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Abstract

We studied the effects of climate and land-use change on the global terrestrial carbon cycle
for the 21% century. Using the process-based land biosphere model (LPJmL), we
mechanistically simulated carbon dynamics for natural and managed lands (agriculture and
forestry) and for land-use change processes. We ran LPIJmL with twelve different dynamic
land-use patterns and corresponding climate and atmospheric CO, projections. These input
data were supplied from the IMAGE 2.2 implementations of the IPCC-SRES storylines for
the A2, B1, and B2 scenarios. Each of these SRES scenarios was implemented under four
different assumptions on spatial climate patterns in IMAGE 2.2, resulting in twelve different
Earth System projections. Our selection of SRES scenarios comprises deforestation and
afforestation scenarios, bounding a broad range of possible land-use change. Projected land-
use change under different socio-economic scenarios has profound effects on the terrestrial
carbon balance: While climate change and CO, fertilization cause an additional terrestrial
carbon uptake of 105-225 PgC, land-use change causes terrestrial carbon losses of up to 445
PgC by 2100, dominating the terrestrial carbon balance under the A2 and B2 scenarios. Our
results imply that the potential positive feedback of the terrestrial biosphere on anthropogenic
climate change will be strongly affected by land-use change. Spatiotemporally explicit
projections of land-use change and the effects of land management on terrestrial carbon

dynamics need additional attention in future research.
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1 Introduction

Climate change during the 21* century will be determined by the trajectory of greenhouse gas
(GHG) concentrations, biophysical interactions with the earth’s surface and feedbacks with
the Earth System. Changes in atmospheric CO, concentration are the net result of emissions
from fossil fuel combustion, cement production, and carbon exchange with oceans and land
ecosystems. Land-use and land-cover change affects the carbon balance of the terrestrial
biosphere [e.g., Smith et al., 1993; Houghton, 1999; Foley et al., 2005] and influences the
distribution of terrestrial carbon sources and sinks [Canadell, 2002; Dargaville et al., 2002].
The terrestrial carbon balance therefore is a function of socio-economic dynamics [Lambin et
al., 2001] as well as biogeochemical processes in plants and soil [McGuire et al., 2001].
Recent studies on the future development of the global carbon cycle focus on effects of
climate change projections [Schaphoff et al., 2006] and on the feedback between climate and
the carbon cycle [Cox et al., 2000; Dufresne et al., 2002; Friedlingstein et al., 2003; Berthelot
et al., 2005; Matthews et al., 2005]. In these studies, carbon emissions from land-use change
are included in the driving carbon emission scenarios.

At local and regional scales, however, past and future land use is found to significantly
affect the carbon cycle by changing carbon cycle processes [Haberl et al., 2001; Achard et al.,
2002; Ometto et al., 2005; Schroter et al., 2005; Smith et al., 2005; Smith et al., 2006; Zaehle
et al., 2007]: Soil- and vegetation carbon pools change after deforestation [Fearnside, 2000]
and afforestation [Caspersen et al., 2000; Guo and Gifford, 2002], and carbon sequestration
under cultivation is reduced as assimilated carbon is removed at harvest [Post and Kwon,
2000], accelerating carbon turnover times [Gitz and Ciais, 2003]. Finally, differences in
phenology and crop management [Lal, 2004] have been found to have spatially varying
effects on net primary production (NPP) and carbon fluxes [DeFries, 2002; Jones and

Donnelly, 2004; Bradford et al., 2005].
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In spite of this knowledge, future changes in land-use are rarely addressed explicitly in

carbon cycle studies at the global scale. Reasons for this are the large uncertainties connected
with the drivers of land-use change such as population growth or requirements for cultivated
land [Levy et al., 2004b] and the absence of numerical modules for carbon dynamics under
cultivation in most global process-based models. Early approaches to study the effects of
future land-use change on the carbon cycle at the global scale focused mainly on selected
aspects of land-use change. For example, House et al. [2002] approached the topic by
studying total deforestation and total afforestation in a bookkeeping model and DeFries
[2002] analyzed the effects of past and future land-use changes on NPP. In the pan-tropical
region, Cramer et al. [2004] studied deforestation by extrapolating trends of twentieth century
deforestation rates. They employed different climate scenarios to account for uncertainties in
climate change projections. Levy et al. [2004a] derived trends of land-use change from SRES
storylines [Nakicenovic and Swart, 2000] that included feedbacks within the society-
biosphere-atmosphere system. Sitch et al. [2005] employ spatially explicit land-use patterns
also derived from the SRES storylines to drive their coupled climate-biosphere model
(CLIMBER2-LPJ).

The results reported in these studies are ambiguous and do not allow for a
comprehensive analysis of the role of land-use change for the terrestrial carbon cycle. Besides
the underlying uncertainties in future projections of land-use patterns [Levy et al., 2004b] and
climate change [Murphy et al., 2004], there is disagreement in the response of the terrestrial
biosphere to land use and land-use change as simulated in different global model applications.
For example, Levy et al. [2004a] and Sitch et al. [2005] attribute only small carbon fluxes to
land-cover and land-use changes that only marginally affect the terrestrial carbon balance.
Levy et al. [2004a] report that land-use emissions are considerably smaller than the effects of
CO; fertilization and climate change. They find land-use change to be a constant carbon

source of approximately 1 PgC/a only under the B2 scenario. Under the Al, A2, and Bl
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scenarios, land-use change processes do not affect the terrestrial carbon balance in their study,

although the cultivated area is reduced by ~50% under their A1 and A2 scenarios. Sitch et al.
[2005] also find that the terrestrial biosphere is a net carbon sink under all SRES scenarios
they studied (Alb, A2, B1, and B2). Gitz and Ciais [2004] and Cramer et al. [2004], on the
other hand, find land-cover changes to significantly affect the terrestrial carbon budget of the
21% century. Gitz and Ciais [2004] report land-use changes from 1990 to 2100 under the A2
SRES scenario to be responsible for carbon emissions of at least 305 PgC. Cramer et al.
[2004] find that tropical deforestation alone may transfer 100 to 370 Pg of terrestrial carbon to
the atmosphere over the 21* century.

In this study, we make use of 12 future Earth System projections, to analyze the effects
of atmospheric CO, concentrations, climate and land-use change as simulated by the IMAGE
2.2 model (Integrated Model to Assess the Global Environment) for the SRES scenario
storylines A2, B1, and B2 [IMAGE team, 2001]. This selection of SRES scenarios comprises
scenarios of substantial deforestation (A2), of afforestation (B1), and of moderate changes
(B2). We employ the process-based land biosphere model LPJmL (“LPJ for managed Land”)
[Bondeau et al., 2007] to explicitly simulate carbon dynamics of natural and managed land
(agriculture, forestry) and under land-use changes processes. The terrestrial carbon cycle is
represented in IMAGE 2.2 in simplified form only [[IMAGE team, 2001], as its dynamics are
not in the main focus of the IMAGE model. Thus, we are studying the biospheric reaction to
potential changes in climate, atmospheric CO, concentrations, and land-use in more detail
here, going beyond the IMAGE-based study of Leemans et al. [2002]. Compared with other
earlier approaches to account for land-use effects on the global terrestrial carbon cycle, we
move one step forward by explicitly modeling the carbon dynamics of agricultural land and
land-use change processes, using the LPJmL model. To our knowledge, this is the first study

to address different climate and land-use change projections consistently in a DGVM to study
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the effects on the global carbon cycle, explicitly accounting for carbon dynamics under

cultivation.
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2 Materials and Methods

2.1 Lund-Potsdam-Jena DGVM

The LPJmL model [Bondeau et al., 2007] is based on the LPJ-DGVM [Sitch et al., 2003], a
biogeochemical process model that simulates global terrestrial vegetation and soil dynamics
and the associated carbon and water cycles. For this, the processes of photosynthesis,
evapotranspiration, autotrophic and heterotrophic respiration, including the effects of soil
moisture and drought stress, as well as functional and allometric rules are implemented [Sitch
et al., 2003; Gerten et al., 2004]. Net primary production (NPP, defined as gross primary
production less autotrophic respiration) is allocated to the different plant compartments
(vegetation carbon) and enters the soil carbon pools (including litter pools) due to litter-fall
and mortality. Fire disturbance is driven by a threshold litter load and soil moisture function
[Thonicke et al., 2001]. Runoff is generated if precipitation exceeds the water holding
capacity of the two defined soil layers that supply water for evaporation from bare soil and for
transpiration (interception loss from vegetation canopies is computed based on precipitation,
potential evapotranspiration, and leaf area [Gerten et al., 2004]).

Natural vegetation is represented by 10 different plant functional types (PFTs), of
which 2 are herbaceous and 8 woody. These may coexist within each grid cell, but their
abundance is constrained by climatic conditions, by competition between the different PFTs
for resources and space, and by the fractional coverage with agricultural vegetation.
Vegetation structure responds dynamically to changes in climate, including invasion of new
habitats and dieback.

The model has been extensively tested against field sites [Sitch et al., 2003; Cramer et

al., 2004; Gerten et al., 2005; Zaehle et al., 2005], inventory data [Beer et al., 2006], satellite
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remote sensing [Lucht et al., 2002; Wagner et al., 2003], atmospheric [Scholze et al., 2003;

Sitch et al., 2003], and hydrological data [Gerten et al., 2004; Gerten et al., 2005].

In LPJmL, agricultural land use is simulated within the same framework using crop
functional types (CFTs) [Bondeau et al., 2007]. The world’s most important field crops as
well as pastures are represented by a total of 13 different CFTs (temperate cereals, tropical
cereals, rice, maize, pulses, temperate roots and tubers, tropical roots and tubers, soybean,
sunflower, peanuts, rapeseed, managed Cs-grass, managed Cy-grass, see also Table 1) that can
be simulated either with realistic water stress (rain-fed agriculture) or without (irrigated). Grid
cells may fractionally consist of both natural and agricultural vegetation. Several agricultural
crops may be present within the same grid cell with individual cover fractions that are
prescribed by the land-use input data, while individual cover fractions of PFTs in natural
stands are internally determined by LPJmL. Each CFT has its own specific stand and water
budget so that they do not compete with each other or with natural vegetation.

LPJmL’s crop modules simulate crop phenology, growth, and carbon allocation at a
daily time step. Carbon is allocated to several plant compartments, including a storage organ
that represents the economic yield at harvest. Carbon allocation to the different plant
compartments is CFT specific and is affected by the plant’s actual phenological state and
water stress. The model estimates several crop variety-specific parameters as a function of
climate, thereby taking into account the farmer’s choice of a variety that is adapted to specific
climatic environments in which they are cultivated. The implementation of the crop-specific
processes is described in detail and compared
e against the USDA crop calendar [USDA, 1994] for sowing dates,

e gatellite data [Myneni et al., 1997] for phenology,

e against FAO data [FAOSTAT data, 2005] for yields,
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e against eddy flux measurements from three agricultural sites (Ponca and Bondville from

the Ameriflux network (http://public.ornl.gov/ameriflux) and Jokioinen in Finland [Lohila

et al., 2004]) for carbon fluxes
by Bondeau et al. [2007].

LPJmL allows for specifying several management options: Irrigation of crops is
determined by the IMAGE land-use data, but is currently not constrained by water
availability. As a consequence, irrigation is simulated as perfect on-demand irrigation. For the
lack of appropriate input data, we here generally do not simulate intercrops and we remove
crop residues after harvest. For a detailed description of the crop modules in LPJmL, see
Bondeau et al. [2007].

Managed forests are simulated assuming competition between tree individuals as
described in Sitch et al. [2003], but with a prescribed PFT composition. This PFT composition
is derived from the PFT composition simulated by LPJ for the period of 1990-1999,
considering the two tree PFTs with the largest fractional grid cell coverage in each individual
grid cell. Harvesting of trees, and thus carbon removal, is modeled based on a prescribed
rotation time of 100 years, and forest productivity [Zaehle et al., 2007]. 40% of the harvested
carbon is respired directly (fuel wood, biomass burning etc.), 33% enters litter pools and 27%

enter the product pools, based on the partitioning used by McGuire et al. [2001].

2.2 Data

LPJmL was driven by climate data from the University of East Anglia’s Climatic Research
Unit (CRU) climate data set [Mitchell et al., 2004], a monthly climatology of observed
meteorological parameters, and annual atmospheric CO, concentrations [Keeling and Whorf,
2003] for the period from 1901-1999. For the period 2000 to 2100, we used data of twelve
different scenarios supplied from the IMAGE 2.2 model [IMAGE team, 2001]. The IMAGE

2.2 model is a comprehensive Integrated Assessment Model that includes several sub-modules
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to cover society, climate, and the biosphere as well as major feedbacks between these systems.

The model has a geographical resolution of 0.5° x 0.5° longitude/latitude and supplies inter
alia spatially explicit land-use, temperature, and precipitation patterns, global atmospheric
CO, concentrations, and other parameters that are not used in this study. A detailed
description of the IMAGE 2.2 model can be found in the publications of Alcamo et al. [1998]
and IMAGE team [2001]. For this analysis, we used the A2 (economy oriented, regionally
segregated), B1 (environment oriented, globalized), and B2 (environment orientated,
regionally segregated) SRES scenarios [Nakicenovic and Swart, 2000; IMAGE team, 2001] to
cover the range of different land-use and climate patterns (Table 2; Figure 1). The climate
module of IMAGE simulates global climate change as changes in global mean temperature.
This global-mean temperature change is used to generate spatially explicit temperature and
precipitation patterns (0.5 x 0.5°) to drive other modules of IMAGE 2.2. For this, IMAGE
employs the standardized IPCC scaling method [Carter et al., 1994], supplemented by the
scaling method of Schlesinger et al. [2000] to take into account the non-linear climate effects
of sulfate aerosols. In order to account for uncertainties in local climate change, four different
GCM patterns were used to downscale the global-mean temperature change [IMAGE team,
2001]: HADCM?2 [Mitchell et al., 1995], ECHAM-4 [Bacher et al., 1998], CGCM-1 [Boer et
al., 2000], and CSIRO-MKI12 [Hirst et al., 1996]. Owing to the feedbacks between climate,
society, and biosphere that are implemented in IMAGE 2.2, these differences in climate
patterns modify the temporal simulation of atmospheric CO, concentrations as well as climate
and land-use patterns. As a consequence, each SRES scenario is implemented four times, with
differences in climate, land use, and atmospheric CO, concentrations. The land-use patterns
for each SRES scenario are globally (Figure 1) and regionally similar but differ locally
(Figure 2). The monthly IMAGE climatology was supplied for the years 2000, 2025, 2050,
2075, and 2100. To generate time series for the period 2000-2100 with annual values for each

month, we interpolated linearly between the 25-year intervals. To account for interannual
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climate variability, we repeatedly added the detrended 30-year variability of the 1970-1999

CRU data (absolute variability for temperature, relative variability for precipitation) to the
linearly interpolated time series. For sunshine data, we used the CRU data for 1970-1999
repeatedly for the simulation period 2000-2100. We kept the number of monthly rain days
constant after 1999 at the 1970-1999 average of each month.

IMAGE data on land-use and atmospheric carbon dioxide concentrations were
supplied in 5-year intervals, which we interpolated linearly to generate annual time series.
IMAGE land-use data are supplied only after 1970. However, other global historic land-use
data sets available do not match the IMAGE land-use pattern in 1970. To account for land-use
changes between 1901 and 1969, we derived regional trends for cropland and pasture areas
from the HYDE database [Klein Goldewijk, 2001], which is also based on FAO statistics but
differs in spatial pattern from the IMAGE land-use data for 1970. Scaling the IMAGE land-
use pattern of 1970 with these trends, we generated annual land-use input data for the period
1901-1969, which are equal for all 12 scenarios. Each model run was initialized by a spin-up
of 900 years duration during which the first 30 years of the climate data set were repeated
cyclically. During the spin-up, the land-use pattern was kept static at the values of 1901 to
bring all carbon pools into equilibrium.

IMAGE 2.2 supplies land-use data for 5 categories (timber, extensive grassland,
regrowth, cropland, and natural vegetation), which we mapped to LPJmL land-use categories
and CFTs (see Table 1). The different land-cover types supplied by IMAGE for natural
vegetation were ignored, as the composition of natural vegetation is internally determined by
LPJmL. Total cropland consists of a grid cell specific mixture of crop types. Data on crop
type mixtures for each grid cell were supplied for 1970 and 2100 only. To account for changes
in crop mixtures over time, we interpolated linearly between 1970 and 2100. We kept crop

shares constant in grid cells that are not agriculturally used in either 1970 or 2100 and
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assigned regional default crop mixes to grid cells that are not agriculturally used in 1970 and

2100 but in between.

We assigned the 19 IMAGE crop type categories to the different CFTs implemented in
LPJmL as specified in Table 1 and restricted the crop mix to the 3 most dominant CFTs. For
aggregate crop categories that can be represented by several CFTs in LPJmL (e.g., IMAGE oil
crops can be represented by the CFTs sunflower, soybean, rapeseed, and peanut) the most
productive CFT was selected based on the average productivity as simulated by LPJmL for
the period of 1990-1999. Woody biofuels are considered crops in IMAGE but are simulated as

managed forests in LPJmL (see Table 1).

2.3 Experimental setup and simulations

We performed simulations with LPIJmL for all 12 scenarios (3 SRES scenarios A2, B1, and
B2, each in four implementations with different GCM climate patterns) on a regular global
grid with 0.5° x 0.5° spatial resolution. The main characteristics of each scenario are
summarized in Table 2 (see also Figure 1). We analyzed the marginal effects of climate and
land-use changes on the terrestrial carbon balance in two separate simulations: In the first, we
used static land-use patterns after 1970, changing only climate and atmospheric CO,
concentrations during the scenario period (1970-2100), hereafter referred to as CC. In the
second, we also changed land-use patterns after 1970, according to the scenario settings,
hereafter referred to as CCL. Consequently, the difference between the CC-simulation and the
CCL-simulation of each scenario (SRES + GCM) is completely attributable to the effects of

land-use change during 1970-2100.
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3 Results

3.1 Effects of changes in climate and atmospheric CO,
concentrations

Increasing atmospheric CO, concentrations and associated climate change caused increased
biospheric carbon sequestration, summing up to 105 to 225 PgC additionally stored in the
biosphere by 2100 (Figure 3b). The additional amount of carbon in 2100 relative to 1970
stored in vegetation is double than that in the soil.

NPP, heterotrophic respiration (Rp), and the harvested carbon flux (HC, defined as
sum of decaying wood products from the product pools and harvesting flux from grasslands
and croplands, including the removed residuals in PgC/a) increased under all scenarios
(Figure 4b; see Table 3 for an overview). The steady increase in NPP is followed by an
increase in Ry, as the litter input increases with NPP. Under the four A2 scenarios, the effects
of CO, fertilization and climate on NPP are greater compared to the increases in Ry, as shown
in Figure 4b. HC resulted in increases for all scenarios, even though land-use patterns were
not changed (Table 3, Figure 4b). This increase in HC is due to the enhancement of crop
productivity at the global scale, which is caused by climate change and CO, fertilization.
Wildfire carbon emissions increase from 3.8 PgC/a in the 1970s, which is close to the figures
reported by Andreae and Merlet [2001] for the late 1990s, to 5.2 (+/- 0.2) PgC/a by 2100
(Table 3).

Balancing these carbon fluxes, the net ecosystem exchange flux (NEE, defined as Ry, +
fire emissions + HC — NPP) increases under the A2 scenarios to up to —2.5 PgC/a (carbon
sink, negative fluxes denote a net C flux from the atmosphere to the terrestrial biosphere).
Under the B1 and B2 scenarios, NEE remains about constant around -1.0 PgC/a. The

superimposed interannual 30-year CRU-climate variability (see section 2.2) and the
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differences between the different CGM patterns can be clearly recognized in the temporal

dynamics of NEE (Figure 5b).

Under all scenarios, carbon is sequestered in the biosphere in all regions as shown in
Figure 6d,e,f. However, NEE increases (i.e. less sequestration or more emissions) in central
Africa under the B1 and B2 scenarios as well as some parts of Siberia under the A2 and B2
scenarios (Figure 6 d,e,f). Regional differences between the different GCM-patterns used are
minor but there are some local differences, especially between the different A2 scenarios (e.g.,

in Siberia and northern America).

3.2 Effects of land-use change

We derive the marginal effect of land-use change as the difference between the CCL and the
CC scenarios. All scenarios start with agricultural expansion and deforestation in the late 20"
and early 21* century, causing carbon emissions to the atmosphere (Figure 5c). The shape of
the emission curve corresponds to the rate of deforestation. For the A2 scenarios,
deforestation rates (including clear-cuts for the expansion of managed forests) increase until
mid 2010s to up to 0.34 million km?%a, decline to 0.11 million km?/a in 2040 and increase
again to up to 0.28 million km?%a by 2100 (see also Figure 1). NEE closely follows these
changes in deforestation rates under all scenarios (Figure 5c), but with a temporal lag of a few
years, since the soil carbon pools react slowly to the changes in vegetation cover. The same
correlation can be observed for the B1 scenarios (under which deforestation rates of the 21
century are always lower than during the late 20" century and switch to afforestation by 2015)
and the B2 scenarios (under which deforestation rates also peak in the 2010s, decline to zero
by 2030 and switch to afforestation by 2080). Under the B1 and B2 scenarios, the temporal
lag between changes in deforestation rates and the NEE response can be seen most clearly in
Figure 5c when the scenarios change from deforestation to afforestation: Although

afforestation starts in the 2010s (B1) and 2030s (B2, see Figure 1) and the trend of NEE turns
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around shortly thereafter, land-use change causes a carbon sink not until the 2050s and 2080s

respectively (Figure 5c¢).

Accordingly, total terrestrial carbon stocks decline under all scenarios due to land-use
change (Figure 3c). Under the A2 scenarios, up to 445 PgC is lost by 2100. Under the Bl
scenarios, terrestrial carbon stocks decrease by 120 PgC from 1970 to 2100, although carbon
stocks increase after 2050 (reflecting afforestation). For the B2 scenarios, total terrestrial
carbon is reduced by 205 PgC by 2080 and remain about constant thereafter.

NPP decreases slightly in the 21* century due to land-use change (Figure 4c), which
does not include changes in management, such as new varieties or changes in fertilization.
The response of Ry varies under the different SRES scenarios (Figure 4c): Under the Bl
scenarios, Ry, increases at the end of the 21 century, as HC decreases and NPP increases,
leaving more biomass to enter the litter pools. Under the A2 and B2 scenarios, however, Ry
decreases, as the soil carbon pools decrease. Soil carbon stocks under agricultural land are
significantly smaller than under natural forests, although assimilation rates (NPP) do not differ
greatly. Larger shares of the assimilated carbon of pastures and cropland are removed at
harvest, leaving less litter for decomposition. Under the B2 scenarios, HC decreases after
2020 and NPP levels off around 2060, but the increase of Ry, displays a temporal lag because
soil carbon stocks are still reduced and accumulate slowly (Figure 4c). Under the A2 scenario,
this temporal lag is not perceivable as there is no switch from deforestation to afforestation or
vice versa. Wildfire emissions occur in natural forests only and decrease by 1.2 (B2) to 2.4
(A2) PgCl/a as the area of natural forests declines, while they remain roughly constant for B1
(Table 3).

The deforestation and afforestation patterns differ regionally, which is also reflected in
carbon dynamics. The response of NEE varies, however, as land-use change can both increase

or decrease NPP and Ry, (Figure 6 g,h,i).
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3.3 Combined effects of changes in climate, atmospheric CO,

concentrations and land use

The terrestrial biosphere is a carbon source throughout the scenario period under the A2
scenarios. Under the B1 and B2 scenarios, the land acts as a net carbon sink after the late
2020s (B1) and the 2040s and 2050s (B2) (Figure 5a). Nonetheless, terrestrial carbon stocks
in 2100 are lower relative to 1970 under most scenarios (Figure 3a). They decline under the
A2 (-279 to -203 PgC) and B2 (-88 to -40 PgC) scenarios, while they just recover to 1970
levels by 2100 under the B1 scenarios (-4 to 33 PgC). Vegetation carbon decreases under all
scenarios, most pronounced under the A2 scenarios where up to 42% of the initial carbon
stock is lost by 2100. Soil carbon stocks remain largely unaltered, decreasing slightly under
the A2 scenarios and slightly increasing under the B1 and B2 scenarios (Figure 3a).

The increases in NPP caused by climate change and CO, fertilization outweigh the
small reductions of NPP caused by land-use change, resulting in a net increase of NPP by -10
to -25 PgC/a under all scenarios (Figure 4a, see Table 3 for an overview of NPP, R, HC,
wildfire emissions, vegetation carbon, and soil carbon). Ry increases in response to the
combined effects of changes in climate, atmospheric CO, concentrations, and land-use (Figure
4a), even though soil carbon stocks decrease under the A2 scenarios. This is due to rising
temperatures and increased input of slash wood into the litter pool. Since most of the
deforestation takes place in tropical regions, these additional inputs are respired quickly and
thus contribute to the soil respiration flux but do not significantly increase the soil carbon
pools. Soil carbon pools decline due to higher carbon exports from harvest (HC). HC in the
21% century corresponds to the development of total cultivated area, i.e. a constant increase for
the A2, roughly constant values for the B2 and decreasing values for the Bl scenarios
(Figures 1, 5a). Wildfire emissions increase from 3.7 in 1970 to 4.7 and 4.0 PgC/a by 2100

under the B1 and B2 scenarios respectively and decrease to 3.1 PgC/a under the A2 scenarios.
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Here, the climate and CO, induced increase in litter load is partly compensated (B1) and

overcompensated (A2) by land-use change effects on the litter load and the reduction of
natural forests. Land-use change effects dominate the resulting NEE of the 21% century
(Figure 5a). The land-use change induced carbon losses under the A2 scenarios and also
during the first decades under the B1 and B2 scenarios outweigh the climate change and CO,
fertilization induced terrestrial carbon uptake.

Under the A2 scenarios, land-use change strongly affects the spatial patterns of NEE,
especially in North- and South America, but also in Eurasia, Central Africa, and Southeast
Asia (Figure 6a,d,g). Under the B1 and B2 scenarios, the spatial patterns of NEE (Figure 6b,c)
are dominated by the changes in climate and CO, fertilization (Figures 6e,f). As an example
of the spatial differences between the four different implementations of each SRES scenario,
the standard deviation of the changes in NEE (see Figure 6) are shown in Figure 7 for the

combined effects of changes in climate, atmospheric CO, concentrations, and land use.
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4 Discussion

The 21* century carbon cycle strongly reacts to the projected changes in climate, atmospheric
CO; concentrations, and land-use. In our simulations, land-use change exerts a strong control
on the projected changes in the terrestrial carbon balance during the 21* century, especially
under scenarios with high deforestation. The results of our study (covering a range of climatic
and socio-economic scenarios) agree with the conclusion of Levy et al. [2004a] that for
terrestrial productivity (NPP), land-use change plays a minor role compared to CO,
fertilization and climatic change. For carbon stocks and the net carbon exchange (NEE), on
the contrary, we find that land-use change may well be more important than climatic change,
which corresponds well to the findings of Gitz and Ciais [2004], Cramer et al. [2004] (for the
tropics only), and Miiller et al. [2006].

Land use constitutes a shortcut in the terrestrial carbon cycle. The soil carbon pools are
mainly bypassed due to the removal of carbon at harvest and the residence time in the
vegetation carbon pools is constrained to less than one year under agriculture. Consequently,
large parts of agricultural NPP are directly removed from the terrestrial biosphere, reducing its
capacity to sequester carbon (land-use amplifier, see Gitz and Ciais [2003]). On the other
hand, land use reduces the terrestrial biosphere’s response to climate change: Smaller soil and
vegetation carbon stocks only allow for smaller responses to climate change, as there is for
example less carbon available for soil respiration.

Still, future terrestrial carbon dynamics remain highly uncertain. Levy et al. [2004a]
and Sitch et al. [2005] report only small carbon fluxes due to land-cover and land-use changes
that only marginally affect the terrestrial carbon balance. Our results support the findings of
Gitz and Ciais [2004] and Cramer et al. [2004], who find land-cover changes to significantly

affect the terrestrial carbon budget of the 21* century.
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These results, however, cannot be directly compared, as input data used and model

assumptions differ considerably. Currently remaining uncertainties in model projections
mainly derive from (i) lack of reliable data and consistent definitions of land-use types, (ii)
insufficient process-understanding, especially concerning the effects of different management
types on the carbon cycle [Liebig et al., 2005], and (iii) the resulting deficiencies in model
implementations. Based on the disagreements between the different studies’ results as well as
observations, we discuss these aspects in the following.

Our land-use flux simulations of the late 20" century compare well to those computed
by Houghton [2003] (Figure 8). However, we do not simulate a biospheric carbon sink
[Schimel et al., 2001; Bopp et al., 2002; Plattner et al., 2002] during this period. There are two
possible reasons for the observed disagreement: (i) the applied rates of land-use change and
corresponding carbon fluxes may be overestimated and/or (ii) the residual sink (without land-

use change) as computed by LPJmL may be too small.

4.1 Uncertainties in land-use data
The net rate of deforestation (or expansion of cultivated area) in the late 20™ century is not

well determined and differs considerably between different data sources, a difference that
strongly affects the terrestrial carbon balance [Jain and Yang, 2005]. In our study, the
expansion of area under cultivation is comparable to the net deforestation rates of 0.13
(1980s) and 0.12 (1990s) million km?a as reported by Houghton [2003]. Bondeau et al.
[2007] compute with LPJmL much smaller carbon emissions from land-use change for the
late 20" century, using a land-use data-set with very small deforestation rates of 0.01 million
km?/a (based on Ramankutty and Foley [1999] and the HYDE data-base [Klein Goldewijk,

2001]). However, they reproduce the reported small biospheric carbon sink in the 1980s,
which increases to approximately -1.1 PgC/a in the 1990s [Schimel et al., 2001; Bopp et al.,

2002; Plattner et al., 2002].
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Nonetheless, the very small rate of land-use change as reported by Ramankutty and

Foley [1999] seems to be unrealistically small. The rates of land-use change under the
IMAGE scenarios and as reported by Houghton [2003], on the other hand, may well be too
large, considering satellite-observed global deforestation rates of 0.06 (1980s) and 0.07
million km?/a (1990s) [Hansen and DeFries, 2004] that mainly reflect tropical deforestation
[Mayaux et al., 2005]. However, when halving the rate of land-use change in our scenarios
and the corresponding land-use emissions, the biosphere in our simulations still is a small
carbon source or about neutral, suggesting that the residual sink as simulated by LPJmL may

also be too small.

4.2 Modeling carbon dynamics under land-use change
The residual sink is determined by the vegetation’s response to elevated atmospheric CO,

concentrations, climate change, and changes in agricultural and forestry management.
Possible photosynthetic downregulation under elevated atmospheric CO, concentrations is not
explicitly considered in LPJmL. The relevant processes are not well understood, especially at
the global scale. If there was a significant global effect, the residual sink would be even
smaller. However, El Maayar et al. [2006] found photosynthetic downregulation as proposed
by Sharkey [1985] to be of minor importance for global NPP. The carbon dynamics of LPJmL
under natural vegetation have been compared to atmospheric data [Scholze et al., 2003; Sitch
et al., 2003; Peylin et al., 2005]. These studies assumed that the terrestrial biosphere consists
of natural vegetation only. The model’s ability to reproduce atmospheric measurements under
these conditions indicates that the effects of land-use change may be inherently included in
the model’s parameterization. Consequently, the residual sink of natural vegetation will be
underestimated if land-use change is explicitly accounted for, as in our study here.
Management, such as intercropping and fertilization, strongly affects the carbon

balance of agricultural land. However, many of the relevant processes have not been
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implemented in global carbon models so far, as LPJmL, e.g., does not account for nutrient

limitations so far. Some processes are not yet fully understood [Lemaire et al., 2005]. For
example, changes in processes of carbon decomposition under cultivation [Post and Kwon,
2000], as well as management and especially management changes are unaccounted for in
current global model simulations. Accounting for management is greatly hampered by the
lack of suitable data sets on management such as grazing intensities, intercropping, and forest
management [Heistermann et al., 2006]. Bondeau et al. [2007] show that differences in
agricultural management, represented by intercropping and residue management, can modify
the land-use emissions by about 0.2 PgC/a and soil carbon stocks by less than 50 PgC.

Besides, global terrestrial biosphere models just recently have seen the beginning of
implementing land-use dynamics in very different ways. Sitch et al. [2005] (based on
McGuire et al. [2001]) and Levy et al. [2004a] prescribe special carbon allocation schemes for
the NPP of natural vegetation as a proxy for harvest and land-management. In our study and
the study of Bondeau et al. [2007], land-use change and managed land are simulated
mechanistically.

We also account for managed forests and natural regrowth, however, the current
version of LPJmL does not fully reproduce managed forest carbon dynamics: Regrowth of
forests after clear-cut is slower than in reality, because age-structure and non-linear shifts in
forest growth with stand age are not accounted for in the current version of LPJmL. Zaehle
[2005a; 2005b] demonstrated that this may lead to a significant underestimation of carbon
sequestration in vegetation after reforestation. This also shows in the slow carbon
accumulation in our simulations of the B1 and B2 scenarios. For a European case study,
Zaehle et al. [2006] and Zaehle et al. [2007] have demonstrated that including these non-linear

processes leads to more plausible estimates of the terrestrial carbon balance.
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4.3 Terrestrial carbon cycle of the 21°' century
Schaphoff et al. [2006] show that climate projections of several GCMs result in a biospheric

carbon source by 2050 for a business as usual emission scenario (IS92a), as also reported by
Cox et al. [2000]. We find increasing total carbon pools and stable carbon sinks throughout
the entire simulation period under climate and CO, change only (CC-simulations). These
differences can be explained by the differences in the climate scenarios used [Berthelot et al.,
2005] but also by the simplified representation of land-use change effects in form of
prescribed CO, emissions [Schaphoff et al., 2006] and prescribed grassland to represent
agricultural areas in the studies of Cox et al. [2000]. The IMAGE-derived mean temperature
changes over land of each SRES scenario (see Table 2) are considerably lower than the GCM-
derived temperatures of the IS92a emission scenarios (3.7-6.2°C) as used by Schaphoff et al.
[2006]. Thus, heterotrophic respiration in our simulations is not reacting as strongly as in the
work of Schaphoff et al. [2006] and the terrestrial biosphere remains a carbon sink if land-use
change is excluded. In addition, soil respiration is strongly determined by the size of soil
carbon pools, which are considerably smaller under cultivation. Our CC-simulations are
computed without land-use change after 1970, i.e. with an agricultural area of ~48 million
km? (~37% of total land). Consequently, soil carbon pools and heterotrophic respiration are
smaller than under natural vegetation only.

This study covers a broad range of socio-economic scenarios and climate projections.
The IMAGE 2.2 implementations of the SRES scenarios take into account a broad range of
feedbacks and drivers to derive land-use patterns and, thus, this study currently is — to our
knowledge — the most comprehensive study on the effects of land-use change on the carbon
budget at the global scale. Here, we focused on generally different trends in socio-economic
development (SRES scenarios) and uncertainties in climate projections (GCM patterns).

Uncertainties in global trade, lifestyle, and technological progress are not addressed here.
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This, however, would be desirable since these are important drivers of land-use change and

yield the potential to strongly affect the terrestrial carbon balance [Miiller et al., 2006].
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5 Conclusions

Our simulations have shown that projected land-use change under different socio-economic
scenarios have profound effects on the terrestrial carbon balance and potentially offset the
effects of climate change. Climate change and CO; fertilization cause a net terrestrial carbon
uptake of 105-225 PgC over the period 1970-2100, while land use and land-use change cause
a net carbon loss of 110 to 445 PgC. CO, fertilization and climatic change mainly determine
the increase of NPP, while land-use change shows only small effects on NPP. Studies of
global change, including studies on the carbon cycle, and climate change need to account for
land-use change. The exclusion of land use, which is still common in global biogeochemical
modeling, significantly reduces the relevance of future projections of the development of the
global carbon cycle and limits the insights gained in these studies.

However, we stress that the inclusion of land use and land-use change into global
simulations is currently still hampered significantly by data availability and reliability as well
as a corresponding lack of implementation of relevant processes in models. Models need to
account for more processes such as a more detailed characterization of land management.
Future changes in land-use technology, global dietary life styles or the dynamics of large-
scale bioenergy use are partially included in the SRES scenarios. Their dynamics beyond
these assumptions will additionally alter the projections of the carbon cycle. Progress in our

ability to model these processes should be a priority.
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Table 1. Mapping of IMAGE land-use classes to LPJmL categries and CFTs.

IMAGE land-use class

LPJmL representation

Grassland (rain-fed)

Temperate cereals (rain-fed)
Rice (rain-fed)

Maize (rain-fed)

Tropical cereals (rain-fed)
Pulses (rain-fed)

Roots and tubers (rain-fed)

Oil crops (rain-fed)

Temperate cereals (irrigated)
Rice (irrigated)

Maize (irrigated)

Tropical cereals (irrigated)
Pulses (irrigated)

Roots and tubers (irrigated)

Oil crops (irrigated)

Sugar cane (biofuel, rain-fed)
Maize (biofuel)
Non-woody biofuels (biofuel, rain-fed)

Woody biofuels (biofuel, rain-fed)

Timber
Regrowth

Natural land-cover classes

C3 or C4 grass, depending on suitability as
determined by LPLmL (default: C4 in the
tropics, else C3)

Temperate cereals (rain-fed)

Rice (rain-fed)

Maize (rain-fed)

Tropical cereals (rain-fed)

Pulses (rain-fed)

Rain-fed temperate (Sugar beet) or tropical
(Manioc) roots and tubers, depending on
LPJmL-suitability. Default setting: Manioc in
the tropics, else Sugar beets

Rain-fed soybeans, peanuts, sunflowers or
rapeseed, depending on LPJmL-suitability.
Default setting: soybeans in the tropics, else
rapeseed

Temperate Cereals (irrigated)

Rice (irrigated)

Maize (irrigated)

Tropical Cereals (irrigated)

Pulses (irrigated)

Irrigated temperate (Sugar beet) or tropical
(Manioc) roots and tubers, depending on
LPJmL-suitability. Default setting: Manioc in
the tropics, else Sugar beets

Irrigated soybeans, peanuts, sunflowers or
rapeseed, depending on LPJmL-suitability.
Default setting: soybeans in the tropics, else
rapeseed

Maize (rain-fed)

Maize (rain-fed)

C3 or C4 grass, depending on suitability as
determined by LPLmL (default: C4 in the
tropics, else C3)

No CFT assigned but treated as managed
forest

Managed forest

Natural vegetation (composition internally
determined by LPJmL)

Natural vegetation (composition internally
determined by LPJmL)
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Table 2. Scenario characteristics as supplied by IMAGE 2.2 [IMAGE team, 2001].

Temperature changes are computed as the difference between the 1971-2000 and 2071-2100

averages over land.

Scenario Atmospheric  Temperature  Land area changes 1970-2100 [mill. km?]

SRES GCM [CO,] in increase
pattern 2100 [ppm] 1970-2100

[°C] Cropland Managed Managed
Grassland Forest

CGCM 865.7 34 17.02 4.17 4.08

a CSIRO 847.8 3.1 16.34 2.56 4.00

< ECHAM 859.5 3.8 17.51 3.91 4.06
HADCM 863.3 3.5 16.69 3.90 4.24
CGCM 521.7 22 1.02 -11.31 3.09

— CSIRO 514.6 2.1 0.93 -11.67 3.02

A ECHAM 518.3 2.4 1.01 -11.55 3.00
HADCM 517.8 2.2 1.03 -11.53 2.96
CGCM 609.6 2.7 7.09 -4.68 4.19

~ CSIRO 599.7 2.6 6.79 -5.38 4.26

- ECHAM 605.6 3.1 7.26 -5.24 4.20
HADCM 604.7 2.8 7.15 -4.91 4.23




Table 3: Selected results of the CC and CCL simulations.

Scenario

Wildfire emissions

Vegetation carbon

Soil carbon [PgC]

NPP [PgC/a] R;, [PgC/a] HC [PgC/a] [PgClal [PeC]
SRES GCM 1970- 2091- 1970- 2091- 1970- 2091- 1970- 2091- 1970- 2091-
pattern 1979 2100 1979 2100 1979 2100 701979 209121000 079 Hi00 1979 2100
CC simulations
HADCM 75.8 51.4 17.5 5.3 703 1047
ECHAM 77.1 522 17.8 57 706 1035
A2 CGCM 54.5 77.0 36.5 51.9 13.7 17.5 3.8 5.8 599 710 993 1067
CSIRO 80.7 54.4 18.5 5.4 734 1070
average 71.7 52.5 17.8 5.5 713 1055
HADCM 64.1 43.6 15.0 4.9 677 1020
ECHAM 64.8 44.0 15.2 5.1 676 1016
B1 CGCM 54.5 64.6 36.5 439 13.7 14.9 3.8 5.1 599 676 993 1036
CSIRO 66.4 45.2 15.4 4.9 691 1038
average 65.0 442 15.1 5.0 680 1027
HADCM 67.5 45.9 15.6 5.0 683 1024
ECHAM 68.4 46.4 15.9 5.3 683 1018
B2 CGCM 54.5 68.2 36.5 46.3 13.7 15.5 3.8 5.3 599 685 993 1042
CSIRO 70.8 48.0 16.3 5.1 703 1044
average 68.7 46.6 15.8 5.2 689 1032
CCL simulations
HADCM 71.7 41.9 30.0 2.9 368 973
ECHAM 73.5 432 30.8 3.1 367 961
A2 CGCM 54.3 73.0 36.5 424 15.3 30.5 3.7 3.1 589 368 992 989
CSIRO 76.6 45.2 30.6 3.1 403 994
average 73.7 43.2 30.5 3.1 377 979
HADCM 63.2 44.4 12.4 4.6 551 1029
ECHAM 64.0 44.9 12.5 438 551 1026
B1 CGCM 54.3 63.8 36.5 44.6 15.3 12.5 3.7 4.7 589 547 992 1044
CSIRO 65.4 459 12.7 4.7 565 1047
average 64.1 45.0 12.5 4.7 553 1037
HADCM 65.4 427 17.7 3.8 503 1002
ECHAM 66.7 435 18.0 4.1 501 996
B2 CGCM 54.3 66.4 36.5 432 15.3 17.9 3.7 4.0 589 500 992 1018
CSIRO 68.8 44.9 18.3 4.0 520 1021
average 66.8 43.6 18.0 4.0 506 1009
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Figure 1. Temporal development of global total cultivated area (cropland, pasture, and

managed forests) for the 12 scenarios.
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Figure 2. Mean land-use change from 1970 to 2100 for the SRES scenarios A2, B1 and B2,
averaged over the 4 data sets for each scenario (see section 2.2). The difference (0.5x0.5°)
between these is shown on the right as the standard deviation, the regional differences,

however, are very small.
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Figure 3. Terrestrial
carbon stocks. Bold lines
represent the average for
each SRES scenario; thin
lines represent  the
min/max range. Panel c)
represents the difference
of a) and b) added to the
initial value of 1970, in

order to obtain the same

scale in panels a)-c).



Mller et al.: Effects of CO2, climate, and land-use change

90

carbon flux [PgC/a]
w B (€] (o] ~
o o o o o

N
o
I

10

carbon flux [PgC/a]

w
o
I

c¢) Land-Use Change

0 T T T T
1970 1990 2010 2030 2050 2070 2090
—A2 average —A2min — A2 max
—B1 average —B1 min —B1 max

B2 average B2 min B2 max

42

Figure 4. Carbon fluxes.
Bold lines represent the
average for each SRES
scenario; thin lines
represent the min/max
range. Fire emissions (<
6 PgC/a) are not shown.
Note that R, and HC
represent carbon fluxes
from the biosphere to the
atmosphere. Panel c)
represents the difference
of a) and b) added to the
initial value of 1970, in

order to obtain the same

scale in panels a)-c).
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Figure 5. Net ecosystem
exchange (10-year
running mean). Bold
lines  represent  the
average for each SRES
lines

scenario; thin

represent the min/max

range; grey lines
represent the annual
fluctuations. Negative

values indicate a carbon
flux from the atmosphere
to the biosphere. Panel c)
represents the difference

of a) and b).
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Figure 6. Mean changes in NEE averaged over the 4 different GCM scenarios from 1971-
2000 (averaged) to 2071-2100 (averaged) for each SRES scenario. Negative values (green)

indicate increased carbon sequestration or reduced carbon emissions, positive (red) vice versa.
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Figure 7. Standard deviation of changes in NEE for the 3 SRES scenarios A2, B1 and B2 with
4 different climate patterns each for the CCL-simulations to demonstrate regional and local

variance between the 4 different data sets for each SRES scenario.



Mdiller et al.: Effects of CO2, climate, and land-use change 46

cf) -
NV P bbb L D
@®© 2 =
-~ i bt —_——TT ————— — ——— —
@) P
O T e
p__. -
5 o -
c
o v |
o |
< NEE (LPJmL+IMAGE)
O« | NEE (LPJmL+R&F99)
l - - Land-use emissions (LPJmL+IMAGE)
—— Land-use emisisons (LPJmL+R&F99)
o? 1 -+++ Land-use emissions (H2003)

1970 1975 1980 1985 1990 1995
year

Figure 8. NEE and land-use emissions from 1970 to 1996 (10-year averages). LPJmL was
used here with 2 different land-use data sets: the IMAGE 2.2 data set as used in this study
(LPJmL+IMAGE) and the Ramankutty and Foley [1999] data set as used by Bondeau et al.
[2007] (LPJmL+R&F99). Land-use emissions are compared with figures as reported by
Houghton [2003] (H2003). The two points with error bars represent the uncertainty range of
NEE estimates as reported by Schimel et al. [2001], Bopp et al. [2002], and Plattner et al.

[2002] for the 1980s and 1990s respectively.



