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Gif-sur-Yvette, France, *Key Laboratory of Alpine Ecology and Biodiversity, Institute of Tibetan Plateau Research, Chinese
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Abstract The carbon emissions from land use and land cover change (Eyc) are an important
anthropogenic component of the global carbon budget. Yet these emissions have a large uncertainty.
Uncertainty in historical land use and land cover change (LULCC) maps and their implementation in global
vegetation models is one of the key sources of the spread of E| ¢ calculated by global vegetation models. In
this study, we used the Organizing Carbon and Hydrology in Dynamic Ecosystems terrestrial biosphere
model to investigate how the different transition rules to define the priority of conversion from natural
vegetation to agricultural land affect the historical reconstruction of plant functional types (PFTs) and £ yc.
First, we reconstructed 10 sets of historical PFT maps using different transition rules and two methods. Then,
we calculated E yc from these 10 different historical PFT maps and an additional published PFT
reconstruction, using the difference between two sets of simulations (with and without LULCC). The total area
of forest loss is highly correlated with the total simulated E, ¢ (R*=0.83, P < 0.001) across the reconstructed
PFT maps, which indicates that the choice of transition rules is a critical (and often overlooked) decision
affecting the simulated E, . In addition to the choice of a transition rule, the initial land cover map and the
reconstruction method for the reconstruction of historical PFT maps have an important impact on the
resultant estimates of E| yc.

1. Introduction

The net flux of CO, from land use and land cover change (LULCC) is an important component of the
perturbation of the global carbon cycle caused by human activities [Houghton et al, 2012; Le Quéré
et al,, 2015]. Land use emissions (E_yc) started well before the onset of the Industrial Era (1750) when
emissions from fossil fuel burning began to rise [Pongratz et al., 2009]. From 1870 to today, the cumula-
tive carbon emissions from LULCC (145+50PgC) amounts to about 33% of the total anthropogenic
carbon emissions [Le Quéré et al., 2015]; it is about 20% (73.5+27.5PgC) of the emissions during the
period 1959-2013 [Le Quéré et al., 2015]. In global annual carbon budget assessments from the Global
Carbon Project (GCP [Le Quéré et al., 2015]), the net land carbon flux is estimated as the residual in the
balance between fossil fuel and cement production emissions, and the atmospheric CO, growth and
ocean carbon uptake. The net land carbon flux itself is the sum of E yc and a residual carbon sink over
land to close the land C budget. With this method [Le Quéré et al., 2015], any systematic error in the mean
value of E ¢ translates into a bias of the same magnitude and opposite sign in the residual land carbon
sink. Further, land use change emissions have a larger uncertainty than fossil fuel emissions, atmospheric
growth rate, and ocean uptake [Houghton et al.,, 2012; Ciais et al., 2013; Le Quéré et al.,, 2015; Ballantyne
et al., 2015], and this uncertainty dominates the uncertainty in the residual land sink.

Over the last three decades, E yc emissions decreased from 1.4+0.5Pg Cyr’1 in the 1980s to
0.9+0.5Pg Cyr~" during the period 2004-2013, and the uncertainty of LULCC emissions is still large in the
global carbon budget (+0.5 Pg Cyr™") [Le Quéré et al., 2015]. To improve assessments of global and regional
carbon budgets, the developers of global terrestrial biosphere models have been working to reduce the
uncertainty of historical and current LULCC emissions [e.g., Shevliakova et al., 2009; Piao et al., 2009; Reick
et al, 2013; Wilkenskjeld et al., 2014], but the spread of model results for E yc remains large [Le Quéré
et al., 2015].
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The factors that induce large uncertainty in E_yc estimates are summarized in the previous study [e.g.,
Houghton et al., 2012; Pongratz et al., 2014; Goll et al., 2015; Stocker and Joos, 2015]: (1) different definitions
in different approaches have been applied to estimate historical E ¢ [Pongratz et al, 2014; Gasser and
Ciais, 2013; Stocker and Joos, 2015], including coupled carbon-climate model simulations [e.g., Pongratz
et al., 2009; Stocker et al., 2014], off-line (uncoupled) dynamic global vegetation model (DGVM) simulations
[e.g., McGuire et al., 2001; Piao et al., 2009; Jain et al., 2013; Le Quéré et al., 2015], and bookkeeping models
[Houghton, 2003; Hansis et al., 2015]; (2) uncertainty in historical cropland and pasture area [Houghton
et al,, 2012]; (3) uncertainty in historical land cover transitions upon changes in cropland and pasture area;
(4) uncertainty in natural and agricultural ecosystems carbon density [Hansis et al., 2015]; and (5) uncertainty
in ecosystem responses to external drivers (e.g., climate change, ambient CO,, and nitrogen deposition) and
LULCC processes. In the previous E| ¢ estimates, Food and Agriculture Organization (FAO) forestry data were
used in bookkeeping method [Houghton, 2003], and History Database of the Global Environment (HYDE) data
incorporating FAO agricultural data were used to infer the land cover transitions in DGVMs. Compared with
the decrease in global forest area by ~8 x 10° km? from 1901 to 2005 in Houghton [2008], the DGVMs in the
project “Trends and drivers of the regional-scale sources and sinks of carbon dioxide” (TRENDY) nine-model
comparison project, the estimated decrease in global forest area from 1901 to 2005 ranged from
2.2x10°km? by Vegetation Integrative Simulator for Trace gases (VISIT) to 16.9 x 10°km? by Organizing
Carbon and Hydrology in Dynamic Ecosystems (ORCHIDEE), even though the same HYDE cropland and
pasture historical land use data were used in all the models. How to fill the “gap” between forestry data used
in bookkeeping method and agricultural data used in DGVMs (related to the uncertainty of number 3
mentioned above) is the first goal of this study.

To assess the biogeophysical and biogeochemical impacts of LULCC at global and regional scales, annual
spatially and temporally explicit data sets of LULCC data are needed for process-based terrestrial
biosphere models [e.g., Piao et al, 2009; Jain et al, 2013; Le Quéré et al, 2015; Devaraju et al, 2015].
Historical spatially gridded data sets of cropland and pasture have been reconstructed from land use
statistics and population growth [e.g., Ramankutty and Foley, 1999; Klein Goldewijk, 2001; Hurtt et al.,
2006, 2011; Pongratz et al., 2008; Klein Goldewijk et al., 2011]. When incorporating these gridded cropland
and pasture data sets into annual land use/cover change maps for use in process-based terrestrial bio-
sphere models, rules and assumptions are needed about how to allocate new cropland and pastures from
the previous areas of forest, shrub, or natural grassland [e.g., Shevliakova et al., 2009; Meiyappan and Jain,
2012; Jain et al.,, 2013; Brovkin et al., 2013; Reick et al., 2013; Hansis et al., 2015].

Several allocation rules have been proposed in previous studies. Generally, there are three published rules for
expansion or abandonment of agricultural land: (1) proportional reduction or expansion of existing natural
PFTs within the grid for both cropland and pasture [Meiyappan and Jain, 2012; Jain et al, 2013]; (2)
preferential reduction or expansion of natural grassland for pasture and proportional reduction or expansion
of existing natural PFTs within the grid for cropland [Houghton et al., 1983; Reick et al., 2013]; and (3) prefer-
ential reduction or expansion of natural grassland for both cropland and pasture (The Hadley Centre Global
Environmental Model (HadGEM) model in Brovkin et al. [2013]). Besides the above rules, for the abandonment
of agricultural lands, there is one variant of rule 1: the dominant potential vegetation type was taken for aban-
donment of agricultural land [Jain et al., 2013]. For the terrestrial biosphere model activated with dynamic
vegetation, the reduction or expansion of natural PFTs for agricultural land is simulated by dynamic vegeta-
tion module, but accurate rules for past land cover transitions is a limiting factor to determine how agricul-
tural area should be allocated in grid cells where natural vegetation can also change [Strassmann et al.,
2008]. Besides these rules, Pongratz et al. [2008] used annual 5 min spatial resolution cropland maps and
the potential vegetation map of [Ramankutty and Foley, 1999] to define the source vegetation type for alloca-
tion of cropland in each 0.5° grid cell and used a rule of preferential allocation of pasture on natural grassland.
In multimodel comparison projects [e.g., Le Quéré et al., 2015], land use modelers easily agree to adopt the
same agricultural cover history, i.e., time varying maps of cropland and pasture, but still generate different
land cover histories, because of (1) different rules for deciding which type of vegetation is replaced by agri-
culture, (2) different natural vegetation types prescribed or derived from dynamic vegetation module, and
(3) different processes for LULCC such as wood harvest, shifting cultivation, net transitions, and gross transi-
tions in different models. Table S1 in the supporting information summarizes these differences in the TRENDY
models [Best et al., 2011; Clark et al., 2011; Ito and Inatomi, 2012; Kato et al., 2013; Krinner et al., 2005; Oleson
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et al., 2013; Reick et al., 2013; Sitch et al., 2003; Smith et al., 2001; Stocker et al., 2014; Zaehle and Friend, 2010].
Five out of the nine TRENDY models used prescribed LULCC maps as input, and at least six out of the nine
models used prescribed allocation rules for agricultural expansion and reduction (Table S1). Different rules
for agricultural expansion are thus one of the reasons for the large spread of E, ;¢ estimates from process-
based models [e.g., Houghton et al., 2012; Le Quéré et al., 2015]. The land use transition rules are not suffi-
ciently constrained due to missing information, and assessing the impact of the choice of different rules
on simulated LULCC emission histories is the main goal of this study.

In this paper, we investigate how historical £, ;c changes when different rules are used to define the land
cover transitions between natural vegetation and agriculture in the same terrestrial biosphere model. To
do so, we combine the Land Use Harmonization historical (LUH-HYDE3.1) [Hurtt et al.,, 2011] data for the
period 1500-2005 with current and past land cover maps to reconstruct 10 different sets of historical maps
for the 13 PFTs of the ORCHIDEE terrestrial biosphere model (see Table S2) applying five different rules with
both backward and forward methods. Then we use the ORCHIDEE model to quantify the sensitivities of the
estimated LULCC emissions to different sets of historical plant functional type (PFT) maps. ORCHIDEE is one of
the typical terrestrial biosphere model for estimates of LULCC emissions (Table S1). Note that ORCHIDEE
r2061 applied to estimate LULCC emissions in this study does not include shifting cultivation and wood
harvest processes, which can cause bias of LULCC emissions presented here. Note that most of TRENDY
models do not have wood harvest and shifting cultivation either (except for Jena Scheme for Biosphere—
Atmosphere Coupling in Hamburg (JSBACH) and VISIT, Table S1). The details of the reconstruction of land
cover change maps and PFT historical maps from the harmonized land use data [Hurtt et al., 2011] are pre-
sented in section 2 for different rules. The changes in global and regional forest area from different sets of
historical PFT maps are shown in section 3. The sensitivities of LULCC emissions to different LULCC maps
are presented in section 4. Conclusions are summarized in section 5.

2. Data Sets and Methods

2.1. Historical Cropland and Pasture Data

We used the LUH-HYDE3.1 historical harmonized global gridded land use data set produced by Hurtt et al.
[2011, luh.umd.edu]. In this data set, the time varying spatial distribution of cropland and pasture,
ice/water, and urban land is from the HYDE 3.1 database [Klein Goldewijk et al., 2011]. These four land use
types were provided every 10years from 1500 to 2000 and in 2005 at a resolution of 5’ x 5’ in the original
HYDE3.1 data set and were aggregated into 0.5°x 0.5° and linearly interpolated in time to produce annual
gridded cropland, pasture, ice/water, and urban land fractions during the period 1500-2005 as part of the
LUH-HYDE3.1 product. The LUH-HYDE3.1 product is used to reconstruct historical land use change emissions
with vegetation models in GCP and Coupled Model Intercomparison Project Phase 5 (CMIP5) projects
[Brovkin et al., 2013; Le Quéré et al., 2015]. Modelers can choose to use the annual fractional data provided
by LUH-HYDE3.1, but in that case, they need to define the rules that set which type of natural vegetation
is destroyed/expanded when new cropland or new pasture is created/abandoned.

2.2. Historical Forest Area Data at Continental Scale

To our knowledge, there is no global gridded reconstruction of historical forest area for the industrial era,
which is the reason why modelers have to assume rules to define the natural PFT which gets destroyed when
agriculture appears in a grid cell. Yet there is a global reconstruction of annual forest area at the scale of nine
large regions of the globe, from 1850 to 1990; this was assembled by Houghton [2003, 2008] and is based on
national forest area statistics. Figure S1 maps these nine regions.

2.3. Initialization of the Backward PFT Reconstruction Method

The so-called “backward method” of reconstructing PFT maps starts from an observed PFT distribution during
the current period. It then follows time backwards applying at each time step the agricultural area changes
between two consecutive years from LUH-HYDE3.1 together with the rules defining which type of natural
vegetation is impacted by agricultural area change. In this method, the result is a set of annual PFT maps
up until the assumed starting year of land use change (1500). In reconstructing historical PFT maps using
the backward method, we started with the European Space Agency (ESA) Climate Change Initiative (CCl) land
cover map for the 5 year period from 2003 to 2007 [European Space Agency (ESA), 2014]. The ESA CCl land
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cover map is derived from Medium-Resolution Imaging Spectrometer (MERIS) and SPOT vegetation satellite
data, with a spatial resolution of 300 m [ESA, 2014]. The 22 original land cover classes from the ESA CCl map
were aggregated into the 13 PFTs of ORCHIDEE [Krinner et al., 2005] using the method of Poulter et al. [2015],
which combined a cross-walking table between satellite land cover classes and PFTs of ORCHIDEE with the
Koppen-Geiger climate classification. The resulting spatial distribution of forest, natural grassland, cropland,
and pasture is shown in Figure S3. The areas of crops and pasture from the ESA CCl map are not spatially
consistent with that from LUH-HYDE3.1 data, which are from HYDE3.1 (Figure S3 and S4). The total crop area
in ESA CCl is 18.8 x 10% km? (15.6 x 10° km? in HYDE3.1), and the total grassland area is 25.0 x 10% km?. It is not
easy to distinguish cropland and pasture from grassland by remote sensing and the classification of pasture
and cropland may thus be uncertain in ESA CCl. Thus, we adjusted the ESA-CCl map by reducing the fractions
of cropland in each 0.5° grid cell if they exceeded the values of LUH-HYDE3.1. In those grid cells where crop-
lands had to be reduced, the area of grassland was increased to compensate. We used the total grassland
area in ESA CCl (25.0 x 10° km?) minus the pasture area from HYDE3.1 (33.4 x 10% km? in HYDE3.1) to separate
pasture and natural grassland area in ESA CCl. In those grid cells where the grassland area in ESA CClis smaller
than pasture from HYDE3.1, the area of pasture was set as the total grassland area. After the adjustment, the
total crop and pasture areas are 12.7 x 10°km? and 18.8 x 10° km?, respectively. With this adjustment, the
adjusted crop and pasture areas are smaller than in LUH-HYDE3.1, which has a crop area of 15.6 x 10° km?
and a pasture area of 33.4x 10°km? in 2005. The reason for this is inconsistencies between ESA CCl land
cover map in 2005 and LUH-HYDE3.1, with some 0.5° grid cells having agriculture on one map and not in
the other. Note that in addition to grasslands, pasture in LUH can include ecosystems with a significant
fraction of bare soil like steppe, shrubs, and ecosystems with a significant tree fraction like savannas where
animals graze, whereas here we only included grassland from ESA-CCl as pasture because the 13 PFTs of
ORCHIDEE do not include shrubs and savannas PFTs. For a more consistent map between ESA CCl and
LUH, the cross-walking table for ORCHIDEE 13 PFTs [Poulter et al., 2015] could be modified in future studies
to allow pasture including some land cover classes which have a significant faction of bare soil or trees.
The consequences of these inconsistencies are discussed in section 3. Hereafter, we use this merged ESA
CCI-LUH map for the 2005 period to reconstruct PFT maps backwards in time until 1500.

2.4. Initialization of the Forward PFT Reconstruction Method

The “forward method” to reconstruct PFT maps requires an initial PFT map for the year 1500. Previous
studies using the forward method generally start with a potential vegetation map before the industrial
era [e.g., Meiyappan and Jain, 2012]. Pongratz et al. [2008] incorporated the Center for Sustainability
and the Global Environment (SAGE) [Ramankutty and Foley, 1999] and HYDE [Klein Goldewijk, 2001] land
use data to reconstruct a historical PFT maps from 800 to 1992 using a potential vegetation map for year
800 (hereafter, this data set is named as JP). The initial map of the year 1500 used for forward methods in
this study is from Pongratz et al. [2008] for natural vegetation and LUH-HYDE3.1 for cropland and pasture.
Figure S5 shows this map for forest, natural grassland, cropland, and pasture. The uncertainty of this initial
map and its effects on the reconstructed maps are discussed in section 3.

2.5. Reconstructing PFT Maps

To comprehensively investigate effects of transition rules on reconstructed PFT maps, we considered two
extreme rules (Rules 1 and 2) and three intermediate rules (Rules 3-5) as shown in Table 1. Rules used in
previous publications are Rule 1 in the HadGEM model for CMIP5 [Brovkin et al., 2013], Rule 4 in Houghton
et al. [1983] and Reick et al. [2013], and Rule 5 in Jain et al., [2013]. To complement these rules used in previous
work, we added one complementary extreme rule (Rule 2) similar as Rule 1, but with a preferential allocation
of cropland and pasture on forest. Then, in order to perfectly match the historical changes of forest area with
Houghton's data during 1850-1990 and JP data before 1850 (no available continental statistic forest data
before 1850), we also propose and test a new rule (Rule 3) where changes in total forest area (continental
scale) must follow the data from Houghton et al. during 1850 1990 and from the JP data set during
1500-1850. Overall, the rank of preference for using forest for expansion of agriculture is Rule 2 > Rule
5> Rule 4 >Rule 1, and the rank of preference for using natural grassland is the reverse (Rule 2 < Rule
5 < Rule 4 < Rule 1). The establishment of urban and agricultural areas upon forest is constrained by indepen-
dent forest area data in Rule 3. We used the backward and the forward methods, each with the five different
rules, to reconstruct 10 sets of historical PFT maps from 1500 to 2005 (Table 1).
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Table 1. Summary of the Set of 10 Reconstructed PFT Histories in This Study. The Third and Fourth Columns Are the Names of PFT Histories Derived From Each Rule
by Backward (BM) and Forward (FM) Methods, Respectively

Backward Forward
Description of Rules Method Method
Rule 1 The expansion of urban, cropland, and pasture in each grid cell is taken first from natural grassland, and then from forest if BM1 FM1

no natural grassland is available. The abandoned urban, cropland, and pasture are preferentially allocated to natural
grassland, then to forest if natural grassland reach the potential maximum fraction of natural grassland defined by
the potential vegetation map shown in Figure S2.
Rule 2  The expansion of urban, cropland, and pasture in each grid cell is taken first from forest, and then from natural grassland if BM2 FM2
no forest land is available. The abandoned urban, cropland, and pasture are preferentially allocated to forest, then to
natural grassland if forest reach the potential maximum fraction of forest shown in Figure S2.
Rule 3 Same as Rule 2 but the total annual net change in forest area for each region is constrained to be the same as Houghton’s BM3 FM3
data from 1850 to 1990 (Figure S1). For each region, if the total annual net deforestation/afforestation area from Rule 2 is
different from changes in historical total continental forest area from Houghton’s data during 1850-1990 and from JP
data during 1500-1850, then a ratio of changes in total continental forest area Houghton’s data or JP data to net
deforestation/afforestation area from Rule 2 is applied to each grid in this region to adjust the annual changes in
forest area to be the same as Houghton’s data and JP data during the two periods, respectively, and the remaining
agricultural land expansion/abandonment is first taken from/added to natural grassland then no agricultural land
expansion if there is no more natural grassland.
Rule 4 Pasture is first taken from natural grassland, and then from forest if there is no available natural grassland. Expanded urban BM4 FM4
and cropland are taken in proportion from natural grassland and forest using the ratio of existing natural grassland to
forest in the previous year by forward method and in the after year by backward method. The abandonment of
pasture is preferentially allocated to natural grassland, and the abandonment of urban and cropland is proportionally
given to natural grassland and forest.
Rule 5 The expansion of urban, cropland, and pasture in each grid cell is taken in proportion from natural grassland and forest BM5 FM5
using the ratio of existing natural grassland to forest in the previous year by forward method and in the after year by
backward method. The abandonment of urban, cropland, and pasture is proportionally given to natural grassland

and forest.

In the backward method (BM), we started from the merged ESA CCl land cover map in 2005 (see section 2.3),
and applied annual changes of urban, cropland, and pasture between two consecutive years from
LUH-HYDE3.1 following the rules in Table 1 to reconstruct the land cover map of the previous year, then
recursively back to year 1500. We named the reconstructed land cover maps from Rule 1, Rule 2, Rule 3,
Rule 4, and Rule 5 using the backward method BM1, BM2, BM3, BM4, and BM5, respectively (Table 1).

In the forward method (FM), we started from the initial map of 1500 (see section 2.4) and added the changes
in urban, cropland, and pasture between two consecutive years from LUH-HYDE3.1 following the rules in
Table 1, to reconstruct the land cover map of the next year, then iteratively up to the year of 2005. Similar
to the backward method (BM), we named the five reconstructed land cover maps FM1-FM5 for each of
the five rules. In both backward and forward methods, if forest and natural grassland are entirely depleted
or reach the maximum allowed fraction, then cropland and pasture no longer expand or contract. Note that
urban land expansion from forest or natural grassland is assumed to increase the area of bare ground since
there is no urban land cover type in ORCHIDEE, and abandoned urban area is reverted back to forest or
natural grassland depending on the rules in Table 1.

Table 1 summarizes the 10 PFT histories obtained with the two different methods and the five different rules.
After deriving the land cover maps including bare ground, forest, natural grassland, and cropland, we
converted them into 13 PFTs maps for ORCHIDEE (Table S2) as follows: in each grid for each year, the bare
ground is PFT 1; the forest area is distributed into PFTs 2-9 by the fractions of PFTs 2-9 in the ESA CCl land
cover map for the year 2005; grasslands (pasture + natural grassland) are distributed into PFTs 10 and 11
by the fractions of C3 versus C4 grass in ESA CCl land cover map; croplands are distributed into PFTs 12
and 13 by the fractions of C3 versus C4 crop in the ESA CCl land cover map. Besides the 10 sets of recon-
structed PFT maps, the JP data were also translated to the PFTs of ORCHIDEE and used to define an additional
PFT history (JP). Since no shrub PFT exists in ORCHIDEE, half of the shrub covered area in the JP data set was
allocated to tree PFTs and the other half to grass PFTs. Note that the JP data set was produced with the
forward method but with a variant of Rule 4, which thus does not correspond to any rule listed in Table 1.

In all these 11 reconstructed PFT maps, only net land use transitions are taken into account. For example, net
increase in crop and pasture area between two consecutive years translates into the same area loss for forest
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and natural grassland. This underestimates gross deforestation losses of carbon and carbon gains by second-
ary forest regrowth [e.g., Shevliakova et al., 2009; Wilkenskjeld et al., 2014].

2.6. LULCC Simulations

To evaluate and quantify land use change carbon emissions from historical land use and land cover change,
we ran two sets of off-line simulations with ORCHIDEE (svn version r2061): one reference simulation forced by
climate change, variable atmospheric CO,, and LULCC (Sim 1; Table 2) and the other only with climate change
and variable atmospheric CO, (Sim 2; Table 2). Atmospheric CO, concentration from 1500 to 1975 is from the
Law Dome ice cores with a spline smoothing (75 year cutoff) (http://cdiac.ornl.gov/ftp/trends/co2/lawdome.
smoothed.yr75), and a combination of ice core data and in situ atmospheric CO, measurements after 1975
(http://www.esrl.noaa.gov/gmd/ccgg/trends/global.html). The Climatic Research Unit-National Centers for
Environmental Prediction 6 h climate forcing data from 1901 to 1990 was used in the simulations (http://
dods.extra.cea.fr/data/p529viov/cruncep/readme.htm). For each reconstructed PFT history, we performed
these two simulations (Sim 1 and Sim 2; see protocol in Table 2). E, ¢, defined as the difference in the net land
atmosphere CO, exchange flux between Sim 1 and Sim 2 by off-line simulations, corresponds to the “D3 defi-
nition” of Pongratz et al. [2014], which is widely used in multimodel comparison projects such as TRENDY and
Multi-Scale Synthesis and Terrestrial Model Intercomparison Project (MsTMIP) [Piao et al., 2009; Sitch et al.,
2015; Jain et al., 2013; Huntzinger et al., 2013].

3. Global and Regional LULCC
3.1. Total Global LULCC Area

Since the forest area data used in BM3 and FM3 ends in 1990, the comparison of PFT maps between different
rules and methods is only shown up to 1990. Table 3 shows the total global forest, natural grassland, cropland,
and pasture area in 1500, 1850, and 1990, respectively. In the BM and FM PFT maps, the expansion of agricul-
ture between 1500 and 1850 causes a loss of forest and natural grasslands in the range of 5.4 to 6.2 x 10% km?.
The expansion of urban area is almost negligible (0.03 x 10° km?) from 1500 to 1850. Between 1500 and 1850,
the total loss of forest ranges from 2.0 x 10%km? in BM5 to 5.2 x 106 km? in FM2, and the total loss of natural
grasslands ranges from 0.8 x 10°km? in BM3 to 5.2 x 10° in BM5. For comparison, in the JP maps, the total
forest and natural grassland areas decrease by 4.8 x 10°km? and 7.7 x 10% km?, respectively.

The loss of natural vegetation (forest and grassland) from 1500 to 1850 is significant as it represents approxi-
mately 25% of the loss from 1850 to 1990 across the BM and FM maps; yet it is smaller than in the JP maps
(41%). The expansion of cropland and pasture accelerated on the global scale, however, after 1850 (Figure S8).
Because historical LULCC is much larger after 1850 than before, and because regional forest area data are
only available from Houghton [2008] during the period 1850-1990, hereafter, we concentrate on LULCC
results between 1850 and 1990 (Figure 1) and on the differences between the rules and the methods.
Note that PFT maps in the year 1850 are different between the five rules in the FM method because of the
accumulated effects of transition rules that occurred from 1500 to 1850 (Figure S6). These different maps
in 1850 have effects on the allocations of the expansion of urban and agriculture on forest and natural grass-
land by FM. For the BM method on the other hand, the PFT maps in the year 1990 are similar between Rules 2
and 5, and slightly different with Rule 1.

Figure 1 shows the cumulative changes in forest, natural grassland, crop, and pasture areas from 1850 to 1990.
During this period, the total loss of forest ranges from 1.6 x 10° km? in BM1 to 14.4 x 10° km? in BM2. Excluding
the two extreme rules (Rule 1 and Rule 2) the total loss of forest ranges from 4.3 x 10°km? in BM4 to
10.2 x 10° km? in BM5. With the additional constraint added by the Houghton [2008] data, the loss of forest
obtained in BM3 (FM3) (8.0 x 10%km?) lies in between the two intermediate values given by BM4 (FM4) and
BM5 (FMS5) so does the loss of natural grassland. The five FM reconstructions have a smaller range of total forest
loss than the BM maps (Figure 1). Reflecting preferences between rules for establishing agriculture on forest,
the total loss of forest has the same rank between BM and FM: the largest forest loss being in BM2 (FM2), fol-
lowed by BM5 (FM5), BM3 (FM3), BM4 (FM4), and BM1 (FM1). The loss of natural grasslands obtained with the
five rules in BM and FM are ranked opposite (Figure 1). There is significantly negative correlation between the
total forest loss and the loss of natural grasslands between 1850 and 1990 (Figure S7; R=—0.98, P < 0.001).
Compared with BM3 and FM3, JP gives a slightly higher loss of forest (9.7 x 106 km?) and a 3 times larger
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Table 2. Simulation Protocol of Climate Change, CO,, and Land Use and Land Cover Change for Sim 1 and Sim 2

Transient Run

Simulation Spin-Up 1500-1900 1901-1990

(o)} Climate Land Cover (@)} Climate Land Cover (o)} Climate Land Cover

Sim 1 Simulation
S1-BM1 280ppm  Cycled 1901-1920 BM1 1500  1500-1900 Cycled 1901-1920 BM1 1500-1900 1901-1990 1901-1990 BM1 1901-1990
S1-BM2 280 ppm Cycled 1901-1920 BM2 1500  1500-1900 Cycled 1901-1920 BM2 1500-1900 1901-1990 1901-1990 BM2 1901-1990
S1-BM3 280 ppm  Cycled 1901-1920 BM3 1500 1500-1900 Cycled 1901-1920 BM3 1500-1900 1901-1990 1901-1990 BM3 1901-1990
S1-BM4 280ppm  Cycled 1901-1920 BM4 1500 1500-1900 Cycled 1901-1920 BM4 1500-1900 1901-1990 1901-1990 BM4 1901-1990
S1-BM5 280 ppm Cycled 1901-1920 BM5 1500  1500-1900 Cycled 1901-1920 BM5 1500-1900 1901-1990 1901-1990 BM5 1901-1990
S1-FM1 280 ppm  Cycled 1901-1920 FM1 1500 1500-1900 Cycled 1901-1920 FM1 1500-1900 1901-1990 1901-1990 FM1 1901-1990
S1-FM2 280ppm  Cycled 1901-1920 FM2 1500 1500-1900 Cycled 1901-1920 FM2 1500-1900 1901-1990 1901-1990 FM2 1901-1990
S1-FM3 280 ppm Cycled 1901-1920 FM3 1500  1500-1900 Cycled 1901-1920 FM3 1500-1900 1901-1990 1901-1990 FM3 1901-1990
S1-FM4 280ppm  Cycled 1901-1920 FM4 1500 1500-1900 Cycled 1901-1920 FM4 1500-1900 1901-1990 1901-1990 FM4 1901-1990
S1-FM5 280 ppm  Cycled 1901-1920 FM5 1500 1500-1900 Cycled 1901-1920 FM5 1500-1900 1901-1990 1901-1990 FM5 1901-1990
S1-JP 280ppm  Cycled 1901-1920 JP 1500 1500-1900 Cycled 1901-1920 JP 1500-1900 1901-1990 1901-1990 JP 1901-1990
Sim 2 Simulation

S2-BM1 280ppm  Cycled 1901-1920  BM1 1500 1500-1900 Cycled 1901-1920 BM1 1500 1901-1990 1901-1990 BM1 1500
S2-BM2 280ppm Cycled 1901-1920 BM2 1500  1500-1900 Cycled 1901-1920 BM2 1500 1901-1990 1901-1990 BM2 1500
S2-BM3 280ppm  Cycled 1901-1920  BM3 1500 1500-1900 Cycled 1901-1920 BM3 1500 1901-1990 1901-1990 BM3 1500
S2-BM3 280ppm  Cycled 1901-1920 BM4 1500 1500-1900 Cycled 1901-1920 BM4 1500 1901-1990 1901-1990 BM4 1500
S2-BM3 280 ppm Cycled 1901-1920 BM5 1500  1500-1900 Cycled 1901-1920 BM5 1500 1901-1990 1901-1990 BM5 1500
S2-FM1 280 ppm  Cycled 1901-1920 FM1 1500 1500-1900 Cycled 1901-1920 FM1 1500 1901-1990 1901-1990 FM1 1500
S2-FM2 280ppm Cycled 1901-1920 FM2 1500  1500-1900 Cycled 1901-1920 FM2 1500 1901-1990 1901-1990 FM2 1500
S2-FM3 280 ppm Cycled 1901-1920 FM3 1500  1500-1900 Cycled 1901-1920 FM3 1500 1901-1990 1901-1990 FM3 1500
S2-FM4 280ppm  Cycled 1901-1920 FM4 1500 1500-1900 Cycled 1901-1920 FM4 1500 1901-1990 1901-1990 FM4 1500
S2-FM5 280 ppm  Cycled 1901-1920 FM5 1500 1500-1900 Cycled 1901-1920 FM5 1500 1901-1990 1901-1990 FM5 1500
S2-JP 280 ppm  Cycled 1901-1920 JP 1500 1500-1900 Cycled 1901-1920 JP 1500 1901-1990 1901-1990 JP 1500

loss of grasslands (20.6x 10°km?) from 1850 to 1990. Since the historical

regional forest area used in

bookkeeping model [Houghton, 2003, 2008] is used to constrain the forest area in BM3 (FM3), the changes
in regional forest area are consistent between bookkeeping model (using forest area data) and terrestrial
biosphere model (based on changes in agricultural area data). In TRENDY models, compared with
6.1 x 10%km? loss of forest area during 1901-1990 in BM3 (FM3), six out of the nine models have higher loss
of forest area (7.1-14.8 x 106 km?), and the other three models have smaller loss of forest area (2.8-4.1 x 10° km?).

The expansion of urban land (0.3 x 10° km?) is dwarfed by the expansion of cropland (7.8-9.2 x 10°km?) and
pasture (12.1-14.8 x 10%km?) during the period 1850-1990 both in the BM and FM methods. The area of
cropland increases by 7.8 x 10° km? and 9.2 x 10° km? in BM and FM, respectively, which is comparable with
the LUH-HYDE3.1 data (9.3 x 106 km?) and JP (10.3 x 10° km?). The smaller increase of cropland area in BM is

Table 3. Total Global Forest, Natural Grassland, Crop, and Pasture in the Years of 1500, 1850, and 1990

Forest (km2) Natural Grassland (kmz) Cropland (km2) Pasture (km2)

1500 1850 1990 1500 1850 1990 1500 1850 1990 1500 1850 1990
BM1 46.9 44.6 43.0 36.5 33.0 125 20 438 127 1.6 45 18.5
BM2 61.2 58.3 44.0 222 19.2 11.5 20 438 127 1.6 45 18.5
BM3 56.6 51.9 44.0 27.2 26.5 11.5 20 48 12.7 1.2 3.7 18.5
BM4 50.1 47.9 43.6 33.2 29.7 11.9 20 48 127 1.6 45 18.5
BM5 56.0 54.0 43.8 27.3 235 11.6 20 438 12.7 1.6 45 18.5
FM1 52.7 50.1 42.7 411 375 21.7 23 54 14.6 24 55 19.2
FM2 52.7 47.6 36.0 411 40.0 283 23 54 14.6 24 55 19.2
FM3 52.7 48.0 40.0 41.1 39.9 26.3 23 54 14.6 24 5.1 17.3
FM4 52.7 49.8 42.0 411 37.8 223 23 54 14.6 24 55 19.2
FM5 52.7 49.2 39.8 411 384 24.5 23 54 14.6 24 55 19.2
JP 52.6 47.8 38.1 40.7 33.0 12.5 2.7 8.2 18.6 26 9.6 29.5
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Figure 1. The total global changes in area of (a) forest, (b) natural grassland, (c) crop, and (d) pasture from 1850 to 1990.

because of the inconsistent cropland maps between LUH-HYDE3.1 and the ESA CCl land cover map in 2005
(Figure $3 and $4). The pasture area increases by 14.0-14.8 x 106 km? and 12.1-13.7 x 10° km? in BM and FM
runs, respectively, which is lower than in LUH-HYDE3.1 (25.1 x 10°km?) and JP (19.9 x 10% km?). This smaller
increase of pasture area in BM and FM compared to LUH-HYDE3.1 mainly results from the smaller pasture
area in the initial map of 2005 in BM, and the fact that “pasture” in LUH-HYDE3.1 includes lands suitable
for grazing in arid and hyperarid ecosystems with a large fraction of bare ground, as well as shrublands
and some savannas, whereas only grasslands can be pasture in ORCHIDEE. For instance, LUH-HYDE3.1
pasture areas in central Australia, northwest China, North Africa and Middle East, and Siberia are higher than
the total vegetated area in the BM and FM maps, which is set by land classified as bare ground in the ESA-CCI
satellite land cover data (Figures S3 and S4). In all the rules (i.e., Rules 1-5), bare ground cannot be used for
establishing agricultural land. Therefore, the increase of crop and pasture areas in BM and FM cannot match
the pasture land of LUH-HYDE3.1.

Figure 2 shows the annual rates of change in forest, natural grassland, cropland, and pasture areas between
1850 and 1990. The annual increase rate of cropland and pasture slightly increased from 1850 to 1950 with a
drop during the world wars and then presents an abrupt rise in the 1950s and returns back to loss rates similar
to the 1940s thereafter. The forest area loss rate is close to zero in BM1 and BM4, and the largest in BM2, reach-
ing up to —0.35 x 10% km? yr~ ' in the 1950s. Between the five rules, differences in forest area loss rates can be
explained by the underlying rules. Note that the increase of forest area loss in the 1950s in BM3 and FM3 is not
so “abrupt” as the other rules, which use forest to take up the large increase of agricultural land at that time.
Compared to BM3 and FM3, JP has a larger loss rate of forest before the 1970s, but smaller values after the
1970s. The loss rate of natural grasslands takes larger values than that of forest in all the maps, except in
BM2. JP has a larger expansion rate of crops and a smaller expansion rate of pasture than LUH-HYDE3.1.

3.2. Regional LULCC Area

Figure 3 shows the spatial patterns of changes in forest and natural grassland areas from 1850 to 1990,
negative values being a loss. Excluding the two extreme rules (Rule 1 and Rule 2), the forest area
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Figure 2. Annual total global changes in (a) forest, (b) natural grassland, (c) crop, and (d) pasture from 1850 to 1990.

decreased mainly in eastern North America, southeastern South America, tropical Africa, South and
Southeast Asia, and China. Area of natural grasslands decreased in central North America, temperate
South America, south of Africa, east of Europe, and Australia. The expansion of cropland and pasture
has similar spatial patterns in LUH-HYDE3.1 and JP, but there are a few differences in some regions
(Figure S9). The details of the distributions of crop and pasture have already been discussed by
Ramankutty and Foley [1999], Pongratz et al. [2008], and Hurtt et al. [2011]. Here we focus on changes in
the area of natural vegetation.

The regional changes in cumulative loss of forest and natural grassland areas are summarized in Figures 4 and 5.
In BM3 and FM3, the forest loss is larger than the loss of natural grassland in South America and Southeast
Asia, while in Eastern Europe, middle North America, Africa, and Australia, the loss of natural grassland is
larger than that of forest. In North America, South and Central America, tropical Africa, China, and South
and Southeast Asia, the total loss of forest area in BM3 being constrained by observations falls into the range
between BM4 and BM5, which means that the expansions of crop and pasture were at the expense of both
forest and natural grassland in these regions, and that rules with a preference for pasture expansion over
natural grassland may underestimate deforestation (Figure 4). However, in BM3, the changes of forest area
in the former Soviet Union and the Pacific Developed Regions are close to that in BM1 (assuming agricultural
expansion comes at the expense of natural grassland), indicating that natural grassland is the main source for
crop and pasture in these regions. In Europe, forest area increases after 1960 and is almost constant before
1960 in BM3, while reconstructed forest area decrease in BM4 and BM5 (Figure 4). The FM maps follow similar
patterns than the BM maps, with closer values between FM3-FM5. BM3 and FM3 can also reproduce the net
change of forest area independently assessed by Fuchs et al. [2014] in Europe, suggesting that the
continental-scale data used by Houghton et al. are robust. During the period 1900-2010, 19.0% of the forest
area in Europe was converted to other land use types, while 19.1% of other land use types was converted to
forest according to Fuchs et al. [2014], leaving a net increase in forest area of 0.1%, which matches very well
the forest area changes in BM3 and FM3 (0.1%). In North Africa and the Middle East, extreme assumption of
agriculture expansion at the expense of forest (BM2) still leads to an underestimation of forest area loss. It is
interesting to note that the forest area in China is modeled to increase from the 1970s to 1990 in BM3 and
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Figure 3. Spatial patterns of difference in forest ((first column) the BM and JP maps and (third column) the FM maps) and natural grassland ((second column) the BM
and JP maps and (fourth column) the FM maps) area between 1850 and 1990. Units are percent of grid cell.

FM3, which is consistent with national forest census data [e.g., He et al., 2008], while forest area in China
decreases in all the other methods (Figure 4).

The total loss of natural grassland area in BM3 falls into the range between BM4 and BM5 in most regions,
except for Europe, North Africa and the Middle East, and the Former Soviet Union. In Europe, the higher loss
of natural grasslands in BM3 (FM3) than BM1 (FM1) indicates that additional natural grasslands have been
afforested besides the natural grasslands have been allocated to the expansion of cropland and pasture
[Fuchs et al.,, 2014]. In the Former Soviet Union, the similar total loss of natural grasslands in BM3 than BM1
means that the establishment of cropland occurred mainly over natural grasslands in this region.
Assuming that agricultural expansion comes at the expense of natural grassland (BM1), the loss of natural
grasslands in North Africa and the Middle East is overestimated, which indicates agricultural land expansion
here is at the expanse of forest area. However, the presence of shrublands and deserts in these regions may
significantly impact our results because in our study, pasture can only be created from grasslands.
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Figure 4. The total regional changes in area of forest from 1850 to 1990.

The allocations of regional expansion of agriculture on forest and natural grassland are different between the
BM and FM maps (Figures 3-5 and Table S3). The global fractions of forest converted to cropland and pasture
in JP (32%) are close to those of BM3 and FM3 (35% in BM3 and 37% in FM3). However, the regional fractions
of forest converted to cropland and pasture are different between BM3 (FM3) and JP. Comparing BM3 and JP,
the allocation of forest and natural grassland to agricultural land is significantly different in South and Central
America, Europe, North Africa and the Middle East, the former Soviet Union, and China. In South and Central
America, JP has more natural grassland (66%) than forest (34%) lost to agricultural land, while BM3 has more
forest (56%) than natural grassland (44%) lost to agricultural land. In contrast, in the former Soviet Union, BM3
gives 90% of agricultural land expansion that is taken from natural grassland, compared with 62% only in JP.
Overall, natural grassland is preferable for most agricultural land expansion in Europe, the former Soviet
Union, and Pacific Developed Region, while both forest and natural grassland are used for agricultural land
in other regions. With the same rule, BM and FM also have different results (Figures 1-5). Even in BM3 and
FM3, the total loss of forest area is the same in these two maps, but the spatial patterns of changes in forest
and natural grassland are different (Figure 3). For Rule 4, the total loss of forest area in FM4 is almost twice of
that in BM4 at global and regional scales (Table S3). For Rule 5, the total loss of forest area in FM5 is slightly
smaller than BM5 on global scale but with regional differences. For Rule 1 and Rule 2, the difference between
FM and BM mainly results from the initial map in 1500 and in 2005, respectively, and from the maximum
potential forest and grassland fractions used in BM. If different initial area of forest or natural grassland in
a grid cell that experienced agricultural land expansion were applied with the same rule, the resulting
decrease in forest and natural grassland can be different. The total forest area in the initial map of 1500
(52.7 x 10% km? with 6 x 106 km? shrublands as forest) derived from JP is used for FM. By comparison, a land
cover map of 1765 (adjusted from Ramankutty and Foley [1999]) used as potential vegetation map by
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Figure 5. The total regional changes in area of natural grassland from 1850 to 1990.

Meiyappan and Jain [2012] provided 45.4 x 10° km? of total forest area, excluding shrublands. For Rule 4 and
Rule 5, the proportion of forest and natural grassland in the initial map affects the allocation of agricultural
land expansion in the FM and BM maps. Besides the effect of the initial map, the forward or backward
directions in the reconstruction also affect the allocation of agricultural land expansion, since the
proportions and locations of natural PFTs depend on the forward or backward directions. Therefore, the
FM and BM, even with the same rule, have different results. A consistent potential vegetation map with
satellite data could be useful for the FM method [Meiyappan and Jain, 2012]. In addition, as with arid
regions of central Australia, the Middle East, northwestern China, and Mongolia (Figure S3 and S4), the area
of vegetation used for pasture cannot be identified from satellite data (Moderate Resolution Imaging
Spectroradiometer, ESA CCl in 2005). Satellites have limited ability to distinguish between pasture and natural
grasslands or even between crops and pasture. We recommend the use of a more consistent initial map (total
vegetated and forest area) with LUH-HYDE3.1 for future LULCC studies.

4, Sensitivity of LULCC Emission Estimates to Reconstruction of LULCC Maps

We now present the net land use change emissions E, ¢ (Sim 1 and Sim-2) as calculated by ORCHIDEE for
each of thel0 PFT histories (Tables 2 and 4). Global cumulative E yc estimates during the periods
1500-1850 and 1850-1990 are presented in Table 4. Because Rule 1 and Rule 2 are extreme, we focused
on more realistic cases of BM3-BM5, FM3-FM5, and JP. Between 1500 and 1850, with the BM and FM maps,
the global cumulative E ¢ estimates range from 51PgC (BM4) to 78 PgC (FM3), which is smaller than
obtained with the JP maps (100 Pg C). The global cumulative E, ¢ estimates in BM3 (FM3) is larger than that
in BM4 (FM4) and BM5 (FM5), because BM3 and FM3 applied annual continental deforestation area from JP to
constrain the change of forest area from 1500 to 1850, which is almost 2 times more deforestation than in
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Table 4. Total Cumulative LULCC Emissions From All Global Land and the Nine Regions
BM1 BM2 BM3 BM4 BM5 FM1 FM2 FM3 FM4 FM5 JP

Total Cumulative LULCC Emissions During 1500-1850 (Pg C)

North America 36 7.2 71 4.7 4.6 10.8 11.9 13.7 11.2 1.3 16.2
South & Central America 10.7 153 11.1 106 141 9.1 104 9.4 8.7 9.7 13.6
Europe 6.1 7.9 16.5 6.0 6.1 10.5 11.0 16.1 11.0 106  20.1
North Africa and Middle East 0.1 0.2 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.2
Tropical Africa 5.6 74 6.4 57 6.6 5.9 6.3 52 59 6.1 54
Former Soviet Union 10.2 9.1 10.0 106 8.5 10.0 13.2 14.6 11.0 11.5 22.1
China 4.2 7.8 8.9 49 7.2 55 7.6 11.9 5.8 6.5 16.2
South and Southeast Asia 7.2 83 8.1 7.3 7.5 74 6.8 6.2 7.2 7.0 6.2
Pacific Developed Region 0.6 0.7 0.6 0.6 0.6 0.2 0.3 0.2 0.2 0.2 0.3
Global 482 639 688 506 553 59.4 67.7 77.6 61.1 63.1 100.3
Total Cumulative LULCC Emissions During 1850-1990 (Pg C)
North America 141 308 165 175 182 322 303 263 310 298 323
South and Central America 126 410 242 160 319 226 343 329 242 282 175
Europe 5.7 12.1 6.1 7.8 83 13.7 13.2 79 14.1 13.3 8.8
North Africa and Middle East 0.7 1.2 1.5 1.0 1.0 0.8 13 1.8 1.0 1.1 1.0
Tropical Africa 7.2 17.3 11.9 8.6 12.6 9.0 16.9 11.6 10.2 12.8 84
Former Soviet Union 124 323 110 193 239 28.1 30.5 239 28.0 29.6 325
China 33 153 19.5 5.1 13.2 10.1 131 21.7 10.5 11.7 158
South and Southeast Asia 9.2 124 138 107 106 11.0 11.8 11.2 1.3 1.4 103
Pacific Developed Region 0.8 1.6 0.9 1.0 1.4 1.0 29 1.3 13 1.6 —-1.6
Global 660 1639 1054 87.1 1212 1285 1545 1385 1316 1394 1250

BM4-BM5 and FM4-FM5 (Table 3). The cumulative E yc from 1500 to 1850 is significant as it represents
31-39% of the cumulative E ¢ from 1500 to 1990 across the BM and FM maps, against 44% in the JP
maps. Given that legacy emissions from previous land cover change are important [Pongratz et al., 2014;
Gasser and Ciais, 2013], these substantial preindustrial LULCC emissions indicate that the carbon cycle is
not in equilibrium in 1850, thus challenging the 1850 equilibrium assumption used in modeling studies
such as TRENDY and MstMIP [see also Pongratz et al., 2009]. One difficulty for accurately accounting Ej ¢ in
the preindustrial period by off-line modeling also arises from the lack of gridded climate forcing data. The
cycled climate forcing during 1901-1920 used in the preindustrial period may thus cause biases in E yc.

Here we present the global and regional cumulative Eyc during the period 1850-1990, especially for the
1980s. In ORCHIDEE, in the “realistic” cases BM3-BM5 and FM3-FM5, the global cumulative E, ;¢ estimates
range from 87 Pg C (BM4) to 139 Pg C (FM5). This spread of global cumulative E| ¢ results both from differ-
ences in forest area losses and in carbon density of biomes where deforestation happened. We found that
the global cumulative E, ¢ estimate from 1850 to 1990 is highly correlated with the total area of forest loss
across the 10 reconstructed PFT maps and the JP maps as well (Figure 6; R*=0.83, P < 0.001), which indicates
the importance of transition rules on the estimation of E, . Besides the total deforestation area, the location
where forests are lost is also important for explaining E, ¢ differences. For example, the total deforested area
is the same in BM3 and FM3, but the global cumulative E| ;¢ estimates are 105 Pg C and 138 Pg C, respectively,
because deforestation in FM3 happen in the area with higher biomass density (Figure 3).

According to ORCHIDEE results, during the period 1850-1990, the largest cumulative E ¢ is found in South
and Central America (e.g., 24.2 Pg C in BM3 and 32.9 Pg C in FM3), followed by China (19.5 Pg C in BM3 and
21.7PgC in FM3) and North America (16.5PgC in BM3 and 26.3PgC in FM3) (Table 4). Compared with
BM3 and FM3, JP has a larger cumulative E, yc in North America (32.3Pg () and a smaller cumulative E, yc
in South and Central America (17.5PgC). More than 92% of total cumulative E yc are from six regions:
South and Central America (23%), China (18%), North America (16%), South and Southeast Asia (13%), tropical
Africa (11%), and the Former Soviet Union (10%) in BM3. The top six regions of total cumulative E ¢ in FM3
and JP are similar with the ones in BM3, but with more E, ¢ from the Former Soviet Union (17% in FM3 and
26% in JP).
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Figure 6. The relationship between cumulative global LULCC emissions during the period 1850-1990 and the changes in
global forest area between 1990 and 1850 across different reconstruction LULCC maps.

Figure 7 shows the annual E ¢ from all historical PFT maps from 1850 to 1990. In BM3-BM5, FM3-FM5 and JP
maps, before the 1940s, E, c keeps stable with interannual variations, then increases in the 1950s. After the
1950s, E, yc decreases in the 1960s and then keeps stable after the 1970s. All historical PFT maps have similar
decadal variations of Eyc but different magnitudes. E, yc in BM3 is smaller than in FM3 in all the decades,
except the 1970s. E ¢ in JP is similar with FM3 and higher than BM3 before the 1950s, but lower than
FM3 and BM3 after the 1950s.

The average E_yc in BM3, FM3, and JP during the 1980s is of 1.1PgCyr~', 1.3PgCyr~', and 0.9PgCyr’,
respectively, compared to the average of 13 estimates 1.1+0.2PgCyr~' summarized by Houghton et al.
[2012]. E; yc in BM4 is 0.7 PgCyrf1 in the 1980s, lower than BM5 (1.2 Pg Cyrq), while FM4 and FM5 have
the same values (1.2 Pg Cyr™"). Our estimates of E,yc in the BM3-BM5 and FM3-FM5 maps fall in the range
of reported E, yc in the 1980s [e.g., Houghton et al., 2012].

The changes in annual E yc by region are shown in Figure 8. Small Eyc are found in three regions (North
Africa and the Middle East, Europe, and the Pacific Developed Region). Decreasing E, yc is found in North
America and Europe. Increased E; ¢ are found in South and Central America, tropical Africa, China, and
South and Southeast Asia, especially after the 1930s. Rather stable E ¢ is found for the Former Soviet
Union, except for a peak in the 1950s and 1960s. There are larger differences in LULCC emissions between
rules and methods in South and Central America after the 1910s and in China after the 1950s, and the former
Soviet Union before the 1970s (Figure 8).

In China, national forest inventory data shows that forest area has increased since the 1980s [e.g., Peng et al.,
2014]. Houghton [2008] also show decreased E| ¢ emissions because of afforestation/reforestation since the
1980s. With annual forest area constrained until 1990 at the scale of the East Asian region, as shown in

BM1 - BM2 BM3 = = BM4 = - —BM5
FM1 o FM2 ———FM3 = = FM4 = = =FM5 ——— JP

25

LULCC emissions (Pg C yr™")

1860 1880 1900 1920 1940 1960 1980 2000
Year

Figure 7. The annual global LULCC emissions from 1850 to 1990 for different reconstruction maps.
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Figure 8. The regional LULCC emissions from 1850 to 1990 for different reconstruction maps.

Figure 4, BM3 and FM3 show an increased forest area in the 1980s, in contrast to decreased forest area in
other reconstructed PFT maps. E yc in BM3 and FM3 decreased in China from the late 1970s, because of
increasing forest area. This result contrasts with E_yc simulated by terrestrial biosphere models for the past
few decades, which is generally positive and increasing in China because of an unrealistic decrease in forest
area in the LULCC input maps (e.g., TRENDY). BM3 and FM3 thus appear to be more realistic PFT reconstruc-
tions for China, consistent with regional data sets [He et al., 2008].

In South and Central America, £, c in FM3 (0.64 Pg Cyr™ ) is 4 times larger than in JP (0.16 Pg Cyr™"). About
50% of this range results from different deforested area, the other 50% being attributed to different locations
of deforestation. However, in the bookkeeping method, the total deforestation area could be the main reason
for the uncertainty if regional PFT shares the same ecosystem carbon density in that region. Besides uncer-
tainty in carbon density of forests affected by LULCC, if better historical regional forest area census could
be combined with satellite observations [e.g., Imbach et al., 2015; Hansen et al., 2013; Kim et al., 2015], the
BM3 or FM3 methods could be used to further reduce the uncertainty on E,yc in that region.

Although a single model (ORCHIDEE) with prescribed LULCC maps and no dynamic vegetation was used to
derive the sensitivity of £ yc to LULCC maps and to the choice of agricultural land area allocation rules, the
information about regional differences in allocation rules found in this study (preference of forest or grass-
land) should also be helpful for models activating dynamic vegetation module which do not need prescribed
vegetation maps but do require allocation rules. In addition, our results imply that changes in planted forest
area such as in China must be either prescribed over agricultural area in models with dynamic vegetation
module or constrained using historical forest area in models with vegetation maps as input, to produce more
realistic E_yc estimates in global terrestrial biosphere models.

Considering uncertainty in the initial PFT map in the forward method, the backward method with a current
map derived from satellite observations as initial map could be a better choice, provided that satellite land
cover data can be reconciled with land use information. Alternatively, combining information from satellite
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maps about natural vegetation boundaries into the potential preindustrial vegetation map may be another
reasonable choice for the forward method [Meiyappan and Jain, 2012]. Yet natural vegetation shifts since pre-
industrial times (e.g., effects of CO, and climate and changes in fire regimes) may add uncertainty to
this approach.

In addition, the spread of the loss of forest area closely relates to the initial forest cover map, which has been
identified as a key source of uncertainty in E_yc [Goll et al., 2015]. The key variable controlling E y, the total
area of forest loss, is determined by the initial forest cover map, transition rules, and the method of recon-
struction as discussed above. Thus, the combination of a consistent initial forest cover map, application of
the same transition rules, and national/regional forest area constraints is needed in future E ¢ estimation
or multimodel comparison projects. Alternatively, the full coupled land use and land change model with
integrated assessment model and Earth system model can be an integrated method to investigate and
project E, yc [Di Vittorio et al., 2014].

Besides the initial land cover map, transition rules and E,yc estimation methods, land use forcing data
(changes in agricultural land area) also contribute to uncertainty in E yc [e.g., Jain and Yang, 2005;
Shevliakova et al., 2009]. Shevliakova et al. [2009], using a process-based terrestrial biosphere model and
two land use data sets (HYDE and SAGE), found that the two land use data sets gave a 15% difference in
estimated Eyc over the period 1850-1990. There is a jump during the 1950s-1960s in LUH-HYDE3.1 data,
cascading into E_yc (Figure 7). This jump could be related to the jump in pasture areas (Figure 2), which
results from inconsistency between FAO reports after 1961 and reconstructed pasture areas based on histor-
ical population densities before 1961. In addition, LULCC processes such as wood harvest, shifting cultivation,
and other gross LULCC transitions at the spatial resolution where the model is applied are not included in the
version of ORCHIDEE used in this study, which could cause further bias in E, ¢ presented here [Arneth et al.,
2017]. Caution is needed when comparing E, yc in this study with estimates from models with wood harvest,
shifting cultivation, and gross LULCC transitions.

5. Conclusions

In this study, we have shown that different transition rules for reconstructing historical PFT maps in a global
terrestrial biosphere model result in large differences in E, yc. Besides the two extreme transition rules, we
found that the range of total global loss of forest area during the period 1850-1990 is 4.3-10.2 x 10° km?
in the two published rules (Rule 4 and Rule 5), compared with 8.0 x 106km? in the rule constraint with
continental forest area (Rule 3). This uncertainty of loss of forest area by different transition rules can explain
most of the uncertainty of E yc estimates by ORCHIDEE simulations. The BM3 and FM3 can improve the
changes in forest area in continental regions, such as South and Central America, the Former Soviet Union,
and China. Thus, the observed changes in annual forest area used as a constraint for reconstructing historical
LULCC maps could be helpful to reduce the uncertainty of E yc induced by the total loss of forest area.
Besides the transition rules, forward or backward method also has important impact on reconstructing histor-
ical PFT maps as well as £, yc. The BM3/FM3 method as a hybrid method in this study should be adopted with
a better initial land cover map for E| yc in future multimodel comparison projects such as TRENDY and CMIP6.
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