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Abstract Land use-induced land cover change (LUCC) is an important anthropogenic driving force of global change that has
influenced, and is still influencing, many aspects of regional and global environments. Accurate historical global land use/cover
datasets are essential for a better understanding of the impacts of LUCC on global change. However, there are not only evident
inconsistencies in current historical global land use/cover datasets, but inaccuracies in the data in these global dataset revealed by
historical record-based reconstructed regional data throughout the world. A focus in historical LUCC and global change research
relates to how the accuracy of historical global land cover datasets can be improved. A methodology for assessing the credibility
of existing historical global land cover datasets that addresses temporal as well as spatial changes in the amount and distribution
of land cover is therefore needed. Theoretically, the credibility of a global land cover dataset could be assessed by comparing
similarities or differences in the data according to actual land cover data (the “true value”). However, it is extremely difficult to
obtain historical evidence for assessing the credibility of historical global land cover datasets, which cannot be verified through
field sampling like contemporary global land cover datasets. We proposed a methodological framework for assessing the
credibility of global land cover datasets. Considering the types and characteristics of the available evidence used for assessments,
we outlined four methodological approaches: (1) accuracy assessment based on regional quantitative reconstructed land cover
data, (2) rationality assessment based on regional historical facts, (3) rationality assessment based on expertise, and (4) likelihood
assessment based on the consistency of multiple datasets. These methods were illustrated through five case studies of credibility
assessments of historical cropland cover data. This framework can also be applied in assessments of other land cover types, such
as forest and grassland.
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1. Introduction

Land use changes for meeting developmental needs have
altered land cover across the world. Land cover change
profoundly induces global and regional climate and en-
vironmental changes by replacing or disturbing the natural

terrestrial ecosystems and biodiversity, and also by affecting
regional physical processes on the land surface and global
biogeochemical (i.e. carbon, nitrogen) and water cycles
(Ruddiman, 2003; Foley et al., 2005; Goldewijk et al., 2007;
Pongratz et al., 2008; Pielke et al., 2011; Zhang et al., 2012;
Ellis et al., 2013; Li et al., 2014; Gaillard et al., 2018). Thus,
land use-induced land cover change (LUCC) is recognized as
an important driving force of global change.
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Reliable historical global LUCC datasets developed on the
basis of an in-depth understanding of land use and land cover
changes are essential for quantitatively assessing LUCC
impacts on global change. Substantial progress has been
made in global and regional land use and land cover re-
construction, beginning with the implementation of inter-
national LUCC-related research projects in the 1990s. Many
global land use/cover datasets demonstrating high spatio-
temporal resolutions and covering an extended period of
history have been established. Examples include the History
Database of the Global Environment (HYDE) developed by
the PBL Netherlands Environmental Assessment Agency
(Goldewijk and Battjes, 1997; Goldewijk, 2001; Goldewijk
et al., 2011, 2017), the SAGE dataset developed by the
Center for Sustainability and the Global Environment at the
University of Wisconsin (Ramankutty and Foley, 1999), the
PJ dataset established by Pongratz et al. (2008), and the
KK10 dataset created by Kaplan et al. (2009, 2010). These
datasets have generally been derived from the data on con-
temporary land cover, historical populations, and climate/
land suitability, with limited use of data on regional cropland
areas from historical records. These datasets have been
widely employed to estimate historical carbon emissions and
LUCC impacts on regional or global climates, with the aim
of better understanding the contribution of human activities
to global change (Ruddiman, 2003; Goldewijk et al., 2007;
Pongratz et al., 2008; Pielke et al., 2011; Zhang et al., 2012;
Ellis et al., 2013; Gaillard et al., 2018). However, existing
historical global land use/cover datasets reveal incon-
sistencies in the amount and distribution of land cover
changes over time and space. Moreover, large amounts of
data reconstructed using historical records for regions
throughout the world have demonstrated inaccuracies in
these data (Kaplan et al., 2009; Li et al., 2010, 2013; Leite et
al., 2012; He et al., 2013; Zumkehr and Campbell, 2013;
Yuan et al., 2017; Yang X et al., 2019). Thus, an important
concern among researchers working on historical LUCC and
global change centers on improving the accuracy of the
historical global land cover datasets, which is also a goal of
the ongoing LandCover6k program (Gaillard et al., 2015,
2018).
Assessing the credibility of existing global land cover

datasets is a precondition for improving data quality. A
credibility assessment enables different data qualities to be
distinguished, which are data that are credible, data that need
to be updated or revised, and data that need to be re-
constructed from very beginning. With field validation
samples, various methods for testing and improving the
credibility of the modern global land cover data have been
developed (Chen and Chen, 2018). However, it is difficult to
assess the credibility of historical global land cover data
applying currently used methods for assessing contemporary
data. This is because the actual past land cover data (referred

to as the “true value”) that serves as the baseline of the
credibility assessment is not directly accessible and needs to
be reconstructed in most cases. Moreover, historical and
natural records available for land cover reconstruction are
very limited, and a widely accepted method for such an as-
sessment remains to be developed. Reconstructed regional
land cover data derived from historical records are regarded
as the baseline in most of the existing studies on credibility
assessments of historical global land cover data. The regional
reconstructed land cover data are regarded as approximating
the “true values”, and credibility is assessed in terms of de-
viations of the data in the global land cover datasets from the
reconstructed regional data (Li et al., 2010; He et al., 2012,
2013, 2018; Yuan et al., 2017; Wei et al., 2019; Li et al.,
2019). However, the difficulty of obtaining proxy data for the
reconstruction makes the process of quantitative re-
construction of regional land cover challenging. The tem-
poral and spatial ranges covered by the existing
reconstructed data on regional land cover are limited, and in
most cases, the credibility assessments of data within the
global land cover datasets has to be done in the absence of
any regional reconstructed data. Therefore, there is a need to
solve the problem of how to assess the credibility of the data
in the global land cover datasets in light of limited available
evidence.
Here we propose a methodological framework for cred-

ibility assessment of the historical global land use/cover
datasets. The four assessment methods discussed in this pa-
per correspond to the different types and characteristics of
available evidence or indicators used for historical land cover
data assessments. To further illustrate these methods, we
present five case studies of credibility assessments. Although
these case studies specifically address cropland cover chan-
ges, the entailed assessment methods are also applicable to
other land cover types, such as forest and grassland cover
(He et al., 2019; Yang F et al., 2019).

2. A methodological framework for credibility
assessment of historical global land cover data

The credibility of historical global land cover data can be
assessed in terms of their spatial and temporal dimensions.
The temporal dimension refers to the cropland amount
changes over time for a given spatial unit. The spatial di-
mension refers to the cropland distribution over space for a
given time section (Figure 1).
The credibility of historical land cover data can be mea-

sured in various ways. Theoretically, the criteria for de-
termining the credibility of historical global land cover data
are the extent of similarities or differences of the data to the
actual land cover (the “true value”). A smaller deviation
from the “true value” corresponds to a higher degree of
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credibility. However, the actual land cover (“true value”) has
already been relegated to history, and its approximation to
the true value can only be obtained through a process of
reconstruction. Moreover, the limited availability of histor-
ical and natural records hinders reconstruction. Because the
land cover data to be assessed are reconstructed, the evidence
used for credibility assessment should be sufficiently close to
the “true value,” or it should at least reflect key features of
the “true value”. In addition, it should be independent of the
evidence used in the datasets to be assessed. Quantitative
regional reconstructed data that are thought to be a good
approximation of the “true value” usually serve as the
baseline in quantitative accuracy assessments. When several
land cover datasets are available, but it is difficult to dis-
tinguish which one is more credible, differences in the
consistency of the amount of land cover changes over time or
their spatial distribution among these datasets can be used to
measure the credibility of the data. If, however, the assess-
ment is solely based on qualitative evidence that partially
reflects the key characteristics of the “true value,” then a
rationality-based approach is used to assess the credibility of
the target land cover data. Here, we propose four types of
credibility assessment methods (Figure 1) tailored to differ-
ences in the data to be assessed and the available evidence.
Given restrictions regarding the availability of evidence that
can be used for conducting credibility assessments of his-
torical global land cover data, both the goal of the assessment
and the characteristics of the available evidence in given
regions and periods should be considered when choosing a
specific assessment method.

3. Accuracy assessment based on quantitatively
reconstructed regional land cover data

3.1 The accuracy assessment method

The accuracy assessment is a quantitative credibility as-
sessment that uses quantitatively reconstructed regional land
cover data derived from historical or natural records as the
baseline. In this method, the reconstructed regional cropland,
forest, or grassland cover data are assumed to approximate
the “true value” of the corresponding historical land cover
type. The accuracy of the data in the historical global land
cover datasets for the study area is assessed by calculating
their deviation from quantitatively reconstructed regional
land cover data. This method has been employed in most of
the existing credibility assessments of historical global land
cover data (Li et al., 2010, 2013; He et al., 2012, 2013, 2018;
Wei et al., 2016, 2019; Yuan et al., 2017).
A regional historical land cover dataset derived from his-

torical or natural records is a prerequisite for implementing
an accuracy assessment. This dataset can be reconstructed
from the original historical records, or it can be mined from
published papers or existing datasets. The first step for
conducting an accuracy assessment entails unifying the time
sections and spatial resolutions of the reconstructed regional
land cover data and the data in the global land cover datasets
for a given area. Subsequently, the accuracy of the data in the
global land cover datasets is ascertained by measuring the
absolute or relative deviation of the data from the re-
constructed regional data. A smaller deviation corresponds to
greater degree of accuracy or reliability of the land cover
data in the global dataset. As a final step, the data in the

Figure 1 Methodological framework for credibility assessment of historical global land cover data.
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global land cover dataset for a given area can then be clas-
sified into high, medium, and low levels of accuracy ac-
cording to the extent of this deviation. However, there are
still no commonly accepted criteria or thresholds of accu-
racy, which vary on a case-by-case basis in existing studies.
The advantage of using the accuracy assessment method is

that it provides a quantitative assessment of the credibility of
the data in the historical global land cover datasets for a
given area. A prerequisite for applying this method is the
availability of reconstructed historical regional land cover
data for the study area. However, quantitative reconstruction
of regional land cover is a challenge that can only be im-
plemented in a limited area where ample historical and nat-
ural records required for the reconstruction are available.
Thus, this method has limited applicability, given that the
land cover data in most regions of the world have not been
reconstructed.

3.2 Case study 1: An accuracy assessment of the
quantity of HYDE cropland in Germany over the last
1000 years

Bork et al. (1998) reconstructed Germany’s cropland fraction
for the period AD600–2000, which was subsequently used as
a baseline for conducting an accuracy assessment of the
amount of HYDE cropland in Germany over the last 1000
years. The cropland fractions of Germany were extracted
from the HYDE 3.1 and 3.2 (Goldewijk et al., 2011, 2017).
The relative deviations (RDs) of the cropland fraction ex-
tracted from each of these datasets from that by Bork for
Germany over the last 1000 years were then calculated

(Figure 2).
Both the size and trend of the HYDE 3.1 cropland fraction

for Germany over the last 1000 years differed markedly from
Bork’s cropland fraction (Figure 2), being significantly
lower than those of the latter for all time sections. The RD of
the former from the latter was more than 20% lower prior to
AD1940, more than 50% lower prior to AD1830, and more
than 75% lower prior to AD1300. Bork’s curve showed
evident fluctuations for the cropland fraction in Germany
over the last 1000 years, but the HYDE 3.1 cropland fraction
did not show this fluctuation. Therefore, the amount of
cropland in Germany over the last 1000 years in the HYDE
3.1 is considered a low level of accuracy.
The size and trend of the HYDE 3.2 cropland fraction for

Germany over the last 1000 years were similar to those of
Bork’s cropland fraction (Figure 2). This is because the
amount of cropland in Germany was revised in the HYDE
3.2 with reference to the reconstructed data by Bork et al.
(1998). The RD of the HYDE 3.2 cropland fraction from that
reconstructed by Bork decreased to −13–15%, which could
generally be considered to indicate a high level of accuracy.
Prior to AD1700, the relative deviation was minor. However,
because the temporal resolution of the HYDE 3.2 data is set
at 100 years, the time of the appearance of the peaks and
valleys of the HYDE 3.2 cropland fraction differ slightly
from those of Bork’s cropland fraction. In particular, fluc-
tuations in the cropland fraction caused by major historical
events with durations of less than 100 years, such as the
Thirty Years’ War (AD1618–1648), are difficult to discern.
During the period AD1700–1940, the RD of the HYDE 3.2
cropland fraction from that reconstructed by Bork fluctuated

Figure 2 Comparison of the HYDE cropland fractions of Germany over the last 1000 years (Goldewijk et al., 2011, 2017) with the reconstructed regional
data (Bork et al., 1998).
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by −12–9% over 100-year cycles, because even though a
high temporal resolution of a decade was applied, the HYDE
3.2 cropland fractions remained the same during each half
century. This result for the HYDE 3.2 cropland fraction for
most time sections during the period AD1700–1940 was
even less accurate than that was prior to AD1700.

3.3 Case study 2: The accuracy assessment of the
spatial distribution of the HYDE 3.2 cropland cover in
the North China Plain over the last 300 years

Wei et al. (2019) reconstructed a gridded (10 km × 10 km)
cropland dataset for the North China Plain (NP dataset)
covering the last 300 years on the basis of historical records.
This dataset has seven time sections, namely the late 17th
century, the 18th century, the 19th century, AD1916,
AD1933, the 1980s, and AD2008. The historical records
used for cropland cover reconstruction, entailing a county-
level spatial resolution, were collected from different sour-
ces. The data for the period of the Qing Dynasty (AD1644–
1911) were extracted from gazetteers, while those for the
Republic of China era (AD1912–1949) were extracted from
gazetteers and statistical records. Data for the period of the
People’s Republic of China (AD1949–present) were sourced
from survey and statistical records. To enable comparison
with the reconstructed NP dataset, the cropland data in the
North China Plain, extracted from the HYDE 3.2 (Goldewijk
et al., 2017) in seven time sections, namely AD1700,
AD1750, AD1850, AD1910, AD1930, AD1980, and
AD2008. The cropland fractions’ RDs of the HYDE 3.2 from
the NP dataset in the North China Plain were calculated for
10 km×10 km grids. The accuracy of the HYDE 3.2 cropland
cover in the North China Plain was then assessed on the basis
of the RD values (Figure 3).
From version 3.1, the HYDE took the reconstructed

cropland data of China over the last 300 years by Ge et al.
(2008) as reference (Goldewijk et al., 2011). Thus, differ-
ences in the amounts of cropland in North China between the
HYDE 3.2 and the NP dataset were small. The RD between
the two datasets varied between −10% and 13% in six of the
seven time sections. The biggest RD was 16.60% for the
AD1980 (Figure 3). Therefore, on the whole, the amount of
HYDE 3.2 cropland in the North China Plain is considered a
high level of accuracy.
Differences in the spatial distribution of the cropland

fractions in the HYDE 3.2 and the NP datasets were, how-
ever, significant, even though both datasets indicated that
over the last 300 years, the cropland in North China was
mainly distributed in the plain area, with a smaller proportion
distributed in the surrounding mountainous areas. In the five
time sections between AD1700 and AD1930, the grids with
absolute RD values above 50% accounted for 49–57% of the
total grids, whereas the grids with an RD of −10–10% ac-

counted for just 8–12% of the total grids. In terms of the
spatial distribution of the RD in the study area, the HYDE 3.2
shows a systematic bias, with the cropland fractions gen-
erally being lower in the northern part and higher in the
southern part compared with these fractions in the NP da-
taset. Moreover, 76–86% of the grids with an RD above 50%
were located south to the Yellow River, whereas 63–67% of
the grids with an RD below −50% were located north to the
Yellow River. In addition, the HYDE 3.2 cropland fraction
was significantly higher in locations along the major rivers
like the Yangtze, Yellow, and Huaihe rivers. For the two
modern-day time sections, namely AD1980 and AD2008,
the differences in the spatial distribution between the two
datasets were lower than those for the earlier historical per-
iods. The grids with a lower RD (between −10% and 10%)
increased to 13–21% of the total grids. Conversely, the grids
with an absolute RD value above 50% decreased to 29–35%
of the total grids. In terms of the spatial distribution of the
RD in the study area, the HYDE 3.2 cropland fraction was
generally smaller in the plain area but larger in the sur-
rounding mountainous and plateau areas compared with the
corresponding fractions in the NP dataset. In the plain area,
31–66% of the grids had an RD lower than −10%, whereas
48–70% of the grids had an RD greater than 10% in the
surrounding mountains and plateaus.
Of the various factors that could account for the above

described spatial differences, the following ones are ascer-
tainable. The gridded cropland cover data of the NP dataset
reconstructed by Wei et al. (2019) demonstrated less bias in
terms of spatial allocation compared with the HYDE 3.2
because it is derived from source data with a county-level
rather than a province-level resolution, as reconstructed by
Ge et al. (2008) and taken as reference in the HYDE 3.2. The
assumption in the HYDE 3.2 is that land located near the
river is preferentially reclaimed, whereas the river factor was
not considered in the spatial allocation of the NP dataset.
Thus, more cropland was allocated to the grids near the river
in HYDE 3.2, but this is evidently inconsistent with the ac-
tual agricultural history of the North China Plain.

4. Rationality assessment based on regional
history and expertise

4.1 The rationality assessment method

The rationality assessment is a qualitative assessment. The
assumption of this method is that the credible land cover data
should firstly be the rational data. The rationality of specific
land cover data can be assessed in two ways. The first entails
an assessment of whether or not the data can be verified
through relevant historical evidence of the region. The sec-
ond entails a determination of whether there are favorable
natural environments and socioeconomic conditions for the
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land use or cover known on the basis of relevant expertise.
Accordingly, we propose two rationality assessment methods
for historical global land cover data. The first is to assess the
extent of rationality through a comparison of the temporal
and spatial conformity of the land cover data from the global
dataset with the historical facts relating to regional devel-
opment. The second is to assess the rationality upon which
the expertise is based through an examination of how the
data, assumptions, and methods of global land cover datasets
match with the related spatial and temporal rules of nature
and society, such as features of the natural environment or
agricultural characteristics. The rationality assessments lead
to outcomes that are determined to be either rational or ir-
rational.

4.1.1 The rationality assessment based on regional his-
torical facts
Historical facts relating to regional agricultural development
are used as evidence for a rationality assessment. Avariety of

historical or archeological records could be used directly or
indirectly to indicate the characteristics of regional agri-
cultural development. Examples of direct records include
historical descriptions of processes of regional land re-
clamation and agriculture development and archeological
relics of crops and farming tools. Examples of indirect re-
cords include descriptions of land policies, advancing tech-
nologies, population and migration characteristics, major
social events, settlement relics and sediments relating to the
region’s agricultural history.
Evidence of key historical processes within the regional

agriculture can be extracted from systematically collected
historical and natural records relating to the history of re-
gional agriculture, for example, major events, critical turning
points, and spatial patterns associated with each time section.
The rationality of the data of the global land cover dataset is
assessed through a comparison of the extent of their spatio-
temporal similarities with relevant historical facts relating to
agricultural development in the region.

Figure 3 Distribution of cropland fractions in North China over the last 300 years based on the HYDE 3.2 (Goldewijk et al., 2017) and the NP dataset
reconstructed by historical records Wei et al. (2019) and their relative deviation (RD).
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4.1.2 The rationality assessment based on expertise
The rationality assessment based on expertise is an indirect
assessment method. In some regions or during some periods
for which fewer quantitative or qualitative historical land use
or land cover records are available, this method can be em-
ployed for indirectly assessing the rationality of the land
cover data from global datasets. This method entails the use,
as evidence, of known principles or facts regarding natural or
social factors and their relations to land use/cover within a
region. The rationality of the land cover data from global
datasets can be assessed in terms of their spatial and temporal
dimensions by examining whether the land cover data mat-
ches the relevant principles or facts in the data sources used
for reconstruction and in the methods, and assumptions re-
lating to data conversion and spatial allocation. The ration-
ality of the data can also be assessed by examining whether
the spatiotemporal distribution of the land cover data are in
agreement with that of the natural and social facts. The fol-
lowing are examples of approaches for conducting the as-
sessments, as mentioned above.
(1) For a type of land cover within a certain area or period,

the rationality can be assessed in terms of the tolerable nat-
ural conditions of that type resulting from the environmental
differences and changes over time and space.
(2) The rationality of the methods and assumptions used in

historical land use/cover reconstruction or allocation can be
assessed according to whether they conform to the relevant
natural or social principles, whether they can be supported by
modern observations or historical records, and whether they
exhibit spatial or temporal generality.
(3) The rationality of the data from the global land cover

datasets can be assessed according to whether the spatio-
temporal distribution of the data matches that of the factors
affecting land cover, such as natural features relating to
temperature, precipitation, topography and rivers, and social
factors associated with the stages of economic and techno-
logical development. For example, the HYDE 3.2 cropland
fraction of Germany during the period AD1700–1950 re-
vealed a stepwise change every half century (Figure 2). This
change would be considered irrational from the perspective
of the general characteristics of regional development.
Moreover, the evidently uneven pattern in the distribution of
cropland fractions extracted from HYDE 3.2 cropland frac-
tions in the northern and southern parts of the North China
Plain during the period AD1700–1930 does not tally with the
relatively even natural environment in the North China Plain
(Figure 3).

4.2 Case study 3: A rationality assessment of the dis-
tribution of the HYDE 3.2 cropland cover in Northeast
China over the last 1000 years

This case study was conducted to assess the rationality of the

HYDE 3.2 cropland cover data (Goldewijk et al., 2017) in
Northeast China (37°–55°N, 120°–136°E) over the last
1000 years. The records used as evidence were those relating
to changes in the spatial distribution and amount of settle-
ment relics from the Liao (AD916–1125) to Ming (AD1368–
1644) dynasties, and those of towns used as the adminis-
trative headquarters during the Qing Dynasty (AD1644–
1911).
In ancient Northeast China, the establishment of perma-

nent settlements was closely associated with settled farming
activities. The amount and spatial distribution of the settle-
ments could reflect changes in agricultural development and
in agricultural areas (Jia et al., 2018). During the Liao
(AD916–1125) and Jin (AD1115–1234) dynasties, settle-
ments were numerous. The northern boundaries of the set-
tlements during these two dynasties extended as far north as
47°N, which is very close to the contemporary northern
agricultural boundary. However, over the Yuan (AD1279–
1368) and Ming (AD1368–1644) dynasties, the number of
ancient settlements decreased significantly, and the northern
boundaries of the settlements shifted southward by 3–4 la-
titudinal degrees compared with their positions during the
Liao and Jin dynasties (Figure 4).
The actual distribution of the agricultural area during the

Qing dynasty is not reasonably represented by the amount
and spatial distribution of the settlement relics alone because
most of the settlements in Northeast China that were estab-
lished during this period are still in use (Zeng et al., 2011).
However, the areas cultivated during the Qing Dynasty could
be identified from the location and the build-up time of the
newly established settlements. Among these settlements, the
towns as administrative headquarters were set up to rule the
Han people who migrated into Northeast China and engaged
in agricultural activities. These towns in different adminis-
trative levels, namely Fu (district level), Zhou (district or
county level) and Xian (county level), may be indicative of
the change in the amount and distribution of agricultural
areas over time and space during the Qing Dynasty in the
three provinces (Liaoning, Jilin, and Heilongjiang) of
Northeast China. The development of these towns reveals
significant differences in land reclamation before and after
AD1860. Before AD1860, the number of towns slowly in-
creased in the three provinces. In AD1700, the towns were
only distributed in Liaoning Province. Up to AD1860, only a
few newly established towns were distributed in Jilin Pro-
vince and in the southern part of Heilongjiang Province. The
newly established towns expanded relatively fast from
AD1860 to AD1895 and even rapidly during AD1895–1911.
More than 75% of the towns in Northeast China that came up
during the Qing Dynasty were established during AD1860–
1911. Specifically, 75.5% and 87.8% of the towns in Jilin and
Heilongjiang provinces, respectively, were established dur-
ing AD1901–1911 (Fang et al., 2005) (Figure 4).
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Spatial and temporal changes in the amount and distribu-
tion of HYDE 3.2 cropland fractions in Northeast China over
the last 1000 years evidently differ from the facts indicated
by the number and distribution of the settlement relics. From
a temporal perspective, the HYDE 3.2 cropland fraction in
Northeast China has increased continuously over the last
1000 years. However, this increase neither reflects the peak
in land reclamation that occurred in the Liao and Jin dy-
nasties, nor the sharp decrease in the agricultural area during
the transition from the Jin to the Yuan dynasties. The HYDE
3.2 cropland fraction during the Qing Dynasty showed an
almost linear increase that is inconsistent with the significant
differences in the land reclamation rates indicated by the
increase of towns before and after AD1860. From a spatial
perspective, during the Liao and Jin dynasties, the HYDE 3.2
cropland was only distributed in Liaoning Province. This is
obviously inconsistent with the historical facts indicated by

the settlement relics that the large expanses of cropland ex-
isted in Jilin and Heilongjiang provinces during that period.
Moreover, in AD1800 and in AD1900, the northern bound-
aries of the HYDE 3.2 cropland were also significantly
further north compared with the actual distribution of agri-
cultural areas, as indicated by the towns during the Qing
Dynasty (Figure 4).
The above results reveal that changes in the HYDE 3.2

cropland in Northeast China over the last 1000 years are
irrational in terms of its spatial and temporal distribution.
One of the reasons is that Northeast China’s unique history of
regional development is not factored into the HYDE 3.2. The
HYDE 3.2 did not take account of the flourishing agriculture
during the Liao and Jin dynasties attributed to the farming
people migrating in and the ethnic minority groups adapting
the farming techniques. HYDE 3.2 did not also consider the
dramatic transformation in land use patterns from farming to

Figure 4 Comparison of the temporal and spatial distribution of HYDE 3.2 cropland fractions over the last 1000 years and settlement relics (the Liao
dynasty to the Ming dynasty) and towns (administrative headquarters) during the Qing dynasty in Northeast China. (a) The northern boundary of the
settlement relics in Northeast China (37°–55°N, 120°–136°E) from the Liao to the Ming Dynasty (Jia et al., 2018); (b) the cumulative number of towns
(administrative headquarters) in the three provinces of Northeast China during the Qing Dynasty (Fang et al., 2005); (c) the HYDE 3.2 cropland fraction in
the three provinces of Northeast China during the last 1000 years (Goldewijk et al., 2017); (d) the spatial distribution of the HYDE 3.2 cropland fractions in
the three provinces of Northeast China during the last 1000 years (Goldewijk et al., 2017); (e) the spatial distribution of settlement relics in Northeast China
from the Liao to the Ming Dynasty (Jia et al., 2018); (f) and the spatial distribution of the towns (administrative headquarters) in Northeast China during the
Qing Dynasty (Fang et al., 2005).

1020 Fang X, et al. Sci China Earth Sci July (2020) Vol.63 No.7



pasturing following this area governed by Mongolian no-
mads during the Yuan dynasty (Jia et al., 2018). Moreover,
the HYDE 3.2 did not capture the rapid expansion of crop-
land area and its gradual northward expansion as a result of
extensive migration into Northeast China after AD1860
following the repeal of the “farming-prohibition” policy in
Northeast China (Fang et al., 2005; Ye et al., 2009).

4.3 Case study 4: A rationality assessment of the
HYDE 3.2 cropland cover in the coastal plain adjoining
the Bohai Sea over the last 7000 years

In the HYDE 3.2, historical cropland was allocated within
the scope of modern cropland distribution and the part of
build-up areas suitable for reclamation. A higher degree of
suitability corresponds to a higher cropland fraction (Gold-
ewijk et al., 2011, 2017). This allocation method is only
reasonable if the natural environment has remained un-
changed over time. Once the environment changed, the order
of the grids in suitability for reclamation should be re-
ranked. Consequently, the rationality of the assumption un-
derlying cropland allocation and its outcomes would be
questioned. Based on reconstructed historical changes in the
Bohai Sea coastline and in the Yellow River channel, this
case study entailed an assessment of the rationality of HYDE
3.2 cropland in the region of the contemporary coastal plain
adjoining the Bohai Sea over the last 7000 years by ex-
amining the validity of the premise of cropland allocation.
The coastal plain has been changing over time resulting

from the advances and retreats of coastline, which is affected

by both sea-level changes and river delta sedimentation.
Thus, the amount of land that was suitable for reclamation in
the past coastal plain would differ from the contemporary
one. Over the last 7000 years, the western coastal plain ad-
joining the Bohai Sea has continuously expanded about
31200 km2 as a result of the phased retreats of the coastline
(Xue, 2009; Shang et al., 2018). In the absence of available
land, cropland cannot be developed. Thus, previously sub-
merged land in the western coastal plain adjoining the Bohai
Sea could not have been cropland until these lands emerged,
even if they are now suitable for cropland. The spatial dis-
tribution of HYDE 3.2 cropland cover in this area was
compared with coastline locations in 5000BC and AD1200
(Figure 5). This comparison revealed that the HYDE 3.2
cropland data is unreasonable because changes in the
coastline within the study area were not accounted for. Some
of the cropland during both 5000BC and AD1200 were still
submerged and therefore unavailable for cultivation.
In addition, the HYDE 3.2 cropland fractions in 5000BC

and AD1200 were significantly higher in areas located along
the contemporary Yellow River channel (Figure 5). This is
clearly an outcome of the allocation of more cropland to the
grids situated near the river in the HYDE 3.2 premised on the
assumption that land near the river would be preferentially
reclaimed. Regardless of whether or not the river preference
was rational, the higher cropland fraction for the area near
the contemporary Yellow River during 5000BC and AD1200
is irrational because the Yellow River did not flow into the
contemporary channel until AD1855. Around 5000BC (the
early Holocene), the Yellow River flowed on the north side

Figure 5 Comparison of the historical coastlines and the Yellow River channels with the distribution of HYDE 3.2 cropland in the western coastal plain
adjoining the Bohai Sea. (a) The Bohai coastlines (Xue, 2009) and Yellow River channels (Niu et al., 1994; Liu, 2012) during different historical time
sections; (b) the HYDE 3.2 cropland fraction in 5000BC (Goldewijk et al., 2017); (c) the HYDE 3.2 cropland fraction in 1200 AD (Goldewijk et al., 2017).
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of the contemporary Yellow River and entered the Bohai Sea
(Wu and He, 1991). In AD1200, it flowed southward and
entered the Yellow Sea, because it captured the Huaihe
River’s channel after AD1128 (Niu, 1994).

5. Likelihood assessment based on the level of
consistency of the land cover data from multiple
datasets

5.1 The likelihood assessment method

The likelihood assessment applies the consistency of land
cover data obtained from more than one dataset as an in-
dicator of credibility. This method is employed when it is
difficult to determine the credibility of more than one ex-
isting dataset. This method is based on the assumption that
the methods and data of each land cover dataset demonstrate
some degree of rationality but uncertainties and limitations
as well. It means that a considerable proportion of the land
cover data in each dataset may be consistent with or ap-
proximate the actual land cover (“true value”). Simulta-
neously, a certain proportion of the data are inconsistent with
the actual land cover because of the methodological weak-
ness or uncertainties relating to the data source. Considering
each global land cover dataset as an expert determination
regarding the actual land cover, the likelihood of the cred-
ibility of the land cover data for a given spatial or temporal
unit is assessed by measuring the degree of consistency of
the data on the unit derived from multiple datasets. Ac-
cording to the degree of consistency of the data, ranging from
high to low, the likelihood level is classified as high, med-
ium, or low.
Temporal or spatial overlay analysis can be used to mea-

sure the consistency of land cover data from multiple data-
sets. The consistency is described by the grid value, which
refers to the number of datasets or the proportion of the total
datasets that have a particular land cover type or fraction
range of a land cover type within the given spatial and
temporal unit. A higher grid value corresponds to a higher
degree of consistency and thus to a higher likelihood of
credibility.

5.2 Case study 5: The likelihood assessment based on
the consistency of cropland cover data in China derived
from 10 modern global land cover datasets

Cropland grids (1 km×1 km) were extracted from 10 widely
used modern global land cover datasets to assess the con-
sistency of cropland cover data in China. The cropland grids
were spatially overlaid using the Map Algebra tool in Arc-
GIS to calculate the grid value within a 0–10 range. A “0”
value indicates that the grid was not considered to contain
cropland within any dataset, and a “10” value indicates that

the grid was considered to contain cropland within all of the
datasets. A higher grid value corresponded to a higher like-
lihood of the distribution of cropland within the grid. How-
ever, there is no commonly accepted standard for
determining how consistency can be used to measure cred-
ibility. In this case, the cropland grids were divided into three
levels of credibility according to the grid values. Values of 1–
3 represented a low degree of consistency and therefore a
low likelihood of credibility; values of 4–5 represented a
moderate degree of consistency and therefore a moderate
likelihood of credibility; and values of 6–10 represented a
high degree of consistency and therefore a high likelihood of
credibility (Figure 6).
Of the total number of cropland grids in China, 42% and

43%, respectively, demonstrated high and low degrees of
consistency and 15% demonstrated a medium degree of
consistency. This means that only 42% of all of the cropland
grids evidenced a high likelihood of credibility. At the pro-
vincial scale, more than 50% of cropland grids evidencing a
high degree of consistency were located in 20 provinces.
These provinces were situated in eastern and central China,
mainly in the North China Plain, the Chengdu Plain, and the
Northeast China Plain. The proportions of cropland grids that
demonstrated both high and low degrees of consistency were
less than 50% in six provinces, namely Shaanxi, Gansu,
Ningxia, Zhejiang, Fujian, and Yunnan. These provinces are
mainly located in the agriculture–pasture transitional zone of
northern China and in the Southern China Hills. The pro-
portion of cropland grids demonstrating a low degree of
consistency was more than 50% in six other provinces,
namely Xizang, Qinghai, Xinjiang, Sichuan, Taiwan, and
Inner Mongolia, which are mainly located in the agriculture-
pasture transitional zone of North China, the Southern China
Hills, the Qinghai-Tibet Plateau, and the mountains and
piedmonts in Northwest China.
The cropland grids demonstrating a high degree of con-

sistency were concentrated in China’s major agricultural
areas. These areas generally have favorable agro-climatic
conditions and flat topographies suitable for agriculture.
The cropland grids in these areas are easily identified in
remote sensing images because they distribute con-
tinuously with high level of reclamation intensity, are
planted steady crop types year-by-year without large fal-
low areas. By contrast, the cropland grids with low degrees
of consistency are mostly located in areas with moderate to
low levels of reclamation intensity that have relatively
harsh agro-climatic conditions and complex topographies.
These grids mainly belong to the mixed cropland grids in
the Boolean datasets. The low degree of consistency of the
cropland grids may be attributed to the uncertainty entailed
in the identification of these mixed cropland grids and the
different cropland classification criteria used for each da-
taset.
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6. Conclusion

LUCC has influenced, and is influencing, many aspects of
regional and global environments. More credible historical
global land use/cover datasets, entailing a comprehensive
understanding of land use and land cover histories are re-
quired for quantitative assessments of the impacts of LUCC
on global change. Since the 1990s, several historical global
land use/cover datasets have been developed. However, ex-
isting historical global land use/cover datasets demonstrate
inconsistencies relating to temporal and spatial changes in
the amount and distribution of land cover, and the use of
historical record-based reconstructed data has shown in-
accuracies in global data for many regions worldwide.
Assessing the credibility of existing historical global land

cover datasets is a precondition for improving data quality.
To address the challenge of limited availability of historical
land cover data or evidence, we have proposed a methodo-
logical framework for conducting credibility assessments of
these data. We outlined four different credibility assessment
methods that respond to differences in the data to be assessed
and in available evidence and presented five case studies of
credibility assessments of cropland cover.
(1) Credibility assessments of historical global land cover

data entail an examination of temporal and spatial changes in
the amount and distribution of land cover data. However, it is

difficult to assess the credibility of the data because actual
land cover (“true value”), which is regarded as the baseline in
credibility assessments, also needs to be reconstructed. Apart
from a few accuracy assessments that have entailed the use
of quantitative reconstructed data as approximations of the
“true value,” credibility has mostly to be assessed from the
perspectives of rationality and consistency.
(2) Accuracy assessment is a quantitative assessment

based on quantitatively reconstructed regional land cover
data. The assumption underlying this method is that re-
constructed quantitative regional land cover data that is
based on historical or natural records a fine approximation
the actual historical land cover. The accuracy of the data
from the global land cover dataset is quantitatively assessed
based on the extent of deviation from the reconstructed re-
gional data in the study area.
(3) Rationality assessment is a qualitative assessment.

Being rational is the underlying premise of the credible land
cover data. There are two assessment methods according to
the type of available evidence, the regional historical facts-
based rationality assessment and the expertise-based ration-
ality assessment. Data credibility is assessed by comparing
similarities in data derived from the global land cover dataset
and historical facts of regional development, or by examin-
ing the extent of the match between the data, assumptions,
and methods of global land cover datasets with established

Figure 6 Consistency of cropland distribution in China described by the spatial overlay of 10 modern global cropland datasets. (a) The spatial distribution
of grid values; and (b) the percentages of different grid values of 32 provincial units, excluding Hong Kong and Macao. Of the 10 modern global land cover
datasets, seven were Boolean datasets whose cropland grids referred to cropland types as well as to mixed types of cropland and natural vegetation: IGBP-
DISCover (Loveland et al., 2000), GLC-UMD (Hansen et al., 2000), GLC-MODIS (Friedl et al., 2002), GLC2000 (Bartholomé and Belward, 2005),
GLCNMO (Tateishi et al., 2001), ESA-CCI_LC (Bontemps et al., 2013), and GlobeLand30 (Chen et al., 2015). The remaining three were fusion datasets
whose cropland grids has a cropland fraction greater than or equal to 1%: GLC-Consensus (Tuanmu and Jetz, 2014), GLC-Share (Latham et al., 2014), and
Hybrid Cropland (Fritz et al., 2015).

1023Fang X, et al. Sci China Earth Sci July (2020) Vol.63 No.7



expertise.
(4) In likelihood assessment, the credibility of the land

cover data for given spatial or temporal units is inferred
according to the degree of consistency of land cover data
extracted from multiple datasets. Each global land cover
dataset is considered an expert determination of the actual
land cover. Land cover credibility is assessed by measuring
the degree of consistency of the data derived from multiple
datasets for given spatial or temporal units. A higher degree
of consistency of the data corresponds to a higher likelihood
of credibility.
The methodological framework of credibility assessment

that we have proposed can be used to conduct credibility
assessments of cropland cover as well as of other land cover
types, such as forest and grassland. Future studies should
explore how the criteria or thresholds of credibility can be
objectively and rationally established for accuracy assess-
ments and how the scope of credibility assessments can be
expanded from regional case studies to global scale assess-
ments.
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