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Abstract: Three global datasets, the History Database of the Global Environment (HYDE), Kaplan and Krumhardt (KK) and Pongratz
of reconstructed anthropogenic land cover change (ALCC) were introduced and compared in this paper. The HYDE dataset was recon-
structed by Goldewijk and his colleagues at the National Institute of Public Health and the Environment in Netherland, covering the past
12000 years. The KK dataset was reconstructed by Kaplan and his colleagues, the Soil-Vegetation-Atmosphere Research Group at the
Institute of Environmental Engineering in Switzerland, covering the past 8000 years. The Pongratz dataset was reconstructed by Pon-
gratz and her colleagues at the Max Planck Institute for Meteorology in Germany, covering AD 800-1992. The results show that the
reconstructed datasets are quite different from each other due to the different methods used. The three datasets all allocated the historical
ALCC according to human population density. The main reason causing the differences among the three datasets lies on the different
relationships between population density and land use used in each reconstructed dataset. The KK dataset is better than the other two
datasets for two important reasons. First, it used the nonlinear relationship between population density and land use, while the other two
used the linear relationship. Second, Kaplan and his colleagues adopted the technological development and intensification parameters
and considered the wood harvesting and the long-term fallow area resulted from shifting cultivation, which were neglected in the recon-
structions of the other two datasets. Therefore, the KK dataset is more suitable as one of the anthropogenic forcing fields for climate
simulation over the past two millennia that is recently concerned by two projects, the National Basic Research Program and the Strategic
and Special Frontier Project of Science and Technology of the Chinese Academy of Sciences.
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land cover change or land use change) and natural land
cover change. In the 1990s, the studies on LUCC have

1 Introduction

Land use and land cover change (LUCC) which related
to human activities and economics closely, plays an im-
portant role in global climate change (Turner et al.,
1993). There are two main parts in LUCC, i.e., the an-
thropogenic land cover change (ALCC, human-induced
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been carried out under two international programs, the
International Geosphere-Biosphere Programme (IGBP)
and the International Human Dimensions Programme on
Global Environmental Change (IHDP). Since then, the
researches on the causes and effects of the LUCC have
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been done worldwide (Bonan, 1999; Verberg and Van
Keulen, 1999; Chen and Verberg, 2000; Chen et al.,
2000; Houghton, 2003; Wu et al., 2003; Foley et al.,
2005; Zhang and Chen, 2007; Yang et al., 2009; Fan et
al., 2011; Ma et al., 2011; Zhu and Chang, 2011). Dir-
meyer and Shukla (1994) found that climate change,
particularly rainfall, was strongly dependent on the
change in surface albedo that accompanied deforestation
in the Amazon Basin. Brovkin et al. (1999) carried out a
set of experiments and found that deforestation caused a
global cooling of 0.35°C with a more notable cooling of
0.5°C in the Northern Hemisphere. Fu (2003) did a pair
of numerical experiments and the results showed that
the changes in land cover would bring significant
changes to the East Asian monsoon. Li et al. (2006)
found by a series of modeling experiments that histori-
cal LUCC (such as deforestation, degradation of grass-
lands) had significant impacts on regional climate
change. Gao et al. (2007) investigated the climate ef-
fects of modern land use change over China, and the
results showed that the current land use change influ-
enced local climate as simulated by the model through
the reinforcement of the monsoon circulation in both the
winter and summer seasons and through changes of the
surface energy budget. Ge et al. (2008) and Kaplan et al.
(2010) pointed out that the carbon storage and emissions
were closely related to the LUCC.

Human activity on land (or ALCC) is one important
aspect of anthropogenic climate change. To understand
the influence of ALCC on climate, numerical simulation
is the most sophisticated tool (Wilson and Hender-
son-Sellers, 1985). The LUCC/ALCC datasets are then
needed as the input data for these climate simulations.
After the 1970s, remotely sensed LUCC datasets have
been developed with the advent of satellites. They are
not only accurate enough for the study of LUCC after
the 1970s, but also could be consulted for historical re-
constructions. The historical LUCC, especially ALCC,
could be reconstructed by collecting sources like na-
tional censuses, tax records, forest surveys, paleo re-
cords, efc., and by developing models. Since the 1980s,
a lot of LUCC/ALCC datasets for regional and global
coverages have been developed gradually (Iverson,
1988; Loveland et al., 2000), along with increased spa-
tial and temporal resolutions. Rosch (1996) introduced
the approaches to the land-use reconstruction during
Late Neolithic and Bronze Age using botanical on-site

and off-site data (including the archaeological sites and
pollen sites) in the southwestern Germany. Ramankutty
and Foley (1999a) initialized the simulation with a sat-
ellite-derived characterization of present-day cropland c.
1992, then used it within a simple model, along with
historical cropland inventory data at the national and
sub-national level, to reconstruct historical crop cover in
North America between 1850 and 1992, at a spatial
resolution of 5-min. Ramankutty (2004) first established
a linear model between the population density dataset
and the cropland inventory dataset to simulate a spa-
tially explicit map of croplands for West Africa. Then,
he determined the categorical crop-use intensity dataset
by calibrating it against the cropland inventory dataset.
Finally, he merged these two datasets and adjusted to
match the cropland inventory dataset to create a new
spatial distribution dataset of croplands for West Africa
over the last 50 years. Kaplan et al. (2009) created an
anthropogenic deforestation for agriculture and pasture
(i.e., ALCC) in Europe over the past three millennia by
1) digitizing and synthesizing a dataset of population
history for Europe and surrounding areas; 2) developing
a model to simulate anthropogenic deforestation based
on population density that handles technological pro-
gress; and 3) applying the database and model to a
gridded dataset of land suitability for agriculture and
pasture to simulate spatial and temporal trend in an-
thropogenic deforestation. He et al. (2012) reconstructed
the historical cropland area in the Mid-Northern Song
Dynasty of China (AD 1004-1085), using the taxes-
cropland area and number of families compiled from
historical documents. Their estimations were accom-
plished through analyzing the contemporary policies of
tax, population and agricultural development. Then, they
converted the political region-based cropland area to
geographically explicit grid cell-based fractional crop-
land, based on calculating cultivation suitability of each
grid cell using the topographic slope, altitude and popu-
lation density as the independent variables. These re-
gional reconstructions were mainly focused on the
cropland, i.e., only one part of the ALCC.

The global ALCC has gotten more concerns with an
increasing awareness of global scale climate change.
The global ALCC datasets which have been used in the
simulations include: the distributions of different vege-
tation types from Olson and Watts (1982), Matthews
(1983), Olson et al. (1983), and Wilson and Hender-
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son-Sellers (1985), the distribution of the vegetation
from Olson (1994) as well as DeFries and Townshend
(1994), the map of the crop and pasture from Goldewijk
et al. (1997), the fraction of the crop from Ramankutty
and Foley (1998; 1999b, RF dataset hereafter), and the
fractions of 18 vegetation types from Leff ez al. (2004),
etc. RF dataset has been developed these days and been
applied the fractions of the pasture. But so far, the above
mentioned climate simulations are mainly restricted to
the past 300 years and modern period, the similar cli-
mate simulation for the past 2000 years is urgently requ-
ested. Because the past two millennia is a critical period
for estimating the uncertainties of the anthropogenic
climate change, and for understanding the decadal-cen-
tennial variability of the Earth system, it has been the
core of many global change research programs (e.g.,
IGBP and World Climate Research Programme (WCRP)),
and National Basic Research Program of China, as well
as the Strategic and Special Frontier Project of Science
and Technology of Chinese Academy of Sciences.

In order to carry out the climate simulation for the
past two millennia, to analyze the effect of ALCC on glo-
bal climate change, the reliable and continuous ALCC
datasets for the past two millennia are needed. So far,
the most popular and available ALCC datasets covering
the past 1000-2000 years include the History Database
of the Global Environment (HYDE) (Goldewijk, 2001),
Kaplan and Krumhardt (KK) (Kaplan et a/., 2010) and
Pongratz (Pongratz et al., 2007) datasets. The datasets of
Pongratz and KK have been used in the millennium
simulations of the Paleoclimate Modelling Intercom-
parison Project Phase III (PMIP3) and the Coupled
Model Intercomparison Project Phase V (CMIPS). The
HYDE dataset has released version 3.1 (Goldewijk ef al.,
2011), which is an updated and internally consistent com-
bination of historical population estimates and also the
implementation of improved allocation algorithms with
time-dependent weighting maps for cropland and gra-
ssland, and the period covered has extended to 10 000
BC to AD 2000. KK dataset has also been developed
nowadays. What are the characteristics of these datasets?
Are there any differences among them? Which dataset is
more realistic, as one of the forcings, for climatic simu-
lation? These questions are being addressed in this paper.

2 Datasets and Methods

Three global datasets of reconstructed ALCC are intro-

duced and compared in this study, in order to find out
which one is better as the forcing for climate simulation
over the past two millennia.

2.1 KKI10 dataset

KK10 dataset is named after the two major investigators,
Kaplan and Krumhardt, who made the reconstruction in
AD 2010. The dataset provides the fraction of each grid
cell that is occupied by anthropogenic land use, i.e., 1
means 100% of the grid cell that is used by people, 0
means the grid cell is occupied by potential natural
vegetation.

In order to obtain the reconstruction of ALCC, a
common way is to develop a statistical relationship be-
tween population and land use. Different relationship
models are used in different datasets. Kaplan et al.
(2009) developed a deforestation model to simulate an-
thropogenic deforestation based on population density
that handled technological progress. The main differ-
ence between KK10 and the other datasets is the rela-
tionship between population density and land use, which
is nonlinear in KK10 but linear in the others. Because
the relationship changed after the industrial revolution,
and even reversed in some areas, KK 10 is more realistic
in this regard.

The population database used in KK10 was mainly
based on the charts and spot estimates in McEvedy and
Jones (1978), supplemented by other information wher-
ever possible (Krumhardt, 2010). Kaplan and his col-
leagues separated the globe into 12 major groups of
population regions, with several sub-regions in each
group, and then estimated the population densities and
the fractions of croplands and pasture in these sub-re-
gions, which made the estimation more realistic.

Kaplan et al. (2009) established the relationship be-
tween population and deforestation based on two princi-
ples after Mather et al. (1998). First, population growth
stimulates the expansion of arable land for growing
more food, which generally results in deforestation.
Second, a growing population means an increased usage
of forest products, which can lead to an overall decline
of forest area. They normalized both the population
density and the forest cover record to eliminate the dif-
ferences in the proportion of arable land and land pro-
ductivity among countries. With the development of
science and technology, the agricultural products in the
same piece of arable land would be available for more
people; therefore, deforestation would be reduced, and
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some farmlands were returned to forest in some places.
Adding the development of science and technology,
Kaplan and his colleagues obtained the relationship
equation between population and forest, by changing the
parameters that represent technological development
and intensification in the population-deforestation rela-
tionship, and the equation is as follows:

0.9958
FCoom =1 oy M

where FCom is the normalized forest cover only on
usable land, Ppom is the normalized population density,
and b and ¢ are the parameters representing the techno-
logical development and intensification. For different
scenarios, Kaplan and his colleagues adjusted the pa-
rameters (Table 1).

The land suitability for cultivation (Scrps) is calcu-
lated as a function of climate and soil variables (Ra-
mankutty et al., 2002), and the equation is:

Serops = S (GDD)x f(@)x f(pH )% [ (Cyopp) )

where GDD is growing degree days, a is the ratio of
actual evapotranspiration (AET) to potential evapotran-
spiration (PET), C is carbon density of soil, and pHj
is pH of soil.

Because plants generally grow everywhere the cli-
mate allows, pasture suitability (Sysabie) 1S calculated by
using only climatic variables, therefore,

Susable = S (GDD) % f(ax) (3)

Actually, Scrops has been included in Sygpie, SO the re-
sult of (Susable — Scrops) 1S used to calculate the fraction of
pasture in one grid cell.

Kaplan et al. (2009) first simulated the deforestation
over Europe covering 1000 BC to AD 1850 with the
above mentioned population, climate and soil database
and the deforestation model. Then, they expanded the
European ALCC dataset into an annually resolved
global ALCC dataset covering the past 8000 years. Be-
cause the former dataset was developed using the ob-

servations in Europe, and the potential productivity of
land for agriculture and pasture was much higher in the
tropical regions and lower in boreal regions, they used a
high-resolution map of potential Net Primary Productiv-
ity (NPP) for the mid-twentieth century produced by a
coupled biogeography and biogeochemistry vegetation
model (BIOME4, Kaplan, 2001) to rescale ALCC ac-
cording to the potential productivity of land by using
Equation (4):

ALCC = ALCC(1.5 — NPP/1400)
INPP > 700 g/(m>yr)| 4)

where NPP is on average roughly twice as high in the
most productive areas of the world (~1400 g/(m?yr)) as
it is in most of Europe (~700 g/(mz-yr)). To avoid over-
estimating ALCC in cool-temperate and boreal regions,
which are not typically intensively exploited for agri-
culture in any case, this equation was applied only in
areas with NPP exceeding the European average of 700
g/(m*yr) (Kaplan, 2001).

2.2 HYDES3.1 dataset

The HYDE database was originally designed for testing
and validating the Integrated Model to Assess the Global
Environment model (IMAGE 2) (Goldewijk, 2001). The
historical cropland and pasture databases were devel-
oped by using the historical population estimation as a
proxy of agricultural land (including cropland and pas-
ture). Like the KK10 dataset, Goldewijk and his col-
leagues split the globe into 19 groups, with several
sub-regions in each group, then estimated the population
density and allocated cropland and pasture in these
sub-regions. The HYDE3.1 dataset used here comes
from the website (http://themasites.pbl.nl/en/themasites/
hyde/download/index. html), with 5-min spatial resolu-
tion, the temporal resolutions are as followings: 10 years
from AD 1700 to AD 2000, 100 years from AD 1 to AD
1700, and 1000 years before AD 1. The cropland and
pasture are defined following the definitions of the Food
and Agricultural Organization of the United Nations

Table 1 Values of parameters (b and ¢) for various curve fits of Ppom vS. FChom described by Eqation (1) in different technological

progress
Parameter Standard scenario 350 BC AD 1000 AD 1350 AD 1830
b -3.0 5.0 -6.0 -1.5 -7.0
c 1.40 0.91 1.36 1.69 1.85

Source: after Kaplan et al., 2009
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(FAO).

The population database used in HYDE mainly
comes from McEvedy and Jones (1978), Livi-Bacci
(2007) and Maddison (2001), supplemented with the
sub-national population numbers including the popula-
tion time series at the levels of provinces and states. The
spatially explicit distribution was obtained by using
weighing maps based on the population density map
patterns of Landscan (2006) for current time periods,
and gradually replacing them with weighing maps based
on proxies, such as distance to water and soil suitability
when going back in time (Goldewijk et al., 2010). Star-
ting points were the cropland and pasture of whole
countries from FAO (2008), which presented data for
the post-1961 period based on country scale. Divided by
the population of the country, it yielded a per capita use
of cropland and pasture. For the pre-1961 period, they
assumed that the per capita values for cropland and pas-
ture were not constant, but slightly increase or decrease
over time. By estimating the per capita use of cropland
and pasture country by country, they then derived the
historical pathways of agricultural areas. For a repre-
sentation of current land cover, the 5-min resolution
current global cropland and grassland maps developed
by Goldewijk et al. (2007) were used. This current land-
cover map was used as a weighing map (Werop sateliite)-

The allocation rules for the cropland in HYDE were
as follows. First, the grid cells with the highest popula-
tion density were first assigned to cropland, and then
those with the second highest density, until the total
amount of cropland was allocated in that unit. Then, the
allocation of cropland was restricted to the agricultural
area as determined by the initial land cover map. Na-
tional/sub-national crop area statistics were allocated to
grid cells according to a mix of two weighing maps: the
above mentioned current map (Werop sateliite), and a his-
torical one, which was constructed according to the fol-
lowing assumptions. There were six major assumptions
when allocating historical cropland: 1) in urban built-up
areas (Upyea), no allocation was allowed; 2) in areas with
population density lower than 0.1 person/km’ (W popd)»
no allocation was allowed; 3) land with the highest soil
suitability for crops was colonized first (Wg,); 4) coa-
stal areas and river plains were more favorable for early
settlement due to easy accessibility (Wiiver); 5) steep ter-
rain with high slopes was less attractive for settlement
and agriculture (Wjiope); and 6) below the threshold of an

mean annual temperature of 0°C no agricultural activity

was assumed (Wiemp crop)- The influence of satellite maps

increased gradually from 10 000 BC to AD 2000 until

the cropland distribution equaled the satellite map dis-

tribution. Cropland was allocated by combining histori-

cal cropland area statistics with various weighing maps.
(1) Current weighing map for allocation:

Wcrop2000 = Wsatellite2000 (5 )
(2) Historical weighing maps:
Wcrop,t = Warea,t X Wpopd,t x

Wslope x I/Vtempfcrop (6)

suit % I/Vriver X

and

Warea,t = [Garea,t - Uarea,t] / Garea max (7)

where, W, is the weighing of the crop area for the tth
year; Wy, 1S the weighing of areas excluding the urban
area for the rth year; Wpopa,is the weighing of popula-
tion density for the rth year; Gyrea, is the total land area
(no ice and snow); Upyrea, is the urban built-up area for
the tth year; and Gyres max 1S the maximum area of a
5-min grid cell. Only Wyea, and Wyopa, changed over
time.

There were also two rules for allocating pasture: 1)
the total amount of pasture in a country or state was also
allocated according to population density, while exclud-
ing those grid cells that were already allocated to crop-
land; and 2) the allocation of pasture was restricted to
the agricultural area as determined by the initial land
cover map. National/sub-national pasture area statistics
were allocated to grid cells according to a mix of two
weighing maps: a current one, which was constructed
from a satellite map of AD 2000 for pasture (Goldewijk
et al., 2007), and a historical one, which was con-
structed according to the following assumptions. Four
assumptions were made when allocating the pasture:
1) in urban areas (Uye,) and areas already occupied by
cropland (Cye,), no allocation was allowed; 2) in areas
with population density lower than 0.1 person/km’
(Wpopa), no allocation was allowed; 3) natural herba-
ceous areas as defined by the BIOME model (Prentice
et al., 1992) were more attractive for use of live-
stock/pastoral activities (Wpiome); 4) below the threshold
of —10°C for the annual air temperature no year-round
pastoral activity was assumed to happen (Wiemp pasture)-
The influence of satellite maps increased gradually from
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10 000 BC to AD 2000 until the pasture distribution
was equal to the satellite map distribution. So,

Wpasture,t = Warea,t X Wpopd,t X Wbiome X VVtemp _pasture (8)
Warea,t = [Garea,t - Uarea,t - Carea,t] / Garea max (9)

where Cyea, 1s the area occupied by cropland for the tth
year.

2.3 Pongratz dataset

The global ALCC dataset provided by Pongratz et al.
(2007) comes from http://cera-www. dkrz.de/WDCC/ui/
Entry.jsp?acronym=RECON_LAND COVER_800-
1992, with annually resolved temporal resolution and
0.5-degree spatial resolution, and it includes 14 vegeta-
tion types (Table 2).

Table 2 Vegetation types in Pongratz dataset

Type code Vegetation

Tropical evergreen forest

Tropical deciduous forest

Temperate evergreen broadleaf forest
Temperate/boreal deciduous broadleaf forest
Temperate/boreal evergreen conifers
Temperate/boreal deciduous conifers
Raingreen shrubs

Summergreen shrubs

O 0 9 N W R~ W =

C3 natural grasses

—_
(=]

C4 natural grasses

—_
—_

Tundra

—_
[38)

Crop

—_
W

C; pasture

—
»~

C, pasture

Pongratz et al. (2008) reconstructed the ALCC for
AD 1700-1992 and for AD 800-1700 separately. For
the reconstruction of crop over the past 300 years (AD
1700-1992), they used the global cropland dataset pro-
vided by Ramankutty and Foley (1999b), and made
some regional modifications according to the updated
data and some historical events. For the reconstruction
of pasture over the past 300 years, they extended the
pasture map for 1992 provided by the Center for Sus-
tainability and the Global Environment (SAGE) to a
time series covering AD 1700-1992, by calculating re-
gional totals of pasture area for each year from the areas
and rates of change in AD 1992 from Goldewijk (2001)
on country level after 1960, and by adding some re-

gional modifications. For the period of AD 800-1700,
they assumed that agriculture occurred wherever people
had settled, and the amount of land under human use
was likely well correlated to the number of people who
had to be nourished. For this reason, they used popula-
tion estimate as proxy for agricultural area. The main
source of population data for AD 800—1700 was the At-
las of World Population History from McEvedy and
Jones (1978), with regional modifications for Central
and South America, and broke the historical numbers
down to country level using the HYDE population den-
sity map of AD 1700, assuming that the national propor-
tion within a region remained constant. For some re-
gions, sub-national data was used, especially for the
Former Soviet Union and Central and South America.
Population numbers were then translated into estimates
of crop and pasture area for each country.

2.4 KK10-merged dataset
Kaplan et al. (2011) expanded KK10 from AD 1850 to
AD 2000 by making a smooth transition between KK10
and HYDE3.1 (Goldewijk et al., 2011) during a period
that covered AD 1500 to AD 1961. They used exactly
the same data as in the HYDE3.1 dataset from AD 1961
to AD 2000 since HYDE3.1 used the FAO crop and
pasture statistics, which they considered to be reliable.

For the period from AD 1500 to AD 1961, they first
compared the corresponding grid cells between
HYDE3.1 and KK10 datasets, and decided the starting
point for the data merge at any time between AD 1500
and AD 1850 that the two datasets matched within 1%.
If the grid cells matched, they then blended the datasets
from the time of the match; if never matched over this
period, then they started the blending at AD 1850. In
order to capture the variability of HYDE3.1 over the last
several centuries, they first calculated the difference
between the actual HYDE3.1 ALCC estimates and a
direct linear interpolation of the HYDE3.1 data at the
starting point of blending (determined as described
above) to 1961. Subsequently, this difference was added
to a linear interpolation of the KK10 scenario at the
starting point of the merge to AD 1961 of HYDE3.1. By
doing so, Kaplan and his colleagues created an ALCC
dataset that preserves the features of KK 10 and covering
the whole period of the past two millennia.

In the year of 2011, KK10-merged datasets was up-
dated to KK11-merged dataset, in which the vegetation
types required by PMIP3/CMIP5 (same as in Table 2)
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were reconstructed. The spatial and the temporal resolu-
tions are the same as those in KK 10.

3 Results

3.1 ALCC in typical climatic periods during past
1000 years

Three typical climatic periods during the past 1000
years were chosen according to the simulated time series
of the global temperature anomaly over the last millen-
nium (Gao and Liu, 2010). The warmest 100 years of
the Medieval Warm Period (MWP) were AD 1100-AD
1199, the coldest 100 years of Little Ice Age (LIA) were
AD 1600-AD 1699, and the 90 years of the Present
Warm Period (PWP) were AD 1900-AD 1990. Three
datasets are compared here, which are HYDE3.1, Pon-
gratz and KK10-merged. The sum of crop, C; pasture
and C4 pasture in Pongratz and the sum of cropland and
pasture in HYDE3.1 dataset are used to compare with
the ALCC of KK10-merged dataset. Considering the
temporal resolution of HYDE3.1 before AD 1700 was

HYDE MWP
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30°N i
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100 years, the years of AD 1100 and AD 1600 were
used to represent MWP and LIA, respectively.

3.1.1 ALCC during Medieval Warm Period

Figure 1 illustrates the fractions of ALCC in the three
datasets during the MWP. The fractions of ALCC above
30% in HYDES3.1 only appeared over East Asia (i.e., the
lower reaches of the Changjiang (Yangtze) River and the
Huanghe (Yellow) River, the West Europe and the Mid-
dle East, and some regions over the Caribbean. The
fractions of ALCC in Pongratz dataset were the lowest
among these three datasets. The fractions were almost
under 10% worldwide except over East Asia and Eng-
land. According to in KK10-merged dataset, much more
regions over Europe and Asia had already been occupied
by humans during the MWP, especially over West
Europe and Indonesia Peninsula. The fractions of ALCC
exceeded 60% over West Europe and Indonesia Penin-
sula and exceeded 40% over East Asia. The three data-
sets all revealed that the human activities mainly con-
centrated on the mid-latitude of Eurasia, with the least
over the regions of Australia and the Americas.

Pongratz MWP
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Fig.1 ALCC fractions from HYDE3.1, Pongratz and KK10-merged datasets during Medieval Warm Period (MWP)
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It was warm and wet in the MWP, and the agriculture
developed stably, particularly over the regions around
the Mediterranean and East Asia. The viticulture devel-
oped over the regions of circum-Mediterranean and
England during the MWP, which caused increasing
cropland. In the regions of East Asia, especially the
coastal areas of China in the Song Dynasty, a rapid
growth of population led to intensive land use. Mean-
while, because of the lack of technology, more forests
were reclaimed to meet the needs of people. This is
more accurately reflected in KKI10-merged and
HYDES3.1 than in Pongratz dataset.

As He et al. (2012) reconstructed the grid-cell-based
reclamation ratio (RR, reclaimed for cropland) pattern
over Eastern China during the Song Dynasty (AD 1077),
we used it in this paper for comparison as well. Com-
paring to the RR (cropland fractions) (Fig. 2), the ALCC
fractions in Pongratz dataset (including cropland and
pasture) were much lower over the eastern China, which
was unreasonable. The ALCC fractions in HYDE3.1
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(including cropland and pasture) were close to RR,
which indicated the underestimated cropland fractions in
HYDE3.1. The ALCC fractions in KK10-merged (in-
cluding all human activities) were higher than RR,
which indicated that the cropland fractions in KK10-
merged dataset were closer to RR. In this sense, KK10-
merged dataset was more reasonable.

3.1.2 ALCC during Little Ice Age

The three datasets all revealed increasing ALCC fraction
over Eurasia and decreasing ALCC fraction over some
other regions during the LIA (Fig. 3). The ALCC frac-
tions in HYDE3.1 and KK10-merged datasets showed
the decreasing trend over the Americas, while no sig-
nificant change was found in Pongratz dataset. The
ALCC area over the Americas was enlarged during the
LIA in HYDE3.1 dataset with decreased fraction str-
ength. The ALCC fractions increased over Eurasia and
Africa and decreased over Mongolia in Pongratz dataset.
The ALCC fractions in KK10-merged dataset increased
visibly over Europe and Africa, but changed little over
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Fig. 2 ALCC fractions over China from HYDE3.1, Pongratz, and KK10-merged datasets during Medieval Warm Period (MWP) (He et
al. AD 1077 shows reclamation ratio across China, which represents cropland fraction, in the Mid-Northern Song Dynasty reconstructed
by He et al. (2012))
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Fig. 3 ALCC fractions from HYDE3.1, Pongratz and KK10-merged datasets during Little Ice Age (LIA)

East Asia, except for the increase over Indochina Pen-
insula and the decrease over north of the Indochina
Peninsula. The ALCC distribution decreased clearly
over North America, which might be caused by the re-
duced colonizing during the LIA.

During the LIA, colder winter occurred in majority of
Europe and North America. Farms were destroyed, and
the population decreased over the northern regions. In
this situation, people had to transform their crops and
pastures by changing their species during the 17th and
18th centuries. Therefore, large areas of the Netherlands,
England and some other countries around the North Sea
were reclaimed (http://www.eh-resources.org/timeline/
timeline lia.html). China was in the Ming and Qing dy-
nasties during the LIA, the population density in the
middle reaches of the Changjiang River increased
largely because of the migration during the wars, which
led to the enlarged area of cropland and higher fractions
of ALCC. These are the causes for the increased ALCC
fractions in the three datasets. Unfortunately, the frac-
tion changes of ALCC over the Americas are not con-

sistent between HYDE3.1/KK10-merged datasets and
Pongratz dataset.
3.1.3 ALCC during Present Warm Period
The ALCC fractions in the three datasets all increased
significantly during the Present Warm Period (Fig. 4).
The rate of the increase in Pongratz dataset was much
higher than that in the other two datasets. The ALCC
fractions in Pongratz dataset were higher than 50% over
Eurasia and North America, which were higher than
those in the other two datasets. The distribution of the
fractions in KK10-merged dataset was similar to that in
HYDE3.1 but different from that in Pongratz dataset,
especially over Australia. The fractions in Pongratz
dataset were above 40% over North and East Australia,
and were lower than 30% over Central and West Austra-
lia, which were almost opposite to those in the other two
datasets. The fractions in KK10-merged dataset were
lower than those in HYDE3.1 and Pongratz, especially
over the Qinghai-Tibet Plateau, which were more rea-
sonable.

The three ALCC datasets during the PWP all re-
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Fig. 4 ALCC fractions from HYDE3.1, Pongratz and KK10-merged datasets during Present Warm Period (PWP)

flected that, with dramatic population increase and the
ALCC area enlarged, the potential vegetation was seri-
ously damaged. The difference among these three data-
sets lied in the fractions over Central Australia and Cen-
tral Asia (i.e., the western China). The human activities
over the Qinghai-Tibet Plateau were overestimated in
HYDE3.1 and Pongratz datasets obviously.

3.2 Global ALCC over past two millennia
Since the time series of Pongratz dataset only covers the
past 1200 years, the datasets to be compared in this sec-
tion are the HYDE3.1 and KK 10-merged datasets.
Figure 5 shows the global ALCC fractions depicted
by the two datasets. The reconstruction of HYDE3.1
showed that the ALCC fractions were only 30%—40%
over those regions in the northern Mediterranean and the
northeastern China. The ALCC fractions increased over
West Europe and East Asia after AD 1000. The ALCC
fractions increased over Central America slightly, and
increased gradually to 20% over Tropical Africa. The
ALCC fractions in AD 1500 decreased compared to
those in AD 1300. After AD 1700, with the development

of the Industrial Revolution, the ALCC fractions in-
creased rapidly over Eurasia but only slowly over Africa,
while they changed little over the Americas. The ALCC
fractions over Africa, the Americas and Australia in-
creased significantly only after AD 1950.

The ALCC fractions in KK10-merged dataset had al-
ready reached 40% over Eurasia since AD 1. The ALCC
fractions increased most significantly over Europe, and
changed little over the low latitude of Africa and the
other regions during AD 1000—AD 1500. The ALCC
fractions decreased significantly during AD 1600 and
AD 1700 over the Americas because of the decreasing
colonization from FEurope, while they increased re-
markably after the Industrial Revolution when it was at
the end of the LIA and the beginning of the warming.

The two datasets both illustrated that the ALCC frac-
tions would increase with the increase of population,
particularly after the Industrial Revolution. The ALCC
fractions increased rapidly after AD 1850, and mainly
concentrated in Eurasia south of 60°N. The ALCC frac-
tions over the Americas and Africa became more than
50% only after AD 1900. The ALCC fractions in
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HYDE3.1 were lower than those in KK10-merged be-
fore AD 1961, especially over the eastern China, it was
more reliable for KK10-merged dataset. As the dataset
of KK10-merged used HYDE3.1 after AD 1961, they
are the same for the period of AD 1961-AD 2000.
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3.3 Spatial patterns of ALCC over China in typi-
cal periods during past two millennia

In order to find how the crop and pasture varied over
China in the typical climatic periods during the past two
millennia, KK11-merged dataset was used in this paper,
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Fig.5 ALCC fractions from HYDE3.1 and KK10-merged datasets for different timeslices
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instead of KK10-merged, since KK11-merged dataset
provided the fractions of different vegetation types. Be-
cause the temporal resolution of HYDE3.1 was not
consecutive, the typical periods for HYDE3.1 were not
exactly the same as that for KK11-merged.

The typical climatic periods over China during the
past two millennia were confirmed by the winter-half-
year mean temperature change during this period in the
eastern China, reconstructed by Ge et al. (2002). There
were totally seven typical periods including the warm
periods of the Qin and Han dynasties (AD 100-200), the
Sui and Tang dynasties (AD 570-770) and the Song and
Yuan dynasties (AD 1201-1290, corresponding to the
MWP); cold periods of the Wei and Jin dynasties (AD
210-560), the Five Dynasties (AD 780-920) and the
Ming and Qing dynasties (AD 1560-1700, correspond-
ing to the LIA), and of course the PWP (AD 1900-
2000).

Figure 6 shows the spatially explicit patterns of the
fractions of crop and pasture over China during the
above mentioned seven periods. The fractions of the
crop and pasture increased distinctively over the mid-
dle-lower reaches of the Huanghe River and the Huaihe
River Valley during the PWP. It could be found from the
differences between each two periods (not shown) that
the fractions of crop and pasture over Southeast China
decreased during the Wei and Jin dynasties, while they
increased over the middle and upper reaches of the
Huanghe River and to the west and north of this region.
During the warm period of the Sui and Tang dynasties,
the fractions of crop and pasture increased over most
parts of China, especially over the middle and upper
reaches of the Changjiang River, the middle and lower
reaches of the Huanghe River and Zhuang Autonomous
Region of Guangxi. The difference between the frac-
tions of crop and pasture during the cold period of the
Five Dynasties and during the warm period of the Sui
and Tang dynasties was inconspicuous, and the fractions

even increased over Southeast China despite the cooling.

The difference between the situation during the warm
period of the Song and Yuan dynasties and that during
the cold period of the Five Dynasties was in contrast
with the difference between the cold period of the Wei
and Jin dynasties and the warm period of the Qin and
Han dynasties, the fractions of crop and pasture in-
creased by 10% over Hunan, Guangxi and Liaoning
provinces during the warm period of the Song and Yuan

dynasties. Comparing to the warm period of the Song
and Yuan dynasties, the fractions of the crop and pasture
during the cold period of the Ming and Qing dynasties
increased by 10% over Heilongjiang and Jilin provinces
and the middle reaches of the Changjiang River.

The fractions of the crop and pasture still increased
over some parts of China during the cold periods in spite
of the cooling, except the cold period of the Wei and Jin
dynasties. It might be caused by the frequent wars dur-
ing the cold periods, and the migration caused the in-
crease of the population over some regions, which could
therefore lead to the increase in the fractions of the crop
and pasture.

4 Discussion

By comparing to the RR (or 'the fractions of cropland’)
over East China during the MWP, it could be found that:
1) the fractions of ALCC in Pongratz (including crop-
land and pasture) were unreasonable by underestimating
obviously; 2) the fractions of ALCC in HYDE3.1 (in-
cluding cropland and pasture) were close to the RR,
which could indicate the fractions of cropland to be un-
derestimated; and 3) the fractions of ALCC in KK10-
merged were higher than RR, which could indicate the
fraction of cropland to be much closer to the 'real’ situa-
tion. Moreover, the ALCC fractions after AD 1850 were
overestimated over the Qinghai-Tibet Plateau obviously
in Pongratz and HYDE3.1 datasets, while slightly in
KK10-merged dataset, which could also illustrate that
KK10-merged dataset to be more reliable. Therefore,
KK10-merged dataset seemed to be the most reasonable
one among these three historical ALCC reconstruction
datasets, and it could be used for climatic simulations.
Pongratz and her colleagues focused only on ALCC
that permanently changed the type of vegetation, taking
into account the permanent expansion and abandonment
of cropland and pasture. They did not consider wood
harvesting and the long-term fallow area resulted from
shifting cultivation, which could make their reconstruc-
tion unreasonable. And they assumed that the ratio of
agricultural areas per capita did not change prior to AD
1700, which could induce some errors when recon-
structing. The uncertainties in the SAGE dataset and the
world historical population maps of McEvedy and Jones
(1978) (e.g., the uncertainty of population reconstruc-
tion and the spatial patterns, the allocation of cropland
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Fig. 6 Spatial patterns of fractions of crop and pasture land over China from KK11-merged dataset in typical climatic periods (a, three
warm periods; b, three cold periods; and ¢, present warm period)

and pasture, etc.) also existed in Pongratz dataset. the climatic simulation for the past two millennia.
Meanwhile, the Pongratz dataset only covered the pe- While HYDES3.1 dataset provided high spatial resolu-
riod from AD 800 to AD 1992, which could not satisfied  tion global cropland and pasture over the past 12 000
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years, the temporal resolution was coarse and inconsis-
tent (10 years for the period of AD 1700-AD 2000, 100
years for the period of AD 1-AD 1700, and 1000 years
before AD 1). Most of all, the relationship between
population and land use used in HYDE was a relatively
constant relationship similar to the mid-twentieth cen-
tury. Actually, the relationship before the Industrial Re-
volution was quite different from that of modern years,
which suggested the estimating of HYDE3.1 could have
some errors. Secondly, Goldewijk and his colleagues
used more weight coefficients when making the recon-
struction, which could bring more uncertainties to the
reconstruction series.

The historical population density-deforestation rela-
tionship used in KK10 and its expanded datasets was
nonlinear and Kaplan and his colleagues added the sci-
ence and technology aspects along with the wood har-
vesting and the long-term fallow area resulted from
shifting cultivation, efc. For these reasons, the datasets
of KK10 and its expanded ones should demonstrate the
characteristics of the historical ALCC more reasonably.
Furthermore, to meet the need of climate simulation
concerning climatic effects of ALCC, it is necessary to
make the continuous distributions of different vegetation
types. KK11-merged dataset is the best one for the mo-
ment.

Although we choose KK10 and its expanded datasets,
there are still some uncertainties lying in the datasets.
Some areas (e.g., the Qinghai-Tibet Plateau or Saudi
Arabia) have high fractions of ALCC in the form of
nomadic pasturing, a low impact, extensive type of land
use supporting only small populations of animals and
people. On the other hand, Kaplan and his colleagues
have noticed that some abandoned land could return
back to natural land cover and have considered this si-
tuation when reconstructing, but they have not yet con-
sidered that some abandoned anthropogenic land cover
could not return back to natural land cover. These ques-
tions are under consideration by Kaplan and his col-
leagues.

5 Conclusions

Three reconstructed datasets of global ALCC are com-
pared over the past two millennia in this paper. The KK10
and its expanded datasets are found to be the best for
global climate simulation over the past two millennia.

These datasets are not 'data’ in the sense of measured
quantities, and they are really just good guesses of what
happened and really just 'models’ with many uncertain-
ties (Ramankutty, personal communication). It is better
to allocate the potential vegetation by using the popula-
tion (density) as a proxy. How to estimate the historical
population, how to define the potential vegetation, and
how to allocate the potential vegetation are the key
questions influencing the reconstruction of historical
ALCC. For instance, the three datasets all used the
population as a proxy, they all based on the world popu-
lation dataset during 400 BC-AD 1975 provided by
McEvedy and Jones (1978), whereas they used different
methods to make modifications and to calculate back-
wards, which resulted in different reconstruction results.
How to reduce the uncertainties of the ALCC recon-
struction is an issue that needs to be addressed.
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