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Abstract  Reconstructing historical land use and land cover change using explicit temporal, quantitative, and spatial in-
formation is not only the prerequisite for simulating long-term climate change and ecological effects but is also a scientific basis
for comprehensively understanding the process and mechanism of anthropogenic land use alterations. Considering changes in
historical borders and administrative divisions, a provincial cropland area dataset for China over the past millennium was created
on the basis of existing estimations since the Song Dynasty. Land suitability for cultivation was then assessed by incorporating
altitude, slope, soil texture, and the maximum potential productivity of climate. Subsequently, a gridding allocation model for
cropland was constructed, and the provincial cropland area for 24 years over the past millennium was allocated into grids with a
resolution of 10 km. The cropland area in China increased from 3.71 x10” ha in AD 1000 to 12.92x10 ha in AD 1999, with a
peak of 13.50% 10" ha in AD 1980. The total cropland area in China showed fluctuating increasing trends that can be divided into
three phases: fluctuation without notable net change for AD 1000-1290, slow increase for AD 1290-1661, and rapid increase for
AD 1661-1999. Spatially, cropland intensified in the middle-lower reaches of the Yellow and Yangtze Rivers and expanded to
mountainous and frontier areas over the last millennium. Specifically, over the entire period, the fractional cropland areas (FCAs)
in the middle-lower reaches of the Yellow and Yangtze Rivers increased by 1.4 and 0.8 times, respectively. Since the mid-Qing
Dynasty, large-scale land reclamation expanded to areas of low reclamation in southwest and northeast China. The FCAs for
southwest and northeast China increased from 2.13% and 0.55% in AD 1661 to 18.00% and 26.61% in AD 1999, respectively.
For AD 1661-1999, the proportion of cropland increased by 55% in the hills and low mountains and 27% in the middle and high
mountains. The comparison with remote sensing cropland data shows that the grid cells with absolute differences of 0-10%
accounted for 70.35% of all grid cells, while grids with differences exceeding 60% accounted for only 0.83%. This finding
indicates that the reconstruction method is feasible, and the reconstruction results objectively reveal the historical spatiotemporal
changes in cropland.
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1. Introduction

Human land use activities over long periods have sub-
stantially altered the landscape of the Earth’s surface (Ellis et
al., 2013; Verburg et al., 2015; Stephens et al., 2019) and
profoundly affected climate and terrestrial ecosystems at
regional and global scales (Scott et al., 2018; Nikiel and
Eltahir, 2019; Mendelsohn and Sohngen, 2019). The re-
construction of historical land use and land cover change
(LUCC) using explicit temporal, quantitative, and spatial
information is vital for understanding past global change,
modeling long-term climate change, carbon emissions, and
the ecological effects of human activities.

Therefore, many global projects, including PAGES (Past
Global Changes) and GLP (Global Land Project), made
considerable efforts to reconstruct historical LUCC from
local to global scales, resulting in several well-known global
historical land use datasets, including anthropogenic land use
estimates dataset for the Holocene (HYDE) (Klein Gold-
ewijk et al., 2011, 2017), the preindustrial land cover change
scenario (KK10) (Kaplan et al., 2009, 2011), the global
LUCC dataset for the last millennium (PJ) (Pongratz et al.,
2008), and the cropland and pasture dataset from AD 1700 to
2007 (SAGE) (Ramankutty and Foley, 1999; Ramankutty et
al., 2012). These datasets provide important primary data for
modeling long-term global climate change. However, these
global datasets should be carefully applied at regional and
local scales (Ramankutty and Foley, 1999). For instance, the
cropland estimates for Europe and Brazil in the global da-
tasets (SAGE and HYDE 3.1) are lower than those from
regional studies (Leite et al., 2012; Kaplan et al., 2017).
Several deviations appear in the spatial patterns despite the
highly consistent total cropland areas for Germany in HYDE
3.2 with studies based on region-specific sources (Zhang et
al., 2021). Evaluations of long-term cropland data in China
also indicate that the reconstructions of HYDE and KK 10 are
highly uncertain and do not capture historical land use facts
and processes in China (Li et al., 2010; He et al., 2013; Li et
al., 2019; Fang et al., 2020).

Many long-term regional LUCC datasets, including the
conterminous US cropland areas for AD 1850-2000 (Zum-
kehr and Campbell, 2013), the Europe LUCC data for AD
19002010 (Fuchs et al., 2013, 2015), the India land use
dataset for AD 1880-2010 (Tian et al., 2014), and the Brazil
land use data for AD 1940-1995 (Leite et al., 2012), have
been reconstructed on the basis of region-specific historical
archives to provide reliable historical LUCC data consider-
ing regional studies and improve global datasets. China has a
long history of land reclamation and abundant historical
documents. Based on these historical documents, significant
progress has been made in the reconstruction of historical
cropland areas on national and regional scales (Ge et al.,
2004; Ye et al., 2009; Yang et al., 2015, 2021; Li et al., 2016;

January (2023) Vol.66 No.1

He et al., 2017; Guo et al., 2021). These studies have pro-
vided primary data to simulate climate change and estimates
the carbon budget of Chinese terrestrial ecosystems (Ge et
al., 2008; Li et al., 2014; Yang et al., 2019). However, most
gridding cropland reconstructions only focused on the last
300 years (He et al., 2019), and only a few scholars estimated
the cropland areas over the last millennium (He et al., 2017,
Liet al., 2018a, 2020), preventing a complete understanding
of long-term LUCC in China.

The past millennium has witnessed increasingly prominent
ecological problems in China. The spatially explicit re-
constructing of the cropland cover for China over the past
millennium would provide useful reference data to (1) dee-
pen understanding of the process and mechanism of an-
thropogenic land use change, (2) reveal the evolution of
climate and ecosystem, and (3) predict future scenarios and
their impacts. Ten-kilometer cropland cover maps of China
from AD 1000 to 1999 were constructed in this study. The
reconstruction involved the following four steps. First, based
on estimations of cropland areas since the Song (including
the Northern and Southern Song), Liao, and Jin Dynasties,
provincial cropland areas of present China over the last
millennium were obtained by unifying the time slices and
spatial ranges. Second, a gridding allocation scheme of his-
torical cropland was established, and the factors affecting the
historical cropland distribution were identified. Third, a
gridding allocation method for cropland was developed by
quantifying the factors closely related to the spatial dis-
tribution of cropland. Finally, the provincial cropland area
was allocated into grids at a resolution of 10 km using the
developed method, and the changes in cropland over the past
millennium were analyzed.

2. Data sources and processing

2.1 Data sources

2.1.1 Historical provincial cropland data

Existing provincial cropland area estimations since the
Northern Song Dynasty (Table 1) were collected. Using
Chinese historical tax records for cropland areas and relevant
historical documents, many scholars reconstructed the pro-
vincial cropland area for China by analyzing the attributes of
various records and devising appropriate reconstruction
methods. These reconstruction results can objectively cap-
ture historical changes in cropland areas for each period in
China.

2.1.2  Historical basic geographical data

The historical population data were obtained from the Po-
pulation History of China (Vols. 3-6), which includes the
years AD 1078, 1102, 1162, 1207, 1223, 1290, 1393, 1630,
1776, 1820, 1910, and 1953 (Wu, 2000; Cao, 2000, 2001;
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Table 1 Collection of historical provincial cropland area data for China®

Sci China Earth Sci

January (2023) Vol.66 No.1 113

Dynasty Spatial coverage

Temporal coverage Reference

Northern Song Dynasty: 1 Fu-level unit and 18 Lu-level units

Song, Liao, and Jin Dynasties

Liao Dynasty: five Dao-level units
Southern Song Dynasty: 14 Lu-level units

He et al. (2017);

AD 1000, 1066, 1078, 1162, 1215 Li et al. (2018b)

Jin Dynasty: 19 Lu-level units

Yuan Dynasty

Nine provincial-level units

AD 1290 Li et al. (2018a)

Northern Zhili Province, Southern Zhili Province, 13

Ming Dynasty

provincial-level units, Northeast China
(Nurgan and Liaodong)

AD 1393, 1583, 1620 Li et al. (2020)

Qing Dynasty to the present

25 provincial-level units

Ge et al. (2004);

AD 1661-1999 Li et al. (2016)

Song Dynasty to the Ming Dynasty

Western China (present-day Xinjiang,
Qinghai, and Xizang)

AD 1044, 1151, 1160, 1254,

1268, 1290, 1393 Li et al. (2019)

a) Fu, Lu, and Dao refer to the provincial-level political units in use during each Dynasty.

Hou, 2001). The administrative area and coastline of each
dynasty were extracted digitally from the Historical Atlas of
China (Tan, 1982) (Figure la). The northern farming-pas-
toral ecotone (FPE) in China over the past millennium was
derived from Zou (1995) and Zhang (1996) (Figure 1b). The
coastline and FPE data are critical limiting factors of
gridding allocation for cropland in eastern China. The his-
torical military-oriented cropland in Xinjiang established by
Zhao (2010) and Zhang (2017) was also used in this study to
determine the scope of cropland gridding allocation.

2.1.3 Modern basic geographical data

Remotely sensed Chinese 1km LUCC dataset for AD
1980-2015 (CLUDs, available at http://www.resdc.cn) was
used to determine the maximum extent of cropland. This
dataset contains six land use/cover types (cropland, for-
estland, grassland, waterbody, unused land, and built-up
land) and 25 subclasses. Data from the following four
layers were used to assess land suitability for cultivation
(LSC): the altitude layer, which was obtained from the
digital elevation model of the Geospatial Data Cloud
(http://www.gscloud.cn); the slope layer, which was cal-
culated using the altitude data and ArcGIS software; the
layer of maximum potential productivity of climate, which
included factors of solar radiation, temperature, humidity,
and precipitation, and downloaded from the Data Sharing
Infrastructure of Earth System Science (http://www.geo-
data.cn); the soil texture layer, which included the spatial
distribution of sand, silty sand, and clay, was obtained from
the Resource and Environment Data Cloud Platform (http://
www.resdc.cn).

2.2 Data processing

2.2.1 Selecting the spatial scope and provincial units of
the study area

Over the past millennium, China was controlled by the Liao
(AD 907-1125), Northern Song (AD 960-1127), Southern

Song (AD 1127-1279), Jin (AD 1115-1234), Yuan (AD
1271-1368), Ming (AD 1368-1644), Qing (AD 1644—
1912), Republic of China (AD 1912—1949), and the People’s
Republic of China (AD 1949—present) regimes. Some local
regimes and tribal entities existed in the western and
northern frontier areas of China, including the Dali (AD
937-1253), Western Xia (AD 1038-1227), Western Liao
(AD 1124-1218), and Black Khan (AD 1041-1212) re-
gimes. The borders and administrative divisions of each
regime frequently changed over the past millennium. Thus,
the spatial scope of present China was used in this study for
simplicity, and the present provincial administrative divi-
sions were regrouped into 25 provincial units (Figure 2).
Specifically, Gansu and Ningxia were merged into Gan-
Ning; Beijing, Tianjin, and Hebei were merged into Jing-
Jin-Ji; Shanghai and Jiangsu were merged into Hu-Ning;
Fujian and Taiwan were merged into Min-Tai; Guangdong
and Hainan were merged into Yue-Qiong; Sichuan and
Chongqing were merged into Chuan-Yu.

2.2.2  Adjustment of the provincial cropland area data
The provincial cropland area adjustment involved unifying
time slices and spatial ranges.

(1) Unification of the time slices. The available data years
of historical document-based provincial cropland were in-
consistent, which hindered the establishment of the millen-
nium-scale time series. Therefore, the available years of the
datasets covering major agricultural areas in China were set
as base years, and the cropland areas of the datasets for other
regions were linearly interpolated to these base years by the
growth rate of population or cropland area. For instance, the
reconstructed cropland areas across eastern China during the
Song, Liao, and Jin Dynasties were adjusted into five time
slices (i.e., AD 1000, 1066, 1078, 1162, and 1215) based on
the population growth rate in the Liao and Jin Dynasties.
Similarly, other regions and time slices were adjusted ac-
cordingly.

(2) Regrouping of the provincial cropland area. Adminis-
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Figure 2 Location, spatial scope, and 25 provincial administrative divisions of China.

trative divisions and their cropland areas in historical periods
were merged or split based on the 25 provincial units of
Section 2.2.1 to facilitate a consistent analysis. Specifically,
three situations are presented. First, when one or more his-
torical provincial administrative divisions are entirely within
one of the 25 regrouped provinces, the regrouped provincial
cropland area is obtained by merging the original provincial
cropland. For instance, Guangnandong Lu of the Northern
Song Dynasty and Zhongdu Lu of the Southern Song Dy-

nasty are within the scopes of Yue-Qiong and Jing-Jin-Ji,
respectively.

Second, when a historical provincial administrative divi-
sion is beyond a provincial range of the 25 regrouped pro-
vinces and its subprovincial administrative divisions are
entirely within a unit of the regrouped provinces, the original
provincial cropland areas are first downscaled to sub-
provincial units by weighting the area and population of the
subprovincial units, and the subprovincial cropland areas are
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then re-merged to obtain the regrouped provincial cropland.
For example, the Jiangzhe Province of the Yuan Dynasty
spans three provinces (namely, Hu-Ning, Zhejiang, and Min-
Tai), but its subprovincial units (e.g., Jiaxing, Huzhou,
Hangzhou, Shaoxing, Qingyuan, Jiande, Wuzhou, Taizhou,
Quzhou, Chuzhou, and Wenzhou) are located entirely within
the boundaries of these regrouped provinces.

Third, when a historical subprovincial administrative di-
vision exceeds the provincial boundaries of the 25 regrouped
provinces, the original provincial cropland area was first
downscaled to the subprovincial level, and the subprovincial
cropland area was then split across the provincial boundaries
by weighting its administrative area, slope, and altitude. For
example, the Southern Zhili Province of the Ming Dynasty is
roughly equivalent to the Hu-Ning and Anhui provinces, and
its subprovincial administrative units (Xuzhou, Fengyang,
and Huizhou) are beyond the boundary of the two regrouped
provinces.

2.2.3 Resampling strategy of spatial resolutions and factor
normalization

The target spatial resolution of the gridding cropland dataset
was 10 km; therefore, the basic geographical data, including
altitude, slope, climate, and soil, were resampled to 10 km.
Normalization was performed to characterize the positive
relationship between climate and the distribution of crop-
land (eq. (1)) as well as the negative relationship between
terrain (altitude and slope) and the distribution of cropland

(eq. (2)).
X))

Xnorm(i?j):m’ (h
o) =00, @

where X,,m(i, /) and Y,,(7, j) are normalized climate and
terrain factors of grid j in province i, respectively; X(i, j) and
Y(i, j) are the values of climate and terrain factors of grid j in
province i, respectively; and X,,.(i, j) and Y,..(i, j) are the
maximum values of climate and terrain factors in province i,
respectively.

3. Methods

3.1 Overview of the gridding reconstruction methods

Gridding reconstruction pertains to the allocation of cropland
areas into grids based on specific rules. Thus, establishing
allocation rules is the core of gridding reconstruction. China
boasts a long history of agriculture, and cropland has re-
mained to be an essential resource for the survival and de-
velopment of the Chinese people. Over the past thousand
years, with the continuous increase in population, the area of
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cropland has continued to rise, and its spatial distribution has
also continued to expand overall, especially since the
founding of the People’s Republic of China. The cropland
area has also decreased in some periods. For example, since
the 1980s and 1990s, urbanization and the Grain for Green
Program have led to a reduction in the cropland area in
China, but this reduction accounted for only a small pro-
portion. The aforementioned only decreased by 0.66% from
AD 2000 to 2008 (Li et al., 2011) and by 1.73% due to urban
land expansion from AD 2000 to 2015 (Yu et al., 2019).
These small reductions in cropland area will only slightly
impact the overall distribution of cropland. Thus, the dis-
tribution of past cropland in China should not exceed the
extent of modern cropland.

Subsequently, the core task is to determine the allocation
weights of cropland areas at the grid scale. Lands with good
natural conditions are always cultivated first based on the
history of land cultivation in China. Increasing population
pressure and demand for agricultural products lead to the
cultivation of marginal lands with high altitudes, large
slopes, and low fertility (Wang, 1980; Han, 2012). In other
words, the land reclamation process is closely related to the
LSC and proceeds from superior land to inferior land (Lin et
al., 2009; Yang et al., 2015; Li et al., 2016). Therefore, the
allocation weights of cropland areas can be determined by
assessing the LSC.

Notably, China has a vast territory with disparate natural
environments and social and cultural backgrounds among
regions, resulting in different land use practices and agri-
cultural development processes. China is divided into three
regions (namely, eastern China, Xinjiang, and Qinghai-
Xizang) based on the natural and human environments and
the main factors limiting land reclamation to reproduce the
spatiotemporal characteristics of land reclamation as objec-
tively as possible (Han, 2012; Lietal., 2015; An et al., 2020).
Zoning was then used to reconstruct historical cropland
cover.

Overall, after synthesizing the provincial cropland area
dataset of China over the past millennium, the subsequent
gridding reconstruction for historical cropland cover in-
volved the following steps (Figure 3): (1) determining the
maximum extent of cropland distribution based on multiple
remote sensing cropland cover data, (2) building an LSC
model considering the major factors affecting the spatial
distribution of cropland, (3) devising an allocation method
for three regions based on factors limiting the cropland cover
distribution (including the historical coastlines, northern
FPE, and military-oriented cropland in Xinjiang), (4) trans-
forming the provincial cropland area dataset into 10 km
cropland cover maps of China for AD1000-1999 by apply-
ing the allocation model, and (5) analyzing changes in
cropland cover and evaluating the reliability of the proposed
reconstruction.
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Figure 3 Framework for reconstructing cropland cover in China over the last millennium. Fu, Lu, and Dao refer to the provincial-level political units during

each dynasty.

3.2 Gridding allocation method for cropland

3.2.1 Determination of the maximum extent of cropland
Most historical cropland distributions in China should not
exceed the extent of modern cropland. Thus, the spatial ex-
tents of cropland cover data from the remotely sensed
CLUDs for AD 1980, 1990, 2000, and 2010 were merged at
a grid scale of 10 km. The synthesized results were regarded
as the maximum extent of cropland cover in China (Figure
4).

3.2.2  Land suitability model for cultivation

Land reclamation begins with superior land and then pro-
ceeds to inferior land; thus, several factors affecting the
spatial distribution of cropland were selected as indexes to
assess the LSC. The grid-scale LSC was then determined for
each provincial unit.

LSC was determined jointly by the natural environment (e.
g., topography, heat, moisture, and soil) and human activities
(e.g., agricultural technology, population, and land policy).
However, LSC depends on basic land quality and is domi-
nated by natural conditions, and external human factors only
restrict the amount of cropland. Replacing historical data-
bases with modern data of the same type is necessary con-
sidering their insufficiency. When the area of provincial
cropland is known, and the maximum extent of cropland is
clear, dominance, stability, and availability of factors af-
fecting the spatial distribution of cropland were taken as
gridding allocation principles for cropland. The maximum
potential productivity of climate (including light, tempera-
ture, and moisture), soil texture, altitude, and slope were
selected on the basis of these principles to calculate LSC.
The LSC model was constructed with equal weight by nor-

malizing these factors. Ly (i, j), the LSC value of grid j in
province i, was calculated as:

Lsuit(iaj) = Hnorm(i’j) x Snom(i,j)
XCrom(5J) X ST oL, J), 3)

where H,om(, /) Sporm(i> J)s Crorm(i> /), and ST,om(E, /) refer to
altitude, slope, climatic maximum potential productivity, and
soil texture after the normalization of grid j in province i,
respectively. LSC decreases with increasing altitude and
slope and rises with increasing climate production potential
and soil texture. C,,m(Z, j) is calculated from eq. (1), while
H (i, ) and S,,m(i, j) are calculated from eq. (2). ST, om(Z,
j) is calculated from egs. (1) or (2) according to the positive/
negative correlation between the content of sand, silt, and
clay in the soil and the modern land reclamation rate (Zhang,
2020).

3.2.3 Gridding allocation method for cropland

The value of LSC is calculated on the basis of eq. (3). Dif-
ferent limiting factors restrict the distribution of cropland in
different regions. Thus, China is divided into three regions
(eastern China, Xinjiang, and Qinghai-Xizang) to devise the
gridding allocation method for cropland areas.

The historical distribution of cropland cover for eastern
China is restricted by its coastline, the northern boundary of
the FPE, and the LSC. Since the Song Dynasty, the coastlines
in eastern China have undergone many changes. In parti-
cular, the historical coastlines of the western coast of Bohai
Bay, the northern coast of Jiangsu, and the Yangtze estuary
were higher than the present-day coastlines (Figure la).
However, the maximum extent of cropland cover determined
in this study was based on the current coastline. This con-
dition indicates that cropland might be allocated to the sea in
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Figure 4 Maximum extent of cropland cover in China.

the gridding allocation of cropland. Thus, the gridding al-
location method introduced historical coastlines as a limiting
factor. The FPE was mainly distributed in northern China
and frequently changed throughout history (Figure 1b). The
distribution of historical cropland should not exceed the
northern boundary of the FPE. However, the maximum ex-
tent of cropland synthesized based on remote sensing-de-
rived cropland data was far beyond the northern boundary of
the historical FPE. Thus, the northern boundaries of the FPE
in different periods were regarded as the boundary of crop-
land cover in this study. Cropland,,(j, f), the cropland area in
grid j in year ¢, was calculated as:

Cropland ., (j, 1) =a xfxy
x Lsuit(inj)
Zl.Lsuit(inj)

where Ly, (i, j) is the LSC value of grid j of province i;
Area(i, 1) is the cropland area of province i in year £; a, f,
and y are the indexes of the maximum extent of cropland,
coastlines, and the northern boundary of the PFE, respec-
tively. If the area of grid j exceeds 50% of the maximum
extent of cropland, coastline, or the northern boundary of the
FPE, then a, B, and y are assigned to zero, respectively;
otherwise, the values are one.

Xinjiang is an inland arid area located on the northwest
border of China and includes a mixture of agriculture and
animal husbandry. The historical agricultural development in
Xinjiang primarily involved the land reclamation of the oasis
in the Central Plains dynasties. Historical documents suggest
that agriculture and animal husbandry in Xinjiang are mainly
in the south and north of the Tianshan Mountains, respec-
tively, before the Qing Dynasty. Moreover, agriculture co-
existed in the south and north of the Tianshan Mountains,
with emphasis on the north since the Qing Dynasty (Zhang,
2017). The southern, northern, and eastern areas of Xinjiang

X Area (1, 1), 4)

Sci China Earth Sci

January (2023) Vol.66 No.1 117

were taken as the basic unit and the land reclamation index
was introduced as the limiting factor in the gridding alloca-
tion of cropland in Xinjiang to reflect changes in cropland
cover objectively. Croplandy,(j, ), which refers to the crop-
land area of Xinjiang in grid j in year ¢, was calculated as:

Cropland (7, t) = a %0
X Lsuit(iaj)
Zil‘suit(iaj)

where J denotes the index of land reclamation. If grid j is
within the scope of land reclamation in Xinjiang, then ¢ is
assigned to one; otherwise, the value is zero. The other
parameters have the same meaning as in eq. (4).

The Qinghai-Xizang region is located in southwest China.
Compared with the other regions, Qinghai-Xizang has less
arable land, and the cropland is mainly distributed in river
valleys. The gridding allocation method for cropland in
Qinghai-Xizang was devised on the basis of the maximum
extent of cropland and the LSC:

Lie(0,))

S Lailis))
xArea (i, 1), (6)

x Area ., (i, 1), (5

Cropland ((j, 1) = o x

where Croplandq(j, £) denotes the cropland area of Qinghai-
Xizang in grid j in year ¢, and the other parameters have the
same meaning as in eq. (4).

Notably, few grids at the resolution of 10 km are filled by
cropland according to the above method. This finding is
inconsistent with land use facts. An analysis of the remote
sensing-based crop cover data in the AD 1980 at 10 km
suggests that the proportion of grids with the fractional
cropland area (FCA) exceeding 90% is only 1.07%. There-
fore, the historical FCA at the gird scale should not exceed
90%. Thus, 90% was set in the allocation process as the
maximum FCA value for 10 km grids. When applying the
gridding allocation method, all the excess area were removed
and a loop allocate was implemented until all the grids met
the prescribed limit of 90% (Li et al., 2016).

4. Results

Using the gridding allocation method in this study, a total and
25 provincial cropland areas were obtained across China, and
the spatial distribution of cropland cover for 24 time slices
over the last millennium was mapped at a resolution of
10 km. The spatiotemporal changes in cropland were then
analyzed, and the reliability of the cropland area re-
construction method was evaluated.

4.1 Total cropland area for China

The changes in cropland area across China between AD 1000
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and 1999 are illustrated in Figure 5. The reconstruction
shows fluctuating increase trends across China during the
entire period. The total cropland area across China increased
from 3.71x10" ha in AD 1000 to 12.92x10” ha in AD 1999.
The cropland area peaked at 13.50x10’ ha in the AD 1980.
FCA increased by 2.5 times from 3.85% to 13.14% over this
period. Changes in cropland over the past millennium can be
divided into three phases: fluctuation without considerable
net change between AD 1000 and 1290 (P1), a slow increase
between AD 1290 and 1661 (P2), and a rapid increase be-
tween AD 1661 and 1999 (P3). The three stages are then
comprehensively described.

During P1, the total cropland area in China fluctuated
while maintaining stability overall. The total cropland area
exhibited a fluctuating change process from increasing to
decreasing and then increasing and decreasing again between
the 10th and 13th centuries. These changes were closely
related to confrontation and regime change. During this
period, China was ruled by the Liao, Northern Song,
Southern Song, and Jin dynasties and some local regimes and
tribal entities (Dali, Western Xia, Western Liao, and Black
Khan). Cropland expanded and shrank along with the rise
and fall of these regimes. For example, the war between the
Song and Liao Dynasties, which started in the late 10th
century, severely damaged the agriculture of the central plain
in China. At the end of the war, the Chanyuan Alliance ar-
mistice was formed in AD 1004, society gradually stabilized,
and agriculture was developed. Accordingly, the total crop-
land area increased from 3.71x10 ha at the end of the 10th
century to 5.13x10" ha in AD 1078. Subsequently, after the
control of eastern China transitioned from the Liao to the Jin
Dynasty, wars between the Southern Song and Jin Dynasties,
which lasted for decades, resulted in the abandonment of
large cropland areas in northern China and even the Jian-
ghuai region. Consequently, the cropland area decreased
sharply to 3.91x10" ha in AD 1162. After establishing the
Longxing Peace Treaty in AD 1163, the government enacted
a series of policies to promote immigration and land culti-
vation, and the total cropland area increased to 5.23x10 ha
in AD 1215. However, the Mongolians gradually unified
eastern China from AD 1234 to 1271 by conquering the Jin
and Southern Song Dynasties. The war lasted for over half a
century, leading to a population decline of approximately 60
million (Wu, 2000). In this case, the cropland area rapidly
decreased to 4.25x10" ha in AD 1290.

The cropland area slowly increased during P2. After
Mongolians unified China, the government rejected the
motion that drove out all the Chinese Han people and con-
verted croplands into pastures. Instead, they prioritized the
development of agriculture and prohibited converting farm-
ing into pastures. These policies promoted the transformation
of society from nomadic to agricultural. After the regime
changed from the Yuan to the Ming Dynasty, the Ming
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Figure 5 Total cropland area across China from AD 1000 to 1999.

government implemented policies related to immigration and
reclamation to recover agricultural land after the war. Con-
sequently, social stability and population growth allowed the
cropland area to increase from 4.25x 10 ha in the early Yuan
Dynasty to 5.71x10” ha (AD 1583) and 6.27x10" ha (AD
1620), representing an increase of approximately 2.02x10’
ha at an annual average growth rate of 0.14%.

The cropland area rapidly increased during P3. Rapid
population growth was accompanied by large-scale cropland
expansion during this period. After the Qing Dynasty was
established, the population increased from less than 1.50x 10°
in the early Qing Dynasty to over 3.00x 10* and 4.00x10" in
the late Qianlong period and the Daoguang period, respec-
tively (Cao, 2001). Simultaneously, the total cropland arca
also increased from 5.47x10" ha (AD 1661) to 8.42x10" ha
(AD 1820) and 9.72x10" ha (AD 1913). This phenomenon
translates to an increase of 4.25x10” ha and an average an-
nual growth rate of 0.31% over more than 250 years. After
the People’s Republic of China was founded, the population
continuously increased and reached 12.95x 10° by AD 2000.
Accordingly, the cropland area increased from 9.81x10 ha
(AD 1949) to 12.92x10" ha (AD 1999), corresponding to an
increase of approximately 3.11x10” ha and an average annual
growth rate of 0.64% over 50 years.

4.2 Provincial cropland area for China

Figure 6 illustrates the changes in cropland areas in the 25
Chinese provincial areas over the past millennium. The
cropland area of each province shows a fluctuating increase
trend, but considerable differences still exist among pro-
vinces.

The trends in cropland area in the middle and lower
reaches of the Yellow River (i.e., Shaanxi, Shanxi, Jing-Jin-
Ji, and Shandong), along with the middle and lower reaches
of the Yangtze River (i.e., Anhui, Hu-Ning, Hubei, and
Chuan-Yu), were similar to the overall trend in China (i.e.,
fluctuations with an overall increase in cropland area). The
cropland area in some provinces in northeastern China
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(Liaoning, Jilin, Heilongjiang, and Inner Mongolia), north-
western China (Gan-Ning, Qinghai, and Xinjiang), and parts
of southwestern China (Guizhou and Yunnan) slightly varied
before the Qing Dynasty and rapidly increased after this
dynasty. Meanwhile, the cropland area steadily increased in
the southern coastal region of China (Min-Tai, Yue-Qiong,
and Guangxi).

Figure 7 shows the proportions of provincial cropland area
out of the total cropland area for different periods from AD
1000 to 1999. In the early Northern Song Dynasty (AD
1000), among provincial areas, Henan Province had the
largest cultivated land area (0.38X107 ha, accounting for
10.30% of the total cropland area), followed by the Shan-
dong and Anhui Provinces (accounting for 9.27% and 9.16%
of the total cropland area, respectively). In AD 1000, the
proportions of provincial cropland area in northeastern (i.e.,
Heilongjiang, Jilin, and Liaoning) and western (i.e., Qinghai,
Xinjiang, and Xizang) China were less than 1.00%. Among
all provinces, Xizang had the smallest proportion of pro-
vincial cropland (0.01%). In the early Qing Dynasty (AD
1661), Shandong had the highest provincial cropland area
among all provincial areas (0.56X107 ha, accounting for
10.19% of the total cropland area), followed by Hu-Ning and
Henan (9.51% and 8.75% of the total cropland area, re-
spectively). Simultaneously, the proportions of cropland area
in the northeastern and western provinces remained less than
1.00%, reflecting limited agricultural development in these
areas. By the end of the 20th century (AD 1999), Hei-
longjiang Province had the largest provincial cropland area
in China (1.18X107 ha, accounting for 9.11% of the total
cropland area), followed by Chuan-Yu (0.91x 10 ha, 7.06%).
Only Qinghai and Xizang had proportions of cropland area
less than 1.00% (0.53% and 0.28%, respectively).

4.3 Spatial distribution of cropland cover in China

4.3.1 Overview of the spatial distributions of cropland
cover
Figure 8 illustrates the spatial distribution of cropland across

-
N
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China from AD 1000 to 1999. The cropland in China is
mainly distributed in the eastern monsoonal zone. The scope
of land reclamation over the last millennium expanded
continuously with population growth and technological ad-
vancement. The cultivated land was first concentrated in the
middle-lower reaches of the Yellow and Yangtze Rivers and
then expanded to the surrounding areas and even to the
frontier areas. The grid cells covered by cropland accounted
for 32.01% (AD 1000) and 48.52% (AD 1999) of all grid
cells. Simultaneously, the total FCA gradually increased by
2.5 times from 3.85% at the end of the 10th century to
13.49% at the end of the 20th century. Specifically, the FCAs
of the middle-lower reaches of the Yellow and Yangtze
Rivers, which are the main traditional agricultural areas in
China, increased by 1.38 times and 0.83 times from 15.35%
and 18.89% to 36.54% and 27.32%, respectively.

Figure 9 shows the proportions of cropland area in dif-
ferent topographic units out of the total cropland area (data of
plains, hills and low mountains, and middle and high
mountains were obtained from 1:1 million Chinese geo-
morphologic atlas, available at http://www.resdc.cn). Crop-
land was mainly distributed in the plains, accounting for
52.99-68.12% of the total cropland area, followed by the
hills and low mountains (18.88-29.92%). Cropland dis-
tributed in the middle and high mountains only accounted for
11.34-17.58% of the total cropland area. The proportion of
cropland in the plains decreased by approximately 16.95% as
the cropland area increased over the past millennium. By
contrast, the proportions of cropland increased by 23.05% in
the hills and low mountains and by 43.79% in the middle and
high mountains. These trends reflect land reclamation ex-
pansion from plains to mountains and hills over the last
millennium.

4.3.2 Changes in the spatial distributions of cropland
cover

The spatial changes in cropland cover in different periods
over the past millennium in China were analyzed in ac-
cordance with the stages of the increasing trend in the total

-
o

o1}

respect to the total cropland area (%)
(o)

Proportions of provincial cropland area with
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Figure 7 Proportions of provincial cropland area out of the total cropland area.
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Figure 9 Proportions of cropland area in different topographic units out of the total cropland area.

cropland area in Section 4.1. These changes can be sum-
marized in the following three phases.

(1) During P1 (AD 1000-1290), the changes in FCA
mainly occurred in central and eastern China. FCA increased
significantly in southern China, especially in the middle and
lower reaches of the Yangtze River. This increase is pri-
marily due to wars between the Song, Liao, and Jin Dynas-
ties after the An-Shi Rebellion, forcing the population in
northern China to migrate southward and reversing the long-
term pattern of the population (i.e., high and low populations
in the north and south, respectively). Specifically, taking the
Qinling Mountain-Huaihe River as the boundary, the pro-
portion of China’s population in the south increased from
56.90% in AD 980 to 62.60% in AD 1078, while that in the
north decreased from 43.10% to 37.40% (Wu, 2000).

The total FCA increased from 3.85% (AD 1000) to 5.33%
(AD 1078) during the Song and Liao Dynasties. This period
involved the formation of the Chanyuan Alliance armistice
in AD 1004 and rapid population growth. Specifically, dy-
namic agricultural (e.g., polder and terrace agriculture) de-
velopments were driven by large-scale immigration
southward; thus, competing with open water and mountain
areas for cultivated land was normalized. At this time, the
FCAs in the middle-lower reaches of the Yangtze and Yellow
Rivers increased from 14.89% and 15.35% (AD 1000) to
21.27% and 20.77% (AD 1078), corresponding to increases
of 42.85% and 35.31%, respectively (Figure 10a). Conse-
quently, the middle-lower reaches of the Yangtze River re-
placed the middle-lower reaches of the Yellow River to
become the economic center of China during this time. This
finding indicates that the government revenue mainly came
from the south, especially from the southeast. The FCA in
eastern China declined significantly because of wars when
the Southern Song Dynasty replaced the Northern Song
Dynasty (Figure 10b). The FCAs in the middle-lower
reaches of the Yangtze and Yellow Rivers decreased by

32.43% and 37.59%, respectively. Specifically, the FCAs in
the Hu-Ning, Anhui, Henan, Shandong, and Hubei provinces
decreased by 51.09%, 45.67%, 39.40%, 33.41%, and
50.96%, respectively.

After signing the Longxing Peace Treaty, Chinese society
gradually stabilized and agricultural production rapidly re-
covered. In northern China, the Jin government enacted a
series of policies to promote land reclamation. The FCAs in
the middle and lower reaches of the Yellow River increased
from 14.03% (AD 1162) to 23.03% (AD 1215). Figure 10c
shows that the FCAs of the Shandong, Jing-Jin-Ji, and
Shanxi Provinces were 0.89, 0.89, and 0.88 times larger in
AD 1215 than in AD 1162, respectively. However, the war
between the Southern Song and Yuan Dynasties lasted for
more than half a century, leading to an 18.67% reduction in
total FCA. Notably, compared with those in the Southern
Song Dynasty (AD 1215), the FCAs in the middle and lower
reaches of the Yellow River and the Sichuan Basin were
21.31% and 75.87% lower in AD 1290, respectively (Figure
10d). Other regions outside of central and eastern China that
were only slightly affected by the war were characterized by
harsh geographical environments and limited arable land.
Thus, the FCAs in most areas remained relatively low de-
spite the increase in cropland areas in these regions. For
example, the FCA was between 4% and 6% in southern
coastal China and less than 5% in southwestern China, while
the FCAs in northeastern China, northwestern China, and the
Qinghai-Tibet Plateau were less than 3%, 1.5%, and 0.05%,
respectively.

(2) During P2 (AD 1290-1661), agriculture was developed
on previously abandoned land, primarily in traditional agri-
cultural areas, especially in central and eastern China. The
Yuan Dynasty was established for nomadic peoples; how-
ever, the government attached considerable importance to
agricultural production, and FCA increased rapidly. The
economies of the Yuan and Ming Dynasties were dominated
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Figure 10 Changes in fractional cropland area of China during different periods.

by agriculture. The total FCA increased by 47.46% from AD
1290 to 1620. During this period, the FCAs in the middle-
lower reaches of the Yellow and Yangtze Rivers increased to
29.80% and 22.39%, corresponding to increases of 64.46%
and 27.86%, respectively. The FCA in the Sichuan Basin
increased nearly two times, from 5.16% in AD 1290 to
14.78% in AD 1620 (Figure 10e). However, the subsequent
regime shift from the Ming to the Qing Dynasty led to a
decline in FCA in the above-mentioned agricultural areas.
For example, the FCAs of Henan, Shandong, and Chuan-Yu
decreased by 32.02%, 21.91%, and 87.85%, respectively,
from the end of the Ming dynasty (AD 1620) to the early
Qing Dynasty (AD 1661; Figure 10f). Conversely, the FCAs
of Hunan, Hubei, and Guizhou increased by 15.75%, 9.37%,
and 30.20%, respectively, during this period. Throughout
this period, the land reclamation in other areas was consistent
with the previous period. Thus, the cropland area fluctuated
while generally remaining stable. For example, the FCAs in
the southern coastal area of China and the Qinghai-Xizang

region increased by 5.01% and 2.54%, respectively, while
the FCA in northwestern China decreased by 4.76%.

(3) P3 (AD 1661-1999) was characterized by continuous
land reclamation in the inland plains and the vigorous ex-
pansion of land reclamation in areas with low reclamation
rates (i.e., the mountainous areas and their surroundings).
This phenomenon is due to the rapid increased population
from 1.60x10" at the end of the 17th century to 4.00x10°" at
the middle of the 19th century and 12.6x 10° at the end of the
20th century (Cao, 2001). Therefore, a massive amount of
cropland had to be created to support the large population.
Meanwhile, with the popularization of drought-tolerant and
high-yield crops (e.g., corn and potatoes) from abroad
starting in the late Ming Dynasty, farming was no longer
limited by the natural conditions of some areas, resulting in
the expansion of arable land. Thus, the pattern of land re-
clamation in China has begun to diverge from the original
pattern of cropland cover, with cropland area expanding to
areas of low reclamation in southwest, northeast, and
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northwest China and advancing from the plains and valleys
to the hills and mountains.

After the Revolt of the Three Feudatories in southwestern
China, the government implemented reform measures that
included the bureaucratization of native officers and im-
migration from Hunan, Hubei, and surrounding areas to the
Sichuan Basin. These policies resulted in an influx of agri-
cultural people into southwest China for land reclamation.
The FCA in this region increased from 2.13% in the early
Qing Dynasty (AD 1661) to 8.66% in the middle Qing Dy-
nasty (AD 1820), 10.20% during the Republic of China
period (AD 1933), and 18.00% in AD 1999 (Figure 10g and
10h), demonstrating an increase of 7.5 times over 300 years.
The government implemented a policy prohibiting re-
clamation in northeast China (the birthplace of the Qing
Dynasty) before the mid-19th century. Subsequently, faced
with demographic and socioeconomic pressures, the Qing
government removed the restriction on reclamation in
northeast China and encouraged immigration into the bor-
derlands. Consequently, northeast China became one of the
most important agricultural areas in the country (Figure 10h).
The FCA in this area increased from 0.55% in AD 1661 to
3.90% in AD 1820, 18.59% in AD 1933, and 26.61% in AD
1999, corresponding to an increase of 47.4 times over
300 years. Northwest China is a typical arid area, and the
natural conditions of this region are not conducive to agri-
cultural development. However, this area has become a
major migration destination since the Qing Dynasty. In
particular, the population of Xinjiang increased from
1.392x10° in AD 1880 to 2.169x10° in AD 1910, 4.762x10°
in AD 1953, and 17.633x10° in AD 1999 (Cao, 2001; Hou,
2001). Xinjiang became the center of agricultural production
in northwest China. A large amount of grassland in Xinjiang
was transformed into farmland (Figure 10h), and the FCA
increased 26.8 times from 0.09% in AD 1661 to 2.50% in
AD 1999.

4.4 Reliability analysis of our reconstruction

The reconstruction results were verified through qualitative
analysis and quantitative evaluation. The consistency be-
tween the spatiotemporal change in cropland reflected by
reconstruction and data obtained from historical documents
was qualitatively analyzed. As shown in Sections 4.1-4.3,
the reconstruction results revealed the spatiotemporal chan-
ges in historical cropland.

No historical ‘true values’ exist for the spatial patterns of
cropland cover; thus, an indirect quantitative method was
used to analyze the reliability of the grid reconstruction re-
sults. Provincial cropland areas (AD 1980) were allocated
into grids using the devised method. The allocation results
were then compared with the current cropland grid data
based on remote sensing images to verify the feasibility of
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the proposed approach and the reliability of the reconstruc-
tion results. As shown in Figure 11a and 11b, the spatial
pattern of reconstructed cropland cover generally agrees with
the distribution derived from remote sensing data. Negative
differences (i.e., where the reconstructed cropland area is
less than that obtained from remote sensing images) were
primarily distributed in the Sichuan Basin and northwestern
Jing-Jin-Ji. Positive or negative values were not concentrated
in other regions (Figure 11c¢).

A larger absolute value of difference corresponded to a
small percentage of grid cells (Table 2). Grid cells with ab-
solute differences of 0-10% and 10-20% accounted for
70.35% and 13.65% of all grid cells, respectively. Moreover,
grids with differences exceeding 60% accounted for only
0.83% of all grid cells, indicating the reliability of the re-
construction method. The reconstruction results also objec-
tively revealed the spatiotemporal changes of cropland in the
historical period.

5. Discussion

5.1 Gridding reconstruction method for cropland

Gridding reconstruction is one of the most critical tools for
historical cropland reconstruction. Therefore, the rationality
of gridding reconstruction has received considerable aca-
demic attention. Reconstruction models can be classified into
spatial allocation and spatial evolution models. Compared
with spatial evolution models, spatial allocation models are
characterized by fewer parameters and easy data acquisition.
Therefore, spatial allocation models are practical for re-
constructing cropland cover at large spatiotemporal scales
(He etal., 2019). Thus, a spatial allocation model was used in
this study. Specifically, the maximum extent of cropland was
first determined on the basis of multiple remote sensing-
derived cropland data. The model of LSC was then built, and
the gridding allocation method for provincial cropland was
devised in consideration of the major factors driving and
limiting the spatial distribution of cropland cover. The allo-
cation model was applied to provincial cropland area data to
reconstruct 10 km cropland cover maps of China for AD
1000-1999.

However, as mentioned in Section 3.2, gridding re-
construction depends on selecting and quantifying driving
and limiting factors. Many factors can influence the dis-
tribution of cropland cover, including natural (e.g., light,
precipitation, altitude, slope, soil organic matter, and natural
water systems) and human (e.g., population settlement,
transportation, and cropland irrigation) factors. Although the
above factors have different effects on cropland distribution,
fully considering all these factors will undoubtedly improve
the reliability of the reconstruction results. However, ob-
taining historical data involving large areas, long periods,
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Figure 11 Spatial patterns of cropland cover in AD 1980: proposed reconstruction (a), CLUDs (b), and the difference between them (c).

Table 2 Differences in cropland cover in AD 1980 between the proposed reconstruction and CLUDs

Difference (%) Percentage (%)

Difference (%) Percentage (%)

<—80 0.04
-80—70 0.11
-70—60 0.21
—60—50 0.37
—50—40 0.66
—-40—30 1.17
-30—20 1.95
-20—10 3.29

-10-0 52.78

0-10 17.57
10-20 10.36
20-30 5.99
30-40 2.95
40-50 1.38
50-60 0.7

60-70 0.32
70-80 0.12
> 80 0.03

and high resolution is often challenging. Thus, these data are
often replaced by modern data in the quantification process.
This condition raises a serious problem: some historical data
can be replaced with modern data while other data cannot.
Therefore, the concept of the “relative stability factors” was
introduced in this study. This concept means that some fac-
tors (e.g., light, precipitation, elevation, slope, and soil tex-
ture) remain unchanged over time in the study area, and these
factors can be replaced by modern data. Other factors (e.g.,
rivers, soil organic matter, roads, and settlements) that are
easily changed or have changed considerably over time
should not be replaced by modern data because such a re-
placement would induce the deviation of reconstruction re-
sults from reality. Thus, the selected potential maximum
productivity of climate, soil texture, altitude, and slope was
include in the LSC calculation. These factors were assumed
to be relatively stable and were directly substituted by
modern data.

Notably, models of the cropland spatial distribution based
on natural factors have an inherent defect. That is, a grid is
allocated cropland as long as the LSC value of the grid is
larger than zero and the grid is within the maximum dis-
tribution extent of cropland. However, the grid may not have
the distribution of cultivated land. Avoiding this dis-

advantage in areas with low LSC values is difficult. One way
to solve this problem is to consider human factors supported
by historical data in the model. For instance, Wu et al. (2020)
reconstructed the distribution of cropland cover in northeast
China based on historical settlement data. This method ef-
fectively reduced the deviation and provided a valuable ex-
ample for the gridding reconstruction of cropland at large
spatiotemporal scales.

5.2 Comparison with global historical land use datasets

At present, the primary global historical land use datasets
containing cropland data for the past millennium are HYDE
and PJ. Some regional research results covering the last
300 years are included in HYDE 3.2. However, most re-
gional cropland data in this global dataset were estimated
using population and per capita cropland. LSC in this dataset
was determined by combining various human and natural
factors, such as population and climate. Finally, the cropland
area of each region was allocated to the grid cell. The PJ
dataset for 1700-1992 was constructed on the basis of
HYDE and SAGE datasets. The PJ dataset for AD 8001700
was reconstructed using the cropland distribution pattern in
AD 1700 as a benchmark and population as a proxy. By



126 He F, et al.

contrast, the cropland area at the provincial (e.g., Lu and
Dao) level at multiple time slices served as the data source of
gridding allocation in this study. These cropland data were
reconstructed using Chinese historical tax records for crop-
land areas and relevant historical documents. The LSC and
gridding allocation models for cropland were developed in
consideration of the dominance, stability, and availability of
factors related to the distribution of cropland. Overall, the
data source and methodology in this study were reliable.
Thus, the results should also be more reliable than the global
datasets. A detailed comparison between the global datasets
and the proposed reconstruction will be presented in another
article.

6. Conclusions

LSC and cropland allocation models were developed con-
sidering the altitude, slope, potential maximum productivity
of climate, and soil texture by utilizing historical document-
based provincial cropland data. Using this approach, the
cropland cover in China for 24 years over the last millen-
nium was reconstructed at a spatial resolution of 10 km. The
main conclusions are as follows:

Cropland area in China has shown fluctuating increase
trends over the last millennium. The total cropland area in
China increased from 3.71x10” ha in AD 1000 to 12.92x10’
ha in AD 1999, a net increase of 9.21x10” ha. The changes in
cropland cover can be described in three phases: a period of
fluctuation but overall stability (AD 1000—1290), a period of
slow increase (AD 1290-1661), and a period of rapid in-
crease (AD 1661-1999). The cropland area peaked at
13.50x10" ha in the AD 1980.

Over the last millennium, agricultural development was
first concentrated in the middle-lower reaches of the Yellow
and Yangtze Rivers and then expanded to the surrounding
hills and mountains and even to the frontier areas. The FCA
of the middle and lower reaches of the Yellow River in-
creased 1.38 times from 15.35% (AD 1000) to 36.54% (AD
1999), while that of the middle and lower reaches of the
Yangtze River increased 0.83 times from 14.89% to 27.32%.

Since the mid-Qing Dynasty, the arable lands in southwest,
northeast, and northwest China have been continuously
cultivated along with the rapid population growth and the
introduction of drought-tolerant and high-yield crops from
abroad. The FCAs in these areas increased from 2.13%,
0.55%, and 0.09% in AD 1661 to 18.00%, 26.61%, and
2.50% in AD 1999, respectively. From AD 1661 to 1999, the
increase in proportions of cropland was 55.04% in the hills
and low mountains and 26.61% in the middle and high
mountains, while that of cropland in the plains decreased by
21.15%.

The reconstructed spatial distribution of cropland cover
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generally agrees with the data from historical documents.
When comparing the reconstructed gridding cropland to the
1980 data derived from remote sensing images, 70.35% of
all grid cells had absolute differences with the remote
sensing data of less than 10%, while grids with differences
exceeding 60% accounted for only 0.83% of all grids. Thus,
the cropland cover reconstructed in this study can objec-
tively reproduce the historical spatial patterns of cropland
cover.
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