implementation of this policy, the exposed issues, notably the
lack of regulation for newly reclaimed cultivated land, insufficient backup resources for cultivated
land, and potential ecological risks [28], should be solved at the provincial level. Further studies are
advocated on cultivated land dynamics to revamp the policies.
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As a vital grain production site in China, Hunan Province shows favorable agricultural production
conditions in sunlight, temperature, heat, and rainfall. Impacted by the topography, grain production
is mainly concentrated in northern, eastern, and southern Hunan. In these regions, the economic and
climatic conditions are also relatively favorable. However, in recent years, urban and rural construction
has occupied a large amount of high-quality cultivated land, and it remains unclear what the feedback
of cultivated land change on grain productivity is. Considering the abovementioned facts, this study
attempts to clarify how cultivated land has changed before and after the implementation of CLB,
explore how and how much the change affects GPP, and answer the question of whether the current
CLB policy is adequate to ensure grain production. In this paper, we discuss an influence mechanism
of cultivated land change on grain production and provide an empirical analysis in Hunan Province,
China. Additionally, we analyze the characteristics of cultivated land change and its influences on
GPP from 1990 to 2014 using multi-sources data with a 30-m spatial resolution, and the methods of
spatial statistics, land-use change indexes, the gravity center shift model, and the sensitivity model are
applied in this paper. Based on the analysis, we propose response strategies of regional cultivated land
protection, which could guide the planning and practice of cultivated land utilization, and provide a
scientific basis and recommendations for the sustainable use of cultivated land.

2. Materials and Methods

2.1. Study Area

Hunan, as the largest province located in Central China as well as the middle reach of the Yangtze
River, comprises a total territory area of 211,800 square kilometers, which accounts for 2.2% of the entire
territory area of China. Hunan province has 14 municipalities, which are Changsha (CS), Zhuzhou
(272), Xiangtan (XT), Yueyang (YY), Yiyang (YiY), Changde (CD), Loudi (LD), Shaoyang (SY), Hengyang
(HY), Yongzhou (YZ), Chenzhou (CZ), Huaihua (HH), Xiangxi (XX), and Zhangjiajie (Z]]). From 1990 to
2018, the population grew from 60.66 million to 68.97 million, and the urbanization rate increased from
17.55% to 56.02%. Overall, eastern and northern Hunan have relatively robust economic development
and high urbanization rates. According to the statistics, 45.05% of the province’s population, 64.75% of
the province’s GDP, and an urbanization rate of 63.36% were found in these regions in 2018. Moreover,
more drastic changes in land use/land cover in eastern and northern Hunan occurred from 1990 to
2014, the construction land has increased by 126,975.39 hectares, which accounts for 55.71% of the total
increase area of construction land in Hunan, and cultivated land has decreased by 98,471.48 hectares,
which accounts for 35.63% of the total decrease area of cultivated land in Hunan. Since ancient times,
Hunan Province has been an important grain production base and has been known as the land of fish
and rice due to the favorable agricultural production conditions, and the total grain production has been
over 60 billion kilograms in recent years. Hunan Province has a subtropical monsoon humid climate,
with an average annual temperature of approximately 16-18 °C and average annual precipitation
of approximately 1200-1800 mm. In addition, Hunan Province has a dense network of rivers and
a well-developed water management system. Thus, the cultivated land of Hunan is mainly paddy
fields, accounting for over 70%. According to the survey, the terrain of northern, eastern, and southern
Hunan is relatively flat and the quality of cultivated land is relatively high, as shown in Figure 1.

2.2. Data Sources

The land-use datasets with a spatial resolution of 30 m for 1990, 2000, and 2014 were derived
by interpreting the Landsat remote sensing images (https://www.usgs.gov), and this dataset was
provided by Data Center for Resources and Environment Sciences, Chinese Academy of Sciences
(RESDC, http://www.resdc.cn). These datasets use a three-level land-use classification theme. It covers
6 first-level land-use types and 25 s-level land-use types (Table 1). The digital elevation model
(DEM) data with a spatial resolution of 30 m were obtained from the United States Geological Survey
(USGS, https://www.usgs.gov). The data of precipitation and temperature were obtained from China’s
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Meteorological Data Network (http://data.cma.cn) and the Hunan Provincial Statistical Yearbook.
The administrative district data were derived from the national basic geo-databases. In addition,
the dataset of reconstructed photosynthetically active radiation in China (1961-2014) [61] and soil
classification data (Harmonized World Soil Database, HWSD) were used in our study.
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Figure 1. Sketch of the study area.
Table 1. Land-use/land cover classification system.
First Classification Second Classification First Classification Second Classification
Paddy field Woodland shrubland
Cultivated land y Forest land Open forest land
Dryland
Others
River
Lake

High-cover grassland
Grassland Medium-cover grassland ~ Waterbody
Low-cover grassland

Reservoir pond
Permanent ice and snow

Tidal flat
Beach land
Sandy land
Urban land Sc;bl land hland
Construction land Rural residential land Unused land aime fand marshian
Others Bare land

Bare rock ground
Others



http://data.cma.cn

Land 2020, 9, 510 50f22

2.3. Influence Mechanism of Cultivated Land Change on Grain Production

There are some reasons for the decline in grain production, such as the decrease in cultivated land
area, the decline in the yield per unit of land, and the change in the planting structure. As shown
in Figure 2, we systematically discuss the influence mechanism of cultivated land change on grain
production in China. The government supplemented the area of cultivated land by projects such as
land development, land reclamation, and land consolidation, to balance the amount of cultivated
land occupied by urban construction. However, there are other reasons for the decline in cultivated
land, for example, ecological degradation, land abandonment, and land pollution. Therefore, the total
amount of arable land is continuously decreasing. All these have led to changes in the amount,
structure, and spatial location of cultivated land. With the changes in the spatial location of arable
land, the conditions of agricultural production have also changed, and thus the quality of cultivated
land will inevitably be influenced and then affect grain production potential change. Specifically,
the amount and structure of cultivated land directly affect the structure and area of food crops, and the
spatial shift of cultivated land is accompanied by changes in natural production conditions such as soil,
light, temperature, water, and heat, which in turn affect the productive potential of the land. Therefore,
in this paper, after systematically analyzing the mechanism of influence of cultivated land changes on
grain production, we comprehensively characterize the number and structure of changes in cultivated
land in Hunan Province and deeply explore the changes in cultivated land under different elevation,
slope, accumulated temperature, and rainfall conditions. Then, we use spatial statistics and sensitivity
models [62] to evaluate the influence of cultivated land changes on grain production potential and its
spatial pattern in Hunan Province.
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Figure 2. Influence mechanism of cultivated land change on grain production.

2.4. Methodology

2.4.1. Quantitative Methods for Calculating the Number and Structure Change

The change in the amount and structure of cultivated land is depicted through the land-use change
index, land transfer matrix, and other methods. The land-use change rate can reflect the magnitude of
land-use change, and the land-use transfer matrix can accurately tap the sources of supplementary
cultivated land and the destination of occupied cultivated land.

Area;, — Area;, 1

X = %X 100% @

LUCR =
uc Area;, T
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where LUCR is the cultivated land change rate, and Ares; j, and Area; , are the areas of land-use type i at
the end of the study period (b) and the beginning of the period (a), respectively.

2.4.2. The Analysis Method of Spatial Variation Characteristics of Cultivated Land

Drawing on previous studies and other related technical regulations [63], we reclassed Hunan
Province into four levels according to DEM < 100 m, 100~200 m, 200~800 m, and >800 m, with area
ratios of 21.85%, 17.08%, 53.01%, and 9.06%, respectively. The slopes 0~2°, 2~6°, 6~15°, 15~25°,
and > 25° were reclassed into five levels, and the area ratios were 5.16%, 20.54%, 34.58%, 23.22%,
and 16.50%, respectively. When the daily average temperature rises steadily above 10 degrees Celsius,
most crops can grow actively. An accumulated temperature (T) of >10 °C is the total of the daily average
temperature during a period greater than or equal to 10 degrees Celsius. We reclassed Hunan Province
into five levels according to T < 5500 °C, 5500~5600 °C, 5600~5700 °C, 5700~5800 °C, and >5800 °C,
and the area ratios were 14.87%, 17.29%, 18.53%, 29.02%, and 20.29%, respectively. According to the
annual average precipitations of 0~1500 mm, 1500~1570 mm, 1570~1640 mm, 1600~1810 mm, and
>1810 mm, we reclassed Hunan Province into five levels, and the area ratios were 26.98%, 30.97%,
23.88%, 11.26%, and 6.92%, respectively. Then, we used the intensity of land-use change and the relative
change index of land use to describe the characteristics of cultivated land change under different
natural production conditions. LUCI and RLUCI were used to analyze the land-use change intensity
variation in different regions.

LUCI is the index of the intensity of land-use change for land type j within spatial unit i, e.g., in the
zoning of agricultural characteristics factors. This index allows cross-sectional comparisons of the
degree of variation in categories within different levels, and it can be calculated using Formula (2).

Area; ), — Area;,

TA;

LUCI = % 100% 2)
where TA; is the total area of spatial unit j, and Area;;, and Area; , are the areas of land-use type i at the
end of the study period (b) and the beginning of the period (a), respectively.

RLUCI is the relative change rate of land-use change, and it can better analyze the degree of local
changes in land type i relative to the whole province and compare the differences in change intensity
across regions. It can be calculated using Formula (3).

Area;;, — Areai,a| y |TAi,b - TAZ-,,Z|

RLUCI =
uc Area;, TA;,

®G)
where Area; ;, and Area;, have the same meaning as previously mentioned, and TA;;, and TA;, are
the total area of land-use type i at the end of the study period (b) and the beginning of the period
(), respectively.

2.4.3. Methodology for Estimating Grain Production Potential

The grain production potential of cultivated land for the years 1990, 2000, and 2014 was estimated
using the stepwise revision of sunlight, temperature, water, and soil [29,47]. Formulas (4)—(6), and (7)
were used to calculate the photosynthetic production potential (Y(), light-temperature production
potential (Y7), climatic production potential (Yy), and soil production potential (Ys) for each cultivated
land pixel [29,47]. It means that we have to calculate Y first and then calculate Y7, Yy, and Y in
sequence. Finally, we used Formula (8) to obtain the total GPP in the study area.

_1x10°

Yo XFXQXE 4)

Yr = EXYQ (5)
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Yw = f(w) xXYr (6)
Ys = f(s) x Yw @)
GPP=Y"" S;xYi ®)

where C in Formula (4) is the dry matter calorific value and its value is 4250 kcal/kg [32,55], F is the
optical energy utilization rate and its value is 3% [32,55], Q is the total solar radiation, calculated
from the photosynthetic effective radiation data [32,55], and the photosynthetic utilization rate, which
takes the value of 0.49, and E is the crop economic coefficient (0.42 for rice, 0.40 for corn, and 0.35 for
wheat) [32,55]. In this paper, the paddy field’s value is 0.42, and the value of dryland is 0.38. The T
in Formula (5) is the average temperature of the crop during the growing period (May—September).
The f(w) in Formula (6) is the moisture correction coefficient. Due to sufficient rainfall in Hunan
Province, the rainfall is greater than the amount of evapotranspiration. Thus, in this paper, f(w) takes
the value of 1. f(s) is the soil correction coefficient from a previous study [64]. The Si in Formula (8) is
the area of cultivated land in polygon i, Y; s is the grain production potential of polygon i, and the unit
is kg/hm?.

2.4.4. Assessing the Impact of Cultivated Land Change on Grain Production Potential

To analyze the impact of changes in cultivated land quantity, structure, and location on grain
production, the changes in grain production potential in each city were calculated, and the gravity
center shift model was used to reveal the movement trajectory of cultivated land area and grain
production, thereby judging the future trend. The concept of barycenter stems from physics and
it refers to a certain spatial point, in all directions of which the powers are relatively balanced [35].
The barycenter model has often been used to analyze population changes, economic development
changes, etc., and it is a common analytical model in geography [65,66]. The calculated method can be
seen in reference [35,62]. In addition, the sensitivity model was used to measure the responsiveness of
the grain production potential changes to the paddy field and dryland in each county [62].

GPP;y11 — GPP;; Area;;q — Area;;

SEN =
GPP;; Area;y

)

GPP; s and GPP; ;7 in Formula (9) are the GPP values of land type i at the beginning and the end
of the period, respectively, and area;; and area; ;. are the areas of land type i at the beginning and
end of the period, respectively. In this model, when SEN < 0, it indicates that the grain production
potential is not sensitive to the cultivated land area change. When SEN > 0, it suggests that the grain
production potential is positively correlated with the cultivated land area change; the larger the SEN
value, the more sensitive the grain production potential change. According to previous studies [62],
four levels of sensitivity have been classified as follows: (a) it is non-sensitive when SEN <0, (b) it is
slightly sensitive when 0 < SEN < 5, (c) it is moderately sensitive when 5 < SEN <10, and (d) it is
highly sensitive when SEN > 10. After calculating the sensitivity of GPP to the change in cultivated
land, paddy fields, and dryland, we related their value to each county in ArcGIS, in order, according to
the above reclass rule, to symbolize them for better analysis of their spatial characteristics.

3. Results

3.1. Overall Characteristics of Cultivated Land Change

From 1990-2014, the area of cultivated land generally decreased in Hunan Province.
The characteristics of cultivated land change varied among different local regions. Specifically,
the net decrease in paddy fields was observed in all the regions, especially in Changde (CD) and
Changsha (CS), from 1990-2014 (Figure 3). Changde (CD), Changsha (CS), Yueyang (YY), and Yiyang
(YiY) showed a large decrease in paddy fields, while Yueyang (YY), Yiyang (YiY), and Changede
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(CD) showed increases of paddy fields. Moreover, the net decrease in dryland was observed in all
the regions except Zhangjiajie (Z]]), and it was especially prominent in Chengzhou (CZ), Yongzhou
(YZ), Huaihua (HH), and Shaoyang (SY). The net reduction area of cultivated land was 276,481 ha,
representing a change rate of —4.43%, and this area was mainly distributed in southern Hunan, eastern
Hunan, and northern Hunan, which accounted for 46.23%, 17.87%, and 17.77% of the total decreased
area, respectively. The change rate of cultivated land showed the characteristics of southern Hunan
(7.43%) > eastern Hunan (5.73%) > central Hunan (3.12%) > northern Hunan (2.86%) > western Hunan
(2.07%). From the perspective of the second-level categories, the net decreased area of paddy fields was
120,184 ha, and this area was mainly distributed in eastern and northern Hunan, which accounted for
32.59% and 29.00%, respectively, while the net decreased area of dryland was 156,297 ha and mainly
distributed in southern Hunan, which accounted for 68.75%.

-800 | I paddy field (PF) change M dryland (DL) change
paddy field (PF) loss [ ] dryland (DL) loss

[ paddy field (PF) supplementlllll dryland (DL) supplement
-1000 I I | | | I I | I I I I I |

YY YiY CD CS 77 XT LD SY HY YZ Cz HH XX Z]]
Northern Eastern Central Southern Western

Figure 3. Changes in cultivated land of each city in Hunan Province from 1990 to 2014.

3.2. Cultivated Land Change in Different Production Condition Zones

3.2.1. Changes in Cultivated Land at Different Altitudes

An academic consensus has been reached that agricultural production is closely related to altitude
when other conditions are similar, a higher altitude is associated with a lower temperature, and the
crop growth cycle is longer. From 1990 to 2014, the cultivated land area decreased at all elevation levels,
with an inverse S-shaped relationship with the DEM; among them, paddy fields changed mainly in
the region where the DEM was lower than 100 m and drylands changed mainly in the region where
the DEM was between 200 and 800 m (Figure 4b). The LUCI of supplementary cultivated land and
the DEM showed a weak negative correlation, and the LUCI of occupied cultivated land and the
DEM had an inverted U-shaped relationship (Figure 4a). From the perspective of supplementary land,
the relationship between the LUCI and DEM showed strong stage characteristics, and the LUCI of
cultivated land and paddy fields had a negative correlation with the DEM in the periods of 1990-2000
and 2000-2014. The LUCI of dryland was not significantly associated with the DEM in the first period
and was weakly positively associated with altitude when it was over 100 m in the second period.
From the perspective of occupied land, the LUCI of cultivated land and dryland was first positively
correlated with the DEM and then became negatively correlated, and the LUCI of paddy fields was
always negatively correlated with the DEM (Figure 4a). When the DEM was higher than 800 m, the
RLUCI values of paddy fields and dryland were the largest, and over time, the RLUCI values decreased
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in paddy fields and increased in drylands (Figure 4c), reflecting that the change in cultivated land in
high-altitude areas was more dramatic, therefore, protecting cultivated land in these regions is difficult.
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Figure 4. Changes in cultivated land at different altitudes. (a) The variation in land-use change intensity
at different altitudes acrossing different periods, (b) the change of area in cultivated land at different
altitudes during 1990-2014, (c) the ratio of cultivated land change at different altitudes compared to
that in the whole Hunan province.

3.2.2. Changes in Cultivated Land at Different Slope Levels

From the perspective of area changes (Figure 5b), paddy field increases and decreases primarily
occurred in regions with slopes ranging from 2° to 6°, and dryland increases had no obvious relationship
with the slope, but the decrease had a positive relationship with the slope. From the perspective of
change intensity, the LUCI of the supplementary paddy fields showed a negative correlation with
slope, and the LUCI of supplementary dryland had no significant relationship with slope from 1990 to
2000 but then showed a weak positive correlation from 2000 to 2014. The LUCI values of occupied
paddy fields and slopes were strongly negatively correlated in each period, and the LUCI value
increased greatly in the region where the slope was between 2° and 6° from 2000 to 2014, suggesting
that paddy fields were heavily occupied during this period. The LUCI of occupied dryland was
positively correlated with the slope in the first period and not significantly correlated in the second
period (Figure 5a). It is worth noting that the dryland decreased sharply in areas with slopes greater
than 15° from 1990-2000, although dryland increases were observed from 2000-2014. According to
the analysis of the RLUCI and slope, we found that the change in cultivated land in the area where
the slope was larger than 15° was more dramatic (Figure 5c). In general, the RLUCI of paddy fields
and drylands in low-slope areas was generally larger than that of cultivated land, while the RLUCI of
paddy fields and drylands in high-slope areas was smaller than that of cultivated land, indicating that
the change direction of paddy fields and dryland was opposite in the low-slope region and the same in
the high-slope region.
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Figure 5. Changes in cultivated land at different slope levels. (a) The variation in land-use change
intensity at different slopes in different periods, (b) the change of area in cultivated land at different
slopes during 1990-2014, (c) the ratio of cultivated land change at different slopes compared to that in
the whole Hunan province.

3.2.3. Changes in Cultivated Land at Different Temperature Conditions

From 1990 to 2014, the changes in cultivated land area in Hunan Province were mainly distributed
in the region where the accumulated temperature was between 5700 and 5800 °C, e.g., eastern Hunan,
northern Hunan, and portions of southern Hunan. The change in cultivated land was mainly in paddy
fields, and the area of reduction was much larger than the area of increase (Figure 6b). From the
perspective of change intensity (Figure 6a), the LUCI of paddy fields was generally higher than that
of dryland in the region where the accumulated temperature ranged from 5600 to 5800 °C; however,
in the region where the accumulated temperature was higher than 5800 °C or lower than 5600 °C,
the situation was the opposite (Figure 6a). This result may be due to the large area of dryland in the
low-temperature region (e.g., western Hunan) and high-temperature regions (e.g., southern Hunan),
while the medium-temperature region (southern Hunan, eastern Hunan, and central Hunan) has a
large area of paddy fields. In general, in each temperature region, the increase in cultivated land was
mainly in the form of paddy fields, and the decrease in cultivated land was mainly in the form of
dryland (Figure 6a). From the perspective of change intensity, the RLUCI of cultivated land in the
low-temperature area was relatively large. The changing intensity of cultivated land in the western
Hunan area was greater than that in other regions (Figure 6c).

3.2.4. Changes in Cultivated Land under Different Rainfall Conditions

From 1990 to 2014, the reduction in dryland was mainly distributed in areas with high precipitation,
while the reduction in paddy fields was mainly distributed in areas with low rainfall (Figure 7b).
Since 1990, the LUCI of paddy fields had a negative correlation with rainfall in both supplementary
paddy fields and occupied paddy fields, but the LUCI of occupied paddy fields was significantly
greater than that of supplementary paddy fields. The LUCI of supplementary dryland had no obvious
relationship with rainfall in the period of 1990-2000 but had an S-shaped relationship in the period of
2000-2014. The LUCI of occupied dryland always had an anti-S relationship with rainfall (Figure 7a).
The relationship between the RLUCI and rainfall showed that the RLUCI was larger in areas with high
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rainfall, which was exactly the opposite of the paddy field area change, possibly because the total area
of paddy fields in these areas was small (Figure 7c).
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Figure 6. Changes in cultivated land under different temperature conditions. (a) The variation in

land-use change intensity at different temperature zones in different periods, (b)the change of area in
cultivated land at different temperature zones during 19902014, (c) the ratio of cultivated land change
at different temperature zones compared to that in the whole Hunan province.

LUCI (%)
S

500

-500

Area (sz)

-1000

~ = o —~
gt B3 \A// g iR e
= — D/
1990-2000 20002014 1990-2014
<1500  1500-1571 1571-1640 1641-1810 21810 <1500  1500-1571 1571-1640 1641-1810 21810 <1500 1500-1571 1571-1640 1641-1810 21810
et
(b) (c)
l\ 6 = | .
5

" 1990-2014

|

-1500

B BUESTL 19711640 166121810; 21610 <1500 1500-1571  1571-1640  1641-1810 >1810
¢ paddy field(PF) supplement 2 dryland(DL) loss [ 1990-2000PF [ 2000-2014PF [ 1990-2014PF
o paddy field(PF) loss = cultivated land(CL) supplement E220 1990-2000DL = 2000-2014DL 3 1990-2014DL
v dryland(DL) supplement © cultivated land(CL) loss B 1990-2000CL HEEE 2000-2014CL EEEE 1990-2014CL

Figure 7. Changes in cultivated land under different rainfall conditions. (a) The variation in land-use
change intensity at different precipitation areas in different periods, (b) the change of area in cultivated
land at different precipitation areas during 1990-2014, (c) the ratio of cultivated land change at different
precipitation areas compared to that in the whole Hunan province.
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3.3. Impacts of Cultivated Land Change on GPP

3.3.1. Impact of Cultivated Land Quantity and Structure Change on Total GPP

From 1990 to 2014, the total grain production potential of cultivated land in Hunan Province
decreased significantly from 102.98 million to 85.26 million tons, signifying a reduction of 17.72 million
tons, with a change rate of —17.21%, of which the production potential of paddy fields decreased by
11.67 million tons, with a change rate of —15.33%; furthermore, the production potential of dryland
decreased by 6.05 million tons, with a change rate of —22.54%. It can be seen that changes in paddy
fields were the main reason for the reduction in the food production potential in Hunan Province.
This is because the grain crops in Hunan Province are mainly rice, wheat, and corn and are relatively
small. On the other hand, occupied lands include high-quality paddy fields with better production
conditions, especially in northern and eastern Hunan, but supplementary lands were low-quality
paddy fields with poor production conditions (e.g., climate, DEM, slope, and soil) in other regions.
From the perspective of time series changes, the total grain production potential of paddy fields
remained relatively stable from 1990 to 2000 and increased significantly in Zhuzhou, Yongzhou, and
Shaoyang. However, it decreased rapidly in Changde, Yiyang, Yueyang, and Changsha from 2000
to 2014, while the total GPP of drylands continued to decline from 1990 to 2014, mainly in Changde,
Chenzhou, Huaihua, Xiangxi, and Shaoyang (Table 2).

3.3.2. Impact of Cultivated Land Conversion and Spatial Location Change on Total GPP

From the overall point of view, the interaction of paddy fields and forest land, construction
land, water area, dryland, and forest land had a greater impact on the grain production potential
and showed strong spatial differences and periodic characteristics. Specifically, the increase in grain
production potential was mainly due to the reclamation of forest land and construction land into paddy
fields from 1990 to 2000. The conversion of paddy fields from water bodies in Changde (CD), Yiyang
(YiY), and Yueyang (YY) also increased the GPP. The decrease in GPP was mainly due to returning
dryland to forest land, which was mainly distributed in southern and western Hunan. From 2000
to 2014, the increase in the GPP of paddy fields was similar to that of the previous period, and the
reclamation of forest land into dryland in southern and western Hunan also significantly increased the
GPP. During this period, the reasons for the reduction in GPP began to become complicated, e.g., urban
construction, returning farmland to lakes, and returning farmland to forest land. Among them, the
cultivated land occupied by urban construction was mainly distributed in Changsha (CS), Changde
(CD), and Hengyang (HY), and the farmland that was returned to forest land was distributed primarily
in Hengyang (HY), Yongzhou (YZ), Shaoyang (SY), and Chenzhou (CZ) (Figure 8).

3.3.3. Impact of Cultivated Land Change on the Spatial Pattern of GPP

From 1990 to 2000, the production potential per unit area of supplementary cultivated land was
generally higher than that of reduced cultivated land, indicating that the quality of supplementary
cultivated land was usually higher than that of reduced cultivated land during that period, while from
2000 to 2014, the opposite was true. Specifically, the GPP per unit of supplementary cultivated land
converted from water bodies and construction land was relatively high from 1990 to 2000, and all
supplementary cultivated land declined from 2000 to 2014. For the GPP per unit of occupied cultivated
land converted to water bodies, construction land was relatively high, followed by forest land and
grassland during 19902014 (Figure 9), suggesting that human activities, such as returning farmland to
lakes and building towns, led to the loss of high-quality cultivated land, while reserving cultivated
land resources with good production conditions led to them being increasingly available.
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Table 2. The change in potential grain production in Hunan Province from 1990 to 2014.
Cities Paddy Field/Million tons, % Dryland/Million tons, %
1990 2000 2014 Ri990-2000  R2000-2014  R1990-2014 1990 2000 2014 Ri990-2000  R2000-2014  R1990-2014

Changde 12.16 12.86 9.01 5.81 —-29.96 —-25.89 2.15 191 1.57 -10.81 -18.19 -27.03
Yiyang 7.48 7.32 5.85 —2.08 —20.06 -21.73 0.82 0.72 0.61 -11.44 -15.46 -25.13
Yueyang 8.87 9.40 7.17 6.02 —-23.70 -19.11 2.10 2.24 1.74 6.38 —22.48 -17.53
Changsha 6.32 6.81 4.98 7.81 -26.95 -21.25 1.01 0.98 0.77 —2.64 -21.13 -23.21
Zhuzhou 4.25 5.30 4.13 24.73 —22.01 —-2.72 0.95 0.85 0.87 -10.83 2.47 —-8.63
Xiangtan 3.21 3.45 2.69 7.48 -21.89 -16.04 0.18 0.15 0.14 —13.08 -10.93 —22.58
Hengyang 8.00 9.29 7.67 16.18 -17.43 —4.07 3.07 2.72 2.51 -11.51 -7.83 —18.43
Chenzhou 3.53 4.02 3.36 13.78 -16.43 —-491 3.24 2.02 1.97 -37.48 -2.62 -39.12
Yongzhou 5.96 7.48 5.97 25.51 -20.13 0.24 3.99 3.98 3.65 —0.05 -8.41 -8.45
Huaihua 3.92 3.94 3.16 0.48 -19.65 -19.27 2.40 1.90 1.82 -20.66 —-4.17 —-23.96
Xiangxi 1.72 1.53 1.32 -10.73 -13.74 —-22.99 1.55 1.17 1.17 -24.70 0.36 —24.43
Zhangjiajie 1.33 1.26 1.05 -5.02 -17.07 -21.23 1.10 0.89 0.90 -19.00 0.50 -18.59
Loudi 3.72 3.78 3.01 1.60 -20.26 -18.99 1.17 1.08 0.90 -7.05 -16.84 —-22.70
Shaoyang 5.68 7.31 5.08 28.71 -30.59 -10.67 3.13 2.46 2.19 -21.68 -10.99 -30.29
Total 76.13 83.76 64.46 10.02 —-23.04 -15.33 26.85 23.09 20.80 -14.01 -9.92 —-22.54
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Figure 8. Impacts of cultivated land conversion and spatial location change on the grain production

potential (GPP).
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Figure 9. The relationship between land-use transfer and grain production potential per unit area.

As shown in Figure 10a, the barycenter of the cultivated land area is located in Loudi City, showing
the trend of a shift to the northwest from 1990 to 2014. From a second-level categorical point of view,
the barycenter of the paddy field area was also located in Loudi City, showing the trend of a shift to
the south. The center of the dryland’s area was located in Shaoyang City, showing a moving trend to
the northwest. Comparing the movement tracks, it was found that dryland’s barycenter shifted the
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farthest, while the paddy fields’ shifted slightly, probably because most of the occupied cultivated
land was paddy fields, and earlier policies require cultivated land balance in the municipal area.
Consequently, the spatial shift in paddy fields was not significant, while the westward shift of dryland
was mainly due to the significant reduction in the dryland area due to ecological degradation in
Chenzhou (Figure 3). As shown in Figure 10b, the GPP barycenter of paddy fields and dryland shifted
a large distance from 1990 to 2014, and paddy fields continued to shift southwest, while the dryland
first moved to the northeast and then moved slightly to the south. Overall, there was little change in
the GPP barycenter of cultivated land, moving first to the southeast and then to the southwest, and it
became increasingly closer to the actual grain production barycenter.
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Figure 10. The movement of the barycenter of (a) cultivated land area and (b) grain production in
Hunan Province from 1990 to 2014.

3.3.4. The Spatial Pattern of Sensitivity of GPP to Cultivated Land Change

As shown in Figure 11, the number of insensitive counties was relatively stable between 1990 and
2000 and 2000 and 2014, while the number of low-sensitivity and highly sensitive counties decreased
slightly and the number of moderately sensitive counties increased in the later period. In terms of
land types, the grain production potential was not very sensitive to the area change in paddy fields
and dryland in various periods. The number of insensitive and low-sensitivity counties accounted for
approximately 90%. In contrast, the number of highly sensitive and moderately sensitive counties
showed the following characteristics: cultivated land > paddy field > dryland. It was also found
that the number of highly sensitive and moderately sensitive counties in the two periods was lower
than that from 1990 to 2014, regardless of the overall cultivated land perspective or paddy fields and
dryland perspectives. This result indicates that the longer the period and the more complex the land
type structure, the higher the sensitivity of the grain production potential to the land area, while the
land-use policies in different periods played a key role in mitigating the changes in GPP caused by
land-use conversion.
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Figure 11. The sensitivity of grain potential productivity changes to arable land in Hunan Province.

From a spatial perspective, the spatial patterns of the sensitivity of cultivated land and
paddy fields were more similar. As time progressed, the highly sensitive and insensitive levels
of paddy fields and drylands tended to move westerly, and the concentration of highly sensitive,
moderately sensitive, and insensitive levels increased. In general, the GPP of the contiguous region
of Changde-Yiyang—Xiangtan-Loudi-Xiangxi was more sensitive to changes in cultivated land area,
especially the change in paddy fields, while the GPP of eastern and southern Hunan was less sensitive to
changes in cultivated land area. There were two possible reasons for this phenomenon. First, compared
with eastern Hunan and southern Hunan, the natural production conditions in these areas were slightly
worse, and the stability of land quantity had a more obvious role in ensuring the balance of the GPP.
Second, because the proportion of paddy field area decreased in these regions, the production potential
of paddy fields per unit area was larger than that of dryland; thus, changes in paddy field area had a
greater impact on the regional GPP.
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4. Discussion

The stability of the area, structure, and quality of cultivated land is fundamental to guaranteeing
regional grain productivity. However, paddy fields and drylands showed a net decrease in Hunan
Province since 1990. Combining the results of the evaluation of the cultivated land quality and the
previous analysis, it can be seen that the reduced paddy field areas were mainly distributed in the
area with better conditions of altitude, slope, accumulated temperature, and rainfall, and higher land
quality area (e.g., in southern, eastern, and northern Hunan). The changes in the amount, structure,
and spatial location of cultivated land caused a continuous decline in GPP, which will harm grain
production in Hunan Province because we cannot improve the efficiency of agricultural technology
inputs in a short period. However, statistics show that the area of grain sown in Hunan Province
has stabilized at approximately 4.95 million hectares, agricultural machinery input has gradually
increased, and farmers have improved the efficiency of the food production potential. However, grain
production has remained at approximately 30 million tons, with no significant growth. If the area
of cultivated land is reduced and the overall quality does not improve, this will inevitably lead to
a continued decline in the regional GPP, which will make it difficult to meet the growing demand
for food, even if agricultural development becomes more efficient. Moreover, there is a trend where
the area of cultivated land and grain sowing continues to decrease under the serious situation of low
agricultural economic efficiency, land abandonment, nongrain planting, and aging labor [18,23,28].
The current bottleneck in agricultural technology development and the reduction in the grain yield
growth rate and how to guarantee regional grain production deserve our most in-depth consideration.
We believe that it is particularly important to protect the quantity, structure, and quality of cultivated
land to stabilize the regional grain production capacity.

From the perspective of the spatial characteristics of cultivated land change, the cultivated land
area was significantly reduced when the elevation was >200 m and the slope was 2°~15°, although it
was not excluded that part of this may be caused by ecological restoration. Combined with the existing
research and the authors’ observations, it was found that there were indeed increasingly serious
cultivated land abandonments in Hunan Province. Some policies strictly prohibit the construction of
development zones and towns to occupy abandoned farmland that has been in place since the end of the
last century, but allowing the continued existence of abandoned farmland is also a waste of resources,
and it has become increasingly difficult to implement cultivated land requisition-compensation
balance because of the lack of backup resources for farmland. In addition, some supplementary
cultivated land in the area where the slope was bigger than 25° from 2000 to 2014 resulted in the
phenomenon of abandonment in low slopes and reclamation in high slopes. Therefore, can we reutilize
abandoned arable land as a new backup resource, especially that with better production conditions?
On the one hand, it can increase the efficiency of cultivated land use and grain production; on the
other hand, it can reduce the risk of ecological damage caused by cropland reclamation and save
land reclamation funds [28]. Therefore, the government needs to attach great importance to the
phenomenon of cultivated land abandonment and conduct a comprehensive investigation based
on the standardized definition of abandoned cultivated land to know the scale and understand the
mechanism of cultivated land abandonment [67-69], then a utilization plan can be developed, such as
fallow rotation, reclamation, and other ways to prioritize the use of abandoned cultivated land where
production conditions are good.

In terms of the impact of cultivated land changes on the GPP, we first analyzed the impact of
changes in the area and the structure of cultivated lands on the total GPP and found that the impact of
changes in paddy fields on the GPP was much greater than that of dryland. Then, we analyzed the
impact of cultivated land location change on the GPP from the perspective of the difference in GPP
per unit area and found that the GPP per unit area of supplementary cultivated land was generally
higher than that of occupied cultivated land, e.g., the land decrease occurred in developed regions
such as northern, southern, and eastern Hunan with better production conditions, but supplementary
cultivated land occurred in other regions, further proving that the spatial transfer of cultivated land
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greatly reduced the regional GPP. When analyzing the gravity center of arable land area and the gravity
center of grain yields, it was found that the gravity center of grain yield in paddy fields and drylands
moved far more than their gravity center (Figure 10), and the GPP gravity center of paddy fields
continued to shift to the southwest, indicating that more efforts are needed to protect high-quality
paddy fields in eastern and northern Hunan. In addition, the sensitivity of GPP to changes in cultivated
land was analyzed, and we found that highly sensitive areas tended to migrate from east to west,
which means that investment in the protection of arable land in central and western Hunan should be
increased in the future. For example, more funds should be invested to accelerate the implementation
of dryland changed into paddy field projects and high-standard farmland construction projects in
areas with higher GPP to enhance the productivity of cultivated land.

It is crucial to strengthen the comprehensive monitoring of the quantity, structure, and quality
of cultivated land to reduce the risk of managers making incorrect decisions about cultivated land
protection due to information bias and to guide the development of cultivated land resources. It is
necessary to establish a new mechanism of cultivated land balance based on quantity, structure,
and quality, with balanced productivity as the core in the future practice of cultivated land protection,
which is more consistent with the request of equal quality between supplementary cultivated land
and occupatied cultivated land, as clearly stated in the Land Administration Law of the People’s
Republic of China (2019 amended version) [70]. Therefore, the production potential of cultivated land
can be used as an important indicator to distinguish ecological or productive land when we perform
spatial planning. In general, it is feasible to use remote sensing images, meteorological monitoring, soil
surveys, and other data to systematically analyze the impact of cultivated land changes on GPP from
the perspectives of light, temperature, water, and soil differences before and after the spatial transfer of
cultivated land, which has certain reference significance for exploring the establishment of a dynamic,
all-process, all-around monitoring system for cultivated land protection.

Compared with previous studies [32,33,35,49-51,56,62], our study is more detailed concerning
land types and spatial resolution. Further, our study can guide the practice of cultivated land protection
at the provincial scale. Of course, there are many insufficiencies in this paper, e.g., first, limited by the
resolution of remote sensing images, the land classification data are bound to have some differences
from reality. Second, the ecological and biodiversity protection of cultivated land has not been studied.
Third, our research results may not be directly applicable to actual land management because the data
we used were not obtained from their database. Fourth, some scholars have raised whether potatoes
can add to China’s food self-sufficiency [71], but we did not assess potato productivity in our study.
Fifth, compared with the GAEZ model, the GPP evaluation method in this article may only apply to
China. Nevertheless, the research idea and methodology are feasible for exploring the establishment
of an integrated monitoring system of quantity-structure—quality—-GPP—-ecology on a provincial or
national scale, which is more adaptive to global climate change. At present, China has invested in many
cultivated lands in other countries to ensure domestic food supply. The research idea and methodology
can also be used to optimizate the region and the scale of China’s overseas farmland investments.
In the future, we will further deepen our research from the following aspects: enriching the crop types,
evaluating the GPP with internationally used models, and considering the yield gap between the GPP
and actual output, in order to ensure our results better serve the Government’s decision.

5. Conclusions

In this study, we used remote sensing classification images, meteorological monitoring data, soil
surveys, and other data to analyze the impact of cultivated land changes on the GPP in Hunan Province.
We found that the quantity balance can mitigate but cannot stop the decline in GPP caused by the
spatial location change in cultivated land because the production conditions are different in different
regions, and we found that the GPP per unit area in eastern, northern, and southern Hunan is higher
than other regions. In addition, most of the newly added cultivated land was converted from forest
land, water areas, and construction land, and its quality was generally lower than that of occupied land.
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Overall, the area and the GPP of cultivated land both declined in Hunan Province from 1990 to 2014,
and the occupation of high-quality cultivated land in northern and eastern Hunan was the main reason
for the decline in GPP. The net reduction in cultivated land area in Hunan Province was 276,481 ha,
with a decrease of 4.43%. Among them, the paddy field area decreased by 120,184 ha, mainly in eastern
and northern Hunan, which have good agricultural production conditions, accounting for 32.59% and
29.00%, respectively. The total GPP declined by 17.72 million tons, with a decrease of 17.21%, of which
the paddy field production potential declined by 11.67 million tons, a decrease of 15.33%, mainly in
northern and eastern Hunan, accounting for 55.42% and 16.91%, respectively, resulting in the GPP
barycenter of paddy fields continuing to move southwest. Meanwhile, we found that all cities showed
a declining trend in GPP, and the reduction in GPP exceeded 20% in Changde, Yiyang, Changsha,
Chenzhou, Huaihua, Xiangxi, and Zhangjiajie. The sensitivity analysis results also show that the
highly sensitive regions moved to the west, which means that the change in cultivated land in central
and western Hunan caused the obvious change in GPP in these regions, suggesting the protection
of cultivated land in central and western Hunan, where the economy is relatively underdeveloped,
also requires more attention.

Based on the analysis, we discussed the future development direction of cultivated land protection
and proposed an integrated monitoring system that is more adaptive to global climate change.
For stabilizing GPP, conserving resources, and protecting the environment, it is necessary to consider
more factors such as quality and productivity to enrich the connotation of cultivated land balance and
establish an integrated monitoring system, including the quantity, quality, productivity, and ecology
of cultivated land. Meanwhile, the government should pay more attention to the phenomenon of
cultivated land abandonment, standardize its definition, and conduct a survey, then they should
develop a utilization plan, if possible, in order to prioritize the use of high-quality abandoned land as a
backup land resource.
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