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Abstract. This paper presents an update and extension of HYDE, the History Database of the Global En-
vironment (HYDE version 3.2). HYDE is an internally consistent combination of historical population esti-
mates and allocation algorithms with time-dependent weighting maps for land use. Categories include cropland,
with new distinctions for irrigated and rain-fed crops (other than rice) and irrigated and rain-fed rice. Grazing
lands are also provided, divided into more intensively used pasture and less intensively used rangeland, and
further specified with respect to conversion of natural vegetation to facilitate global change modellers. Popula-
tion is represented by maps of total, urban, rural population, population density and built-up area. The period
covered is 10 000 before Common Era (BCE) to 2015 Common Era (CE). All data can be downloaded from
https://doi.org/10.17026/dans-25g-gez3.

We estimate that global population increased from 4.4 million people (we also estimate a lower range < 0.01
and an upper range of 8.9 million) in 10 000 BCE to 7.257 billion in 2015 CE, resulting in a global population
density increase from 0.03 persons (or capita, in short cap) km−2 (range 0–0.07) to almost 56 cap km−2 respec-
tively. The urban built-up area evolved from almost zero to roughly 58 Mha in 2015 CE, still only less than 0.5 %
of the total land surface of the globe.

Cropland occupied approximately less than 1 % of the global land area (13 037 Mha, excluding Antarctica) for
a long time period until 1 CE, quite similar to the grazing land area. In the following centuries the share of global
cropland slowly grew to 2.2 % in 1700 CE (ca. 293 Mha, uncertainty range 220–367 Mha), 4.4 % in 1850 CE
(578 Mha, range 522–637 Mha) and 12.2 % in 2015 CE (ca. 1591 Mha, range 1572–1604 Mha). Cropland can
be further divided into rain-fed and irrigated land, and these categories can be further separated into rice and
non-rice. Rain-fed croplands were much more common, with 2.2 % in 1700 CE (289 Mha, range 217–361 Mha),
4.2 % (549 Mha, range 496–606 Mha) in 1850 CE and 10.1 % (1316 Mha, range 1298–1325 Mha) in 2015 CE,
while irrigated croplands used less than 0.05 % (4.3 Mha, range 3.1–5.5 Mha), 0.2 % (28 Mha, range 25–31 Mha)
and 2.1 % (277 Mha, range 273–278 Mha) in 1700, 1850 and 2015 CE, respectively. We estimate the irrigated rice
area (paddy) to be 0.1 % (13 Mha, range 9–16 Mha) in 1700 CE, 0.2 % (28 Mha, range 26–31 Mha) in 1850 CE
and 0.9 % (118 Mha, range 117–120 Mha) in 2015 CE.

The estimates for land used for grazing are much more uncertain. We estimate that the share of grazing
land grew from 5.1 % in 1700 CE (667 Mha, range 507–820 Mha) to 9.6 % in 1850 CE (1192 Mha, range 1068–
1304 Mha) and 24.9 % in 2015 CE (3241 Mha, range 3211–3270 Mha). To aid the modelling community we
have divided land used for grazing into more intensively used pasture, less intensively used converted range-
land and less or unmanaged natural unconverted rangeland. Pasture occupied 1.1 % in 1700 CE (145 Mha, range
79–175 Mha), 1.9 % in 1850 CE (253 Mha, range 218–287 Mha) and 6.0 % (787 Mha, range 779–795 Mha) in
2015 CE, while rangelands usually occupied more space due to their occurrence in more arid regions and thus
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lower yields to sustain livestock. We estimate converted rangeland at 0.6 % in 1700 CE (82 Mha range 66–
93 Mha), 1 % in 1850 CE (129 Mha range 118–136 Mha) and 2.4 % in 2015 CE (310 Mha range 306–312 Mha),
while the unconverted natural rangelands occupied approximately 3.4 % in 1700 CE (437 Mha, range 334–
533 Mha), 6.2 % in 1850 CE (810 Mha, range 733–881 Mha) and 16.5 % in 2015 CE (2145 Mha, range 2126–
2164 Mha).

1 Introduction

Humans have emerged as the most important driving force
of landscape transformation (Butzer, 1964; Ellis, 2015; El-
lis et al., 2013; Kaplan et al., 2011). Long before the start
of the Holocene, humans used fire as a tool to open up the
landscape for grazing of wildlife to facilitate easier hunting.
Then, roughly 12 000 years ago, the domestication of plants
and animals slowly started and sedentary agriculture became
more and more widespread. This led to conversion of natural
ecosystems to other types of land use such as cropland, graz-
ing land for livestock and built-up areas, a process that has
accelerated greatly during the past few hundred years. This
has led to the current situation in which more than 37 % of
the ice-free land in the world is used for agriculture or settle-
ments and another 30 % is more or less under the influence of
humans, causing many natural resources to be heavily used
or even near depletion (Ellis et al., 2013; Foley et al., 2005).

Land use plays an important role in the climate system
(Feddema et al., 2005; Le Quéré et al., 2015). Many ecosys-
tem processes are directly or indirectly climate driven, and
together with anthropogenic land cover changes (ALCCs),
they determine how the land surface will evolve over time
(Betts, 2006; Brovkin et al., 2006; Claussen et al., 2001).
The climate system is influenced in a biophysical manner
by affecting radiative forcing through a changing albedo or
heat fluxes (Matthews et al., 2003; Myhre and Myhre, 2003;
Davin et al., 2007) but also through biogeochemical pro-
cesses by exchanging greenhouse gases (GHGs) and other
gases with the atmosphere (Betts, 2006; Brovkin et al., 2006;
Betts et al., 2007). All these feedbacks on land use can be
either positive or negative (Claussen et al., 2001).

ALCCs, mainly through conversion of undisturbed
ecosystems to other land uses (e.g. deforestation for agri-
culture or grazing, forestry, or infrastructure), result in GHG
emissions and have contributed considerably in the past to
the cumulative carbon dioxide (CO2) increase in the atmo-
sphere. This part of the global carbon cycle is an important
factor in the climate system and has been the focus of many
studies (Feddema et al., 2005; Friedlingstein et al., 2006;
Findell et al., 2007; Plattner et al., 2008; Strassmann et
al., 2008). However, these carbon fluxes are still not well
quantified in the global carbon budget (Le Quéré et al., 2015;
Pacala et al., 2001). Uncertainties in quantifying the impact
of land use changes on the global carbon cycle lead to uncer-
tainties in projections of atmospheric CO2 and climate and

consequently affect policy makers in establishing reasonable
emission mitigation strategies.

The existing global estimates of historical land use are rare
and rather uncertain (Klein Goldewijk and Verburg, 2013).
This can partly be explained by the sheer lack of reliable
data, and hence by the different approaches used to recon-
struct the trends, which vary from simple bookkeeping meth-
ods, to “hindcast” modelling techniques, to simulations of
anthropogenic deforestation based on population densities
(Houghton et al., 1983; Kaplan et al., 2011; Klein Gold-
ewijk et al., 2011; Pongratz et al., 2008). The first analyses
of carbon emissions from land use change were based on
an approach that has come to be known as the bookkeep-
ing approach (Houghton and Hackler, 2002; Houghton et
al., 1983). This approach refers to the model used to calculate
the changes in carbon following a change in land use. The
model uses defined response curves (for four carbon pools:
living biomass, woody debris, harvested wood products and
soils) to determine the annual sources and sinks of carbon
from each hectare undergoing a change related to manage-
ment. The various uses of land in the first studies included
croplands, pastures and the harvest of wood. Ramankutty and
Foley (1999) present a study on global croplands only for
the 1700–1992 CE period. They created a global represen-
tation of permanent croplands in 1992 CE, at 5 min spatial
resolution, by calibrating a remotely sensed land cover clas-
sification data set against cropland inventory data. Next, they
hindcasted the 1992 CE data with a simple land use change
model back to 1700 CE. This was updated and expanded with
pasture estimates for the 1700–2007 CE period (Ramankutty,
2012). Klein Goldewijk (2001) presented a reconstruction
of croplands and pasture for the 1700–2000 CE period at a
30 arcmin resolution, which was updated to a 5 arcmin res-
olution and expanded to the 10 000 BCE to 2010 CE pe-
riod (Klein Goldewijk et al., 2010, 2011). It primarily as-
sumed a nearly constant per capita land use hindcasting ap-
proach, with changing allocation algorithms over time. Pon-
gratz et al. (2008) presented a reconstruction of global agri-
cultural areas for the 800–1992 CE period, the Millennium
Land Cover Reconstruction (ML08). They aimed to provide
spatially explicit maps at 0.5◦ resolution that reach further
back in history than the data sets available at that time. The
authors relied on existing land cover data where possible and
used a wealth of literature on agricultural practices and agro-
technological innovations for all regions in the world; with
this, per capita land use estimates could be accounted for
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as evolving over time and at the same time changing dif-
ferently in the different regions of the globe. They also used
seven different population databases, and the upper and lower
ends of uncertainties of per capita land use based on litera-
ture were applied. This led to two different trajectories of
land cover change that reflect the upper and lower bounds
within the uncertainty range of historical land cover changes,
around a third, medium estimate that used a specific pop-
ulation data set and assumed constant per capita land use
changes over time, which was a key shortcoming. The Ka-
plan and Krumhardt (KK10) scenario was developed to pro-
vide a basis for calculating the effects of anthropogenic land
cover change on the global carbon cycle over the Holocene
(Kaplan et al., 2011). The scenario is based on a non-linear
empirical relationship between forest cover on land suitable
for crop or pasture and country-level population density ob-
served in Europe over the past 2 millennia on the basis of
demographer estimates of population density and reconstruc-
tions of forest cover (Kaplan et al., 2011, 2009). The popu-
lation density–forest cover relationship is approximated as
a logistic function, with the most rapid rates of deforesta-
tion at intermediate aggregate population densities of ca. 50–
100 persons per km−2. This function results in an implied
per capita land use that is a function of population density,
which is further modulated by the potential suitability of the
landscape for rain-fed agriculture, and pasture ALCC is still
not successfully implemented in many models and studies of
global change. As a result, climate modelling in paleo-mode
or projection mode that tries to take ALCC into account is
seriously hindered (Gaillard et al., 2010). The few scenarios
of past ALCC that exist, e.g. ML08 (Pongratz et al., 2009),
HYDE (Klein Goldewijk et al., 2011) and KK10 (Kaplan et
al., 2011, 2009), show very large differences indeed (Gaillard
et al., 2010). Therefore, improved descriptions of past an-
thropogenic land cover change on the global spatial scale are
urgently needed.

This study presents a key update and extension of the for-
mer HYDE 3.1 historical land use database (Klein Goldewijk
et al., 2010, 2011). This recent version, HYDE 3.2, is an im-
proved and internally consistent combination of new histori-
cal population data and land use allocation algorithms, which
vary over time. Categories include cropland, with a new dis-
tinction between irrigated and rain-fed crops (other than rice)
and irrigated and rain-fed rice. In addition, grazing lands are
provided and categorized into more intensively used pasture
and less intensively used rangeland. Population is also repre-
sented by maps of total, urban, rural population and popula-
tion density as well as built-up area. The period covered now
is 10 000 BCE to 2015 CE.

An overview of the new features of HYDE 3.2 include

– improved allocation algorithms (a smoother transition
from current “satellite-based” allocation towards “rule-
based” allocation in the past);

– updated historical estimates of many land use categories
(e.g. improved census data of 55 countries);

– a distinction between rain-fed and irrigated cropland;

– an introduction of the land use category rice (rain-fed
and irrigated);

– the use of additional data (cropland layer map of Wald-
ner et al., 2016; irrigation data of Siebert, 2008, and
Siebert et al., 2015, MIRCA data set) and rice data from
You et al., 2014);

– the use of the most recent and higher-resolution satellite
information on land cover from the ESA consortium for
2010 reference maps;

– a new distinction between pasture and rangeland ac-
cording to the intensity of use, and a further classifi-
cation of rangeland into rangeland under natural veg-
etation and rangeland involving conversion of natural
vegetation;

– an extension of the database to the year 2015.

2 Methodology and data

2.1 Input data for population

The basis for our population data is the United Nations
World Populations Prospects (2008 Revision) for the 1950–
2015 period. The pre-1950 historical estimates were largely
taken from McEvedy and Jones (1978), Livi-Bacci (2007),
and Maddison (2001). We supplemented them with the
sub-national population numbers of Populstat (Lahmeyer,
personal communication, 2004) and many other country-
specific sources (see the Supplement A). Time series were
constructed for each province or state of every country of
the world. We used the current administrative units and kept
them constant over time for simplicity reasons. Other histor-
ical sources were adjusted to match the current boundaries
of HYDE 3.2 if needed by taking fractions of those former,
often larger, administrative units (e.g. Roman Empire). The
methodology is similar to that described in detail in Klein
Goldewijk et al. (2010).

2.2 Spatial coverage for population

For the present, we used the spatial patterns from LandScan
(2014) for the year 2012 in our weighting maps to allocate
our total population for each administrative unit. LandScan,
developed at the Department of Energy’s Oak Ridge National
Laboratory, USA, is a global population database showing
population totals at 1 km resolution. The modelling process
uses subnational-level census counts for each country and
primary geospatial input or ancillary data sets, including land
cover, roads, slope, urban areas, village locations and high-
resolution imagery analysis.
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2.3 Input data for land use

In this section, we describe the national and subnational data
for all land use categories, from 10 000 BCE until present
day, and the construction of land use maps for the present
day. The allocation method to derive land use maps for the
historic period back to 10 000 BCE is described in Sect. 3.2.

2.3.1 Cropland and grazing land statistics

We started with country totals for the FAO categories of
“arable land and permanent crops” and “permanent mead-
ows and pastures”, further referred to here as “cropland”
and “grazing land” respectively (FAO, 2015). The FAO data
reach back to 1960, and thus for the period 1960–2015 CE,
the FAO data were followed exactly, though complemented
in some countries by subnational statistics. For the pre-
1960 CE period another method had to be used, and we com-
bined population estimates with per capita land use esti-
mates. For 1960, per capita cropland and grazing land was
derived from FAO data and then modelled back in time, as-
suming that they were not constant but followed a curved
trajectory. The curve can differ between countries and often
resembles either a concave-shaped, Bell-shaped or convex-
shaped curve, depending on the (limited) historical sources
found. The 1960 CE per capita land use value is generally
lower than for the present day since population numbers have
exploded since World War II. Land use was, however, limited
by the lack of technology and this restricted the maximum
amount of land that subsistent farmers could handle. We first
estimated land use per capita for each country, and by mul-
tiplying this with the total population, we computed the total
areas for cropland and grazing.

Further specific input statistics on a subnational level were
taken for some of the larger countries in the world, such
as the USA (USDA, 2006), Canada (Urquhart and Buckley,
1965), Mexico (World Atlas of Agriculture, 1969), Argentina
(Vazquez-Presedo, 1988), Brazil (N. Ramankutty, personal
communication, 2001), India (Flint and Richards, 1991; In-
diastat, 2009), China (China National Bureau of Statistics,
2008; Ge et al., 2008; He et al., 2012, 2013) and Australia
(Australian Bureau of Statistics, 2001). Furthermore, other
country-specific sources were used when available for spe-
cific information per country. The methodology has also been
described in detail in Klein Goldewijk et al. (2011); see also
Supplement A for country-specific land use data sets.

For a spatially explicit depiction of present land cover we
used the ESA Land Cover consortium maps (ESA, 2016;
Hollman et al., 2013). The consortium produced a time se-
ries of three global 300 m spatial resolution land cover data
sets predominantly based on MERIS satellite data, repre-
sentative for the 1998–2002 CE, 2003–2007 CE and 2008–
2012 CE periods. To produce the satellite reference map of
HYDE 3.2, the most recent epoch has been used, represent-
ing 2010 CE. The ESA classes are aggregated to 5 arcmin

grid cell fractions consistent with the HYDE land mask.
Cropland and grazing land are allocated to the grid using
the various ESA land cover classes, which are used in two
ways: classes are grouped according to their probability to
contain cropland and pasture, and then allocation takes place
accordingly. First, the procedure tries to allocate as much
cropland (or pasture) to the land cover classes in the probabil-
ity group 1 (allocation step 1). Then in the second and third
rounds as much of the remaining land is allocated to proba-
bility groups 2 and 3 (allocation steps 2 and 3), and finally,
in a fourth round, priority group 4 is used to allocate the re-
maining land. In most cases, FAO areas are already allocated
in steps 1 or 2. Several classes are defined to never contain
cropland (or pasture). Additionally, we define the fraction of
an ESA land cover class that is actually covered by cropland
and pasture (numbers in Table 1): on cropland and grass-
land land cover types this is assumed to be 90 % to account
for small areas of infrastructure, wetlands, unsuitable terrain,
steep slopes or small patches of vegetation that are not ex-
plicitly identified in the original land cover product (Verburg
et al., 2009). The mosaic cropland land cover types are de-
fined to have 60 and 40 % of cropland or pasture following
the managed grass definition of Poulter et al. (2015). First,
cropland is allocated, then grazing land.

The allocation procedure first allocates FAO cropland ar-
eas to land cover types dominated by cropland (see probabil-
ity group 1 in Table 1). Within the area that can be allocated
a preference is given to cropland locations from the unified
cropland layer map (Waldner et al., 2016). This is done in
order to make use of the high-quality empirical data that are
available and to correct for the characteristic that the ESA
cropland land cover types are most likely a mix of cropland
and pasture lands in many regions. If the land cover types
dominated by cropland (probability group 1) do not cover
sufficient area to allocate all FAO cropland area, land cover
areas within the second category (shrubland cover, open for-
est or grassland) are allocated. If these areas are also insuf-
ficient, cropland is allocated to sparse vegetation, finally fol-
lowed by bare lands. Priority is always given to cropland lo-
cations from the unified cropland layer map.

A similar approach is used to allocate grazing land in each
country, following an almost identical order of allocation (see
Table 1). In addition to a preferred allocation to the land
cover types dominated by cropland, which were also used
to allocate cropland; grazing land is also preferably allocated
to the grassland land cover type. Cropland is given priority
over grazing land and allocated before grassland, and thus the
cropland that was allocated in the previous step reduces the
area available for pasture. In addition, various region-specific
rules are implemented. First, in Canada, Russia and the USA,
various subnational regions known to have very little to no
pasture area are excluded from allocation, e.g. inaccessible
tundra areas. Second, in countries with substantial grazing
land that can be allocated in large homogeneous areas (e.g.
the Sahara) a preference is given to locations in close proxim-
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Table 1. Percentages of cropland and grazing land allocated in four steps from the original ESA CCI land cover classes (between 0 and
100 %).

LCCS UNLCCS land cover class description Cropland Pasture

Class A B C B

10 Cropland, rain-fed 90 1 90 1
11 Herbaceous cover 90 1 90 1
12 Tree or shrub cover 90 1 90 1
20 Cropland, irrigated or post-flooding 90 1 90 1
30 Mosaic cropland (> 50 %)/natural vegetation (tree, shrub, herbaceous) 60 1 60 1
40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (> 50 %) 40 1 40 1
50 Tree cover, broadleaved, evergreen, closed to open (> 15 %) – – – –
60 Tree cover, broadleaved, deciduous, closed to open (> 15 %) – – – –
61 Tree cover, broadleaved, deciduous, closed (> 40 %) – – – –
62 Tree cover, broadleaved, deciduous, open (15–40 %) 30 2 30 2
70 Tree cover, needleleaf, evergreen, closed to open (> 15 %) – – – –
71 Tree cover, needleleaf, evergreen, closed (> 40 %) – – – –
72 Tree cover, needleleaf, evergreen, open (15–40 %) 30 2 30 2
80 Tree cover, needleleaf, deciduous, closed to open (> 15 %) – – – –
81 Tree cover, needleleaf, deciduous, closed (> 40 %) – – – –
82 Tree cover, needleleaf, deciduous, open (15–40 %) 30 2 30 2
90 Tree cover, mixed leaf type (broadleaved and needleleaf) – – – –
100 Mosaic tree and shrub (> 50 %)/herbaceous cover (> 50 %) 40 2 40 2
110 Mosaic herbaceous cover (> 50 %)/tree and shrub (> 50 %) 60 2 60 2
120 Shrubland 90 2 90 2
121 Evergreen shrubland 90 2 90 2
122 Deciduous shrubland 90 2 90 2
130 Grassland 90 2 90 1
140 Lichens and mosses – – – –
150 Sparse vegetation (tree, shrub, herbaceous cover) (< 15 %) 90 3 – 3
152 Sparse shrub (< 15 %) 90 3 – 3
153 Sparse herbaceous cover (< 15 %) 90 3 – 3
160 Tree cover, flooded, fresh or brackish water – – – –
170 Tree cover, flooded, saline water – – – –
180 Shrub or herbaceous cover, flooded, fresh/saline/brackish water – – 90 3
190 Urban areas – – – –
200 Bare areas 90 4 90 4
201 Consolidated bare areas 90 4 90 4
202 Unconsolidated bare areas 90 4 90 4
210 Water bodies – – – –
220 Permanent snow and ice – – – –

A: fraction available for cropland. B: allocation step. C: fraction available for grazing land.

ity to previously allocated grazing area. The resulting maps
for current cropland and grazing land are used as reference
maps Wcrop_satellite and Wgrazing_satellite in the HYDE
allocation procedure (see Sect. 3.2)

2.3.2 Rice

Total rice area statistics per country were taken from FAO for
the post-1960 CE period. For the pre-1960 CE period, data
for some rice-growing countries were taken from Mitchell
(2007a, b, c) for the 1890–1950 CE period. The rest were
hindcasted on a per capita basis for countries for which
no historical data could be found. Global totals were com-

pared with literature where possible to tune the per capita
numbers. A correction was made for harvested area versus
physical area. In China, for example this ratio of physical
area to harvested area is around 0.6 due to multiple and
triple cropping (Frolking et al., 2002), in Bangladesh 0.67
in 1980 CE and 0.55 in 2010 CE (Ara et al., 2016), in Viet-
nam 0.63 (range 1.25–0.48) (Wiens, 1998), and India 0.71–
0.73 (GYGA, 2017; Kalaiselvi and Sundar, 2011). The 0.6
ratio was also applied to other Asian rice-producing coun-
tries; the rest of the world is assumed to have a ratio of 1.0.
Ricepedia (2015) presents estimates for the fraction of rice
that is irrigated per country for the present, and an assump-
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Figure 1. Population allocation scheme.

tion was made for that fraction at the start of agriculture. For
the years in between, data were linearly interpolated towards
the 2010 CE value (see Table S1 in the Supplement, “fao-
stat_rice” sheet, columns CN :FM). In general, most arid re-
gions were assumed to be irrigated, others rain-fed. Thus, for
each time step the total amount of rice could be computed.
Rain-fed rice was allocated first (most cost effective), irri-
gated rice second. The reference maps for rice were derived
from MAP SPAM (You et al., 2014) and are used for the allo-
cation for the present. They gradually change into combined
weighting maps of the HYDE rules; see Sect. 3.

2.3.3 Irrigation

The input data for the category “areas equipped for irri-
gation” for the post-1960 CE period were taken from FAO
(2015) and for the 1900–1960 CE period from Siebert et
al. (2015). For the 1700–1900 CE period estimates were
taken from Siebert (2008). For the pre-1700 CE period a per
capita estimate was used to match global estimates of irri-
gated area found in literature. The statistics for the actual ir-
rigated area for the 1960–2010 CE period were derived by
multiplying FAO’s category “area equipped for irrigation”
with the fraction of “equipped/actual irrigated area” from the
GMIA_v5 database of Siebert et al. (2015). For many coun-
tries this fraction is 1.0, but not for all countries. Therefore,
we used the last known ratio and applied this to the com-
plete series of “areas equipped for irrigation” to compute
the historical time series of “actual irrigated area” (see Ta-

ble S2). For the spatial representation of current global areas
equipped for irrigation and actual irrigated areas, we used the
Siebert et al. (2015) global data set of monthly irrigated and
rain-fed crop areas around the year 2000 (MIRCA2000).

3 The HYDE allocation of population and land use

3.1 Allocation of population and built-up area

For the present, the spatial patterns from LandScan (2014)
are used in our weighting maps to allocate our total popula-
tion for each administrative unit. These patterns are gradually
replaced with combined weighting maps based on various
proxies such as soil suitability, slope, distance to water and
case studies from several disciplines (e.g. history, archaeol-
ogy) when going back in time (Fig. 1). Built-up areas (Uarea)
are computed by dividing total urban population in a coun-
try at time t by average urban densities in a country at time
t . These curves are computed per country and are assumed
to follow a Bell-shaped curve trajectory, a specific pattern
for increase and decrease in urban density in cities and towns
over time but on different scales in various regions. See Fig. 1
and for a full description of the methodology Klein Gold-
ewijk et al. (2010) and for the built-up area curve Supple-
ment B.
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3.2 Allocation of land use

3.2.1 Non-usable areas

We excluded specific areas from allocation. Protected ar-
eas as derived from the database of protected areas from
the United Nations Environment World Conservation Mon-
itoring Centre (UNEP/WCMC, 2013) were excluded from
agricultural use. However, as protected areas were only es-
tablished relatively recently, they are only excluded after
1900 CE until present. Before 1900 CE, they are potentially
available for agriculture, but due to the tendency of the al-
location model to not shift, keeping the location of agricul-
tural areas when moving back in time, and due to their often
low accessibility, these areas are not likely to be used before
1900 CE. Additionally, so-called “non-used areas” in Aus-
tralia were excluded from the allocation of agriculture, based
on a map from the Australian National Land and Water Re-
sources Audit (NLWRA, 2001).

3.2.2 Allocation of land use

The order of allocation is as follows: first, we allocate crop-
land, then rice, then irrigation and finally grazing land.

Cropland

The method to allocate historical cropland is followed for
each grid cell of 5′ by 5′ (ca. 85 km2 around the Equator). The
maximum area of a grid cell that is available for allocation of
cropland (Gareamax) is calculated as follows:

Gareamax = [Gareacell−Uareat −Pareat −NLareat ] , (1)

where Gareacell is the land area of a 5′ grid cell (spherical
Earth) except water bodies, snow and ice; Uareat is the ur-
ban built-up area for year t ; Pareat is protected area, but only
valid for the post-1900 period (they did not exist before); and
NLarea is the no-land-use area in central Australia (see Ta-
ble S3 for the original input data and Fig. 2 for the cropland
allocation scheme).

The land use statistics are allocated to grid cells according
to a mix of two weighting maps: a reference map of 2010 CE
for cropland (Wcrop_satellite2010), derived from satellite im-
agery of ESA (2016) for the present (Eq. 2), and a historical
map (Wcrop_historict ) that is constructed on the basis of the
six rules as described in the next section (Eq. 3).

Wcrop_referencet =Wcrop_satellite2010 (2)

For allocating historical cropland, six major assumptions
were made. (i) Urban built-up areas (Uarea) were excluded
for allocation (see Eq. 1). (ii) A population density (Wpopd)
less than 0.1 cap km−2 does not allow permanent agricul-
ture. (iii) Areas with better soil suitability according to the
Global Agro-Ecological Zones map (GAEZ, 2000) FAO
IIASA are used first (Wsuit). (iv) Easily accessible areas

such as coastlines and river plains derived from Natural Earth
(2015) are more promising for early settlement (Wcoast and
Wriver). (v) Inaccessible terrains with steep slopes derived
from NOAA-NGDC 5-Minute Gridded Global Relief Data
(ETOPO5, 2005) are less promising for settlement (Wslope).
(vi) Below an annual mean temperature of 0 ◦C no agricul-
ture is possible (Wtemp_crop). The temperature map is de-
rived from the Climate Research Unit (CRU) database of the
University of East Anglia, UK, as an average for the 1960–
1990 period (New et al., 1997). We normalized all weighting
maps of these assumptions between 0 and 1 and multiplied
them into a final, unique weighting map for each time step.
This methodology is similar to the one already described in
Klein Goldewijk et al. (2011).

Wcrop_historict =Wpopt ·Wsuit ·Wriver ·Wcoast
·Wslope ·Wtemp_crop (3)

The final allocation is a combination of Wcrop_referencet

and Wcrop_historict . We assume that the influence of
Wcrop_referencet is zero in the year 1500 CE and 100 % in
2010 CE. Alternatively, the influence of Wcrop_historict is
zero in 2010 CE and 100 % in 1500 CE (and the pre-1500 CE
period as well); see Supplement D for the technical descrip-
tion.

Rice

All rice-producing area is assumed to fall within the area
defined earlier as cropland. For the spatial representation of
global rice areas we used the International Food Policy Re-
search Institute (IFPRI) Spatial Production Allocation Model
(SPAM) maps from You et al. (2014). They present maps of
the irrigated and rain-fed harvested area of rice.

Current reference maps for irrigated and rain-fed rice allo-
cation:

Wir_rice2010 =Wir_rice_satellite2010 (4)
Wrf_rice2010 =Wrf_rice_satellite2010. (5)

Extra weighting for the past is also determined by a historical
geography map for rice-growing areas for the year 1000 CE
(M. Widgren, personal communication, 2015). Also, the cur-
rent reference maps for irrigated and rain-fed rice remain im-
portant for the allocation since the assumption is made that
most rice-growing areas are very old, implying that current
patterns are, to a great extent, representative for ancient pat-
terns as well (see Table S4 for original input data and Fig. 2
for the cropland allocation scheme).

Historical weighting maps for rice allocation:

Wir_ricet =Wrice1000 ·Wir_rice2010 (6)
Wrf_ricet =Wrice1000 ·Wrf_rice2010. (7)
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Figure 2. Cropland allocation scheme.

Irrigated area

The allocation of irrigated areas is comparable with that of
cropland. First we use the reference map for 2000 CE for irri-
gated areas derived from the MIRCA (monthly irrigated and
rainfed crop areas around the year 2000) database (Siebert
et al., 2015). When hindcasting, we apply the HYDE rules
for allocation based on the following assumptions. All irri-
gated area must fall within the computed cropland area. Next,
we check whether there is enough water available to irrigate
(Wwav), for which we use, as a proxy, a discharge map de-
rived from Van Beek and Bierkens (2008). Furthermore, we
assume that when the aridity index (Waridity) is low, the need
for irrigation is higher. The aridity index is computed as an-
nual precipitation divided by annual evapotranspiration, both

derived from New et al. (1997). See Table S5 for original
input data and Fig. 2 for the allocation scheme.

Current reference map for irrigated land allocation:

Wirri2010 =Wirri_satellite2010. (8)

Historical weighting maps for irrigated land allocation:

Wirrit =Waridity ·Wwav ·Wirri2010. (9)

Grazing land

As described above (Sect. 2.3), we define grazing land as
land used for mowing or grazing livestock, based on the FAO
category “permanent meadows and pastures”. Grazing land
can be a variety of ecosystems, ranging from managed ir-
rigated grasslands to unmanaged open savannah woodlands
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to semi-shrub/scrub, almost desert, lands. The method to
allocate grazing land (to Gareamax minus the already allo-
cated built-up and cropland area) is comparable to the proce-
dure for cropland. Natural grassland ecosystems as computed
by the BIOME model were supplementary to the weighting
maps. Biomes are a combination of plant functional types,
defined by climatic variables and soil properties; see Pren-
tice et al. (1992). Natural grasslands are assumed to be more
attractive for use of grazing then other types (Wbiome);
areas with a higher net primary production are also more
favourable for grazing (Wnpp), and grazing is assumed to
be impossible at annual average temperatures below −10 ◦ C
(Wtemp_grazing).

Current reference map for grazing land allocation:

Wgrazing2010 =Wgrazing_satellite2010. (10)

We multiply the historical weighting maps for grazing land
allocation:

Wgrazingt =Wpopdt ·Wbiome ·Wnpp ·Wtemp_grazing. (11)

See Table S6 for original input data and Fig. 3 for the grazing
land allocation scheme.

Disaggregating grazing land into pasture and rangeland

For grazing lands, a distinction is made between more inten-
sively managed pasture and extensively managed rangelands.
The main difference between these two types of grassland
is that rangelands comprise natural grasslands, shrublands,
woodlands, wetlands, and deserts and grow primarily na-
tive vegetation, rather than plants established by humans, and
typically have low livestock densities. The distinction, how-
ever, is often less straightforward, and transitions between
the two forms exist in both time and space. To distinguish
between these types of grasslands in a simple and transparent
way, also historically, we apply – based on expert judgement
– a population density and an aridity index, as low animal
densities can be related to low population density, or to low
productivity of the natural vegetation, which is approximated
via the aridity index. When the aridity index (defined as an-
nual precipitation divided by annual evapotranspiration) of a
grid cell defined as grazing land is less than 0.5, or when the
aridity index is higher than 0.5 but the population density is
less than 5 inhabitants km−2, then it is defined as rangeland.

Whether or not natural vegetation has been converted to
establish grazing land is a very relevant question for study-
ing the impacts of land use change. While most range-
lands occur on land with mostly natural vegetation, low-
intensity livestock grazing is also located in former forest
or woodland areas, e.g. in Brazil. Therefore, after consulta-
tion with the Land Use Model Intercomparison Project (LU-
MIP), we recommend that our maps of pasture and range-
land be used for modelling purposes in the following way:
for pastures, all natural vegetation is cleared and replaced by

grass species. For rangeland, the natural vegetation remains
intact if it is non-forest, but is cleared if it is forest. HYDE
includes this distinction by providing two types of range-
land: (1) rangeland-natural is located in non-forest biomes
(terrestrial ecoregions; Olson et al., 2001) and is therefore
assumed not to have undergone conversion of natural vege-
tation. (2) Rangeland-converted is located in forest biomes
(terrestrial ecoregions; Olson et al., 2001) and is assumed
to have undergone conversion of natural vegetation. We also
test this simple method against a more advanced, satellite-
based approach to distinguish pasture and rangeland for the
present day and find mostly a good agreement, except for
some areas in Africa and central Brazil (see Supplement C).

4 Results

4.1 Population

We have constructed historical population maps for a 12 000-
year period at a 5′ by 5′ grid resolution. Population numbers
were very low at the start of the Neolithic era. We estimate
4.4 million in 10 000 BCE, which is in line with ranges of
1–20 million found in literature, with most estimates below
6 million; see also Klein Goldewijk et al. (2010) and Fig. 4.
Our world population estimate for 5000 BCE is 19 million,
in range with values between 5 and 20 million found in lit-
erature (Klein Goldewijk et al., 2010). Furthermore, we also
estimate a lower estimate of 2 million and an upper estimate
of 36 million in 5000 BCE (see Sect. 5). These lower and up-
per population estimates are eventually multiplied with the
lower and upper per capita land use estimates to illustrate the
bandwidth of uncertainty around our best estimate. It shows
that especially for the pre-1700 CE period we have been very
cautious in determining the lower and upper estimates, often
outside the literature estimates, in order to capture any pos-
sible (extreme) population scenario in the past. We further
estimate a global population in 1 CE of 232 million people
(literature range 170–330 million, our uncertainty range 58–
406 million).

Demographic and socioeconomic changes such as the rise
and fall of the Egyptian, Greek, Roman, Indian, Chinese and
American empires led to a global population estimate of 253
million in 500 CE (literature estimate 190 million, our range
101–406) and 323 million in 1000 CE (literature range 253–
345, our range 176–568). The Columbian Exchange was the
onset of true globalization. Shortly after Columbus landed
in the Americas, the Industrial Revolution fuelled by colo-
nization by Europeans of the Americas, Australia and later
Africa, accompanied by a huge agricultural expansion, in the
temperate regions and a bit later in the tropics as well. Af-
ter 1700 CE, population growth accelerated, with an estimate
of 592 million people in 1700 CE (literature range 410–680,
our range 444–740), 943 million in 1800 CE (literature range
890–1000, our range 802–1086), 1643 million in 1900 CE
(literature range 1571–1710, our range 1561–1725), 2531
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Figure 3. Grazing land allocation scheme.

million in 1950 CE, 4489 million in 1980 CE, 6113 million
in 2000 CE and 7260 million in 2015 CE (see Table S7). The
area occupied by built-up area (housing, building, etc.) is still
very modest compared to the total land surface available: less
than 0.10 % in 1900 CE and still less than 0.5 % in 2015 CE .

4.2 Croplands

Agriculture developed very slowly at the start of the
Holocene after the domestication of plants and animals, in
place as well as over time. We estimate the correspond-
ing global cropland area extent in 5000 BCE at a very
modest 6 million ha (range 1–18), which corresponds to
0.31 ha cropland cap−1 (range 0.05–0.57). Technology was
limited and agriculture was dependent on local climate

(environment) conditions. Agriculture was more prevalent
throughout the Mediterranean, northern India and in eastern
China during Greek and Roman times, most likely due to the
existence of highly developed irrigation schemes. We esti-
mate the global cropland area to reach 146 million ha at 1 CE
(range 50–344), corresponding to 0.63 ha cropland cap−1

(range 0.16–1.10); see also Fig. 4.
The cropland area in 500 CE is estimated to be 133 Mha

(67–269), 140 Mha (82–251) in 800 CE, 209 Mha (124–309)
in 1100 CE and 219 Mha (148–299) in 1400 CE, which trans-
lates globally to around the same number of 0.50 (0.20–
0.84) ha cropland cap−1 over that period because of popu-
lation fluctuations. Our cropland estimate of 140 Mha for
800 CE is somewhat higher than the 136 Mha (range 80–220)
of Pongratz et al. (2008) and close to their 197 Mha estimate
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Figure 4. Summary of historical land use area estimates for different time periods. Cropland area for 6000 BCE–1700 CE (a) and 1700–
2010 CE (b). Grazing land area for 6000 BCE–1700 CE (c) and 1700–2010 CE (d).

for 1100 CE but slightly lower than the 233 Mha for 1400 CE
(see Tables 2 and S7).

As result of large population growth and technological
developments, the total global area of cropland has dou-
bled at a rapid pace since the 16th century from 293 Mha
in 1700 CE to 578 Mha in 1850 CE, 1223 Mha in 1950 CE,
1532 Mha in 2000 CE and 1593 Mha in 2015 CE. The in-
crease in global cropland area appears to have levelled off
during the early 2000s but recently we have see an in-
crease again. Ramankutty and Foley (1999) and Pongratz et
al. (2008) estimated a value of around 400 Mha for 1700 CE.
The latter can probably be explained by the fact that their
hindcasting starting point in 1990 CE was already higher than
that of the FAO because they also used non-FAO data (Pon-
gratz et al., 2008); see Table 2.

Globally, the area of cropland per person increased slowly
to a maximum of 0.8 ha cap−1 until 3000 BCE. Then it
slowly decreased again to less than 0.5 ha cap−1 at the
end of the 18th century, with a small temporary increase
to 0.53 ha cap−1 in the early 20th century. However, af-
ter 1950 CE it decreased again to 0.22 ha cap−1 in 2015 CE
due to the strong population growth. Apparently, technology
alone could not compensate entirely for the explosive popu-
lation growth after World War II, and since the best soils are
already occupied, this trend will continue.

4.3 Irrigated land

Irrigation played a vital role in the existence and spread of
agriculture. In general, irrigation can be defined as applying
additional water (in addition to natural rainfall) to the soil in
order to enhance crop yield. First, surface water was diverted
from lakes, streams and rivers to other places in the land-
scape. Later, various types of pumps were used, driven by
either livestock (oxen, mules, horses), manpower or, eventu-
ally, machines. The earliest archaeological evidence for irri-
gation can be dated to around 6000 BCE in Jordan and Egypt
(Sojka et al., 2002). In the millennia that followed, irrigation
was diffused across the Levant region and the Mediterranean.
At the same time, irrigation emerged independently in India,
Pakistan and China. In addition, in the Americas the Inca,
Maya and Aztec already had irrigation schemes in the first
millennium. A little later in time, the Hohokam practiced ir-
rigation in the dry southwestern USA only to disappear mys-
teriously in the 14th century (Sojka et al., 2002). We estimate
the global irrigated area to be less than 0.2 Mha in 5000 BCE,
2.6 million ha in 1 CE, very slowly increasing to 4.1 Mha in
1000 CE and levelling off at 4.2 Mha in 1500 CE; see Table 3.

The 19th century marked a significant change in technol-
ogy in many areas of science. Ancient irrigation technology
worked properly in already favourable environmental condi-
tions (rainfall, terrain, slope), but when population grew and
agriculture expanded into areas with less favourable condi-
tions, things had to change. Electrical, steam and internal

www.earth-syst-sci-data.net/9/927/2017/ Earth Syst. Sci. Data, 9, 927–953, 2017



938 K. Klein Goldewijk et al.: Anthropogenic land use estimates for the Holocene

Table 2. Regional cropland area estimates (million ha).

Regional cropland area estimates (million ha)

4000 3000 2000 1000 1 800 1100 1400 1700 1800 1850 1900 1920 1950 1960 2000 2015
BCE BCE BCE BCE CE CE CE CE CE CE CE CE CE CE CE CE CE

North America 0.0 0.0 0.0 0.2 0.4 0.6 0.8 1.1 0.8 8.3 44 153 199 232 237 230 208
Latin America 1.1 3.8 5.3 6.1 6.9 11.1 15.2 19.5 9.0 16.0 20 32 51 84 101 161 198
Europe 1.0 3.3 7.2 14.4 33.6 26.9 43.1 50.2 78.0 100.7 123 148 151 155 157 136 127
USSR 0.5 1.4 1.6 2.8 3.1 5.3 8.3 12.0 21.6 46.9 70 130 154 196 235 212 204
N.Africa_M.East 13.4 16.4 16.9 20.8 25.4 23.6 21.3 18.0 21.3 24.0 32 41 46 63 78 87 86
Tropical Africa 0.3 1.2 1.9 2.8 4.4 13.8 19.4 27.1 39.1 42.2 48 61 70 112 144 202 249
China 2.7 6.0 12.2 24.1 47.8 24.4 61.5 46.9 62.3 80.7 89 94 103 110 110 133 128
South Asia 1.5 3.6 6.4 11.3 21.6 30.4 33.9 36.7 49.6 94.8 132 143 149 185 210 220 222
SE Asia 0.1 0.5 0.7 1.1 1.7 3.7 4.9 7.1 11.6 15.3 18 34 47 62 73 100 120
Pacific dev. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 4.3 10 24 34 50 50

World 21 36 52 84 145 140 209 219 293 429 20 840 51 1223 1377 1531 1591
– lower estimate 5 9 14 26 48 80 124 148 220 366 522 800 940 1186 1342 1512 1572
– upper estimate 49 84 123 197 333 251 309 299 367 494 637 884 1022 1259 1413 1542 1604

Other global estimates

Houghton et al. (1983) 264
Esser (1991) 1390 1570 1910
Richards (1990) 265 537 913 1170
Ramankutty and
Foley (1999) 405 678 821 1144 1301 1528 1688
Klein Goldewijk (2001),
HYDE 2.0 266 402 537 813 944 1230
Pongratz et al. (2008) 136 197 233 401
Klein Goldewijk (2001),
HYDE 3.1 130 300 418 562 849 995 1214 1531
FAO (2015) 1372 1519 1591

Table 3. Regional irrigated area estimates (million ha).

Regional actual irrigated area estimates (million ha)

4000 3000 2000 1000 1 1000 1500 1700 1800 1900 1960 2000 2015
BCE BCE BCE BCE CE CE CE CE CE CE CE CE CE

North America 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.0 0.0 3.2 15.7 22.6 22.1
Europe 0.00 0.00 0.00 0.03 0.11 0.2 0.4 0.1 0.3 2.2 5.8 14.9 21.4
USSR 0.00 0.00 0.00 0.00 0.03 0.1 0.1 0.2 0.3 2.9 7.0 12.0 11.4
Pacific dev. 0.00 0.01 0.01 0.01 0.05 0.1 0.2 0.3 0.7 3.2 6.4 13.2 13.2
China 0.86 0.99 1.05 1.14 1.28 1.9 1.0 0.9 0.9 2.8 10.1 20.7 23.8
Latin America 0.00 0.00 0.00 0.00 0.01 0.0 0.1 0.1 0.2 0.8 2.4 5.4 6.8
N.Africa_M.East 0.07 0.15 0.30 0.60 0.91 1.2 1.7 1.8 4.1 11.3 39.7 48.8 64.4
Tropical Africa 0.02 0.04 0.06 0.11 0.20 0.4 0.5 0.7 2.0 16.4 35.0 73.4 86.4
South Asia 0.00 0.00 0.00 0.00 0.00 0.1 0.2 0.4 0.8 4.6 10.4 20.2 23.8
SE Asia 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.0 0.0 0.1 0.7 1.8 2.4

World 0.95 1.19 1.42 1.90 2.61 4.1 4.2 4.5 9.3 47.5 133.2 233.0 275.6

Other global estimates

Siebert (2008) 4.5 10.5 53.2 278.9
Siebert et al. (2014) 255.2
Framji et al. (1982) 40.0
Michael (2008) 40.0
Li et al. (2009) 50.0
Siebert et al. (2015) 63.0 144.5 262.9
Freydank and Siebert (2008) 5.1 10.6 53.2
FAO (2015) 163.5 288.9
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Figure 5. Historical (actual) irrigated area estimates for two periods: 6000 BCE–1700 CE (a) and 1700–2010 CE (b).

combustion engines became available for pumping water –
even in remote areas from large groundwater reservoirs many
metres deep. This enabled farmers to grow crops where agri-
culture had previously not been possible; hence, the area in
which irrigation was used increased on a large scale.

We estimate the global irrigated area in 1700 CE to be
4.5 Mha, which is similar to the estimate of Siebert (2008)
and close to the 5.1 Mha of Freydank and Siebert (2008); see
Fig. 5. Our estimate for 1800 CE of 9.3 Mha is close to the
10.5 Mha of Siebert (2008) and the 10.6 Mha of Freydank
and Siebert (2008). In addition, our estimate of 48 Mha for
1900 CE is well within the literature range of 40–63 Mha
(Framji et al., 1982; Freydank and Siebert, 2008; Li et
al., 2009; Michael, 2008; Siebert, 2008; Siebert et al., 2015).
Finally, we estimate the global irrigated area in 2015 CE at
276 Mha, with a large share in China (63 Mha) South Asia
(88 Mha) and South East Asia (24 Mha).

4.4 Rice

Many studies agree that the origins of rice agriculture began
in the lower Yangtze River valley in eastern China (Barker,
2006; Bellwood, 2001; Fuller et al., 2007; Zhang and Wang,
1998). These findings form the basis for the hypothesis that
rice cultivation that led to domestication began in 6000 BCE.
During the period from 6000 BCE until around 4000 BCE,
systematic cultivation of rice species had become well estab-
lished (Opferkuch, 2016).

We cautiously estimate rice area in China to be less than
0.0004 Mha in 8000 BCE, 0.03 Mha in 6000 BCE, 0.02 Mha
in 4000 BCE, 0.11 Mha in 2000 BCE, 1 Mha in 1 CE and
1.2 Mha in 1000 CE (see Table 4). However, these numbers
are highly uncertain and must be treated with care. Num-
bers for South East and South Asia show a similar pattern
but that might be incorrect for the distant past (before 1 CE).
Fuller and Qin (2011) suggest that rice arrived later in South
East and South Asia and was fully domesticated around
4000 BCE. On a global scale, we estimate a rice area of
0.004 Mha in 8000 BCE, 0.02 Mha in 6000 BCE, 0.11 Mha
in 4000 BCE, 0.49 Mha in 2000 BCE, 2.6 Mha in 1 CE and

4.8 Mha in 1000 CE. This is in good agreement with the study
of Fuller et al. (2011), who estimated a total rice area of
0.10 Mha in 4000 BCE, 0.20 Mha in 3000 BCE, 0.50 Mha in
2000 BCE, 0.80 Mha in 1000 BCE and 2.50 Mha in 1 CE (see
Table 4 and Fig. 6). We did not find any global rice area esti-
mates for the 1000 CE–1900 CE period in literature.

4.5 Grazing land

We estimate grazing land in 5000 BCE to be around 30 mil-
lion ha (range 5–58), corresponding to 1.58 ha cap−1 of graz-
ing land (range 0.23–2.87). Grazing land is estimated to be
199 million ha (range 50–353) in 1 CE and 1.05 ha graz-
ing land cap−1 (range 0.22–1.54). The area for grazing land
was higher than for cropland, namely 314 Mha (range 155–
526) in 800 CE, 444 Mha (range 260–645) in 1100 CE and
483 Mha (range 326–660) in 1400 CE, which corresponds
globally to 1.10 ha of grazing land cap−1 and 1.12 and
1.09 ha cap−1. Our grazing land estimates are, in general,
higher than the Pongratz et al. (2008) estimates; they present
140 Mha for 800 CE (range 80–210), 198 Mha for 1100 CE
and 227 Mha for 1400 CE (see Tables 5 and S7).

We compute a global area used for grazing of 664 Mha in
1700 CE, which is higher than the 526 Mha of Houghton et
al. (1983). The largest differences appear to be in tropical
Africa, but the largest differences could arise from the fact
that we distinguish between pasture and rangeland (145 Mha
of pasture and 519 Mha of rangeland in 1700 CE). The latter
is assumed to only involve a conversion from natural ecosys-
tem to grazing land if it is located on forest land, whereas
Houghton by design wanted to exclude grasslands, which
did not involve conversion of natural shrubs. In 1800 CE the
area occupied for grazing had grown to 915 Mha (189 Mha
pasture and 726 Mha rangeland), and 1657 Mha in 1900 CE
(351 Mha pasture and 1306 Mha rangeland). The area of
grazing land reached a peak around 2000 CE with 3322 Mha
(784 Mha pasture and 2538 Mha rangeland) and has been
slowly decreasing towards the present day. The largest in-
crease in pastures appears to have occurred in the second
half of the 20th century in tropical Africa, followed by Latin
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Table 4. Regional rice area estimates (million ha).

Regional rice area estimates (million ha)

4000 3000 2000 1000 1 1000 1500 1850 1900 1930 1960 2000 2015
BCE BCE BCE BCE CE CE CE CE CE CE CE CE CE

North America 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.39 0.86 1.23 0.88
Latin America 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.40 1.14 6.19 6.40 5.36
Europe 0.00 0.00 0.00 0.00 0.00 0.03 0.06 0.17 0.28 0.30 0.39 0.43 0.47
USSR 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.16 0.22 0.27 0.33 0.51 0.43
N.Africa_M.East 0.00 0.00 0.01 0.02 0.07 0.13 0.14 0.30 0.34 0.49 1.04 1.36 1.33
Tropical Africa 0.00 0.00 0.00 0.00 0.00 0.09 0.42 1.14 1.33 1.71 3.20 7.05 11.46
China 0.02 0.05 0.11 0.16 1.00 1.18 3.19 16.22 15.39 19.33 21.08 20.51 20.78
South Asia 0.08 0.16 0.31 0.60 1.18 1.95 2.35 4.65 10.26 13.30 36.79 42.19 42.84
SE Asia 0.01 0.02 0.06 0.15 0.36 1.40 2.49 5.64 12.13 18.99 23.91 30.06 34.57
Pacific dev. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.04 0.15 0.17

World 0.11 0.22 0.49 0.93 2.62 4.80 8.70 28.38 40.50 55.94 93.83 109.89 118.29

Other global estimates

Fuller et al. (2011), wet rice 0.05 0.20 0.40 0.70 2.30
Fuller et al. (2011), total rice 0.10 0.20 0.50 0.80 2.50
Barker et al. (1985),
harvested are 81.3
FAO (2015), harvested area 115.4 132.9

FAO: area harvested. HYDE: standing crop area.

Figure 6. Historical (physical) rice area estimates for two periods: 6000 BCE–1700 CE (a) and 1700–2010 CE (b).

America, and to a lesser extent in China. In North Amer-
ica and China, it seems to have stabilized in the last 10 to
20 years, while in Africa it is still increasing. Europe already
had its peak around 1900 CE and is still declining slowly.
Rangeland areas also increased in tropical Africa and Pacific
developed countries (Japan, Australia, and New Zealand) up
to World War II, but then declined slowly or stabilized at cur-
rent levels.

Grazing land had a global low per capita average number
of around 1.0 ha cap−1 until 1 CE, then a moderate increase
to 1.13 ha cap−1 towards 1000 CE and then a gradually de-
crease again to 0.45 ha cap−1 in 2015 CE (see Table S7).
However, regionally there are large differences. Sparsely
populated countries such as Australia, Botswana, Mauritania
and Namibia have more than 40 ha of grazing land per capita
available today and Mongolia and Western Sahara even have
around 150 ha cap−1.
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Table 5. Regional grazing land area estimates (million ha).

Regional grazing and area estimates (million ha)

4000 3000 2000 1000 1 800 1100 1400 1700 1800 1850 1900 1920 1950 1960 2000 2015
BCE BCE BCE BCE CE CE CE CE CE CE CE CE CE CE CE CE CE

North America 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.2 18.2 36.1 158.0 181.3 278.1 280.8 251.8 266.7
Latin America 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 29.5 45.4 73.1 152.7 216.7 370.7 457.2 553.5 559.2
Europe 0.9 1.7 3.9 7.6 19.0 31.4 75.3 74.2 87.5 78.5 88.6 97.2 99.0 98.8 90.7 78.2 70.2
USSR 13.0 15.1 17.7 20.6 24.0 38.5 47.2 58.6 79.8 118.9 148.5 225.7 263.3 274.0 301.0 361.7 369.5
N.Africa_M.East 4.5 6.9 10.7 15.8 26.1 38.1 36.8 33.3 41.0 62.2 107.9 140.9 156.2 196.0 250.6 307.8 292.8
Tropical Africa 15.4 22.7 34.0 51.6 79.0 147.2 180.1 222.4 301.8 352.6 400.9 458.5 500.1 697.0 799.6 804.9 766.3
China 7.4 10.9 16.1 19.7 48.1 45.2 90.1 80.0 98.5 214.5 298.0 288.1 317.0 311.4 367.3 520.1 506.1
South Asia 0.0 0.1 0.3 0.6 1.4 10.4 11.0 9.8 13.2 16.1 18.8 24.8 28.1 38.6 51.7 49.1 48.5
SE Asia 0.2 0.2 0.5 0.9 1.2 2.9 3.3 4.4 7.1 7.1 8.0 12.5 15.5 18.3 17.3 17.2 17.5
Pacific dev. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 1.2 1.4 11.6 98.8 175.5 328.2 393.5 378.3 344.6

World 41.4 57.7 83.1 116.6 198.8 313.8 443.8 483.0 663.5 914.9 1191.6 1657 1953 2611 3010 3323 3241

Other global estimates

Houghton et al. (1983) 526
Pongratz et al. (2008) 144 198 227 370
Klein Goldewijk (2001),
HYDE 2.0 524 942 1310 1955 2282 2930
Klein Goldewijk et al. (2011),
HYDE 3.1 106 324 513 721 1294 1769 2464 3429
FAO (2015) 3095 3424 3359

4.6 Regional trends

There are large differences in the land use history of the
world’s regions. Figure 7 depicts the land use development
for selected time periods for the different world regions.
Europe, the Middle East–North Africa–Turkey (MENAT),
China and South Asia started agriculture much earlier than
most other regions. North and Latin America and Oceania
witnessed a relative late expansion of agriculture, but – once
started – the expansion of cropland has been massive. In most
regions, now and historically, cropland has been largely rain-
fed, while South Asia, South East Asia and China have also
had a significant share of irrigated crop area. The share of
pasture in the total grazing land area is relatively high in Eu-
rope and South East Asia, while the share of rangeland is
more dominant in North America, Latin America, the Middle
East, the former USSR, tropical Africa and Pacific developed
countries.

The share of irrigated land was very modest compared to
the total amount of agricultural land for a long time. Only
during the 20th century did this share increase, especially in
South Asia and South East Asia.

Spatial patterns of agricultural land use are depicted in
Fig. 8. The maps represent land use for the year 2010 for the
different HYDE categories. Irrigated croplands are mainly
concentrated in India, China, central Asia and North Amer-
ica. The main rain-fed cropland areas are more widespread
all over the world in and concentrate in central and east-
ern North America, southeast Latin America, Europe, central
Asia, sub-Saharan Africa, India, East and South East Asia,
and the southwest and southeast parts of Australia. Irrigated
rice is concentrated in eastern China, northern and eastern In-
dia, South East Asia, Japan, the Philippines, and Indonesia,

while rain-fed rice can mostly be found in India, South East
Asia, Madagascar, western Africa and Brazil.

The pasture areas are mostly located outside the arid re-
gions such as the eastern USA, central America, eastern
Brazil and Argentina, Europe, and the northern ranges of
central Asia, sub-Saharan Africa, Madagascar, and eastern
China. The rangelands can be found in the more arid and re-
mote regions such as the western part of the USA and Mex-
ico, southwest Brazil and the southern part of Argentina,
the Sahel region of Africa, and the dry regions of southern
Africa, North Africa, and the Arabian peninsula, the dryer
parts of central Asia, Mongolia, and China, and the remote
parts of Australia, except for the deep interior.

5 Uncertainties

There are large and many uncertainties that come with the
hindcast methods applied in this study. We start with good
and reliable data from the United Nations World Popula-
tion Prospects for the post-1950 period, but before 1950
there is a strong dependency on a few historical population
data sources such as McEvedy and Jones (1978), Madisson
(2001) and Livi-Bacci (2007), which are for some regions
and time periods not undisputed and probably on the low side
of estimates (Klein Goldewijk and Verburg, 2013). There-
fore, especially deeper into the past (pre-1500 CE), the num-
bers must be treated with caution. However, as already stated
in Klein Goldewijk and Verburg (2013), the resulting demo-
graphic growth rates seem plausible, and thus the data are
acceptable for the purpose of this study.

A similar statement can be made for the different land use
estimates. The FAO data for post-1960 are quite reliable, al-
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Figure 7. Historical land use estimates by region, for irrigated and rain-fed rice and other crops, rangeland and pasture. Please note the
rangeland and pasture distinction is purely an indication of the intensity of use, not of the land use conversions involved (see Sect. 3.2.2
“Grazing land”).
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though for some countries they can be questioned, even for
the present. The hindcasting approach of using land use per
capita is a pragmatic approach, but it is very sensitive to the
shape of the curve into the past. The minimum and maximum
values per curve are very uncertain and vary substantially by
country and in time. The study of Klein Goldewijk and Ver-
burg (2013) clearly showed that the shape of the per capita
curve profoundly determines the total agricultural area, es-
pecially in the pre-industrial era. Basic assumptions are that
it is not zero, but there is also an absolute limit to the amount
of work a person can do per day or year (Williams, 2000).

Making the distinction between pasture and rangeland is
difficult and uncertain, also in the recent past, as this distinc-
tion is not covered by FAO statistics, though a distinction
between permanent meadows and pastures into “cultivated”
and “natural growing” is already available for some countries
(FAOSTAT, 2017). We therefore applied a combined popu-
lation density and aridity index to reflect livestock densities
and an additional rule that pastures involve conversion of nat-
ural vegetation, while rangeland only involves conversion of
natural vegetation if it was forest or woodland. The method
has been compared to a more advanced approach and shows
good agreement with satellite data (see Supplement C).

On top of the default estimates of population, cropland
and grazing land, we also estimated lower and upper un-
certainty ranges. These uncertainty ranges were partly based
the ranges we could find in literature and partly on our own
expert judgement and should be treated with care. The un-
certainty range A is cautiously estimated at 1 % in 2000 CE,
5 % in 1900 CE, 10 % in 1800 CE, 25 % in 1700 CE, 50 % in
850 CE, 75 % in 1 CE and 95 % in 10 000 BCE. The uncer-
tainty range B is twice the uncertainty range of A and should
be considered as such since in our opinion it is highly un-
likely that areas of cropland or grazing land have been out-
side this range in the past. The years in between were linearly
interpolated (the method is similar to that described in Klein
Goldewijk et al., 2010), and the resulting ranges are depicted
in Fig. 8. A regional summary of cropland, pasture, popula-
tion, per capita cropland area and per capita pasture area is
presented in Table S7.

Figure 9a and b depict the range in total population esti-
mates that we could find in literature and the HYDE base-
line estimate (solid black line) for the period 10 000 BCE to
1700 CE (plate A) and 1700 CE to 2000 CE (plate B). The
range in literature estimates for the last 300 years are not
so large, meaning that apparently the uncertainty is conse-
quently also rather small. This is also reflected in the range
we applied to our own estimates, on top of the baseline,
varying from 1 % in 2000 CE to 25 % in 1700 CE. Before
1700 CE the literature estimates show much more variation.
For example, the lower literature estimate found for 1 CE is
27 % lower than our baseline estimate, while the upper esti-
mate found in literature is 42 % higher than ours. Our range
of plus and minus 75 % for 1 CE is therefore on the cautious
side but expresses our idea that values outside our uncer-

Figure 8. Spatial maps of cropland (irrigated and rain-fed), rice
(irrigated and rain-fed), and pasture and rangeland for 2010 CE
(six panels).

tainty bands are very unlikely to have occurred in the past.
Figure 9c and d are the resulting total population estimates
of HYDE, with their uncertainty bands A and B. Please note
the different y axes. Figure 9e and f depict the HYDE base-
line estimate of cropland with their uncertainties. Figure 9g
and h show the HYDE estimates for grazing land.

The final estimate of cropland and grazing land in HYDE
is thus computed by multiplying population numbers and
the per capita land use estimate for each scenario; a base-
line, a first lower and upper estimate scenario (range A) and
the second lower and upper estimate scenario (range B); see
Fig. 9. The estimates for HYDE 3.2 are in general higher
than the older estimates of HYDE 3.1. This is partly because
of the use of new (census) data sources from the Clio In-
fra project (https://www.clio-infra.eu/), and partly because
of new insights into long-term per capita land use (see also
Klein Goldewijk et al., 2017). Especially grazing land has
now been estimated to be much higher than before, reflecting
that livestock grazing has been a long-term and widespread
activity.
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Figure 9. Available sources for population estimates (a, b), and uncertainty ranges for global population (c, d), cropland (e, f) and grazing
land (g, h), split into recent past (1700 CE onwards) and before 1700 CE to allow for different scales.
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Figure 10. Comparison of HYDE 3.1 and HYDE 3.2, with uncertainty ranges.

We also quantified the amount of variation or dispersion
in the input parameters in the per capita land use categories,
used for computation of the total areas. Figure 10 depicts
the results. The standard deviation (function STDEV.P in Ex-
cel) for cropland per capita remains around plus and minus
0.5 ha cap−1 for a long time. Only in the distant past, before
1 CE, does it increase to 1 ha cap−1. The variation in the per
capita grazing land values is much larger, up to 25 ha cap−1,
especially in the 18th and 19th centuries during the period
of colonization. Before 1600 CE it is around 5 ha cap−1 (see
Fig. 11).

The variation in irrigated land per capita is relatively high
in recent years due to several irrigation projects worldwide.
The peak in 4000 BCE is due to the high value for Egypt
and some Middle Eastern countries. The per capita rice vari-
ation has been plus and minus 0.03 ha cap−1 (roughly around
±50 %) during the last decades, but then increases towards
more than 100 % before 1960 CE (see Fig. 11).

Another issue is that due to the absence of transient
Holocene climate and vegetation maps, we simplified things
by using weighting maps for current climate and biome over
the whole time period. Although the climate in 10 000 BCE
differs from the present day (Armesto et al., 2009; Bertrand
and Van Ypersele, 2002; Kropelin et al., 2008; Tett et
al., 2005; Verschuren et al., 2002), we believe that the lower
temperature thresholds we used are still valid, partially since
they are just one of the factors involved. The same ap-
plies to the biome map. The Sahara desert was more like
a grassland/savanna type during the pre-5000 BCE period
(Verschuren et al., 2000) and changed into the current desert
state later on, but it has been hardly populated (ample agricul-
ture); thus, allocation procedure remained unchanged during
that era.

Analysis by Prestele et al. (2016) show that it is quite cru-
cial for future outcomes to determine at what spatial starting
point global change models and integrated assessment mod-
els start their simulations. Therefore, we have also experi-
mented with a different choice for the cropland and graz-

ing land reference maps to see whether it would have an
influence, and if so, to what extent the spatial patterns of
land use would change. In other words, how important is
it to use the most recent satellite information for input land
use data series for integrated global modelling exercises. We
took the old HYDE 3.1 reference maps of DISCover/GLC
2000 (Loveland and Belward, 1997; Loveland et al., 2000)
valid for the reference year 2000, the IIASA/IFPRI crop-
land map (Fritz et al., 2015) valid for the reference year
2005 and the 2010 reference map (ESA, 2016) valid for
the year 2010. Next, we ran a fuzzy numerical kappa anal-
ysis with the software from the Map Comparison Kit (Visser
and de Nijs, 2006). The fuzzy numerical kappa analysis be-
tween the 2000 reference map (DISCover/GLC2000) and
the 2010 reference map (ESA) yielded a substantial degree
of agreement of 0.744 (1.00= very high degree of agree-
ment, 0.00= very low). The comparison of the 2000 ref-
erence map (DISCover/GLC2000) with the 2005 reference
map (IIASA/IFPRI) gave a fuzzy numerical kappa value of
0.727. Furthermore, the comparison between the 2005 refer-
ence map (IIASA/IFPRI) and the 2010 reference map (ESA)
yielded a fuzzy numerical kappa value of 0.810. This means
that there is overall a substantial agreement (or in other words
relatively little difference) between the three reference maps
for cropland. The fuzzy numerical kappa analysis between
the 2000 reference map (DISCover/GLC2000) and the 2010
reference map (ESA) was 0.635. The comparison between
the 2005 reference map (IIASA/IFPRI) and the 2010 refer-
ence map (ESA) yielded a kappa fuzzy numerical of 0.643.
There is no grazing land map of 2005 from IIASA/IFPRI.

All this is in agreement with a study of 43 simula-
tions from 11 global-scale land use–land change models of
Prestele et al. (2016), showing that cropland is more consis-
tent among the different reference starting conditions than
grazing land. However, differences do exist, usually on the
local scale. First, the original satellite input is different be-
tween the three data sets, with different sensors. Second,
different algorithms were used to classify the land cover
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Figure 11. Standard deviation of input data per capita.

classes, which also led to different results. Third, when time
progresses, the absolute areas of cropland have sometimes
changed over time, either by expansion or abandonment,
leading to different maps. We believe that for this hindcast-
ing study, it does not play an important role which reference
map we used, but it can be important for future modelling
studies.

Finally, an important point to be made is that in this
HYDE 3.2 version no empirical data are systematically used
(yet) to improve the historical land use reconstructions. All
allocation in the distant past is performed following gen-
eral, globally applicable HYDE allocation rules. As Morri-
son (2015) rightly pointed out, these rules are often made
with a Eurocentric point of view. We fully acknowledge this
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Table 6. Summary of global population and land use estimates.

Historical global population (million) land use estimates (million ha).

5000 BCE 1 CE 500 CE 1000 CE 1500 CE 1700 CE 1850 CE 2015 CE

Population 19.0 232 253 323 503 592 1271 7301

Cropland 5.8 145 133 162 256 293 578 1591
Rain-fed area 5.6 142 129 157 252 289 549 1316
Net irrigated area 0.2 3 3 4 4 4 28 276
Net rice area 0.1 3 3 5 9 12 28 118
Paddy rice 0.0 1 1 2 2 3 12 75
Rain-fed rice 0.1 2 2 3 6 10 16 43

Grazing 30.1 199 249 366 515 664 1192 3241
Pasture 0.0 17 15 55 105 145 253 787
Rangeland 30.0 181 234 310 410 519 939 2454

% agric/total land area 0.3 % 2.6 % 2.9 % 4.0 % 5.9 % 7.3 % 13.6 % 37.1 %

since these rules were used as a first simple attempt to allo-
cate land use in the distant past. We are aware that there is a
need for a much more regionalized approach. Very promising
work is underway in the Past Global Change (PAGES, http:
//www.pages.org/) LandCover6K working group initiative,
for which archaeologists, historians, geographers, paleo-
ecologists and land use reconstructors join efforts for the first
time to collect and provide rich data from all different disci-
plines in order to improve the ALCC time series. In return,
this is beneficial for several model intercomparison projects
such as the Coupled Model Intercomparisons Project (CMIP)
and the Land Use Model Intercomparison Project (LUMIP),
which aim to further advance understanding of the impacts
of land use and land cover change on climate (Lawrence et
al., 2016).

6 Data availability

This HYDE version replaces earlier beta releases as pro-
vided at DANS DOI https://doi.org/10.17026/dans-25g-
gez3. All data can be downloaded from ftp://ftp.pbl.nl/
hyde/hyde3.2/ and supplementary data can be downloaded
from ftp://ftp.pbl.nl/hyde/supplementary/Klein_Goldewijk_
et_al_2017_HYDE32_paper/.

7 Discussion

We have estimated population and specific land use cate-
gories for the Holocene. Population has grown exponentially;
however, while growth rates were initially very low, only dur-
ing the last century did they dramatically increase to more
than 1 %. Grazing land and cropland also increased but at
a slower rate. The majority of cropland is rain-fed, but irri-
gated croplands and rice areas – despite their relatively small
share – have been a very important factor in the increase in

yield and production. We have estimated that total agricul-
tural land occupied less than 0.5 % of the total land area in
5000 BCE, 3.4 % in 1 CE, 13.6 % in 1850 CE and 37.4 % in
2015 CE. Table 6 summarizes our estimates for population
and land use for the Holocene.

This and the few other existing global estimates of histor-
ical land use are rather uncertain (Klein Goldewijk and Ver-
burg, 2013). This can partly be explained by the sheer lack
of reliable data, and hence by the large difference in methods
and assumptions used for reconstruction. Most estimates of
historic land use cover the period from today back to 1700;
only two go further back in time (Pongratz et al., 2008, Ka-
plan et al., 2010). In general, the core of the methodology
is regional and national or subnational estimates of historic
cropland and pasture areas, which are allocated on a grid in a
hindcasting mode starting from today’s land cover. Similar to
the HYDE methodology, the estimates of cropland and pas-
ture areas are a mix of original data on agricultural area and
calculations based on population data and assumed cropland
per capita factors in time.

For example, Ramankutty and Foley (1999) present a sim-
ple approach to derive geographically explicit changes in
global croplands from 1700 to 1992 CE. They created a
global representation of permanent croplands in 1992 CE at
5′ spatial resolution by calibrating a remotely sensed land
cover classification data set against cropland inventory data.
Then, from a variety of sources, they compiled an extensive
database of historical cropland inventory data, at the national
and subnational level. Next, they hindcasted the 1992 CE
data with a simple land use change model back to 1700 CE.
Recently, the data set was updated to 2007 and revised.
The range in cropland estimates (see Table 2) mostly orig-
inates from different definitions of cropland area. Pongratz
et al. (2008), who covered the time period 800–1992 CE, al-
ready show higher cropland areas in the 20th century, and
this is maintained for the entire historic period.
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Table 7. Comparison total agricultural land estimates: HYDE 3.2 and Kaplan et al. (2011).

Total agricultural land (Mha)

4000 BCE 1000 BCE 1 CE 100 CE 500 CE 1000 CE 1500 CE 1600 CE 1850 CE

HYDE 3.2 62 200 344 355 382 527 771 850 1769
Kaplan et al. (2010) 186 871 1360 1440 1530 1800 2300 2160 2940

On a grid cell level, further difference between historic
land use products can arise. Most methods use simple land
use change models with specific, partly socio-economic suit-
ability factors. Additionally, various assumptions are made as
to which natural vegetation type is preferentially converted to
agriculture (see also Prestele et al., 2016), i.e. whether agri-
cultural land is taken preferentially from the forested, grass-
covered or shrub-covered parts of the grid cell; this decision
can cause large differences in the reconstructed extent of nat-
ural vegetation types (Reick et al., 2013). For the Pongratz et
al. (2008) reconstruction, allocation rules for cropland were
derived from the existing high-resolution (5 arcmin) maps of
cropland and potential vegetation, while pasture is first al-
located to grass as far as possible, then to the area of the
woody vegetation types. This procedure reflects the human
behaviour of minimizing effort: clearing of forest is gener-
ally not performed if sufficient natural grassland is available
for grazing (Houghton, 1999).

The hindcasting prior to 1700 CE is even more uncer-
tain than the period thereafter, as data become increasingly
scarce. Therefore, the only practical approach is to use pop-
ulation data and assumptions about per capita needs for agri-
cultural land. A key factor in explaining differences between
these estimates is temporal and spatial changes in per capita
land requirements: earlier versions of the HYDE database
kept per capita land use constant over time or, in the uncer-
tainty estimates, homogeneously varied it with time across
the globe; the KK10 (Kaplan et al., 2010) data set assumed
that land use intensification depends on the development
stage of a society, which was represented by population den-
sity (this relationship was derived from data for five Euro-
pean countries and applied to the globe). By contrast, Pon-
gratz et al. (2008) used a wealth of literature on agricultural
practices and agro-technological innovations for all regions
in the world (note that such literature exists more readily for
the last millennium as compared to the longer time periods
HYDE and KK10 covered); with this, per capita land use es-
timates could be accounted for as evolving over time and at
the same time changing differently in the different regions
of the globe. This approach accounts for, for example, the
spread of wet rice farming in China that drastically lowered
per capita land needs over time, or the importance of hunting,
gathering, and fishing in some of the traditional societies in
the Americas.

In addition to the per capita need for agricultural land, pop-
ulation data are the second determining factor in our analy-

sis. To account for their uncertainties, different population
databases were used and the upper and lower ends of an un-
certainty range were assessed. Together with the uncertainty
range in per capita cropland, this led to two different trajec-
tories of land cover change that reflect the upper and lower
bounds within the uncertainty range of historical land cover
changes, around the default estimate that used a specific pop-
ulation data set and assumed constant per capita land use
changes over time.

A key shortcoming for application of the reconstruction on
a fine spatial scale is the implicit assumption of constant land
use patterns over time. While relative changes between coun-
tries are captured by the regionally specific population and
per capita land use data, within a given country the pattern of
agricultural extent from present day is kept fixed and simply
scaled with national totals. Some regional adjustments have
been made where this assumption has been known to not ap-
ply, e.g. the differential agricultural expansion of different
parts of Russia or the arrival of Europeans to only specific
parts of Australasian and North and South American coun-
tries.

The total amount of agricultural area computed by our
study is significantly smaller than the estimate of Kaplan
et al. (2011). This can largely be explained by differences
in methodology; Kaplan et al. (2011) used a correlation
between deforestation and population density, varying over
time with changes in technology and development. It was
calibrated for Europe and then extrapolated to the rest of the
world, which very likely caused an overestimation of land
use change estimates. Since HYDE 3.2 does not estimate
anthropogenic activities such as wood harvesting or shifting
cultivation, our resulting estimates of deforestation are also
necessarily lower; see Table 7 for an overview of the total
agricultural areas from both studies.

Despite all these uncertainties, there is a great need for
historic land use reconstruction, especially in the climate
change modelling community. Earlier versions of the HYDE
database have been used in the Land-Use Harmonization
(LUH) data sets (Hurtt et al., 2011), and this most recent
HYDE 3.2 version is again applied in the follow-up prod-
uct LUH2, complemented with future scenarios of land use
change. These LUH data sets are specifically developed to
meet the needs of integrated assessment models (IAMs) and
Earth system models (ESMs) developing future scenarios
and simulations as part of international assessment (IPCC’s
5th Assessment Report and soon CMIP6 and the 6th Assess-
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ment Report). IAMs produce estimates of future regional or
gridded land use as part of their future scenario projections,
while ESMs require spatio-temporal information on land use
activities from at least 800 CE onwards, including estimates
of secondary (recovering) land age, area and biomass den-
sity to quantify the impacts of human land use on the Earth
system. The LUH data sets make sure that IAM future pro-
jections do smoothly transition from the end of historical re-
constructions. In addition to the LUH data sets that are pro-
vided to the scientific community, in which model inputs and
decisions are systematically varied and the resulting changes
in model outputs are examined, large-scale sensitivity anal-
yses are also performed. The analysis shows that our model
is most sensitive to the historical start date, the choice of pri-
mary vs. secondary priority for land use conversions, and the
inclusion of wood harvesting and shifting cultivation.

The LUH data, of which the HYDE database is an essen-
tial part, have now been used by almost all ESMs producing
simulations for the CMIP5 experiments and the IPCC AR5
process (Brovkin et al., 2013; Jones et al., 2011; Shevliakova
et al., 2009). The LUH data have also been used and high-
lighted in several other studies, e.g. Thomson et al. (2010),
Pereira et al. (2010) and Jones et al. (2013). These studies
have made use of the detailed land use transition information
in the LUH products to quantify land conversion events and
track the resulting demographic effects of land disturbance
and recovery, ultimately helping to close regional and global
carbon budgets as well as impacts on future biodiversity.

The Supplement related to this article is available online
at https://doi.org/10.5194/essd-9-927-2017-supplement.
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