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Abstract One of the challenges in global change research is the significant uncertainty in global historical land use and land
cover (LUCC) datasets, which are widely used as foundational data. In addition to the regional cropland area reconstructions,
improving the grid allocation method is another feasible way to raise the reliability of historical LUCC data. In this study, an
integrated reconstruction of the national cropland areas over the past 200 years was developed for 36 European countries. After
that, the allocation algorithm was built using physiogeographic variables and historical city sites for accounting for land
suitability and cultivation preferences, respectively. Finally, cropland data in Europe with a spatial resolution of 5′×5′ at five time
sections from AD 1800 to 2000 were generated using the optimal allocation algorithm in accordance with the stages of the
regional history. The results were as follows: (1) The dominant factors governing the distribution of croplands in Europe vary at
different agricultural stages, but the results can be merged together. Land suitability was more optimal for allocation during the
modern agricultural stage (AD 1950 and 2000); the priority index combined with land suitability and cultivation preference was
more reasonable for allocation during the traditional agricultural stage (AD 1800). The average of the allocations by priority
index and the land suitability could be adopted as the allocation results during the transitional stage (AD 1850 and 1900) because
the grids for absolute differences within ±10 and ±20 percentage points between the results obtained from the above two
allocations were above 80% and 95%, respectively, which means the two allocation results could be merged. (2) Over the past
200 years, the total cropland area in Europe first increased to a peak in AD 1900 and then decreased. Spatially, the centre of the
higher cropland fraction shifted from the western part of Europe in AD 1800 to the eastern part of the continent after AD 1950.
(3) Both the cropland area and the spatial distribution in this study are more reasonable than the global dataset HYDE3.2.
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1. Introduction

Land use and land cover change (LUCC), through influen-
cing biogeophysical and biogeochemical processes can
change the climate, which in turn affects biodiversity and
ecosystem services (Gaillard et al., 2015; Bai et al., 2017;
Marta et al., 2021). Several global historical cropland data-

sets (Pongratz et al., 2008; Kaplan et al., 2009; Ramankutty
and Foley, 2010; Klein Goldewijk et al., 2017a) have been
developed to serve global change research, such as input
parameters for regional and global climate modelling studies
(Kaplan et al., 2011; Brovkin et al., 2013). Currently,
available spatially explicit global historical cropland datasets
are usually developed by allocating quantitatively re-
constructed regional cropland areas (generally on a con-
tinental or country scale) to grid units based on an allocation
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algorithm constructed according to physiogeographic and
socio-economic factors. However, the available global his-
torical LUCC datasets, both in the gridded allocation algo-
rithms and the reconstructed historical cropland areas,
remain uncertain, as evidenced by the inconsistency of the
global datasets in terms of changes in the amount and dis-
tribution of cropland, and numerous studies conducted in
regions of varying scales, including China, Europe, Scandi-
navia, and Germany (Li et al., 2013; Kaplan et al., 2017; Wu
et al., 2020; Fang et al., 2020; Wei et al., 2021; Zhang et al.,
2021; Zhao et al., 2022).
Improving the credibility of global historical cropland data

relies on two fundamental aspects. One is to increase the
historical record-based regional reconstruction of cropland
areas, and the other is to improve the grid allocation method
by building more suitable algorithms that are consistent with
the natural and socio-economic features of the region.
Through more efficient use of historical empirical data and
proxies to directly adopt or indirectly estimate the regional
cropland area, regional reconstructions can improve the ac-
curacy of historical cropland data by reducing the uncertainty
of the data source (Klein Goldewijk et al., 2017b; Fang et al.,
2020; Zhang et al., 2021; He et al., 2023). For example, the
History Database of the Global Environment (abbreviation
HYDE) has improved its cropland data credibility by stea-
dily increasing the adoption of regional cropland data since
its version HYDE3.0 (Ye et al., 2019). Compared with
HYDE2.0, where cropland area data were predominantly at
the continental scale, except for a few countries, the cropland
data in versions from HYDE3.0 to HYDE3.2 have witnessed
a remarkable improvement in credibility for countries that
have adopted regional cropland reconstruction data at na-
tional or even sub-national scales, such as China and Ger-
many, where the errors of cropland distribution in the grid
have been confined within the national units (He et al., 2012;
Fang et al., 2020; Zhang et al., 2021; Zhao et al., 2022).
Awell-designed cropland allocation method should satisfy

three key requirements. Where the grids are potentially sui-
table for cultivation, which is associated with land suit-
ability; when the grids were cultivated, which is associated
with the chronological order of cropland expansion; and how
many croplands have been cultivated in each grid, that is the
amount or fraction of cropland finally allocated to the grid,
which is the combined result of land suitability and the
chronological order of cultivation.
Land suitability, which indicates the constraints of natural

conditions, is revealed by natural factors. Most existing al-
gorithms for land suitability are generally calculated using
subjectively selected physiogeographic factors related to
cultivation. Land suitability is weighted by multiplying the
normalized values of the factors with equal weight, assuming
a universal linear relationship between each factor and cul-
tivation intensity within the research region. For example,

the HYDE dataset assumed that grids with higher tempera-
tures, lower slopes, and closer proximity to rivers or coasts
had higher suitability (Klein Goldewijk et al., 2017a).
However, because of the regional differentiation in the nat-
ural environment, it is difficult for one physiogeographic
factor to affect land suitability with the same rules and de-
grees all around the world. The influence of physiogeo-
graphic factors on land suitability varies from region to
region in terms of the numbers, types, and combinations of
these factors. This means that there is considerable irra-
tionality in constructing land suitability uniformly on the
global and continental scales. Therefore, when doing large-
scale allocation, the land suitability-based allocation model
should be focused on regional variations in dominant factors
(Zhang et al., 2022a). For example, Feng et al. (2014) di-
vided China into the traditional agricultural region, Northeast
China, Northwest China, and Tibetan Plateau, and con-
structed allocation models for each region by selecting the
dominant factors influencing cropland distribution within
each region. He et al. (2023) calculated the suitability of a
provincial unit and constructed regional allocation models of
China for eastern China, Xinjiang, and the Tibetan Plateau,
respectively, plus limiting cropland ranges by factors such as
historical coastlines, northern farming-pastoral ecotone, and
military-oriented reclamation area. Zhang et al. (2022b)
constructed a land suitability model that was comparable in
different regions of the world using the selected dominant
natural factors influencing cropland distribution in a
0.5°×0.5° unit.
The chronological order of cultivation indicates the suc-

cessiveness of cropland expansion in space and the increase
in the cropland fraction in a region. Land suitability just
provides the possibility of cultivation. Whether there is real
cultivation depends on the selection from the possibility by
the people named cultivation preference. Population and
settlement data are often used to characterise cultivation
preference in existing allocation models. Population density
was used by Klein Goldewijk et al. (2017a) and Feng et al.
(2014) as the weight factor. The larger the grid population
density, the more cropland was allocated to the grid. Huo et
al. (2020) delimited potential cropland distribution around
the settlements. Equidistant decay was used within the dis-
tribution radius, with the settlement serving as its centre. The
likelihood of cultivation decreased with distance from the
settlement. Wu et al. (2022) and Jia et al. (2023) constructed
settlement density-based grid allocation models. Zhang et al.
(2023) used a kernel density algorithm to quantify the de-
crease in cropland distribution with distance within an in-
dicated radius of a city.
The cropland area or fraction in each grid at a given time is

the combined effect of land suitability and cultivation pre-
ference. However, the contributions of these factors varied
across the different periods. Generally, cultivation preference
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exerts a greater influence during periods of expansion. Once
a mature agricultural area is formed, the final amount of
cropland in each grid is closely related to its suitability.
However, such temporal differences are considered less by
existing models that employ a uniform algorithm for allo-
cation across both global and historical stages. For instance,
the four widely used global historical LUCC datasets,
HYDE, SAGE, KK10, and PJ (Pongratz et al., 2008; Kaplan
et al., 2009; Ramankutty and Foley, 2010; Klein Goldewijk
et al., 2017a), estimated the total cropland area from the
historical population, using population as the primary driv-
ing factor based on contemporary land use patterns. They
allocated cropland using population density as the main in-
dicator, combined with factors such as slope and distance to
water bodies or potential vegetation maps/modern agri-
cultural and pastoral boundaries. However, given the distinct
differences in social regimes, economic development paths
at different historical stages, and natural conditions across
different countries and regions, land use patterns have sig-
nificant spatiotemporal variations. It is difficult for a singular
allocation method to capture the spatiotemporal character-
istics of land use changes. Therefore, a feasible way to en-
hance gridding allocation techniques and boost the reliability
of historical cropland data is to build models that are ap-
propriate to given regions and periods based on spatio-
temporal variations in land use patterns and dominant
factors. This is also the scientific issue to replied in this
study.
Over the past two centuries, Europe has transformed land

use paradigms, shifting from traditional to modern agri-
cultural practices. Different land use patterns at different
stages should correspond to different optimal allocation
models, which can provide a typical case for how to merge
cropland data obtained using different allocation methods.
Taking Europe as the study area (Figure 1), this paper re-
constructed a 5′×5′ resolution cropland cover of Europe over
the past 200 years, which reconstructed the national cropland
areas for European countries by supplementing, correcting,
and integrating the existing national-scale historical cropland
data at first, then constructed an allocation model combining
land suitability and cultivation preferences to allocate na-
tional cropland area to grid units. Specially, the Kaliningrad
Oblast on the Baltic Sea coast, a Russian enclave, has a close
relationship with Lithuania in history. Therefore, when al-
locating cropland, it is incorporated into Lithuania for cal-
culation in this study.

2. Data sources and methods

The research for this paper involved the following steps:

First, national cropland area data over a time interval of
50 years, from AD 1800 to 2000, were obtained by making
partial modifications to the national cropland area of Europe
for the years 1800, 1850, 1900, and 2000, as generated by Ye
et al. (2023), and newly reconstructing the national cropland
area for AD 1950 by adopting statistical data and published
research results by other researchers. Then, considering the
data availability of physiogeographic factors and historical
settlement, gridding allocation models varying with region
and time were constructed to allocate the national cropland
area for 36 European countries into grids with a spatial re-
solution of 5′×5′. Finally, the changes in cropland in Europe
over the past 200 years were analysed. A flowchart of this
process is shown in Figure 2.

2.1 National cropland area

2.1.1 Data sources for national cropland area
The national cropland areas for AD 1800, 1850, 1900, and
2000 were cited from Ye et al. (2023), but corrections were
made to some countries. Based on historical cropland records
and proxy data from the FAO, historic statistics, and pub-
lished research results, Ye et al. (2023) reconstructed the
national cropland area of 37 European countries for 4 time
slices over the past 200 years, by adopting historical em-
pirical data for 100%, 78%, and 57% of the European
countries in AD 1900, 1850, and 1800, respectively. It is
much higher than HYDE3.2 (Klein Goldewijk et al., 2017a),
which adopted historical empirical data for only 32% of all
European countries. Using newly collected historical re-
cords, this study corrected the cropland areas of Albania,
Belgium, and Portugal reconstructed by Ye et al. (2023).
Meanwhile, the cropland areas of European countries in AD
1950 were reconstructed in this study so that the national
cropland data with a time resolution of 50 years from AD
1800 to 2000 was obtained. Please refer to Appendix (https://
link.springer.com) for the data sources for each country.

2.1.2 Reconstruction of national cropland area in AD
1950
The data sources used for the reconstruction in AD 1950 are
shown in the Appendix. The reconstruction methods used
can be classified into two categories. The first category was
the record related to the cropland area, which was adopted
directly after conversion or revision, so that the definition of
cropland was consistent (in line with the FAO1) definition of
“cropland”). These can be divided into three subcategories
according to the type of record used. (1) Data on cropland
area or fraction around AD 1950, including 26 countries such
as Albania and Bulgaria. (2) The cropland area at a certain
time point and the given changing rate of the cropland area

1) FAO data are from https://www.fao.org/faostat/en/#home.
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between that time point and AD 1950, including Bosnia and
Herzegovina, Greece, Belgium, and the Netherlands. (3)
Data on cropland areas that need to be revised, including
constituent republics once belonging to former Yugoslavia,
except Bosnia and Herzegovina. For the third case, the re-
levant available data included the total cropland area of
Yugoslavia in AD 1961 from the FAO and agricultural
census data by country in AD 1960 (Socijalistička Federatina
Republika Jugoslavija Savezni Zavod za Statistiku, 1963).
The census data for each country is lower than the real values
because of concealment (Socijalistička Federatina Republika
Jugoslavija Savezni Zavod za Statistiku, 1963). Considering
the similarities between political regimes and national
identities, the proportion of underreporting was assumed to
be consistent across countries. Thus, the total cropland area
of Yugoslavia in AD 1961 was downscaled to current in-
dividual countries using the proportion of cropland in each
country to the total cropland in Yugoslavia in AD 1960.
Since the amount of cropland fluctuated in Yugoslavia fol-
lowing the agriculture recovery and reform after the Second
World War, simple linear interpolation of cropland areas in

the countries is not suitable (Hoffman, 1959; Markovic,
2007). The revised cropland area of the countries in AD 1961
was used directly as the value for AD 1950 in order to
eliminate the uncertainty caused by interpolation. The re-
constructed cropland fraction for Yugoslavia in AD 1950
differed from the recorded cropland fraction in AD 1953 in
the statistical yearbook (Hoffman, 1959) by 2.89 percentage
points. This proved the viability of this revision, with the
error constrained within the constituent republics of Yu-
goslavia.
The second category was a lack of records on cropland

areas, which have been estimated by interpolation. Slovakia
is such a case, whose cropland area in AD 1950 was esti-
mated analogously with the contemporaneous cropland area
of Czechia. From AD 1918 to 1992, Czechia and Slovakia
were part of the Czechoslovak Republic. Both countries
experienced agricultural intensification in the latter half of
the 20th century (Jepsen et al., 2015). The socio-economic,
demographic, and urban structures of Czechia and Slovakia
were very similar till the early 1990s, due to the enhancing
technical and economic integration, the unified economic

Figure 1 The European countries in this study.
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policies, and the adoption of the Soviet Union model after the
Second World War (Musil, 1993). Assuming that the pro-
portion of the cropland area between Czechia and Slovakia in
AD 1993 remained constant throughout the second half of
the 20th century, the cropland area of Slovakia in AD 1950
was calculated using the AD 1950 cropland area of Czechia.
This method estimated the cropland fraction in Slovakia in
AD 1950 to be 39%. Using the cropland fraction of Slovakia
collected since AD 1988 (Izakovičová et al., 2022), the
cropland fraction of Slovakia in AD 1950 was 34%, roughly
estimated by linear backward regression since the continuous
intensification of the economy after the Second World War.
This is 5 percentage points different from the fraction of 39%
estimated in this study, which proves the feasibility of this
estimation method.

2.1.3 Correction of the historical cropland areas in Al-
bania, Portugal, and Belgium
For the national cropland area reconstructed by Ye et al.
(2023), we corrected the data for Albania, Portugal, and
Belgium by the newly collected relevant research results
(Table 1). Ye et al. (2023) pointed out some uncertainties
about their reconstructed data in Albania and Portugal. We
corrected cropland areas in Albania and Portugal based on
the statistical data and created a new proxy for the two

countries. For Belgium, the arable land area since the second
half of the 19th century, as provided by Dejongh and Van-
haute (1999), was used to correct the data in Ye et al. (2023).

2.2 Gridding allocation model

A gridding allocation model varying with time and space was
constructed by integrating land suitability and cultivation
preference. Appropriate indicators were selected to measure
land suitability and cultivation preference, considering the
spatiotemporal variations in the natural environment, human
activities, and land use patterns, the heterogeneity of domi-
nant natural factors, and the accessibility of historical human
factor records. Among these, land suitability is used to in-
dicate the differences in cropland distribution among grids
owing to the heterogeneity in natural conditions and the
maximum cultivation intensity within the grid. The cultiva-
tion preference is used to identify when the grid should have
been tilled and the intensity of human activity within the
grid. Furthermore, we constructed a priority index to re-
present the possibility of being selected for cultivation by
integrating land suitability and cultivation preference. The
higher the priority index of a grid, the higher the weight of
cropland allocation, and the more cropland areas can be al-
located to it. In addition, it is necessary, according to the

Figure 2 Flowchart of the methodology.
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natural environment and developmental history, to set a
flexible upper-limit area allocated to the grid and to take
some additional constraint conditions into consideration for
grid cultivation thresholds, including setting the dynamic
extent of cultivation and removing non-arable areas like
water bodies and historic urban areas.

2.2.1 Data sources for allocation
The data used for the grid allocation can be divided into three
categories (Table 2). These include modern land cover data
and physiogeographic factors used for constructing land
suitability, historical city information used for constructing
cultivation preference, water body data and other data used
to reconstruct historical built-up areas for restricting the
extent of cultivation. The vector city data provide informa-
tion on the location and rank of city sites for Europe from AD
1–2000, at a temporal resolution of 100 years. The re-
lationships between the rankings of cities and their corre-
sponding populations are shown in Table 3.

2.2.2 Data preparation for model factors
(1) Land suitability data based on physiogeographic factors
This study adopted the method of constructing land suit-

ability based on physiogeographic factors by Zhang et al.
(2022a). The correlation between modern cultivation in-
tensity and physiogeographic factors was identified for each
0.5°×0.5° grid cell. Then, 5′×5′ global land suitability data
was developed based on the integration of all identified
factors that were significantly correlated with cultivation
intensity.
Considering the cropland cultivation history of Europe,

this study modified the assumption for calculating suitability
based on the extent of modern cropland distribution and
cultivation intensity by Zhang et al. (2022a). In this study,
part of the modern grassland was adopted as the distribution

of potential cropland for calculating land suitability. In the
second half of the 19th century, most Western European
countries began to transition from traditional to intensive
agriculture. At the same time, due to the large amount of
cheap grain from North America and Russia imported into
the European market, many countries had shifted from food
production-based mixed agriculture to specialised husbandry
production, which resulted in the conversion of cropland into
the pasture. After the Second World War, Europe experi-
enced sharp intensification and mechanisation, which re-
sulted in agricultural landscapes becoming more extensive
and denser farmland. As a result, less profitable farms were
shut down, and some croplands were converted to grasslands
and woodlands (Jepsen et al., 2015; Bucała-Hrabia, 2017;
Culbert et al., 2017). A policy of reverting farmland to for-
ests and grasslands has been in place continuously since the
1970s (Jepsen et al., 2015). These changes suggest that
grassland in modern times might have been farmland in the
past. Therefore, we adopted grassland as part of the dis-
tribution of potential cropland, and calculated land suitability
in Europe using the sum of modern cropland and grassland
fractions to correlate with physiogeographic factors in
0.5°×0.5° grid cells (Figure 3).
(2) City-site-based cultivation preference
Cultivation preference represents people’s attitudes and

choices to reclaim a certain land. Cropland as a production
space is always accompanied by settlements as a living
space. Therefore, settlement sites can be used as indicators of
the real existence of croplands during historical periods. This
study adopted the method proposed by Zhang et al. (2023), in
which the cultivation preference was measured by the at-
traction radius of a city to the surrounding rural settlements.
It was assumed that within the scope of urban attraction, the
farther the grid was from the city, the lower the cultivation
preference, and the less cropland was allocated.

Table 1 Methods and data sources for correcting the cropland area of Albania, Portugal, and Belgium

Countries Year (AD)
Cropland fraction (%) Methods & sources

Ye et al. (2023) This study Ye et al. (2023) This study

Albania

1900 17.10 5.95 Bibliographisches Institut, 1909 Jepsen et al., 2015; Lushaj, 2021

1850 10.69 4.68 Use cropland area per capita in AD 1900 Use growth rate of the land-owning
peasant numbers

1800 8.55 3.75 As above Use cropland area per capita in AD 1850

Portugal
1900 26.69 49.00 Bibliographisches Institut, 1909

Definition correction;
Jones et al., 20111850 20.47 40.95 Portugal Instituto Nacional de Estatística,

1951

Belgium
1850 38.57 44.08 Use the change rate of cropland

fraction in Germany Use the growth rate of arable land area

1800 36.00 41.16 As above Use the change rate of cropland fraction
in Germany
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The key to city-site-based cultivation preference is as-
signing an attraction radius to a city (i.e., indication radius).
For cropland allocation, the major factor limiting the at-
traction radius is food accessibility to the city, which depends
on both human physiological conditions and transportation
capacity. Referring to historical research and regional em-
pirical data, Zhang et al. (2023) provided an indication radius
of 66 km for Germany, France, and Italy in AD 1800. Con-
sidering that transportation capacity changed little through-
out Europe until AD 1850 (Jepsen et al., 2015; Pounds,
1990), this study adopted the indication radius of 66 km
proposed by Zhang et al. (2023), except for Finland, Norway,
and Sweden, because Norway and Sweden had relatively few
city sites compared with other European countries and may
miss data for different levels. Based on the indication radius
of neighbouring countries (Clark, 2009) and the central place
theory (Christaller, 2010), the indication radii of Sweden and
Norway were increased by 1.5 times of 66 km, or 96 km.
Finland had only three city sites in AD 1800, which could not
use the city-site-based cultivation method.
Different city levels were used to describe regional dif-

ferences in cropland demand in this method. In general, re-
gions with higher city rankings (in other words, larger

populations) tend to reclaim more croplands. It should be
pointed out that the population of the fourth-level cities used
the population before AD 1750. This is because when Eur-
ope was on the eve of agricultural evolution, with most re-
gions still in traditional agriculture and experiencing little
change in production levels, the rapid population growth in
fourth-level European cities after AD 1750, was more than
three times that before AD 1750 (Table 3), was mainly as-
sociated with the Industrial Revolution and was not directly
linked to the food supply in the surrounding areas.

Table 2 Data sources used for cropland grid allocation in Europe during 1800–2000

Type Year Spatial resolution Data sources

Data for land
suitability

Modern land cover
products

Cropland AD 2000 1 km×1 km Zhang et al., 2019

Grassland AD 2000 1 km×1 km Zheng, 2022

Physioge-ographic
factors

Climate, Terrain, soil
variables, Normalized
difference vegetation

index

– – Zhang et al., 2022b

Data for cultivation
preference Historical city AD 1–2000 Settlement scale https://www.euratlas.net/shop/maps_gis/index.

html

Data for cropland
distribution range

Historical urban
area

Historical urban area,
population, urbanization
rate, expansion rate of

city walls

Past
1000 years

Settlement scale;
national scale

McEvedy and Jones, 1978; Allen, 2000; Hohen-
berg and Lees, 1995; Clark, 2009; Cesaretti et al.,
2016; Zhang et al., 2023; https://www.euratlas.
net/shop/maps_gis/index.html; http://demogra-
phia.com/; https://www.londononline.co.uk/fact-

file/historical/

Water body AD 2000 300 m×300 m Bontemps et al., 2013

Table 3 The relationship between the city rank and the corresponding
population in Europe

City rank Population range Population ratio Period

4
≥150000 300 After AD 1750

≥50000 100 Before AD 1750

3 5000–50000 55 –

2 1000–5000 6 –

1 ≤1000 1 –

Figure 3 The land suitability with 5′×5′ resolution in Europe.
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(3) Limitations on the allocation extent and maximum
cropland fraction
This study limited the extent of potential croplands by

excluding non-arable areas and setting the upper limit of the
cropland fraction in grids. Most existing cropland allocation
models used modern cropland distribution to exclude non-
arable areas, assuming that the distribution range of histor-
ical and modern croplands was consistent (Klein Goldewijk
et al., 2017a; He et al., 2023). However, the extent of culti-
vated areas changed in the past owing to changes in the
natural environment, land reclamation policies, technologi-
cal advancements, the introduction of new crops, and so on.
Non-arable areas mainly include water bodies, historical

urban areas, and regions beyond the boundaries of cultiva-
tion. Historical water area data, which is difficult to obtain,
was substituted by modern water data. Continuous and
complete records of historical built-up areas are not avail-
able. Considering that built-up areas generally increased at
the same rate as the urban population during the pre-in-
dustrial era (Beaujeu-Garnier and Chabot, 1967), the urban
population and other relevant proxies were employed to re-
construct the historical built-up areas before AD 1900. Using
the area of 173 European cities in AD 1300 reconstructed by
Cesaretti et al. (2016), the average urban area for each city
rank was estimated. The urban areas from AD 1300–1850
were estimated according to the expansion rates of city walls
and urban population growth rates. However, after AD 1900,
rapid urbanisation induced by industrialisation in much of
Europe resulted in the nonlinear growth of urban expansion
and population. It was assumed that the urban core zones
were formed by AD 1900, and the subsequent increases in
urban area were due to the expansion of peripheral and sa-
tellite cities around the core. The built-up area in AD 1950
was regarded as the same as that in AD 2000. Grids in which
the proportion of modern urban area to the total grid area
exceeded 85% were considered to have developed into cities
by AD 1900, which led to the estimation of urban areas in
AD 1900. The specific reconstruction steps are presented in
Appendix.
The areas beyond the cultivation boundary were not allo-

cated to croplands. Over the past millennium, influenced by
climatic fluctuations in warm-cold-warm periods, European
agriculture has experienced phases of expansion, retraction,
and re-expansion, with cultivation boundaries expanding
during warm periods and retracting during cold periods.
During the Medieval Warm Period in the 10th–14th cen-
turies, the cultivation boundary was approximately
100–200 m higher than during the cold period of the Little
Ice Age from the 15th to the 19th centuries. During the Little
Ice Age, the cultivation boundary retreated and settlements at
higher altitudes and latitudes decreased. The warm period
during AD 1900–2000 resulted in a re-expansion of the
cultivation range (Fagan, 2000; Pounds, 1990). In ac-

cordance with the above changes, this study used the modern
cropland distribution range as the cultivation boundary in
AD 2000 and set the historical potential cropland distribution
ranges based on the changing vertical limitation and northern
boundary (primarily within Finland) during the cold and
warm periods in history (Table 4, Figure 4). The specific
methods and evidence are provided in Appendix.
Each grid cell had a maximum cropland fraction set. The

upper cultivation limit for all grid cells was set at 90% in this
study, because, at least 10% of the land is left fallow for other
purposes in the case of intensive agricultural utilisation
(Haber, 1979).

2.2.3 Construction of allocation models based on priority
index
The process of allocation is as follows. First, a general for-
mula for the priority index was constructed considering both
land suitability and cultivation preference (eq. (1)).

[ ]Priority i t Preference i t a Suitability i( , ) = ( , ) + × ( ),nor nor (1)

where Priority i t( , ) is the priority index of grid i at time t;
Preference i t( , )nor is the normalized cultivation preference of
grid i at time t; Suitability i( )nor is the land suitability of grid
i; a is an empirical coefficient.
Second, grid priority weights were constructed by country.

Since the grid area of 5′×5′ decreases with increasing lati-
tude, to ensure that larger grid areas allow for more cropland
under the same cultivation priority, it is necessary to adjust
the grid priority index when constructing the priority weights
by country. Define the ratio of the area of the grid i to the
largest grid area in the country it belongs to as the grid area
coefficient of grid i (eq. (2)). Then the priority weight of the
grid iwas calculated as the ratio of the adjusted priority index
of the grid i to the sum of the priority indexes of the country
to which it belongs (eq. (3)).

i
GridArea i
GridArea

( ) =
( )

× 100%,
max

(2)

W i t
Priority i t i

Priority i t i
( , ) =

( , ) × ( )
( ( , ) × ( ))

,
i
npriority
=1

(3)

where i( ) is the grid area coefficient of grid i; GridArea i( ) is
the area of grid i; GridAreamax is the largest grid area in the
country the grid i belongs to; W i t( , )priority is the priority
weight of grid i at time t; n is the total number of grids in the
country of grid i.
Based on the grid priority weight, the national cropland

area was preliminarily allocated (eqs. (4) and (5)).
CropArea i t CropArea t W i t( , ) = ( ) × ( , ),priority (4)

CropFrac i t
CropArea i t
GridArea i

( , ) =
( , )
( )

, (5)

whereCropArea i t( , ) is the cropland area allocated in grid i at
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time t; CropArea t( ) is the total cropland area of the country
the grid i belongs to at time t; CropFrac i t( , ) is the cropland
fraction in grid i at time t.
Finally, the grids with cropland fractions exceeding the

maximum values were revised. The maximum cropland va-
lue of a grid needs to deduct the non-arable area, such as
water and built-up area, from the grid area, and then mod-
ified by the upper cultivation limit. The maximum cropland
fraction is 0 if the grid is beyond the historical cultivation
boundary. In AD 2000, the maximum cropland fraction was

0 if the modern cropland fraction of the gird was 0 (eq. (6)).
ArabFrac i t

GridArea i Area i Area i t
GridArea i Y

i t
i t t CropFrac i

( , )

=

( ) ( ) ( , )
( ) × ( ),

   lim( ),
0, > lim( ) or = AD 2000, ( ) = 0,

max

water built-up

(6)

where ArabFrac i t( , )max is the maximum cropland fraction in
grid i at time t; Area i( )water is the water area in grid i;
Area i t( , )built-up is the built-up area in grid i at time t; is the
upper limit of cropland fraction per grid that is assigned to be
90%; tlim( ) is the cultivation boundary at time t.
The preliminarily allocated results CropFrac i t( , ) were

compared with the corresponding maximum cropland frac-
tion ArabFrac i t( , )max . For the grid with a cropland fraction
exceeding the maximum value, ArabFrac i t( , )max was as-
signed directly to that grid allocation result (eq. (7)). And the
extra cropland area was reallocated to other unsaturated grids
until the cropland fraction of all grids was no higher than
their corresponding maximum cropland fraction
ArabFrac i t( , )max , according to eqs. (4) and (5).

( )

( )

CropFrac i t

ArabFrac i t
CropFrac i t ArabFrac i t

CropFrac i t
CropFrac i t ArabFrac i t

( , ) =

( , ),
   ( , ) > ( , ) ,

( , ),
  ( , ) ( , ) .

max

max

max

(7)

2.2.4 Time-interval-based allocation model utilization
This study constructed an allocation model using settlement
as an indicator of cultivation preference. Settlements and
croplands are interdependent. However, the relationship
between the two in historical periods existed significant
stages. Wu (2021) divided the relationship between settle-
ments and cropland cultivation into five stages. During the
rapid development stage, the number of settlements in-
creased significantly with the expansion of settlements, and
the cropland area also rapidly increased. With the rapid
growth of the population, new settlements increased, and the
surrounding land was cultivated. The settlements established
in the early period expanded, and more land in their vicinity
was tilled, with an increase in the cropland fraction. As

Figure 4 Changes in northern cultivation boundary in Finland over the
past millennium (adapted from Sømme, 1960).

Table 4 The upper cultivation boundaries in the warm and cold periods in Europe

Countries and regions Cold period
AD 1800–1850

Warm period
AD 1900–2000 Reference

The UK, Ireland 300 m 400 m Fagan, 2000

Norway, Sweden, Finland 650 m 750 m Bele and Norderhaug, 2013; Modern cropland distribution

Rest of Europe 1100 m 1200 m East, 1967; Pfister, 1983; Bucała-Hrabia, 2017; Modern cropland
distribution
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agriculture matured, settlement growth subsequently de-
creased, and until all possible croplands were cultivated, new
cropland reclamation activities mostly took place in the vi-
cinity of already existing settlements.
From AD 1800 to 2000, European agriculture underwent

significant transformation from traditional agriculture to
modernised agriculture (Figure 5), and the relationship be-
tween cropland and settlements also shifted from a rapid
development stage to a mature stage. During the traditional
agricultural period (before AD 1850), Europe relied on
mixed farming as its foundation for basic food production,
which was characterised by labour-intensive small-scale
manor economies. Croplands and settlements were in a rapid
development stage, and with the increase in population, the
scale and number of settlements continued to increase, cor-
responding to the spatial expansion of croplands and an in-
crease in the fraction around the settlements. At this stage,
settlements could certainly indicate the existence of crop-
land. The year 1800 belonged to the traditional agricultural
period, and the priority index was comprised of land suit-
ability and cultivation preference, as described in eq. (8).
After AD 1900, Europe fully entered industrialisation, and

traditional agriculture also transitioned to modern agriculture
(Figure 5), which is characterised by more specialised, large-
scale mechanised, intensified, and market-oriented agri-
cultural practices. The relationship between croplands and
settlements entered a mature stage when the increase in
cropland area did not have a close relationship with the
number of settlements, as the number of settlements almost
no longer increased. AD 1950 and 2000 belonged to the
modern agricultural stage. The indication of settlements to
the cropland weakened (Zhang et al., 2023). Land suitability
was used to streamline the priority because cultivation pre-
ference had a minimal impact on the priority index (eq. (9)).
The period from AD 1850 to 1900 marked a transition

from traditional agriculture to modern agriculture in Europe
when the agricultural and Industrial Revolutions resulted in
changes in land use patterns (Figure 5). Meanwhile, the re-
lationship between croplands and settlements shifted from a
rapid development stage to a mature stage. In countries in-
fluenced by the Industrial Revolution, the paradigm of tra-
ditional agriculture has transitioned to modern agriculture.
The allocation results used the average of the results obtained
by eq. (8) and eq. (9) (eq. (10)). The significance and ra-
tionality of this method were discussed in Section 4.2. The
detailed allocation method is provided in Appendix.

[ ]Priority i t Preference i t Suitability i( , ) = ( , ) + 0.01 × ( ),nor nor

(8)
Priority i t Suitability i( , ) = ( ),nor (9)

CropArea i t
CropArea i t CropArea i t

( , ) =
( , ) + ( , )

2
.city suit (10)

2.3 Comparison with HYDE3.2

The HYDE (The History Database of the Global Environ-
ment) is currently the most widely used historical land cover
dataset. The HYDE has undergone continuous updating for
improvement since the release of its initial version,
HYDE1.1 (Klein Goldewijk and Battjes, 1997) in AD 1997.
The version compared in this study was HYDE3.2 (Klein
Goldewijk et al., 2017a).
Compared with the global dataset HYDE3.2, this study

adopted more historical empirical data with higher reliability
to reconstruct national cropland data. In the grid allocation
method, we considered the impact of both suitability and
preference, and used the corresponding optimal model in
different time periods. By comparing HYDE3.2 and this
study, we can evaluate the potential and possible paths for
improving the reliability of the global cropland dataset.

2.3.1 Cropland data of HYDE3.2
The HYDE3.2 reconstructed the changes in global cropland
and grazing land, covering the period from 10000 BC to AD
2015, with a resolution of 5′×5′ (Klein Goldewijk et al.,
2017a). The HYDE3.2 cropland data set was based on FAO’s
cropland data since 1961, as well as limited collected global
per capita cropland area data for the past two thousand years.
It used concave or bell-shaped curves to fit and estimate the
per capita cropland area of representative countries, and re-
constructed the cropland area of each country by population
data. Among 238 countries and regions, HYDE3.2 updated
the historical land use information of 55 countries, covering
23% of the countries in the world (Klein Goldewijk et al.,
2017b). However, most of the per capita cropland data de-
rived from historical land use empirical data was con-
centrated in the 19th century.
HYDE3.2 selected natural factors such as soil quality,

distance to rivers, slope, and temperature to quantify land
suitability. Then it constructed a grid allocation model based
on modern population distribution, natural factors, and some
historical population density derived from the regional

Figure 5 Schematic diagram of allocation method used in different
stages.
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archaeological data. The grid allocation model was used to
calculate the historical weight of cropland distribution.
ESA’s cropland data was used as the modern weight, and the
proportion of historical weight and modern weight was ad-
justed since AD 1500, which served as the critical point.
Meanwhile, built-up areas, protected areas, bare land, and
areas with a slope greater than 45° that cannot be cultivated
were deducted from the grid. Finally, the historical national
cropland areas were input into the grid allocation model to
reconstruct the historical cropland grid data (Klein Gold-
ewijk et al., 2017a).

2.3.2 Method for data comparison
We conducted the comparison using absolute and relative
differences (eqs. (11) and (12)).
D V V= ,i Ri i (11)

RD
V V

V
= × 100%,i

Ri i

i
(12)

where Di and RDi denote absolute difference and relative
difference ratio in period i;VRi denotes the value of cropland
fraction or cropland area in HYDE3.2 in period i; and Vi

denotes the value of cropland fraction or cropland area in this
study in period i.

3 Results

The cropland areas in European countries over the past
200 years, as supplemented and corrected for in this study,
are shown in Figure 6. In terms of national cropland area,
except for the newly added data in AD 1950, this study has a
very small difference from the data of Ye et al. (2023). The
total amount of cropland increased, reaching a peak in AD
1900, and then declined from AD 1900 to 2000 (Table 5),
which is similar to the results reported by Ye et al. (2023).
This study focused on changes in the spatial distribution of
croplands, which manifested as the abandonment of crop-
lands in marginal mountainous areas and a shift in high
cultivation centres from west to east (Figure 7a).

3.1 The traditional agricultural period from AD 1800
to 1850

Between AD 1800 and 1850, the cropland area in Europe
increased by 36.32×104 km2, along with fewer changes in
cultivation extent. Change of cropland distribution was pri-
marily characterised by expansion in northern Finland and
retreat in the height of the Alps and Pyrenees. However, the
overall cultivation intensity significantly increased. The
average cropland fraction of the cropland grids increased
from 24% to 30% (Figure 8a). The proportion of grids with a
lower cropland fraction (<30%) decreased, while the pro-

portion of grids with cropland fractions>50% more than
doubled (Figure 8a). Particularly, grids with the highest
cropland fraction (70%–90%) increased from 2% to 6%
(Figure 8a).
In AD 1800, grids with cropland fractions >50% were

mainly distributed in the plains and hilly regions of Italy,
France, Belgium, Germany, and Czechia; the regions along
the Danube River in Austria, Slovakia, and Hungary; large
parts of Moldova; the southern region of Portugal; and the
scattered areas in the plains and hilly regions of Ukraine,
Poland, England, and Denmark. Approximately 79% of these
grids (with cropland fractions >50%) were located on the
western side of the European continent. By AD 1850, the
grids with cropland fractions >50% increased significantly in
Spain, Poland, western Czechia, Ukraine, and Denmark,
forming a high cropland fraction belt stretching from west to
east across the European continent (Figure 7a).

3.2 The transitional period from AD 1850 to 1900

From AD 1850 to 1900, the cropland area in Europe reached
its peak of 202.37×104 km2. During this period, the cultiva-
tion area expanded in the Scandinavian Peninsula, Great
Britain, mountainous regions of the Balkan Peninsula, and
the Carpathian Mountains, leading to a decrease in the pro-
portion of non-cropland grids from 14% to 11% (Figure 8a).
The average cropland fraction of cropland grids increased to
35% (Figure 8a). The proportion of grids with lower crop-
land fractions (<30%) continued to decrease, while grids
with cropland fractions >50% continued to increase, and the
proportion of grids with the highest cropland fractions
(70%–90%) increased to 11% (Figure 8a). The belt of the
high cropland fraction expanded southward, with newly
expanded areas mainly in Germany, the Hungarian Great
Plain, the middle and lower reaches of the Danube River
plain, and Ukraine (Figure 7a).

3.3 The modern agricultural period from AD 1950 to
2000

In AD 1950, the cropland area in Europe decreased by

Table 5 Comparison of total cropland area in Europe reconstructed in this
study and HYDE3.2

Year (AD) Cropland area in this
study (104 km2)

Cropland area in
HYDE3.2 (104 km2) RD (%)

1800 134.14 111.74 −16.70

1850 170.46 138.74 −18.61

1900 202.37 176.39 −12.84

1950 195.46 195.82 0.19

2000 178.40 177.46 −0.53
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6.91×104 km2 compared with AD 1900. The cultivation area
remained relatively stable, but there was a significant change
in the spatial distribution of the cultivation intensity with the
coexistence of cropland grids of abandonment and increase.
In AD 1950, the average cropland fraction of the cropland
grids was 34%, which was slightly lower than that in AD
1900 (Figure 8a). However, the proportion of grids with the
highest cultivation intensity (70%–90%) decreased from
11% to 8%, whereas grids with cropland fractions in the
ranges of 10%–30% and 30%–50% increased from 19% to
21% (Figure 8a). The areas experiencing cropland aban-
donment were mainly in France, Germany, and Italy, as well
as parts of Portugal, Austria, Slovakia, Croatia, and the
Baltic Countries. In contrast, Finland, Hungary, and most
countries in the Balkan Peninsula, Ukraine, and Spain wit-
nessed further increases in cultivation intensity. The high
cultivation centre shifted from western to eastern Europe. In
the eastern region of Europe, which includes Poland, Cze-
chia, Hungary, Moldova, and Ukraine, 70% of the grids have
the highest cropland fractions (70%–90%) (Figure 7a).
From AD 1950 to 2000, Europe experienced further

cropland abandonment, resulting in a reduction of

17.06×104 km2 in cropland area. The proportion of non-
cropland grids increased from 11% to 19%, with newly in-
creased non-cropland grids mainly in barren lands and high-
altitude mountainous regions of the Scandinavian Peninsula,
northern Finland, the United Kingdom, and Ireland (Figures
7a, 8a). The average cropland fractions of the cropland grids
remained unchanged. However, the proportion of grids with
the lowest cropland fractions (0%–10%) decreased from
21% to 15%, while the number of grids with cropland frac-
tions in the range of 10%–70% slightly increased (Figure
8a). Conversely, the proportion of grids with the highest
cultivation intensity (70%–90%) decreased from 8% to 4%
(Figure 8a). The high cultivation centre has shifted even
further towards Eastern Europe, with roughly 67% of the
grids with the highest cropland fractions (70%–90%) con-
centrated in Ukraine and Moldova (Figure 7a).

4 Discussion

4.1 Comparison with HYDE3.2

The national cropland areas of Europe in this study showed

Figure 6 National cropland area in European countries over the past 200 years. Note: Because Serbia and Montenegro were once part of the Federal
Republic of Yugoslavia in 2000, these two countries were combined for the calculation. However, they are still displayed according to the modern boundaries.
The cropland areas shown in the figure for Serbia and Montenegro are the total areas of the two countries.
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very small differences from the data of Ye et al. (2023),
except for the newly added data in AD 1950. Therefore, the
conclusions of comparing the European cropland over the
past 200 years with HYDE3.2 by Ye et al. (2023) are also
applicable to this study. That is, the European croplands in

this study and HYDE3.2 both have the same growth trend
over the past 200 years, but HYDE3.2 systematically un-
derestimated the total cropland area in Europe, especially
from AD 1800 to 1900. On a national scale, the differences in
cropland area between HYDE3.2 and this study are partly

Figure 7 The spatial distribution of cropland fractions and absolute differences in Europe. Column (a) is the spatial pattern in this study; Column (b) is the
spatial pattern in HYDE3.2; Column (c) is the spatial pattern obtained by allocating HYDE3.2’s cropland area using this study’s allocation model; Column (d)
is the spatial distribution of absolute differences between HYDE3.2 and this study.
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positive and partly negative. However, the absolute value of
the relative difference for most countries decreased con-
tinuously from AD 1800 to 1950. This study adopted more
historical empirical data and reconstructed cropland areas
using multiple indicators and methods. Thus, it has higher
credibility than HYDE3.2.
A comparison of the cropland area in AD 1950 with

HYDE3.2 was made in this study. The total reconstructed
cropland area in AD 1950 was almost the same as HYDE3.2,
with a relative difference of only 0.19%. However, regional
differences still exist in national cropland areas (Figures 6,
9). For all countries, the absolute differences in cropland
fraction fall within ±10 percentage points (PP), and 54.3% of
the countries have relative differences within ±10%. There
are seven countries with absolute values of relative differ-
ences ranging between 10% and 20%, including Czechia,
France, Italy, Lithuania, North Macedonia, Poland and Slo-

venia. Seven other countries have absolute values of relative
differences ranging from 20% to 40%, including Austria,
Bosnia and Herzegovina, Croatia, Latvia, the Netherlands,
Portugal, and Slovakia. The relative differences for Swit-
zerland and Norway were 71% and 106%, respectively, but
the absolute differences were only 8.66 and 1.19 PP. Among
the 16 countries with absolute values of relative differences
greater than 10% in AD 1950, 10 countries (Italy, Portugal,
Austria, Czechia, Poland, Latvia, Lithuania, France, Swit-
zerland, and Norway) adopted the statistical cropland data in
this study; the cropland areas for Bosnia and Herzegovina,
and the Netherlands were estimated by the changing rate of
the empirical cropland area; the cropland areas for North
Macedonia, Croatia, and Slovenia were the revised cropland
area data; only the cropland area for Slovakia was estimated
by analogy with the cropland area of Czechia. In contrast, the
HYDE3.2 data were all estimated by the per capita cropland

Figure 8 Grid proportion in different cultivation levels and average cropland fraction of cropland grids in Europe from 1800 to 2000 in this study (a) and
HYDE3.2 (b).
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area of the representative countries. Because this study
adopted more historical empirical data, it is acceptable that it
has a higher credibility compared with HYDE3.2.
In summary, the main differences in the national-scale

cropland area between this study and HYDE3.2 were due to
the different reconstruction methods and data sources.
HYDE3.2 estimated the national cropland area before AD
1960 using the historical population and per capita cropland
area. The per capita cropland area from an assumed historical
per capita cropland area curve largely depends on the his-
torical records of the representative countries that can be
collected (Klein Goldewijk et al., 2017b). To reconstruct the
cropland area, this study made use of multiple indicators,
methods, and more historical empirical data. Compared with
the current HYDE3.2 dataset, which highly relied on the
assumption of per capita cropland area, our results are be-
lieved to be more reliable.
From the perspective of cropland spatial distribution

changes, both HYDE3.2 and this study showed overall si-
milarities but also some differences. In both datasets, the
average cropland fraction of the cropland grids experienced
an early increase, subsequently followed by a decrease.
However, in this study, the peak occurred in AD 1900, with
the highest average cropland fraction reaching 35%, while in
HYDE3.2, the peak occurred in AD 1950, with the highest
value of 36% (Figure 8). The spatial distribution in
HYDE3.2 also showed the processes of cropland abandon-
ment and the shift of the high cultivation centre from west to
east, but it was slightly delayed compared with this study
(Figure 7b). In AD 1800, 64% of the grids with cropland
fractions >50% in HYDE3.2 were concentrated in France,
Germany, and Italy. The high cropland fraction belt then
expanded continuously eastward. By AD 1950, countries had
accumulated more than 67% of the grids with cropland
fractions >70% across the entire European continent, in-
cluding Italy, Ukraine, Romania, Spain, France, and Poland.

By AD 2000, 65% of the grids with high cropland fractions
(>70%) were distributed in Ukraine, Italy, Romania, and
Poland, indicating that cropland abandonment occurred in
Western Europe and that the cultivation centre shifted to-
wards Eastern Europe.
From the distribution of absolute differences between the

two datasets (Figures 7d, 10), AD 1850 is the year with the
greatest differences, with 56% and 75% of the grids having
absolute differences within ±10 and ±20 PP, respectively.
After that, the differences between the two datasets reduced
over time, with 70% and 91% of the grids having absolute
differences within ±10 and ±20 PP, respectively, by AD
2000.
The spatial differences between the two datasets mainly

arise from differences in the national cropland areas and the
allocation algorithm. To better distinguish the main causes of
the differences, we used the allocation method constructed in
this study to allocate the cropland area of HYDE3.2 (Figure
7c). The differences between it and the results of this study
are attributed to the different cropland areas of each country,
and the differences between it and the results of HYDE3.2
are attributed to the different allocation methods. The re-
lative rationality between HYDE3.2 and this study is judged
further by comparing with the historical facts of regional
development. Taking the year 1800 as an example, the dif-
ferences in Ukraine, Moldova, the three Baltic countries,
Italy, Portugal, the Netherlands, Denmark, and Slovakia,
were mainly due to the different national amounts of crop-
land. The differences in Romania, Hungary, France, Ger-
many, Poland, and the Balkan Peninsula were mainly due to
different allocation methods. In Switzerland and Austria, the
contributions of differences in the total amount of cropland
and method were both significant.
As shown in Figure 7b, the cropland distribution of

HYDE3.2 was mainly based on the modern cropland dis-
tribution pattern, which concentrated on flat plains and along
rivers. For example, in HYDE3.2, the high cultivation centre
in Romania in AD 1800 was distributed in Wallachia and
Moldavia, located south of the Carpathians. Particularly, the
most grids of the high cropland fraction were distributed in
Wallachia, where the Danube Plain and Dobrogea Hills have
a flat topography and fertile soil. However, according to the
agricultural history in Romania, before the signing of the
Treaty of Adrianople in AD 1829, it was difficult to utilize
the fertile Danube Plain because of frequent attacks by the
Turks. It was not until AD 1829, when the Black Sea opened
to the international market and the Danube River was opened
up for food transportation, that Wallachia and Moldavia
experienced a steady increase in cropland area and grain
production for the agricultural expansion along with popu-
lation explosion (Georgescu, 1990; Fraser and Stringer,
2009). Therefore, the cropland distribution pattern of
HYDE3.2 in AD 1800 was not reasonable because the centre

Figure 9 The difference of the national cropland fraction in Europe from
1800 to 2000 between this study and HYDE3.2.
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of high cultivation in Romania should not appear in Walla-
chia at this time. For another example, in HYDE3.2, the
cropland in Hungary was distributed along the Danube and
Tisza rivers in both AD 1800 and 1850, owing to the use of
the distance to the river as an allocation factor. However, it
was only after AD 1846 that Hungary started to harness the
river by draining wetlands into croplands, especially in the
Tisza River (Pinke, 2014; Lieskovský et al., 2018).
In summary, because of the choice of the allocation model

factors and the limitations of allocation assumptions, the
cropland distribution of HYDE3.2 is more strongly influ-
enced by modern cropland patterns and natural factors. Such
an allocation model tends to allocate more cropland to plains
for all historical periods but less to account for the role of
agricultural history. Particularly in earlier periods of agri-
cultural development, when the amount of cropland had not
yet been saturated, and cultivation was more influenced by
human choices, it could cause significant deviations from the
real distribution of cropland in HYDE3.2. On the contrary,
by adopting the cultivation preference indicated by settle-
ments to reflect human activities, this study could make
cropland distribution more credible, which is more consistent
with the historical cultivation process.

4.2 Influence of allocation algorithms and dynamic
cultivation boundary on the allocation results

In this study, different allocation algorithms were used for
the traditional agricultural and modern stages, respectively.
For countries in the transitional period from AD 1850 to
1900, the grid results involved merging two groups of al-
location data. The solution in this study was to use the
average of the results because there were acceptable dif-
ferences between the results of the two methods. In AD
1850, for the countries excluding Finland, Eastern Europe,
and the Balkan Peninsula, the absolute difference in the
results obtained using the two algorithms of eqs. (8) and (9)
were acceptable, that is, within ±10 PP for 92% of the grids
and ±20 PP for 98% of the grids. The absolute difference
showed that there was good consistency between the two

results obtained purely based on suitability and a combi-
nation of suitability and human preference, indicating that
cultivation preference for cropland indicators has declined
and the two methods can be effectively merged. Similarly, in
AD 1900, it was also acceptable for the countries in Eastern
Europe and the Balkan Peninsula, to use the average of both
methods as the final result, because the proportion of grids
with absolute differences within ±10 PP was 81% and within
±20 PP was 95%.
One of the differences between this study and Zhang et

al.’s (2022a)suitability-based allocation method, Zhang et
al.’s (2023) priority method combining suitability and pre-
ference is the addition of a dynamic cultivation boundary to
limit the historical cropland distribution range, which is ex-
pected to improve the rationality of cropland distribution.
The extent to which this affected the credibility of the results
is discussed by setting different scenarios for comparison.
Scenario 1: Setting or not setting the highest upper culti-

vation boundary. For the European continent (excluding
Sweden, Norway, Finland, the UK, and Ireland), comparing
the results obtained without setting a cultivation boundary
with the results of this study at five time sections, the grid
proportions with absolute differences within ±5 PP and ±10
PP are above 94% and 96%, respectively.
Scenario 2: Setting different heights of regional upper

cultivation boundaries. For Norway and Sweden, the upper
cultivation boundaries in this study were set at 650 m during
the cold period and 750 m during the warm period. Suppose
the upper limit is modified to 750 m in the southern part and
500 m in the northern part during the cold period, and 850 m
in the southern part and 600 m in the northern part during the
warm period. In that case, the proportions of grids with ab-
solute differences within ±5 PP are above 99% for all periods
when compared with the results of this study.
Scenario 3: Setting or not setting a latitudinal cultivation

boundary. For Finland, comparing the results obtained
without setting a northern cultivation boundary with the re-
sults of this study, the proportions of grids with absolute
differences within ±5 PP are above 99.60% for all five time
sections.
Scenario 4: Using or not using the cultivation range in AD

2000 to restrict the cropland distribution. If the restriction of
modern real cropland distribution is not used, the proportions
of the grids with an absolute difference within ±5 PP are 99%
when compared with the results of this study.
In summary, the effects of cultivation boundaries and

modern cropland distribution on the allocation results are
limited for the whole of Europe. However, it could have a
greater impact on certain regions. For example, in the
mountainous countries of Switzerland and Austria, the pro-
portions of grids with an absolute difference within ±10 PP at
five time sections are between 57% and 71% for the two
distribution results of setting or without setting an upper

Figure 10 The percentage of the grids with absolute differences between
HYDE3.2 and this study for the whole of Europe.
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cultivation boundary. However, the maximum total cropland
area in these two countries accounts for only 2% of the total
cropland in Europe.

5 Conclusions

This study reconstructed spatially explicit cropland data for
Europe from AD 1800 to 2000, with a temporal resolution of
50 years and a spatial resolution of 5′×5′2). The cropland
dataset was developed by employing optimal allocation
models according to the regional agricultural history to al-
locate the revised historical cropland areas of the countries
based on modern administrative boundaries. The allocation
model was constructed by a priority index combining land
suitability based on physiogeographic factors and cultivation
preference based on historical city sites. The main findings
were as follows.
(1) This study employed different allocation models based

on land suitability by physiogeographic factors and the cul-
tivation preferences of historical city sites for countries at
different agricultural stages. Croplands in the countries in the
traditional agricultural stage were allocated by a combination
of land suitability and cultivation preferences, whereas that
in the countries in the modernised agricultural stage were
allocated based on land suitability alone. For the countries in
transition between the two stages, the cropland was allocated
by using the average of the two allocation results because
there is a good coherence with the absolute differences in
cropland fraction within ±10 PP for over 80% of the grids
and within ±20 PP for over 95% of the grids between the two
methods. Dynamically limiting the historical cropland dis-
tribution range can enhance the rationality of cropland dis-
tribution from AD 1800 to 2000 in Europe, but has a limited
improvement in accuracy.
(2) Over the past 200 years, the total amount of cropland in

Europe increased, reaching a peak in AD 1900, and then
declined. The spatial distribution of croplands showed
abandonment in marginal mountainous areas and a shift in
the agricultural cultivation centre from the west to the east. In
AD 1800, 79% of the grids with cropland fractions >50%
were located in the western part of Europe. The high culti-
vation belt stretched from west to east across Europe by AD
1850 and expanded southward by AD 1900. By AD 1950,
the high cropland fraction centre had shifted towards the
east, when approximately 70% of grids with the highest
cropland fractions (70%–90%) were concentrated in the
eastern part of Europe, meanwhile cropland abandonment
occurred in the western regions. In AD 2000, the cultivation
centre further shifted towards Eastern Europe, when 67% of

the grids with the highest cropland fractions (70%–90%)
were distributed in Ukraine and Moldova.
(3) The total amount of cropland in HYDE3.2 also showed

a trend of first increasing and then decreasing, but its peak
occurred in AD 1950. Spatially, HYDE3.2 exhibited crop-
land abandonment and a shift in the high cropland fraction
centre from west to east by AD 2000. Both differences in the
national total cropland area and allocation methods could
contribute to the distribution differences between HYDE3.2
and this study. Owing to the limitations of the allocation
method of HYDE3.2, the earlier the allocation period, the
greater the deviation between allocation results and devel-
opment history. Compared with HYDE3.2, the cropland area
and the spatial distribution in this study are believed to be
more reliable and reasonable because they are more con-
sistent with the regional development history.
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